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Summary 

Methanol is a promising primary fuel for the on-board generation of hydrogen in fuel 

cell-powered vehicles. The group of processes by which hydrogen can be produced 

from methanol is generally indicated as methanol reforming. Hydrogen can be 

generated with high efficiency by letting methanol react with water and oxygen (by 

the so-called methanol wet partial oxidation reaction) over Cu/ZnO-based catalysts at 

temperatures between 470 and 570 K. The gas mixtures produced by this process 

contain typically less than 1% CO and are suitable to undergo a CO clean-up 

treatment (by preferential oxidation of CO on a noble metal-based catalyst) before 

being fed to the fuel cell. The heat of reaction of the methanol wet partial oxidation 

process can be controlled by changing the relative amount of oxygen and water in the 

reactant mixture. A heat of reaction of zero, which is especially convenient for the 

design of an energy efficient methanol reforming process, can be achieved at 570 K 

for the following composition of the reaction feed: 

4 CH3OH + 3 H2O + ½ O2 � 4 CO2 + 11 H2  �H0
570 ~ 0 kJ/mol 

This reaction is usually indicated as methanol autothermal reforming (ATR). 

The surface of Cu/ZnO-based catalysts is known to reconstruct significantly 

depending on the composition of the reactant mixture during methanol synthesis from 

CO2, CO and H2. In this case the reconstruction of the catalyst surface shows a strong 

influence on the catalytic activity and on the stability of the catalyst under reaction 

conditions. However, only scarce information is available on the surface 

modifications induced by exposure of Cu/ZnO-based catalysts to more oxidising 

reaction conditions. The primary aim of this work is to investigate the reaction-

induced changes of the surface of Cu/ZnO-based catalysts during methanol reforming 

and the influence of the reaction conditions on the catalytic production of hydrogen. 

In order to reach this goal, a combined investigation of commercial and model 

Cu/ZnO-based catalysts was chosen. A further aim of this work is to verify whether 

the complex behaviour of commercial Cu/ZnO-based catalysts can be reproduced by 

model, low surface area catalysts, which are suitable for investigation with surface 

science techniques. 

In the first part of this work, a Cu/ZnO-based catalyst provided by Johnson Matthey 

plc. was characterised by ex-situ X-ray photoelectron spectroscopy (XPS), Ar-ion 
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depth profiling and X-ray diffraction (XRD) after a 57 hours long methanol ATR 

catalytic test. The catalytic test was carried out in a pilot plant loaded with 200 g 

catalyst at temperatures up to 610 K. XPS and XRD show that the Cu particles in the 

Cu/ZnO-based catalyst after the methanol ATR test consist of a metallic Cu core 

covered by a layer containing Cu2O and CuO. The thickness of the oxide layer after 

reaction is larger than ~ 3 nm, as indicated by the absence of a signal corresponding to 

metallic Cu in the XPS spectra. The relative amount of Cu(II) and Cu(I) detected by 

XPS on the catalyst surface depends on the position of the catalyst in the catalytic 

bed. The largest amount of Cu(II) is present in the catalyst samples extracted from the 

inlet region of the reactor, close to the position of the hot spot during the catalytic test. 

On the other hand, the catalyst samples extracted from the catalyst bed further 

downstream present a significantly lower surface concentration of Cu(II). It is likely 

that the variation of the Cu(II) concentration observed with the position of the catalyst 

in the reactor is due to the progressive oxygen consumption by the methanol ATR 

reaction along the catalytic bed. The formation of Cu(II) is associated with 

segregation of Cu to the surface of the catalyst, as indicated by XPS and Ar-ion depth 

profiling. This reaction-induced surface modification is probably responsible for the 

loss of catalytic activity observed during the methanol ATR test. 

The post-reaction characterisation experiments discussed above were performed after 

removal of the catalyst samples from the reactor and storage in air for about one 

month. A Cu/ZnO-based catalyst sample was reduced by hydrogen and then stored in 

air in order to investigate the evolution of the Cu oxidation state as a function of air-

exposure time. XPS analysis indicates that significant oxidation of Cu to Cu(I) occurs 

already after exposing the reduced Cu/ZnO-based catalyst to air for 25 hours. On the 

other hand, the formation of Cu(II) species is much slower and only less than 15% 

Cu(II) is observed by XPS after three weeks exposure to air. The slow oxidation of Cu 

to Cu(II) in air strongly indicates that the different Cu(II) concentrations observed for 

the catalyst samples after the methanol ATR catalytic test are not due to the effect of 

the exposure to air, but are representative of the catalyst composition under reaction 

conditions. However, the fast oxidation of Cu to Cu(I) implies that the relative amount 

of Cu and Cu(I) on the surface of the Cu/ZnO-based catalyst is significantly modified 

by exposure to air after the catalytic test. 

In the second part of this work, methanol reforming catalytic tests were carried out 

with the same Cu/ZnO-based catalyst in a high-pressure reactor integrated in the 
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analytic system, in order to avoid oxidation of Cu by atmospheric oxygen. The 

influence of temperature, oxygen partial pressure and of the presence of water on the 

structural properties of the catalyst surface were investigated by post-reaction XPS 

and temperature-programmed desorption (TPD). Moreover, the catalytic activity 

towards the production of hydrogen was measured during the catalytic tests, in order 

to correlate it with the observed structural changes. These experiments show that the 

oxidation state of Cu in the Cu/ZnO-based catalyst is a function of the composition of 

the methanol reforming feed and of the reaction temperature. In the absence of water 

and with an O2/CH3OH molar ratio of 0.42 in the reactant mixture Cu(I) is 

predominant at T � 510 K, whereas at higher temperatures Cu remains in the metallic 

state. The observed variation of the Cu oxidation state with the reaction temperature is 

due to the different temperature-dependence of two concurring processes: the 

oxidation of Cu by oxygen and the reduction of Cu(I) by methanol. The presence of 

water in the reactant mixture increases the oxidising potential of the gas phase and 

formation of Cu(II) is observed under methanol wet partial oxidation conditions at T � 

485 K with O2/CH3OHexc molar ratios � 0.42. On the other hand, oxidation of Cu to 

Cu(II) is not observed in the absence of water in the reactant mixtures for O2/CH3OH 

molar ratios up to 0.8 at 510 K. The Cu(II) phase formed during methanol wet partial 

oxidation segregates onto the catalyst surface, partially covering the ZnO grains. 

Determination of the hydrogen yield during the catalytic tests indicates that the 

catalyst shows substantial activity towards the production of hydrogen by methanol 

reforming when Cu(0) or Cu(I) are detected by post-reaction XPS analysis. On the 

other hand, the formation of Cu(II) under methanol wet partial oxidation conditions is 

associated with a dramatic loss of catalytic activity.  

In the absence of water in the reactant mixture, the Cu surface concentration measured 

by XPS decreases for reaction temperatures � 530 K, probably due to partial 

encapsulation of the surface Cu crystallites by ZnO. This modification of the catalyst 

surface takes place only if methanol and oxygen are present in the methanol reforming 

feed and Cu is in the metallic state. Possible mechanisms of the migration of ZnO 

onto the Cu surface are discussed in the present work. The loss of Cu surface area 

caused by this reconstruction of the catalyst surface lowers the catalytic activity 

significantly and represents an important deactivation pathway for the Cu/ZnO-based 

catalyst. The migration of ZnO onto the Cu surface is suppressed in the presence of 
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water in the reactant mixture, probably due to stabilisation of the Cu surface by 

adsorption of water molecules. After exposure to methanol ATR conditions at 510 K 

the catalyst surface contains a mixture of Cu(I) and Cu(II), in agreement with the 

results of the ex-situ characterisation experiments performed after the methanol ATR 

catalytic test in the pilot plant.   

Methoxy and formate species adsorbed on the ZnO surface are identified by post-

reaction XPS and TPD experiments after exposure of the Cu/ZnO-based catalyst to 

methanol reforming conditions. The presence of O2 in the feed strongly enhances the 

formation of formate species on the ZnO surface, with this promoting effect being 

more pronounced for the Cu/ZnO-based catalyst than for pure ZnO. This indicates 

that an essential role of Cu in Cu/ZnO-based catalysts might be providing atomic 

oxygen for the oxidation of adsorbed methoxy species to formate groups. 

Alternatively, the stabilisation of bidentate formate species at the Cu-ZnO interface 

might be involved in the enhanced formation of adsorbed formate species in the 

presence of Cu. The presence of water in the reactant mixture causes a decrease of the 

amount of methoxy groups adsorbed on the ZnO surface, probably due to competition 

between methanol and water molecules for the same adsorption sites. 

In the third part of this work the study of model Cu/ZnO-based catalysts was 

undertaken in order to obtain more detailed information on the reaction-induced 

surface modifications of Cu/ZnO-based catalysts under methanol reforming 

conditions. A system consisting of a ~ 100 nm thick ZnO film deposited on Si(100), 

on which various amounts of Cu were evaporated in UHV was chosen as model 

catalyst. The ZnO/Si substrate was prepared by reactive DC magnetron sputtering 

using a Zn target in an O2/Ar atmosphere. The ZnO/Si substrate was then introduced 

in UHV and was cleaned by repeating cycles of Ar-ion etching and annealing at 670 

K prior to deposition of various amounts of Cu. Atomic Force Microscopy (AFM), 

spectroscopic ellipsometry (SE) and Ar-ion depth profiling were used to characterise 

the model catalysts. The application of these powerful characterisation techniques to 

industrial heterogeneous catalysts is limited by the high roughness and the 

heterogeneity of their surfaces. 

XRD analysis of the ZnO/Si substrate shows that ZnO is present in the wurtzite 

crystal structure with a strong preferential orientation of the surface along the (0001) 

plane. AFM investigation indicates that the surface of the ZnO/Si substrate presents 
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granular structures with average lateral size of ~ 45 nm and an average surface 

roughness of 0.6 � 0.1 nm.  

The growth of the Cu layer formed on the ZnO/Si film by vapour deposition of 

metallic Cu in UHV was studied by a combination of XPS, AFM and SE.  Cu grows 

on the surface of the ZnO/Si substrate by the monolayer-simultaneous-multilayer 

growth mode, with formation of 2D, one-atom thick Cu islands until a critical 

coverage of ~ 0.7 ML is reached. Further deposition of Cu results in the formation of 

3D Cu islands, with slow coverage of the remaining free ZnO surface. A similar 

growth mode was reported for Cu on several ZnO single-crystal surfaces.  

Cu/ZnO/Si model catalysts were exposed to various methanol reforming conditions at 

a temperature of 550 K and a total pressure of 1.5 bar in the high-pressure reactor 

integrated into the UHV system. Exposure of the Cu/ZnO/Si model catalysts to 

methanol reforming conditions in the absence of water causes oxidation of Cu to 

Cu(I) if a certain threshold oxygen partial pressure is exceeded, as observed for the 

commercial Cu/ZnO-based catalyst. The value of this threshold oxygen partial 

pressure is dependent on the thickness of the Cu islands, with smaller islands being 

more resistant to oxidation than larger ones. This is probably due to the stabilising 

effect of the interaction between Cu and ZnO on thin Cu islands. A lower oxygen 

partial pressure is sufficient for the oxidation of Cu to Cu(I) if  water is present in the 

methanol reforming feed. This indicates that water contributes to increasing the 

oxidising potential of the gas phase, in agreement with the observation for the 

commercial Cu/ZnO-based catalyst. Further oxidation of Cu to Cu(II) is observed 

during exposure of model catalysts with low Cu coverage to methanol wet partial 

oxidation conditions with O2/CH3OHexc molar ratios � 0.42. 

Formation of a ZnO layer covering the Cu surface is observed upon exposure of the 

model catalysts to methanol reforming conditions in the absence of water. This 

surface modification occurs only when Cu is in the metallic state and oxygen is 

present in the reactant mixture, as observed in the case of the Cu/ZnO-based 

commercial catalyst. The thickness of the ZnO layer growing on the Cu islands of 

Cu/ZnO/Si model catalysts can be estimated from the AFM and Ar-ion depth 

profiling data.  

XPS and AFM show that the Cu islands on the surface of Cu/ZnO/Si model catalysts 

undergo agglomeration during all performed high-pressure treatments, resulting in the 
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formation of larger Cu islands and in a larger fraction of exposed ZnO surface. The 

degree of agglomeration of the Cu islands depends on the applied methanol reforming 

conditions and on the oxidation state of Cu during the reaction. For instance, 

oxidation of Cu to Cu(I) in the absence of water in the methanol reforming feed 

results in a less pronounced agglomeration of the Cu islands. On the other hand, the 

formation of Cu(I) during methanol reforming is associated with a more extensive 

agglomeration of the Cu islands if water is present in the reactant mixture. The 

promotional effect of water on the agglomeration of the Cu islands is also observed in 

the presence of Cu in the metallic state. On the other hand, the formation of Cu(II) 

during methanol wet partial oxidation is associated only with a limited agglomeration 

of the Cu islands supported on the ZnO surface. This corresponds to the strong 

increase of the exposed Cu surface area in the presence of Cu(II) observed during 

exposure of the commercial Cu/ZnO-based catalyst to methanol wet partial oxidation 

conditions.  

Formate and methoxy groups adsorbed on ZnO and methoxy groups adsorbed on 

Cu(I) species are identified by post-reaction XPS analysis of the Cu/ZnO/Si model 

catalysts. The amount of formate species adsorbed on the ZnO surface increases 

drastically if oxygen is present in the feed, as observed for the commercial Cu/ZnO-

based catalyst. The relative amount of formate species adsorbed on the ZnO surface is 

larger for the Cu/ZnO/Si model catalysts than for the Cu-free ZnO/Si substrate, 

indicating the presence of a synergic effect between Cu and ZnO. The presence of 

water in the methanol reforming feed results in its adsorption on the ZnO surface and 

in a decrease of the amount of adsorbed methoxy and formate species. 

This work shows that the modifications of the surface of commercial Cu/ZnO-based 

catalysts under methanol reforming conditions are reproduced by low surface area 

model Cu/ZnO/Si catalysts. The combined characterisation of commercial and model 

systems allows to obtain a detailed description of the reaction-induced surface 

changes and provides precious information for the rational design of catalysts 

exhibiting better performances. 
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Riassunto 

Il metanolo è un promettente combustibile primario per la produzione di idrogeno a 

bordo di veicoli alimentati da celle a combustibile. Il gruppo di processi attraverso cui 

l’idrogeno può essere prodotto a partire dal metanolo è generalmente indicato come 

“reforming” del metanolo. L’idrogeno può essere prodotto con buona efficienza 

facendo reagire il metanolo con acqua e ossigeno (attraverso la cosidetta ossidazione 

parziale umida del metanolo) su catalizzatori a base di Cu e ZnO a temperature tra 

470 e 570 K. Le miscele di gas prodotte da questo processo contengono in genere 

meno dell’ 1% di CO e possono essere sottoposte direttamente a un trattamento di 

eliminazione del monossido di carbonio (tipicamente attraverso ossidazione 

preferenziale del CO su un catalizzatore a base di metalli nobili) prima di essere 

introdotte nella cella a combustibile. Il calore di reazione del processo di ossidazione 

parziale umida del metanolo può essere controllato modificando il contenuto relativo 

di ossigeno e acqua nella miscela di reazione. Un calore di reazione pari a zero, che è 

particolarmente conveniente per la progettazione di un processo efficiente di 

reforming del metanolo, corrisponde, a 570 K, alla seguente composizione della 

miscela di reazione: 

4 CH3OH + 3 H2O + ½ O2 � 4 CO2 + 11 H2  �H0
570 ~ 0 kJ/mol 

Questa reazione viene generalmente indicata con il nome di reforming autotermico 

(ATR) del metanolo. 

E’ noto che la struttura della superficie dei catalizzatori a base di Cu e ZnO cambia 

sostanzialmente in dipendenza della composizione della miscela di reazione quando 

essi prendono parte al processo di sintesi del metanolo a partire da CO2, CO e H2. Le 

modificazioni strutturali della superficie del catalizzatore indotte dalla presenza della 

fase gas hanno una profonda influenza sulla sua attività catalitica e sulla sua stabilità 

in condizioni di reazione. Tuttavia, soltanto scarse informazioni sono disponibili in 

letteratura circa i cambiamenti che la superficie dei catalizzatori a base di Cu e ZnO 

subisce in presenza di miscele di reazione più ossidanti che nel caso della sintesi del 

metanolo. Lo scopo principale di questo lavoro consiste nello studio dei cambiamenti 

che l’esposizione di catalizzatori a base di Cu e ZnO a varie condizioni di reazione 

tipiche del reforming del metanolo induce sulla loro superficie. Inoltre, l’effetto di 

questi cambiamenti sull’attività catalitica nei confronti della produzione di idrogeno 



 14

sarà pure preso in considerazione. Per raggiungere questi obiettivi si è scelto lo studio 

di un catalizzatore industriale a base di Cu e ZnO, combinato con l’investigazione di 

un sistema modello. Un ulteriore obiettivo di questo lavoro è di verificare se il 

complesso comportamento dei catalizzatori a base di Cu e ZnO può essere riprodotto 

da un sistema modello, che si presta ad essere caratterizzato con tecniche tipiche della 

scienza delle superfici. 

La prima parte di questo lavoro ha per oggetto la caratterizzazione di un catalizzatore 

commerciale a base di Cu e ZnO dopo un test catalitico di ATR del metanolo lungo 

57 ore. Le tecniche di caratterizzazione utilizzate sono la spettroscopia di 

fotoemissione mediante raggi X (XPS), la diffrazione di raggi X (XRD) e la 

determinazione di profili di profondità mediante erosione ionica. Il test catalitico è 

stato effettuato in un impianto pilota con 200 g di catalizzatore a temperature fino a 

610 K. XPS e XRD mostrano che le particelle di Cu nel catalizzatore dopo il test di 

reforming autotermico del metanolo sono formate da un nucleo metallico coperto da 

uno strato contenente Cu2O e CuO. Lo spessore dello strato ossidato è maggiore di    

~ 3 nm, come mostrato dall’assenza di un segnale XPS corrispondente a Cu metallico 

dopo il test catalitico. Il contenuto relativo di Cu(I) e Cu(II) sulla superficie del 

catalizzatore, ottenuto tramite XPS, dipende dalla posizione del catalizzatore nel letto 

catalitico. La quantità maggiore di Cu(II) è presente nel campione di catalizzatore 

estratto dal tratto iniziale del reattore, vicino alla posizione in cui una deviazione 

positiva della temperatura del letto catalitico ha luogo durante la reazione. I campioni 

di catalizzatore estratti dal letto catalitico più a valle presentano invece una 

concentrazione superficiale di Cu(II) più bassa. E’ probabile che la diminuzione della 

concentrazione di Cu(II) lungo il reattore sia dovuta alla diminuzione della pressione 

parziale di ossigeno lungo il letto catalitico a seguito del progredire della reazione di 

ATR del metanolo. La formazione di Cu(II) è associata a una segregazione del Cu alla 

superficie del catalizzatore, come indicato da esperimenti di XPS e dai profili di 

profondità ottenuti mediante erosione ionica. Questo cambiamento della superficie del 

catalizzatore è probabilmente responsabile della perdita di attività catalitica osservata 

durante il test di ATR del metanolo. 

Gli esperimenti di caratterizzazione discussi sopra sono stati effettuati dopo avere 

rimosso i campioni di catalizzatore dal reattore e averli conservati all’aria per circa un 

mese. Un campione del catalizzatore a base di Cu e ZnO è stato esposto all’aria dopo 

essere stato ridotto con idrogeno, in modo da potere determinare tramite XPS lo stato 



 15

di ossidazione del Cu nel catalizzatore in funzione della durata dell’esposizione 

all’aria. I risultati di questo esperimento indicano che l’ossidazione del Cu a Cu(I) è 

significativa già dopo sole 25 ore di esposizione del catalizzatore ridotto all’aria. La 

formazione di Cu(II) è invece molto più lenta e meno del 15% di tutto il Cu presente 

sulla superficie del catalizzatore è sotto forma di Cu(II) dopo tre settimane di 

esposizione all’aria del catalizzatore ridotto. Il fatto che l’ossidazione del Cu a Cu(II) 

da parte dell’aria sia così lenta indica che la diversità delle concentrazioni di Cu(II)  

osservate nei campioni di catalizzatore dopo il test di ATR del metanolo a secondo 

della loro posizione nel letto catalitico è rappresentativa della composizione della 

superficie del catalizzatore in condizioni di reazione e non è dovuta alla successiva 

esposizione dei campioni all’aria. D’altro canto, la rapidità dell’ossidazione del Cu a 

Cu(I) implica che la quantità relativa di Cu metallico e Cu(I) presenti sulla superficie 

del catalizzatore a base di Cu e ZnO viene modificata radicalmente dall’esposizione 

all’aria successiva al test catalitico. 

Allo scopo di eliminare questo problema, nella seconda parte di questo lavoro dei test 

catalitici di reforming del metanolo sono stati condotti sullo stesso catalizzatore a base 

di Cu e ZnO in un reattore ad alta pressione integrato nel sistema analitico. 

L’influenza della temperatura, della pressione parziale di ossigeno e della presenza di 

acqua nella miscela di reazione sulle caratteristiche strutturali della superficie del 

catalizzatore sono state investigate tramite XPS e desorbimento a temperatura 

programmata (TPD). Inoltre, l’attività catalitica nei confronti della produzione di 

idrogeno è stata determinata durante i vari test catalitici, in modo da correlarla con  i 

cambiamenti strutturali osservati. Questi esperimenti mostrano che lo stato 

d’ossidazione del Cu nel catalizzatore dipende dalla composizione della miscela di 

reazione e dalla temperatura. In assenza d’acqua Cu(I) è la specie predominante nel 

caso di un rapporto molare O2/CH3OH pari a 0.42 nella miscela di reazione, mentre a 

temperature più alte, per la stessa composizione della fase gas, il Cu rimane allo stato 

metallico. Questa variazione dello stato di ossidazione del Cu con la temperatura di 

reazione è probabilmente dovuta alla diversa dipendenza dalla temperatura di due 

processi concorrenti: l’ossidazione del Cu da parte dell’ossigeno e la riduzione del 

Cu(I) ad opera del metanolo. La presenza di acqua nella miscela di reazione aumenta 

il potenziale d’ossidazione della fase gas e la formazione di Cu(II) viene osservata a 

temperature minori di 485 K e rapporti molari O2/CH3OHexc � 0.42 in condizioni di 
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ossidazione parziale umida del metanolo. La fase contenente Cu(II) formata in queste 

condizioni segrega alla superficie del catalizzatore, ricoprendo parzialmente le 

particelle di ZnO. Il catalizzatore a base di Cu e ZnO mostra una buona attività nei 

confronti della produzione di idrogeno in condizioni di reazione risultanti nella 

presenza di Cu metallico o Cu(I) sulla sua superficie. Invece la formazione di Cu(II) è 

associata con una pronunciatissima diminuzione dell’attività catalitica. 

In assenza di acqua nella miscela di reazione, la concentrazione superficiale di Cu 

misurata mediante XPS diminuisce per temperature di reazione � 530 K, 

probabilmente a causa di un’incapsulamento delle particelle di Cu alla superficie del 

catalizzatore da parte di ZnO. Questo cambiamento della superficie del catalizzatore 

ha luogo soltanto quando metanolo e ossigeno sono entrambi presenti nella miscela di 

reazione e il Cu nel catalizzatore è allo stato metallico. Possibili meccanismi della 

migrazione di ZnO sulla superficie delle particelle di Cu vengono discussi in questo 

lavoro. La perdita di area superficiale di Cu causata da questa modificazione della 

superficie del catalizzatore ne diminuisce significativamente l’attività catalitica e 

rappresenta un importante meccanismo di disattivazione per questo tipo di 

catalizzatori. La migrazione di ZnO sulla superficie delle particelle di Cu è soppressa 

dalla presenza di acqua nella miscela di reazione, probabilmente a causa della 

stabilizzazione della superficie del Cu dovuta all’adsorbimento di molecole d’acqua. 

La superficie del catalizzatore dopo ATR del metanolo a 510 K contiene sia Cu(I) che 

Cu(II), in accordo con i risultati degli esperimenti di caratterizzazione ex-situ condotti 

dopo il test di ATR del metanolo nell’impianto pilota. 

Specie metossi e formiato adsorbite sulla superficie di ZnO del catalizzatore sono 

state identificate mediante XPS e TPD dopo l’effettuazione dei test catalitici di 

reforming del metanolo. La presenza di ossigeno nella miscela di reazione promuove 

la formazione di specie formiato adsorbite sulla superficie di ZnO e tale effetto di 

promozione risulta più marcato per il catalizzatore a base di Cu e ZnO che per ZnO 

puro. Ciò indica che un ruolo essenziale del Cu nei catalizzatori a base di Cu e ZnO 

potrebbe essere quello di fornire atomi di ossigeno per l’ossidazione di specie metossi 

di superficie a specie formiato. E’ anche possibile che la stabilizzazione di specie 

formiato bidentate all’interfaccia tra Cu e ZnO sia coinvolta nella più abbondante 

formazione di specie formiato in presenza di Cu. La presenza d’acqua nella miscela di 

reazione provoca una diminuzione della quantità di specie metossi adsorbite sulla 
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superficie di ZnO, probabilmente a causa di una competizione tra le molecole d’acqua 

e di metanolo per gli stessi siti sulla superficie. 

Nella terza parte di questo lavoro lo studio di catalizzatori modello a base di Cu e 

ZnO è stato intrapreso, allo scopo di ottenere informazioni più dettagliate circa i 

cambiamenti della superficie dei catalizzatori a base di Cu e ZnO in seguito al 

reforming del metanolo. Il sistema modello prescelto consiste di uno strato di ZnO 

spesso ~ 100 nm depositato su Si(100), su cui vari quantitativi di Cu vengono 

evaporati. Il substrato di ZnO/Si viene preparato mediante la tecnica di “magnetron 

sputtering” reattivo a corrente continua utilizzando un target di Zn in un’atmosfera 

contenente ossigeno ed argon. Il substrato di ZnO/Si viene poi introdotto in vuoto 

ultra-alto e la sua superficie viene pulita per mezzo di cicli ripetuti di erosione ionica e 

ricottura a 670 K. Microscopia a forza atomica (AFM), ellissometria spettrale (SE) e 

la determinazione di profili di profondità mediante erosione ionica sono state 

applicate alla caratterizzazione dei catalizzatori modello. L’applicazione di queste 

potenti tecniche di caratterizzazione a catalizzatori eterogenei d’uso industriale è 

preclusa dall’alta ruvidità e dall’eterogeneità delle loro superfici. 

L’analisi XRD del substrato di ZnO/Si mostra che lo ZnO presenta la struttura 

cristallina della wurtzite con un forte orientamento preferenziale della superficie 

lungo il piano (0001). Le investigazioni mediante AFM indicano che la superficie del 

substrato di ZnO/Si presenta strutture granulari di dimensione laterale pari a ~ 45 nm 

con una ruvidità media di 0.6 ± 0.1 nm. 

La crescita dello strato di Cu formato sulla superficie di ZnO mediante evaporazione 

di Cu metallico in condizioni di vuoto ultra-alto è stata studiata combinando XPS, 

AFM e SE. Il Cu cresce sulla superficie del substrato di ZnO/Si con formazione di 

isole bidimensionali fino al raggiungimento di un grado di ricoprimento pari a ~ 0.7 

ML. Deposizione di Cu oltre questo grado di ricoprimento critico risulta nella 

formazione di isole tridimensionali di Cu, mentre la superficie libera di ZnO viene 

ricoperta solo con grande lentezza. Un modo di crescita simile è stato riportato 

precedentemente in letteratura a proposito della crescita di uno strato di Cu su 

superfici monocristalline di ZnO. 

I catalizzatori modello di tipo Cu/ZnO/Si sono stati esposti a varie condizioni di 

reforming del metanolo ad una temperatura di 550 K e una pressione totale di 1.5 bar 

nel reattore ad alta pressione integrato nel sistema a vuoto ultra-alto. Similmente a 

quanto osservato per il catalizzatore commerciale a base di Cu e ZnO, in assenza 
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d’acqua nella miscela di reazione l’esposizione dei catalizzatori modello a condizioni 

di reforming del metanolo causa l’ossidazione del Cu a Cu(I) se la pressione parziale 

di ossigeno supera un certo valore soglia. Questo valore soglia dipende dallo spessore 

delle isole di Cu, con le isole sottili che risultano più resistenti all’ossidazione rispetto 

alle isole più spesse. Ciò è probabilmente causato da un effetto stabilizzante che 

l’interazione tra le isole di Cu e lo ZnO esercita con maggiore forza su isole di Cu 

sottili. Una pressione parziale di ossigeno minore è sufficiente ad ossidare il Cu a 

Cu(I) se la miscela di reazione contiene anche acqua. Ciò indica che l’acqua 

contribuisce ad aumentare il potenziale d’ossidazione della fase gas, in accordo con 

quanto osservato nel caso del catalizzatore commerciale a base di Cu e ZnO. 

Ossidazione ulteriore del Cu a Cu(II) ha luogo durante l’esposizione di catalizzatori 

modello contenenti piccole quantità di Cu a condizioni di ossidazione parziale umida 

del metanolo con rapporti molari O2/CH3OHexc � 0.42. 

L’esposizione dei catalizzatori modello a condizioni di reforming del metanolo in 

assenza di acqua dà luogo alla migrazione di parte dello ZnO sulla superficie delle 

isole di Cu. Questa modificazione della superficie del catalizzatore modello ha luogo 

solo se il Cu è allo stato metallico e la miscela di reazione contiene ossigeno, cioè 

nelle stesse condizioni per cui la migrazione dello ZnO sulla superficie delle particelle 

di Cu viene osservata nel caso del catalizzatore commerciale a base di Cu e ZnO. Lo 

spessore dello strato di ZnO formatosi sulle isole di Cu dei catalizzatori modello nelle 

condizioni suddette può essere stimata sulla base dei dati di AFM e dai profili di 

profondità ottenuti mediante erosione ionica. 

I dati di XPS e AFM mostrano che le isole di Cu sulla superficie dei catalizzatori 

modello di tipo Cu/ZnO/Si sono soggette ad agglomerazione durante tutti i trattamenti 

ad alta pressione eseguiti. Ciò comporta un riarrangiamento dello strato di Cu sulla 

superficie del substrato con una diminuzione del numero di isole ed un aumento della 

loro dimensione laterale e del loro spessore. Il grado di agglomerazione delle isole di 

Cu dipende dalle condizioni di reforming del metanolo applicate e dallo stato di 

ossidazione del Cu durante la reazione. Per esempio, la formazione di Cu(I) durante il 

reforming del metanolo in assenza di acqua è associata ad una minore agglomerazione 

delle isole di Cu, mentre la formazione di Cu(I) in condizioni di ossidazione parziale 

umida del metanolo promuove il processo di agglomerazione. L’effetto di promozione 

che l’acqua esercita nei confronti dell’agglomerazione delle isole di Cu viene 
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osservato anche in presenza di Cu allo stato metallico. La presenza di Cu(II) sulla 

superficie dei catalizzatori modello dà invece luogo soltanto ad una modesta 

agglomerazione delle isole di Cu sulla superficie del substrato di ZnO/Si. Ciò 

corrisponde al forte aumento dell’area superficiale di Cu osservato in presenza di 

Cu(II) durante l’esposizione del catalizzatore commerciale a base di Cu e ZnO a 

condizioni di ossidazione parziale umida del metanolo. 

Gruppi formiato e metossi adsorbiti sulla superficie di ZnO e gruppi metossi adsorbiti 

su superfici contenenti Cu(I) sono stati identificati per mezzo dei dati XPS dopo 

l’esposizione dei catalizzatori modello a diverse condizioni di reforming del 

metanolo. La quantità di formiato adsorbito sulla superficie di ZnO aumenta 

drasticamente in presenza di ossigeno nella miscela di reazione, similmente a quanto 

osservato per il catalizzatore commerciale a base di Cu e ZnO. Una quantità relativa 

maggiore di specie formiato adsorbite sulla superficie di ZnO viene osservata per i 

catalizzatori modello del tipo Cu/ZnO/Si che nel caso del substrato privo di Cu, 

confermando l’esistenza di un effetto sinergico tra il Cu e lo ZnO.  La presenza di 

acqua nella miscela di reazione durante il reforming del metanolo dà luogo al suo 

adsorbimento sulla superficie di ZnO e ad una diminuzione della quantità di specie 

metossi e formiato adsorbite. 

Questo lavoro dimostra che i cambiamenti della superficie dei catalizzatori 

commerciali a base di Cu e ZnO durante il reforming del metanolo vengono riprodotti 

da catalizzatori modello a bassa area superficiale del tipo Cu/ZnO/Si. La 

caratterizzazione combinata del sistema commerciale e del sistema modello fornisce 

informazioni preziose per la progettazione razionale di catalizzatori con migliori 

prestazioni.
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1. Introduction  

1.1 Hydrogen production by reforming of organic fuels 

1.1.1 Energy use and environmental impact  

Contemporary industrial societies are faced with the epochal challenge of satisfying 

their growing energy demand without a negative impact on the environment. In the 

period between 1990 and 1998, the global primary energy consumption increased at a 

rate of 1.5% per year reaching a value of 10.4 Gtoe (gigatons of oil equivalent) in 

1998 [1]. Most scenario analyses predict a similar growth rate of the global primary 

energy consumption for the next decades.  

The actual world energy supply relies strongly on the combustion of fossil fuels. 

Although a small increase of the fraction of primary energy produced from renewable 

sources has taken place during the last years, combustion of oil, coal and natural gas 

still provided 80% of the primary energy consumed worldwide in 1997 [2]. The 

consequent CO2 emissions have caused a significant increase of the concentration of 

CO2 in the atmosphere during the last decades. An increase of about 15% was 

measured at various locations during the period between the years 1960 and 2000 [3]. 

There is strong evidence that the growth of the atmospheric concentration of CO2 is a 

major cause of the increase of the average global temperature (0.6 � 0.2 °C) observed 

during the last century. This effect is due to the capability of the CO2 molecules to 

adsorb the infrared light emitted by the Earth’s surface, thus preventing the dissipation 

of heat into free space. Although some disagreement exists about the long-term effects 

of anthropogenic CO2 emissions on the global climate and the consequences that the 

ongoing global warming might have on the biosphere and the human activities, many 

international organisations and a large part of the public are calling for a significant 

reduction of CO2 emissions. The existence of potential negative effects of 

anthropogenic greenhouse gases emissions on the global climate was officially 

recognised by the international community for the first time in 1992 with the 

ratification of the United Nation Framework Convention on Climate Change. The 

Kyoto protocol, ratified by many countries in 1997, set up concrete measures for a 

gradual decrease of the emissions of greenhouse gases.  

The planned reduction of CO2 emissions can be conciliated with the present growth of 

energy consumption only by a more extensive use of energy sources giving rise to no 
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net CO2 emissions (e.g. biomass, sunlight, wind, geothermal power, nuclear fuels, 

etc.). At the same time, a reduction of the CO2 emissions could be achieved by 

increasing the efficiency of energy production from “traditional” sources. The 

development of more efficient combustion units and the application of fuel cell 

technology are likely to play an essential role in this direction. 

 

1.1.2 Reduction of CO2 emissions produced by motor-driven transportation 

A sector that offers a large potential for CO2 emission reduction is motor-driven 

transportation. In 1995 motor-driven transportation accounted for 33% of the primary 

energy consumed in western countries [4] and for 22% of the global CO2 emissions 

[5]. Two different paths can be followed in order to reduce the contribution of motor-

driven transportation to the global CO2 emissions: the first implies the further 

development of the internal combustion engine, the second its replacement by more 

efficient technologies. Although the improving understanding of the combustion 

processes may lead within a few years to the development of internal combustion 

engines with very low emissions of local pollutants (NOx, SOx, unburnt hydrocarbons, 

etc.), a significant increase of their energy efficiency and therefore a decrease of the 

associated CO2 emissions is not expected. On the other hand, fuel cell-based systems 

allow both an almost complete elimination of local pollutant emissions and essentially 

higher energy efficiency.  

The fuel cell system that appears most suitable for mobile applications is the 

hydrogen-powered polymer electrolyte fuel cell (PEMFC) [6]. PEMFCs run in the 

temperature range between 60 and 90°C with energy efficiency close to 50% for total 

conversion of the fed hydrogen. All major automakers are active in the development 

of PEMFC-based vehicles and the rollout of the first commercial products is expected 

by 2005. Pilot tests of PEMFC-based buses have already been conducted in several 

American and European cities [7].  

One major unsolved challenge for the development of competitive PEMFC-based 

vehicles is hydrogen storage and transportation. This issue is complicated by the low 

energy density of hydrogen and its flammability. For storing hydrogen onboard 

vehicles, compressed hydrogen is at present the simplest and cheapest choice. 

However, the volumetric energy density of hydrogen at 300 bar is only � 3 MJ/l, 

about one tenth that of gasoline. Significantly higher energy density can be achieved 
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by storing hydrogen in liquid form. Serious drawbacks of this option are the large 

amount of energy necessary to liquefy the hydrogen (up to 30% of the hydrogen’s 

original fuel energy), the very low storage temperature (below -250°C) and the 

hydrogen losses due to the liquid boil-off from the insulated tank. Storage of 

hydrogen by the use of metal hydrides or carbon-based materials does not represent at 

the present time a viable option due to the small hydrogen content (1-2 wt%) achieved 

at ambient temperature [8]. A great deal of effort has been put in recent years in the 

development of systems for the on-board production of hydrogen from hydrogen-

containing organic molecules because of the difficulties related to the storage of 

hydrogen. The following paragraph will shortly describe which chemical compounds 

and which chemical processes are suitable for on-board hydrogen production. 

 

1.1.3 On-board hydrogen production for fuel cell-powered vehicles 

Natural gas, gasoline, diesel fuel, methanol and ethanol have been proposed as 

primary fuels for the on-board production of hydrogen for fuel cell-powered vehicles 

[9]. Several points have to be taken into consideration when one evaluates the 

advantages and disadvantages of each primary fuel and of each hydrogen production 

process, e.g.: 

�� The composition of the produced hydrogen-rich mixture to be fed to the fuel 

cell (especially relevant are the hydrogen and CO content, see below)    

�� The technical requirements of the hydrogen producing reaction (temperature, 

pressure, minimum size of the reactor to achieve the required hydrogen yield)  

�� The overall energy efficiency of the hydrogen production process 

�� The availability of the fuel and the development costs for the related 

infrastructure  

The generation of hydrogen from organic primary fuels may be categorised in two 

different types of processes. One is steam reforming (SR) in which the organic 

molecule reacts with steam, the other is partial oxidation (POX) in which the feed 

reacts with a sub-stoichiometric (with respect to total combustion) amount of oxygen. 

The chemical equations of the SR of methane and methanol are usually written in the 

form 

CH4 + H2O � CO + 3 H2    �H0
298 = 198 kJ/mol          (1-1) 

CH3OH + H2O � CO2 + 3 H2   �H0
298 = 49 kJ/mol          (1-2) 
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In spite of the fact that only one carbon-containing molecule appears as product in 

reaction 1-1 and 1-2, in all practically relevant conditions the water gas shift (WGS) 

reaction is coupled to reaction 1-1 and 1-2 and contributes to the composition of the 

product mixture: 

CO + H2O � CO2 + H2    �H0
298 = -41 kJ/mol          (1-3) 

The equilibrium position of reaction 1-3 and the velocity at which reaction 1-3 

proceeds under the applied reaction conditions define the CO and CO2 content of the 

gaseous mixtures produced by SR.   

The POX of methane and methanol are described by eq. 1-4 and 1-5 respectively: 

CH4 + ½ O2 � CO + 2H2    �H0
298 = -38 kJ/mol          (1-4) 

CH3OH + ½ O2 � CO2 + 2H2   �H0
298 = -192 kJ/mol          (1-5) 

As in the case of SR, in spite of the stoichiometry of eq. 1-4 and 1-5, both CO and 

CO2 are produced by POX and the WGS reaction plays an essential role in defining 

the actual composition of the product mixture. The concentration of CO in the product 

mixture is a very important parameter for the evaluation of reforming processes for 

the production of hydrogen for PEMFC. As a matter of fact, the PEMFC 

performances decrease significantly if the hydrogen-rich feed contains more than    

10-20 ppm CO, due to CO-poisoning of the electrocatalyst responsible for hydrogen 

oxidation [10]. The WGS reaction is exothermic; therefore the formation of CO and 

H2O at the expenses of CO2 and H2 is thermodynamically favoured at higher reaction 

temperatures. For this reason processes operating at high temperatures produce CO-

rich gas mixtures and need to be followed by extensive CO clean-up before the 

produced hydrogen-rich mixture can be fed to the PEMFC. This is indeed the case for 

the SR and POX of methane, gasoline and diesel fuel. SR of methane is, also in 

practice, a reversible reaction and temperatures between 1000 and 1150 K must be 

used in order to achieve high methane conversions, leading to product gas mixtures 

containing 10-20% CO [11, 12]. SR of higher hydrocarbons (gasoline, diesel fuel) can 

be carried out at slightly lower temperatures leading to the production of smaller 

amounts of CO. However, the competing thermal cracking processes produce olefins, 

which are precursors of coke formation. In order to avoid rapid catalyst deactivation 

due to the formation of coke, the insertion of a low temperature pre-reformer, in 

which the hydrocarbons are converted to C1 fragments before entering the primary 
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steam reformer, is necessary [11]. The presence of this additional reactor increases the 

space requirement of a hydrocarbon reformer, making it not ideal for mobile 

applications. 

The POX of methane can be carried out either catalytically or non-catalytically. Non-

catalytic POX requires temperatures between 1400 and 1800 K [9], whereas 

temperatures around 1300 K and contact times in the order of milliseconds are 

required for catalytic POX [13]. Due to the very high reaction temperatures large 

amounts of CO are produced by methane POX, making the resulting product mixture 

unsuitable for direct feeding to the PEMFC.  

In order to use the hydrogen-rich mixtures obtained by hydrocarbon SR or POX as 

feed for PEMFC the CO concentration must be lowered drastically. This can be 

achieved by letting the product mixture flow through a two-stage WGS reactor where 

the CO content is reduced below 1%. In fact, only gas mixtures containing less than 2-

3% CO can undergo the final clean-up stage, which consists of the preferential 

oxidation of CO on a noble metal-based catalyst by reaction with oxygen. The volume 

of the WGS catalyst necessary for the CO-removal step has been evaluated to be 40 

litres for a 50 kW system [9]. It is evident that the space requirements of the CO 

clean-up system constitute a severe obstacle to the application of hydrocarbons SR 

and POX to small vehicles. Moreover, the necessary high reaction temperature 

decreases the overall energy efficiency of the process, requires more expensive 

materials of construction and might represent a safety hazard. 

The situation is substantially different for methanol as primary fuel. SR of methanol is 

less strongly endothermic than SR of hydrocarbons and high conversions can be 

reached at relatively low temperatures, in the range between 470 and 570 K. At these 

temperatures the equilibrium of the WGS reaction favours the formation of CO2 and 

H2 and product mixtures containing less than 1% CO can be obtained without any 

CO-removal step [14]. The endothermicity of the reaction, however, requires 

permanent external heating of the reactor and makes short start-up times, as desirable 

for mobile applications, difficult to achieve. These drawbacks are absent in the case of 

methanol POX, but other considerations make this reaction not ideal for the 

production of hydrogen for PEMFC. First, less hydrogen per methanol molecule is 

produced by POX than by SR, resulting in a lower efficiency of the methanol 

conversion process. Second, the strong exothermicity of methanol POX makes the 

temperature control of the reactor very difficult and very high temperatures can be 
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locally reached, leading to rapid catalyst deactivation and to the production of 

significant amounts of CO. Finally, the production of large amounts of heat lowers the 

overall energy efficiency of the process [15]. 

An attractive alternative for the production of hydrogen from methanol is a process 

with a zero net enthalpy change obtained by combining methanol POX and SR. This 

process, called autothermal reforming (ATR), was first proposed 15 years ago by 

Huang et al. [16]. At 570 K the stoichiometry of the ATR process is: 

4 CH3OH + 3 H2O + ½ O2 � 4 CO2 + 11 H2  �H0
570 ~ 0 kJ/mol          (1-6) 

Methanol ATR presents several advantages over methanol SR and POX. Since no 

heat is generated or consumed by the reaction, the reactor does not need to be heated 

or cooled once the reaction temperature has been reached. Moreover, in order to 

shorten start-up times or improve transient behaviour, the thermal balance of the 

process can be tuned by varying the oxygen/water ratio in the feed. If air is used as 

oxygen source, the hydrogen content in the product mixture can reach 65%. This 

value is lower than the maximum theoretical hydrogen content achievable by 

methanol SR (75%), but significantly higher than the one achievable by methanol 

POX (40%) using air as an oxidant. 

A few systems for the on-board production of hydrogen by methanol ATR in the kW 

range have been reported so far. Johnson Matthey developed a processor capable of 

producing up to 750 lN/h of hydrogen (� 2.2 kW) [17]. This system, called HotSpotTM, 

can be started with gaseous methanol in only 30 s and produces a gaseous mixture 

containing � 2% CO. A 10 kW unit, based on a different reactor design, has been 

developed at the Argonne National Laboratories (ANL) [18]. This processor can be 

started in two minutes with liquid methanol and produces a gaseous mixture 

containing only � 1% CO. The scale-up of both systems is problematic due to 

difficulties in the control of the temperature in large reactors. As a matter of fact, an 

undesirable temperature profile along the reactor, with a higher temperature at the 

reactor inlet, is observed if heat cannot be dissipated efficiently through the reactor 

walls. This is due to the higher reaction rate of methanol POX with respect to SR:  

oxygen reacts exothermically with methanol in the first part of the reactor leading to a 

local temperature increase. In order to increase the amount of produced hydrogen 

several small modules can be connected in parallel. A 50 kW unit based on the 

HotSpotTM or on the ANL processor has a volume of � 20 l and weighs � 35 kg.  
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The considerations exposed in this section indicate that methanol is an especially 

suitable primary fuel for the on-board generation of hydrogen. The extensive 

introduction of methanol as primary fuel for motor-driven transportation would 

benefit from the fact that methanol is already produced industrially in very large scale 

(~ 29 106 tons in 2001 [19]). More than 70% of the methanol produced at present is 

used for the syntheses of formaldehyde, methyl tertiary-butyl ether and acetic acid.  A 

further appealing advantage of the use of methanol as hydrogen storage medium is 

that methanol can be easily produced using renewable energy sources. For example, 

methanol can be synthesised by reaction of renewable hydrogen with carbon dioxide 

from the air or with recycled carbon dioxide from power plants using fossil fuels. In 

this way carbon dioxide is recovered from the environment and used to store 

hydrogen in the form of methanol. When the stored hydrogen is liberated by methanol 

reforming, only the carbon dioxide previously removed from the atmosphere is 

emitted, giving rise to no additional carbon dioxide production. The production of 

methanol from biomass followed by methanol reforming is a valuable alternative for a 

CO2-neutral energy cycle. 

In the following section the catalytic activity of various materials for the production of 

hydrogen from methanol and the reaction mechanisms suggested in the literature for 

this class of reactions are discussed. 

 

1.2 Catalytic production of hydrogen from methanol 

1.2.1 Comparison of the performance of various catalysts 

1.2.1.1 Methanol decomposition 

Group VIII and IB metals supported on various oxides catalyse the decomposition of 

methanol to form CO and hydrogen: 

CH3OH � CO + 2 H2     �H0
298 = 90 kJ/mol          (1-7) 

Among these metals Pd, Pt and Rh are the most active, reaching 100% methanol 

conversion at 220 – 230°C and at a space velocity of ~ 0.2 
hg

g

cat

OHCH3 [20]. The activity 

of these metals is largest when they are supported on CeO2, probably due to the 

stabilisation of M+ ions on the ceria surface [21]. The catalytic activity of the noble 

metals decreases in most cases changing the support in the order CeO2 � ZrO2 > �-
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Al2O3 > SiO2 � TiO2 > ZnO [22]. On acidic supports such as Al2O3 a significant 

amount of dimethyl ether is produced by bimolecular dehydration of methanol [20, 

23]: 

2 CH3OH � CH3OCH3 + H2O                                                                               (1-8) 

Differently from the noble metals of the group VIII, which decompose methanol to 

CO and H2 exclusively, Ni and Cu are less selective. Substantial amounts of methane 

are formed by the decomposition of methanol on Ni [24], whereas on Cu methyl 

formate is formed by bimolecular dehydrogenation of methanol [23].   

 

1.2.1.2 Methanol steam-reforming  

Cu-based materials are superior catalysts for the SR of methanol [25]. In particular 

Cu/ZnO materials promote the SR of methanol with very high activity and selectivity, 

and are the established catalysts for this reaction. Methanol conversions above 95% 

can be reached at 240°C and at a methanol space velocity of � 2 
hg

g

cat

OHCH3 . The CO 

fraction in the produced gas mixture in these conditions is � 2% [14].  

The most active Cu/ZnO-based catalysts are prepared by co-precipitation from an 

aqueous solution of the metal nitrates by addition of a solution of Na2CO3 or NaHCO3 

[26]. The resulting precipitate consists of various Cu/Zn hydroxy-carbonates, whose 

compositions and crystallographic phases depend on the Cu/Zn ratio, the pH, the 

temperature, the addition rate of the two solutions and the ageing procedure [27-29]. 

Upon calcination at 250 – 500°C the hydroxy-carbonates decompose, giving rise to 

intimately mixed CuO and ZnO phases. This type of preparation results typically in 

the formation of CuO and ZnO nanoparticles with size < 10 nm and ~ 20 nm 

respectively [26]. The catalytic activity of Cu/ZnO co-precipitated catalysts is a 

function of the Cu/Zn ratio and reaches a maximum when Cu and Zn are present in 

similar amounts [29]. This optimum performance is related to the formation of the 

mineral aurichalcite [(Zn0.6Cu0.4)5(CO3)2(OH)6] after co-precipitation, in which Cu2+ 

and Zn2+ ions are intermixed in the crystal lattice [27].  

Co-precipitated Cu/CeO2 catalysts have been recently claimed to catalyse the SR of 

methanol with activities and selectivities slightly higher than their ZnO-based 

analogues. However, their operational life-time was rather short and their catalytic 

activity decreased significantly during the first 24 hours on-stream [30]. Noble metal-
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based catalysts exhibit in general low selectivity for the SR of methanol and promote 

rather the decomposition of methanol to CO and H2 even in the presence of water 

[25]. The activity and the selectivity of group VIII metals for the SR of methanol were 

found to be greatly affected by the used support. Catalysts prepared on Al2O3 and 

SiO2 exhibited rather poor performances, whereas significantly better results were 

obtained with catalysts supported on ZrO2 and ZnO [31]. As a matter of fact, the 

activity and the selectivity of ZnO-supported Pd and Pt catalysts for the SR of 

methanol were shown to be comparable to those obtained with Cu/ZnO catalysts [32]. 

The anomalous catalytic performance of Pt- and Pd-based catalysts supported on ZnO 

has been attributed to the formation of PdZn and PtZn alloys upon reduction with H2. 

 

1.2.1.3 Methanol partial oxidation and autothermal reforming 

A catalyst screening performed at the Argonne National Laboratory showed that 

among several catalysts with different metals and supports Cu/ZnO-based materials 

display the best performance for methanol POX and ATR [33]. Methanol conversions 

higher than 99% and CO concentrations in the product mixture of ~ 1% were 

achieved at 280°C and at a space velocity of 12 
hg

g

cat

OHCH3 on a commercial 

Cu/ZnO/Al2O3 [15]. As in the case of the SR of methanol, the activity and the 

selectivity for the production of H2 and CO2 of Cu/ZnO co-precipitated catalysts is a 

function of the Cu/Zn ratio and reach a maximum when the Cu/Zn ratio is ~ 0.7 [16, 

34]. Cu/ZnO catalysts show only limited stability under typical methanol POX and 

ATR conditions and small amounts of other oxides are in general added to extend the 

catalyst lifetime. For instance, a co-precipitated Cu/ZnO catalyst lost 40% of its 

catalytic activity after 3 days on-stream at 230°C, whereas no appreciable deactivation 

was observed in the same conditions if the catalyst contained additional 5% Al2O3. 

The alumina in Cu/ZnO catalysts seems to increase the dispersion of the Cu phase and 

to prevent its sintering [35]. The ability of Al2O3 to stabilise dispersed Cu particles is 

probably a consequence of the strong interaction between Cu2+ ions and the alumina 

support. This interaction, which in certain cases can drive the formation of the 

crystalline CuAl2O4 spinel phase [36], stabilises the Cu2+ ions and makes their 

reduction to Cu(0) more difficult [34, 36]. 
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As a consequence of the very high activity and selectivity of Cu/ZnO catalysts for the 

POX and ATR of methanol only little experimental work has been performed on other 

materials. Pd showed high activity for methanol POX but promoted the formation of 

high amounts of CO [37]. The selectivity of Pd-based catalysts for the formation of H2 

and CO2 under methanol POX conditions was found to depend on the support used, 

with ZnO giving the best results [38].  On unsupported Cu and Ag catalysts high 

formaldehyde yields with limited formation of carbon oxides can be achieved under 

partial oxidation conditions working at very low contact times (< 0.01s) and rapidly 

quenching the product mixture by dissolution in water [39].  

From the analysis of the existing literature it is evident that Cu/ZnO-based materials 

show very good properties as catalysts for the production of hydrogen by methanol 

reforming. Their outstanding performance, together with the fact that Cu/ZnO-based 

materials are already produced industrially in large amounts as catalysts for the 

synthesis of methanol, makes them the established catalysts for methanol reforming. 

For this reason, the review of the proposed molecular mechanisms for the production 

of hydrogen from methanol in the following section will be restricted to Cu/ZnO 

catalysts. 

 

1.2.2 Proposed molecular mechanisms of methanol reforming on Cu/ZnO-based 

catalysts 

1.2.2.1 Methanol decomposition and steam reforming  

Methanol decomposition (eq. 1-7) and SR (eq. 1-2) are formally the reverse reactions 

of the synthesis of methanol from H2/CO and H2/CO2 respectively. It is therefore 

tempting to invoke the micro-reversibility principle and assume that the molecular 

mechanism by which the methanol decomposition and SR reactions proceed is simply 

the reverse of the corresponding methanol synthesis reaction. The mechanism of the 

methanol syntheses reactions is relatively well understood and numerous kinetic 

models of the methanol synthesis process have been published  (for a review see 

[40]). If the micro-reversibility principle could be applied to the methanol 

synthesis/reforming system the question of the mechanism of methanol decomposition 

and SR would be settled and not much would need to be added to this paragraph. 

However, attempts to account for the kinetics of methanol decomposition and SR by 

using the micro-reversibility principle were unsuccessful, due to the large differences 

between the operating conditions of the synthesis and reforming processes. For 
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instance, under typical methanol SR conditions the partial pressure of CO is much 

lower and the partial pressure of methanol is much higher than during methanol 

synthesis. Therefore it is expected that the competitive adsorption of methanol with 

CO and CO2 would play a larger role in the kinetics of methanol reforming than in 

those of methanol synthesis. However, the relative importance of the adsorbed 

intermediates during the methanol reforming and synthesis processes is not the only 

factor involved in the inapplicability of the micro-reversibility principle. As it will be 

shown in section 1.2.3, the chemical state and the morphological properties of 

Cu/ZnO-based catalysts are strongly affected by the reducing potential of the reactant 

mixture. The much higher partial pressure of CO and the lower partial pressure of 

H2O under methanol synthesis conditions result in the catalyst surface being in a 

different state than during methanol reforming. Considering these factors, it is not 

surprising that the predictions based on the mechanism and the kinetics of methanol 

synthesis do not describe accurately the behaviour of the system under methanol 

reforming conditions. 

The mechanisms of methanol decomposition and SR that are currently accepted have 

been first proposed by Jiang and co-workers in 1993 [41, 42] and recently 

corroborated by the work of Peppley and co-workers [43, 44]. The two mechanisms 

share the first steps (eq. 1-9 to 1-11) leading to the formation of adsorbed methyl 

formate and differentiate according to the fate of this intermediate: in the absence of 

water methyl formate desorbs or decomposes to form methanol and CO (methanol 

decomposition) whereas in the presence of water it undergoes hydrolysis forming a 

molecule of formic acid and one of methanol.  In the following the mechanism 

proposed by Jiang will be described in detail; at the end of this section the 

experimental evidence supporting the model will be discussed. 

The first step consists of the dissociative adsorption of methanol to form adsorbed 

methoxy species: 

CH3OH + * � CH3Oa + Ha                 (1-9) 

where * indicates an adsorption site and the subscript “a” indicates an adsorbed 

species. From surface science studies methanol is known to adsorb dissociatively on 

O-covered Cu surfaces with formation of adsorbed methoxy species and hydroxyl 

groups [45].  Similarly, adsorbed methoxy species and surface hydroxyl groups are 

formed upon dissociative adsorption of methanol on Zn-terminated ZnO(0001) and 
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non-polar ZnO(1010) surfaces [46, 47].  On the other hand, methanol is known to 

adsorb only weakly and without dissociation of the O-H bond on clean Cu(111), 

Cu(100) and Cu(110) surfaces, due to the insufficient proton-affinity of the exposed 

Cu atoms [48-50]. The O-terminated ZnO(0001) surface as well does not dissociate 

methanol, due to the absence of accessible acid-base pairs [46, 51]. Theoretical 

calculations indicate that the preferred adsorption site of methoxy species on Cu is the 

hollow site in the case of Cu(111) surfaces [52] and a low symmetry site between the 

bridge and the fourfold hollow site in the case of Cu(100) surfaces [53]. In both cases 

the methoxy species are adsorbed through their oxygen atom, with the C-O bond 

perpendicular to the surface. There are indications that spillover of hydrogen atoms to 

the copper followed by desorption of H2 may take place on Cu/ZnO catalysts upon 

dissociative adsorption of methanol on ZnO sites. Au and co-workers proposed that 

this process might be responsible for the enhanced formation of adsorbed methoxy 

species observed on binary Cu/ZnO catalysts with respect to pure ZnO surfaces [54]. 

However, the data reported by these authors do not allow to exclude the formation of 

methoxy species on the Cu component of the binary catalyst as an alternative 

explanation for the observed high concentration of adsorbed methoxy species on the 

Cu/ZnO catalyst surface. 

The second step of the mechanism proposed by Jiang and co-workers is the 

abstraction of an H atom from the adsorbed methoxy species with formation of 

adsorbed formaldehyde: 

CH3Oa + * � CH2Oa + Ha              (1-10) 

Surface science studies have shown that reaction 1-10 occurs on clean Cu surfaces at 

� 360 K with the formation of adsorbed hydrogen atoms [51, 55]. Formaldehyde is 

adsorbed only weakly on Cu surfaces and desorbs immediately after its formation. 

Reaction 1-10 occurs on ZnO(0001) surfaces at � 580 K with the formation of a Zn-H 

bond with hydride character [56]. Both on Cu and ZnO surfaces the adsorbed 

hydrogen atoms formed by reaction 1-10 desorb as molecular hydrogen immediately 

after formation. 

When adsorbed methoxy species are predominant on the catalyst surface as in the case 

of the methanol decomposition process, formaldehyde may desorb [55, 57] or 

dimerise forming methyl formate [41]: 
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2 CH2Oa � HCOOCH3,a + *                                                                                  (1-11) 

In certain reaction conditions methyl formate can indeed be the main product of the 

methanol decomposition reaction on Cu-based catalysts [23, 25]. More commonly, 

under methanol decomposition conditions methyl formate decomposes forming a 

molecule of CO and one of methanol: 

HCOOCH3,a � CH3OH + CO + *                                                                         (1-12) 

The reaction cycle of methanol decomposition is closed by the associative desorption 

of the adsorbed hydrogen species produced by eq. 1-9 and 1-10 with formation of H2: 

2 Ha � H2 + 2 *                (1-13) 

Under methanol SR conditions, i.e. with reactant mixtures in which methanol and 

water are present at comparable partial pressures, the methyl formate produced by 

reaction 1-11 has a higher probability of undergoing hydrolysis than of decomposing 

to CO and methanol: 

HCOOCH3,a + H2Oa � CH3OH + HCOOHa                (1-14) 

The formic acid produced by reaction 1-14 decomposes on the catalyst surface 

forming CO2 and H2: 

HCOOHa � CO2 + H2              (1-15) 

The adsorption and the subsequent reactions of formic acid have been studied 

extensively both on Cu and ZnO surfaces. On Zn-terminated ZnO(0001) and non-

polar ZnO(1010) surfaces formic acid adsorbs dissociatively with formation of 

adsorbed formate species and hydroxyl groups [46, 58-61]: 

HCOOH + Oa � HCO2,a + OHa             (1-16) 

On the other hand, the O-terminated ZnO(0001) surface exhibits low reactivity with 

formic acid and is unable to promote the formation of formate species by reaction 1-

16. Adsorption of formic acid on Cu surfaces occurs with formation of bidentate 

formate species and adsorbed hydrogen atoms [62-64]: 

HCOOH + * � HCO2,a + Ha                        (1-17) 

Formate species adsorbed on Cu surfaces decompose at temperatures between 430 

and 470 K with simultaneous evolution of CO2 and H2 [45, 57]. Formate species 
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adsorbed on ZnO surfaces are more stable and decompose in the temperature range 

between 575 and 635 K with simultaneous evolution of CO, CO2 and H2 [46, 56, 65]. 

The mechanism of methanol decomposition and SR proposed by Jiang and co-

workers relies on sound experimental evidence. For instance, as expected for the 

mechanisms described by reactions 1-9 to 1-15, the measured reaction rate of 

methanol SR is one half of that of methyl formate formation. The appearance of the 

factor one half is due to the fact that the hydrolysis of methyl formate (eq. 1-14) in the 

SR mechanism returns one of the methanol molecules consumed in its formation. 

Moreover, the activation energies measured for SR and methyl formate production are 

the same, indicating that the two reactions proceed via the same rate-determining step 

(rds). According to this finding, any of the reactions leading to the formation of 

methyl formate (eq. 1-9 to 1-11) could be rate-limiting. This is confirmed by the fact 

that all subsequent reactions (eq. 1-12 to 1-15), tested separately on the same catalyst, 

proceed with higher rates than the one of methyl formate formation [41]. The 

existence of a large isotopic effect between CH3OH and CD3OH strongly indicates 

that the dehydrogenation of adsorbed methoxy species to form adsorbed 

formaldehyde (eq. 1-10) is the actual rds. Santacesaria and co-workers [66] proposed 

an alternative mechanism, according to which methanol SR is a combination of the 

methanol decomposition (eq. 1-7) and WGS reactions (eq. 1-3). This mechanism is in 

disagreement with the observation that the WGS reaction occurs at a low rate under 

methanol SR conditions, although Cu/ZnO catalysts exhibit high activity for the WGS 

reaction when this is carried out alone. 

 

1.2.2.2 Methanol partial oxidation and autothermal reforming  

The mechanism of the production of hydrogen- and CO2-rich mixtures by methanol 

reforming in the presence of oxygen is not as well understood as the mechanism of 

methanol decomposition and SR. This is due to the higher complexity of the reaction 

network when oxygen is present in the reactant mixture and to the modifications that 

the Cu/ZnO-based catalysts undergo with changing oxidising potential of the gas 

phase. As a matter of fact, in the presence of oxygen, the reaction network used to 

describe the methanol SR process must be expanded to include the partial oxidation of 

methanol (eq. 1-5), the oxidation of hydrogen to water, the oxidation of CO to CO2 

and the total oxidation (TOX) of methanol: 
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CH3OH + 3/2 O2 � CO2 + 2 H2O             (1-18) 

Moreover, as discussed in more detail in section 1.2.3, the structure of the Cu surface 

and sub-surface regions is deeply affected by the adsorption of oxygen. Molecular 

oxygen adsorbs dissociatively on Cu with profound reconstruction of the Cu surface 

that might be responsible for the formation of new catalytic sites [67-69]. The sticking 

probability of oxygen on Cu depends on the exposed surface: higher sticking 

probability has been observed on Cu(110) surfaces than on Cu(111) and Cu(100) 

surfaces [70-72]. Although no oxygen incorporation into the bulk is observed after 

exposure of Cu to up to 1000 L O2 at room temperature, bulk oxidation of Cu to Cu2O 

and CuO occurs at higher temperatures after exposure to large O2 doses [69, 73, 74]. 

Reactions 1-9 and 1-10 of the mechanism proposed in section 1.2.2.1 for methanol 

decomposition and SR operate under methanol POX conditions as well. However, on 

O-covered Cu surfaces adsorbed formaldehyde produced by reaction 1-10 reacts 

preferentially with an adsorbed oxygen atom forming an adsorbed dioxymethylene 

species [45]: 

CH2Oa + Oa � CH2O2,a              (1-19) 

The high reactivity of this surface intermediate makes its direct observation difficult 

but its existence has been inferred based on isotopic substitution experiments. 

Adsorbed dioxymethylene species rapidly form surface formate groups by hydride 

transfer to the metal surface: 

CH2O2,a + * � HCO2,a + Ha              (1-20) 

This reaction has been reported to be enhanced on Cu/ZnO catalysts by the formation 

of bidentate formate species bridging Cu and Zn sites, thus providing a possible 

explanation for the high activity of the binary Cu/ZnO catalysts [75]. The adsorbed 

formate species decompose producing CO2 and H2, as described in section 1.2.2.1 for 

the mechanism of methanol SR. The reaction cycle of methanol POX is closed by the 

formation of molecular hydrogen by associative desorption of the adsorbed hydrogen 

species formed in the previous reaction steps. 

Comparing the mechanisms proposed for methanol decomposition and methanol 

POX, it is evident that the reaction pathway followed by the adsorbed formaldehyde 

species is essential in determining the selectivity of the methanol reforming process. 

As a general rule, at high oxygen coverages reaction 1-19 predominates and H2 and 
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CO2 are the main final products (methanol POX route), whereas at high methoxy 

coverages reaction 1-11 and 1-12 predominate and, in the absence of water, H2 and 

CO are the main final products (methanol decomposition route). However, surface 

science studies have shown that the relative importance of these two reaction 

pathways depends also on the microscopic organisation of the adsorbed layer. If 

separate islands of methoxy groups and O adatoms are present on the surface, 

formaldehyde desorption and dimerisation are favoured, due to the small contact area 

between the oxygen and methoxy domains. If the adsorbed methoxy groups and the O 

adatoms are intimately mixed, formate formation is the predominant reaction [57, 76]. 

Although the mechanism of methanol POX depicted by eq. 1-9 to 1-10 and 1-19 to 1-

20 accounts for the production of CO2 and H2 from methanol on single crystalline 

surfaces in UHV conditions, it is still a matter of dispute whether this mechanism 

represents a main pathway for the methanol POX process at higher methanol and 

oxygen partial pressures. Alejo and co-workers reported that under methanol POX 

conditions the selectivity for H2 and CO2 increased with residence time, indicating 

that part of the H2 and CO2 are not primary products but are formed by secondary 

reactions [34, 35]. By extrapolating to zero residence time it could be estimated that 

the primary reactions taking place under these conditions are only methanol TOX and 

methanol decomposition and that the methanol POX mechanism described above is 

not operating. The high selectivity for H2 and CO2 observed at higher residence times 

appears to be due to the WGS reaction converting the water and the carbon monoxide 

formed primarily into H2 and CO2. This view is supported by the fact that the 

residence time has little effect on the oxygen conversion, whereas a large increase of 

the methanol conversion is observed with increasing residence time. This indicates 

that methanol is also converted by reactions where oxygen does not take part, namely 

methanol decomposition and SR. The importance of the methanol POX pathway 

under methanol ATR conditions has been questioned recently by Geissler and co-

workers in a similar way [15]. According to the results of their microreactor 

experiments, the conversion of methanol under ATR conditions occurs mainly via the 

TOX reaction and the hydrogen is formed by subsequent steam reforming. 

 

1.2.2.3 The role of ZnO and Cu in its various oxidation states 

General agreement exists in the literature on the fact that the catalytic activity of 

Cu/ZnO catalysts for the production of hydrogen by methanol POX and SR correlates 
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with the exposed Cu surface area. However, the changes of activation energy and 

turnover frequency observed with varying Cu content in the binary catalysts indicate 

that other effects are present and that the Cu-ZnO interaction may play an important 

role in determining the catalytic activity [34, 35]. In section 1.2.2.2 some indications 

of the existence of special “Cu-Zn” sites and their involvement in the methanol 

reforming mechanisms have been mentioned. Other effects that have been suggested 

as possible reasons for the high activity of Cu/ZnO-based catalysts are the 

stabilisation of small Cu clusters in the presence of ZnO [77] and the creation of strain 

in the epitaxially grown Cu particles at the Cu-ZnO interface, due to lattice mismatch 

between the Cu(111) and the ZnO(0001) surfaces [78]. 

The oxidation state of Cu in the catalyst under reaction conditions greatly influences 

the selectivity of the methanol POX and ATR processes. At total oxygen conversions 

metallic Cu is the only bulk phase present and the POX products, H2 and CO2, are 

formed with high selectivity. On the other hand, at low oxygen conversions Cu is 

present in the 2+ oxidation state and the reaction taking place is mainly methanol 

TOX with production of CO2, water and only traces of hydrogen [79]. The role of the 

intermediate +1 oxidation state has not been fully elucidated and is still debated in the 

literature. Selective oxidation of Cu(0) to Cu(I) with N2O promotes the formation of 

CO and H2O under methanol POX conditions, indicating that Cu(I) species are less 

active than Cu(0) for the production of hydrogen [34]. On the other hand, Idem and 

co-workers attribute the catalytic activity of Cu/ZnO catalysts for the production of 

hydrogen from methanol to the co-presence of Cu(0) and Cu(I) [23]. The 

investigations of Schlögl and co-workers suggest that accounting for the activity and 

the selectivity of Cu-based catalysts on the basis of different oxidation states of Cu 

might be too simplistic. These authors showed by in-situ X-ray adsorption 

spectroscopy of polycrystalline Cu under methanol POX conditions that the 

interaction of oxygen with Cu gives rise to the formation of Cu-O compounds with 

different electronic structures and different catalytic activity. These studies 

demonstrate that the oxygen atoms of Cu2O are electrophilic in nature due to 

significant interaction of the O 2p levels with the Cu 3d orbitals. As a consequence of 

the electrofilicity of its oxygen atoms Cu2O catalyses the TOX of methanol with high 

selectivity. On the other hand, a metastable Cu suboxide phase, with a stoichiometry 

of Cu~10O, was also formed under methanol POX conditions. In this phase the Cu 3d 

electrons do not participate in the formation of the Cu-O covalent bond, resulting in a 
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nucleophilic character of the oxygen atoms [80]. This phase, which is present in the 

surface and sub-surface regions of the Cu down to a depth of a few nanometres, 

catalyses selectively the dehydrogenation of methanol to formaldehyde [81]. The 

metastable Cu suboxide phase is accessible to observation only under reaction 

conditions and transforms into stoichiometric Cu2O and metallic Cu by quenching the 

reaction and isolating the catalyst from the reaction environment [82, 83]. 

 

1.2.3 Structural changes of Cu-based catalysts under reaction conditions 

The observation of Cu/ZnO catalysts under reaction conditions by means of in-situ 

spectroscopic techniques and in-situ transmission electron microscopy has contributed 

greatly during the last decade to the understanding of the dynamic behaviour of the 

Cu surface and of the Cu-ZnO interface. A special feature of the Cu-ZnO interface is 

its capability to react to modifications of the reducing potential of the gas phase, 

determining a change of the Cu-ZnO contact surface area and therefore of the 

morphology of the Cu clusters. In-situ EXAFS studies and in-situ FTIR investigations 

using CO as probe molecule performed at the Haldor Topsøe Research Laboratories 

demonstrated that the tendency of Cu to wet the underlying ZnO increases with 

increasing reducing potential of the gas phase [84, 85]. This is due to the decrease of 

the Cu-ZnO interfacial free energy observed when the number of oxygen vacancies in 

the ZnO surface increases as a consequence of the partial removal of surface oxygen 

by reaction with the reducing gas phase. These changes are not observed with other 

supports, e.g. Al2O3 and SiO2, for which the creation of oxygen vacancies is not 

favoured even under very reducing conditions. The variation of the Cu-ZnO 

interfacial free energy with the reducing potential of the gas phase (peculiar to the 

Cu/ZnO system) is accompanied by a change of the surface free energy of the 

different Cu crystal planes, which is inherent to the Cu clusters and therefore observed 

on all supports. The Cu(100) and Cu(110) surfaces are in general stabilised by more 

oxidising gas phases, whereas the Cu(111) surface is energetically favoured under 

reducing conditions [86]. The change of the interfacial and surface free energies 

causes a radical change of the Cu cluster morphology with varying reducing potential 

of the gas phase. Under oxidising conditions the contact area between the Cu clusters 

and the ZnO surface is small and the clusters are essentially spherical, presenting a 

high fraction of (100) and (110) facets. Increasing the reducing potential of the gas 

phase the Cu-ZnO contact area increases by up to 50% and the Cu clusters assume a 
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disk-like shape, exposing preferentially (111) and (100) facets [86]. Under severe 

reducing conditions (300°C, 0.5% CO, 4% H2, 4% CO2, rest inert gas) surface 

reduction of ZnO is observed in proximity of the Cu cluster, with formation of a 

surface CuZn alloy spreading over the Cu surface [85].  All the structural changes 

described above are completely reversible and the catalyst can be cycled several times 

between reducing and oxidising conditions without the appearance of significant 

irreversible modifications [84]. The morphological changes of the Cu clusters have 

important consequences on the catalytic activity, since they are accompanied by a 

variation of the active surface area and of the relative amount of the different Cu 

surfaces. Taking into account the dynamical behaviour of the Cu/ZnO catalysts has 

allowed to improve the kinetic modelling of the methanol synthesis reaction [87]. 

The studies discussed above were performed in connection with the methanol 

synthesis process and did not involve the use of oxygen in the gas phase. Recently, 

Cu-based catalysts were investigated in-situ under methanol POX and ATR 

conditions by Schlögl and co-workers (see section 1.2.2.3). However, these 

investigations were limited essentially to unsupported Cu and therefore could not be 

used to assess whether and at which degree the dynamic changes discovered by 

Topsøe and co-workers are operating at the Cu-ZnO interface in the presence of 

oxygen. Nevertheless, the work of Schlögl and co-workers pointed out that the Cu 

crystals undergo very pronounced structural modifications during exposure to 

methanol POX and ATR conditions. After many hours on-stream under methanol 

POX conditions the Cu catalyst was shown to reconstruct to a significant extent, with 

the initial weakly structured hill-and-valley morphology being replaced by a block-

like surface with steps of several tens of nanometres. Moreover, small holes were 

formed in the formerly closed surface [81, 88].  This extensive reconstruction, which 

is not due to the formation of a bulk Cu oxide, is an indication that the reaction does 

not affect only the outer metal surface but also deeply restructures a region extending 

several hundred atomic layers below the surface. Diffusion of mobile atomic oxygen 

into the Cu lattice with formation of Cu suboxides of various stoichiometries (see also 

section 1.2.2.3), and their participation to the catalytic reaction is thought to be the 

reason underlying the observed reconstruction.   
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1.3 Scope of the thesis 

The studies of Cu/ZnO-based catalysts under methanol synthesis conditions published 

in recent years (see discussion in section 1.2.3) have shown that these materials 

reconstruct significantly depending on the specific applied reaction conditions. 

However, only scarce information is available on the structural changes of Cu/ZnO-

based catalysts during catalytic processes involving exposure to partially oxidising 

gas mixtures.  

The aim of the present investigation is to elucidate the structural changes of Cu/ZnO-

based catalysts induced by the exposure to various methanol reforming conditions. 

The effect of the composition of the methanol reforming feed and of the reaction 

temperature on the surface composition and morphology of a commercial Cu/ZnO-

based catalyst is investigated by quasi-in-situ X-ray photoelectron spectroscopy 

(XPS). The influence of the observed surface modifications on the catalytic activity 

towards the production of hydrogen from methanol is studied by correlating catalytic 

activity determinations with the XPS data. The surface modifications induced by the 

presence of water in the methanol reforming feed are taken into account, in view of 

the technical importance of the methanol wet POX process for the production of 

hydrogen from methanol. The species adsorbed on the catalyst surface are 

investigated by post-reaction temperature-programmed desorption (TPD) and XPS, 

with the aim of getting a deeper insight on the reaction mechanism and on the 

observed synergy between the Cu and ZnO components of the binary catalysts. 

Additional information on the structural changes of the Cu/ZnO surface 

accompanying the catalytic production of hydrogen from methanol is obtained by 

investigating a model Cu/ZnO catalyst. The Cu/ZnO model catalysts are prepared by 

evaporating Cu on a ZnO thin film deposited on Si(100). The structural modifications 

of the Cu/ZnO model surfaces during methanol reforming are studied by quasi-in-situ 

XPS, Ar-ion depth profiling, spectroscopic ellipsometry (SE) and by ex-situ atomic 

force microscopy (AFM). The advantageous application of Ar-ion depth profiling, SE 

and AFM to the model Cu/ZnO catalysts is possible due to their very low surface 

roughness and the controlled composition and morphology of their surfaces. On the 

other hand, the use of these techniques for the characterisation of commercial 

heterogeneous catalysts is problematic, since their surfaces usually exhibit strong 

heterogeneity and high roughness. 
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2. Experimental techniques 

Several properties of the catalyst surface must be determined experimentally in order 

to investigate its structural changes during exposure to reaction conditions. X-ray 

photoelectron spectroscopy (XPS) represents a very powerful tool for determining the 

surface chemical composition and the chemical state of the elements on the catalyst 

surface. XPS also provides useful information on the depth distribution of the 

different elements at sample depths down to a few nanometres. The changes of the 

surface morphology induced by exposure to reaction conditions can be followed 

quantitatively by atomic force microscopy (AFM) and spectroscopic ellipsometry 

(SE). The application of these techniques is limited to samples presenting low surface 

roughness and is therefore suitable only for the study of model catalyst systems. 

Qualitative and quantitative information on the species adsorbed on the catalyst 

surface after exposure to reaction conditions can be obtained by combining XPS with 

temperature-programmed desorption (TPD). 

 

2.1 X-ray Photoelectron Spectroscopy (XPS) 

The photoelectric effect, discovered by H. Hertz in 1887, consists of the emission of 

electrons from a solid irradiated with photons possessing energy higher than a certain 

threshold value. In an XPS experiment the sample is illuminated with soft X-rays and 

the number of generated photoelectrons is measured as a function of their kinetic 

energy. With reference to Fig. 2-1, the kinetic energy Ek of the photoelectrons 

originating from a certain core level is given by 

specBK EhE �� ���                  (2-1) 

where EB is the binding energy of the core level relative to the Fermi level of the 

sample, �spec is the work-function of the spectrometer and h� is the energy of the 

incident photons [89].  
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Figure 2-1 � Energy-level diagram for a sample in good electrical contact with the 
spectrometer. �sample and  EV

sample indicate the work function and the vacuum level of 
the sample respectively. Analogously, �spec  and  EV

spec indicate the work function and 
the vacuum level of the spectrometer. Figure adapted from reference [89]. 

Eq. 2-1 and the energy-level diagram depicted in Fig. 2-1 are rigorously valid only for 

conducting samples in good electric contact with the spectrometer. Only in this case 

the Fermi levels of the sample and of the spectrometer are coincident and a well-

defined reference level exists for the binding energy scale. If the sample is not 

sufficiently conductive, the Fermi levels of the sample and of the spectrometer are 

decoupled and a positive charge builds up on the sample surface as a consequence of 

photoemission. The resulting Volta potential near the sample surface slows down the 

outgoing photoelectron and a “charging shift” to higher binding energies occurs [90]. 

The exact value of EB measured for a given core level depends on the chemical 

environment of the atom from which the photoelectron is emitted. The binding energy 

difference observed for a core level in an element in two different chemical states is 

usually called “chemical shift”. The appearance of this effect is due to the fact that a 

change in the chemical environment of a particular atom involves a spatial 

rearrangement of its valence electrons and a variation of the potential created by the 

nuclear and electronic charges of all neighbouring atoms. The potential change 

experienced by a core level electron going from chemical state 1 to chemical state 2 

alters its energy by  

� � � � � �2121CB VVqqK21E ������               (2-2) 
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where q1 and q2  indicate the valence charge of the atom in state 1 and 2 respectively, 

KC is the two-electron integral between core and valence electrons and V is the 

Madelung potential arising from the presence of charges on neighbouring atoms [91]. 

Eq. 2-2 indicates that an increase of the valence charge of an atom causes an increase 

of the observed binding energy if the associated change of the Madelung term is 

neglected. As a matter of fact, an increase of the measured binding energy is often 

observed with increasing oxidation state.  

The model discussed above fails in predicting correctly “chemical shifts” when 

relaxation effects involving the core ionised final state are important. As a matter of 

fact, the system rearranges upon ionisation of an atom with a flow of negative charge 

towards the hole created in the photoemission process. The resulting screening lowers 

the energy of the final state, therefore lowering the measured binding energy. This 

binding energy variation is usually referred to as “relaxation energy” and should be 

included in eq. 2-2 in order to take final state effects into account [91]. 

One of the most attractive features of XPS is its surface sensitivity. This property 

originates from the fact that electrons with kinetic energy typical of photoelectrons 

generated during XPS experiments (roughly between 100 and 1000 eV) can only 

travel a limited distance within a solid before loosing part of their energy in an 

inelastic collision. The average distance electrons can travel through a solid before 

undergoing an inelastic collision is known as inelastic mean free path (IMFP, symbol 

�IMFP) and is typically of the order of 1-2 nm for photoelectrons encountered in XPS 

experiments with common X-ray sources [92]. Several compilations of IMFPs taking 

into consideration several photoelectrons and many materials of different kind have 

shown that at a first approximation the IMFPs are independent on the material the 

electrons travel through. When IMFP values are plotted versus the energy of the 

corresponding photoelectrons the points tend to cluster about a common curve, which 

is sometimes called the “universal curve”. Seah and Dench reported that the IMFP 

values depend on the kinetic energy of the electrons according to the equation 

2/1
KIMFP E��                   (2-3) 

 where the proportionality constant is slightly different for different classes of 

materials (e.g. metals, oxides, organic polymers, etc.) [93]. However, more recent 

work has shown that appreciable variations in the IMFPs can occur for different 

materials at the same electron energy. Similarly, it has been demonstrated that the 
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dependence of the IMFP on energy might obey different mathematical laws for 

different materials [94].  

It is often assumed that the photoelectron intensity I decreases exponentially when the 

photoelectrons travel through a layer of thickness z, according to the equation  

��
�

�
��
�

�
��

IMFP
0

zII
�

exp                  (2-4) 

This is in general only an approximation and the introduction of a “depth distribution 

function” is necessary in order to describe the system rigorously. The depth 

distribution function correlates the depth at which a photoelectron originates with the 

probability the photoelectron has of leaving the surface [95]. Moreover, it has been 

demonstrated that elastic electron scattering can significantly modify the depth 

distribution function, especially for large emission angles [96]. The precise 

determination of the depth distribution function is very demanding and elaborate 

Monte Carlo simulations are required to achieve good agreement with the 

experimental results. A practical approximate solution consists in using eq. 2-4 but 

replacing the IMFP with an effective attenuation length (EAL, symbol �), usually 

smaller than the IMFP, which takes into account the contribution of elastic scattering 

to the attenuation process. The results obtained using this approach are estimated to be 

correct within 10% [97]. 

The atomic composition of the surface region can be determined by quantification of 

the intensity of the photoelectron peaks corresponding to the various elements present. 

Under the assumption of an homogeneous composition of the sample, the ratio of the 

intensities of two photoelectron peaks i and j, corresponding to element A and B 

respectively, is related to the atomic concentration CA and CB of the elements by the 

equation 
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�                  (2-5) 

where �i,A and �j,B  are the photoelectric cross sections for photoelectrons i and j 

respectively, Ti,A and Tj,B represent the transmission function of the electron analyser 

at energy equal to the one of photoelectron i and j respectively and �i,A and �j,B  

indicate the EALs of photoelectron i and j respectively through the material under 

investigation [91]. The photoelectric cross sections can be either calculated or 
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determined experimentally. A comprehensive set of photoelectric cross section values 

has been calculated form first principles by Scofield [98]. A comparison between 

experimentally and theoretically derived cross sections performed by Ward and 

coworkers [99] showed that very good agreement (< 10% difference) is obtained in 

many cases, but that discrepancies of up to 50% are not uncommon. The difference 

between theoretical and experimental values might have various causes. On one hand, 

the preparation of clean surfaces with a precisely known composition is not 

straightforward for all compounds, leading to uncertainties in surface stoichiometry 

and therefore in the experimentally determined cross sections. On the other hand, the 

theoretical calculation of photoelectric cross sections does not take into account that a 

significant fraction of the photoelectron intensity might appear in broad loss features 

extending several eV away from the main photoelectron peak (for the appearance of 

this fine structures in XPS see, for example, reference [90]). In most cases loss 

features are so broad that they do not appear clearly over the background noise and 

therefore cannot be taken into account in the experimental determination of the 

intensity of XPS peaks. This leads to underestimation of the area of the XPS signals 

or, in other words, to theoretical cross sections that are too large to be used correctly 

with experimentally determined photoelectron intensities. In spite of these 

considerations theoretically derived cross sections are widely used in XPS practice. 

However, special care must be taken for those elements for which significant 

differences between theoretical and experimental cross sections are suspected. 

The atoms undergoing photoemission of a core level electron are left in a highly 

excited state (depicted schematically in the left side of Fig. 2-2), which might decay 

by either of two processes. First, an electron previously located in a higher energy 

orbital (at energy EY in Fig. 2-2) can fill the core hole and the energy liberated in this 

transition ( YX EE � ) can be emitted as an X-ray photon. This relaxation mechanism is 

known as X-ray fluorescence and its probability increases with the atomic number of 

the element. Alternatively, the core-ionised atom can relax by a non-radiative two-

electron process, known as Auger emission. According to this mechanism, described 

in Fig. 2-2, an electron in an outer orbital fills the core hole left by the photoemission 

process. The liberated energy is taken by another electron, in the same level or in a 

more shallow level, which is ejected. The ejected electron leaves the parent atom with 

a kinetic energy equal to  
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*
ZYXK EEEE ���                   (2-6) 

where the term *
ZE is starred because it indicates the energy of level Z in the presence 

of a hole in level Y that is different from EZ  [100]. 

 
Figure 2-2 � Schematic diagram of the Auger emission process. Filled circles 
indicate electrons, empty circles indicate holes. 

Auger electrons are also detected during XPS experiments and therefore appear in 

XPS spectra together with photoelectron peaks. The Auger transitions and the 

associated peaks in the XPS spectrum are indicated using the short form M XYZ, 

where M is the element in which the transition occurs, X is the level in which the hole 

is generated by photoemission, Y is the level from which the electron filling the hole 

originates, and Z is the level from which the Auger electron is emitted. The energy 

levels X, Y and Z are usually indicated using X-ray notation [100]. Auger electrons 

and photoelectrons can be distinguished easily acquiring the XPS spectra using X-rays 

of different energy: the kinetic energy of Auger electrons is independent on the energy 

of the exciting X-rays, contrary to the kinetic energy of photoelectrons (see eq. 2-1). 

Similarly to photoelectron peaks the kinetic energy of Auger electrons is sensitive to 

the chemical environment of the parent atom and provides useful information on the 

chemical state of the elements. However, the dependence of the observed “chemical 

shifts” of Auger peaks on the oxidation state of the elements is less straightforward to 

predict than in the case of photoelectrons. This is due to the fact that the actual kinetic 

energy of Auger electrons depends on the relative position of three energy levels. In 

most cases a fingerprint-type approach is necessary in order to extract chemical 

information from the exact position of Auger peaks. 
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2.2 Spectroscopic Ellipsometry (SE) 

An SE experiment consists of measuring the changes in the intensity and polarisation 

of light occurring upon reflection on the sample surface as a function of the energy of 

the incident photons. These changes are related to the optical properties of the 

materials forming the reflecting interface. This dependence makes SE a very sensitive 

tool for the determination of optical properties of both absorbing and transparent 

materials. The only limitation of the technique is that the theory of reflection 

necessary for retrieving the optical parameters from the SE data is strictly valid only 

for flat, specular surfaces, limiting the use of SE to this kind of samples. The 

geometry of reflection is schematically shown in Fig. 2-3.  

 

Figure 2-3 � Schematic drawing of the reflection of a linearly polarised light beam 
by a dielectric surface. Subscript i, t and r refer to the incident, transmitted and 
reflected beams respectively 

The electric field vector E can be conveniently decomposed into a component parallel 

to the plane of incidence (subscript p) and a component perpendicular to the same 

plane (subscript s). For each of these components the Fresnel reflection coefficient r 

defines the changes taking place upon reflection: 

pi

pr
p E

E
r

,

,
�                   (2-7a) 

and  
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where the subscripts r and i indicate the reflected and incident beam respectively.The 

electric field components appearing in eqs. 2-7 are complex quantities and include 

both the amplitude and the phase factors. The Fresnel reflection coefficients can be 

calculated from the reflection geometry and the optical properties of the two media 

forming the reflecting interface using the Fresnel equations [101]: 
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where �i and �t are related by means of the complex index of refraction  
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sinˆ �                    (2-9) 

The complex index of refraction can be expressed in terms of the more commonly 

used real index of refraction n and extinction coefficient k according to the equation 

[102]: 

iknn ��ˆ                          (2-10) 

For samples with multiple interfaces rp and rs can be calculated by implementing eqs. 

2-8 with multilayer numerical analysis and considering the thickness and the optical 

properties of each layer. The ratio between rp and rs defines � and �, the two angles 

experimentally determined by the SE experiments [103]: 

� � � ���� i
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s

p exptan                (2-11) 

Eqs. 2-7 – 2-11 relate the ellipsometry angles with the optical properties of the 

sample, allowing the calculation of n̂ (or alternatively n and k) from SE data. If the 

sample under investigation contains inhomogeneities such as grain boundaries, 

disordered regions, voids, or is composed of different materials, the resulting 

“average” macroscopic optical properties are intimately connected with the 

microstructural and compositional parameters of the sample. Various so-called 
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“effective medium models” have been developed, which are able to reproduce the 

measured macroscopic optical properties of a composite material by combining the 

optical properties of the constituents with some structural parameters such as the 

volume fraction of each component in a composite or the thickness of each layer in a 

multilayer sample [104]. Among the various “effective medium model” expressions, 

the Bruggeman equation can predict especially well the macroscopic optical 

properties of composites with random microstructures. In the simple case of a binary 

mixture of two components a and b the Bruggeman equation is 
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              (2-12) 

where fi is the volume fraction of component i, �̂  is the macroscopic complex 

dielectric constant and i�̂  is the complex dielectric constant of component i in its pure 

form [105]. It should be noted that for non-magnetic materials the complex dielectric 

constant �̂  is related to the complex refraction index appearing in eqs. 2-9 – 2-10 by 

the expression 

2n̂ˆ ��                  (2-13) 

Eq. 2-12 can be easily generalised for multi-component materials adding to the sum 

on the left side one more term of the same form for each constituent. The Bruggeman 

equation is generally implemented, together with eqs. 2-7 – 2-11, in a linear 

regression method, allowing modelling of the SE data. Structural parameters such as 

volume fraction of the various components and layer thickness in the case of 

multilayer samples are used as fitting variables and can be determined with high 

precision and sensitivity.  

 

2.3 Atomic Force Microscopy (AFM) 

AFM is a scanning probe technique capable of imaging the local topography of 

surfaces with resolution down to the atomic level by controlling the forces acting 

between a sharp tip and the sample surface. The tip is integrated in a cantilever and its 

position can be controlled in all directions with sub-Ångstrom precision by 

piezoelectric transducers. The deflection of the cantilever in the vertical direction is 

accurately determined by focusing a laser beam on the end of the cantilever and 

measuring the position of the reflected spot with a position-sensitive photo-detector. 
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The vertical deflection �z of the cantilever is directly related to the force F acting 

between the tip and the sample by the equation 

zkF ��                 (2-14) 

where k is the elastic constant of the cantilever.  

AFM measurements can be performed in two different operation modes. In the 

contact mode the tip is brought to a few Å distance from the surface, in order to 

induce a repulsive contact force between the tip and the sample. While scanning the 

tip over the sample surface the magnitude of the contact force (and therefore the 

cantilever deflection) is kept constant by a feedback system controlling the 

piezoelectric transducers. The sample topography is reproduced by plotting the 

displacement of the piezoelectric transducer controlling the position of the cantilever 

in the vertical direction as a function of the tip position. Contact forces are usually in 

the order of 10-9 N, smaller than the forces typically acting between bonded atoms. 

However, it is important that the contact force is kept as low as possible in order to 

avoid any deformation of the scanned surface [106]. 

In the non-contact mode the tip is kept at a larger distance from the sample surface, 

typically between 2 and 20 nm. At this distance the forces acting between tip and 

sample are of electrostatic, magnetic and Van der Waals nature and can either be 

attractive or repulsive. Their magnitude is smaller than contact forces by typically 2 to 

4 order of magnitudes [107]. In order to measure such small forces with sufficient 

accuracy a resonance enhancement technique is used. According to this method the 

cantilever is driven to its natural resonance frequency 
m
k2�� � (where m is the 

cantilever mass) by the piezoelectric elements. When the non-contact forces 

originating from the interaction of the tip with the sample surface act on the tip, the 

frequency at which the cantilever oscillates is changed. The magnitude of the force 

can be calculated from the frequency change of the cantilever oscillation or from the 

associated variation of the amplitude as described in ref. [106].  While scanning the 

sample surface a feedback system regulates the position of the piezoelectric 

transducer controlling the vertical position of the cantilever. The distance between the 

tip and the sample surface is varied by the feedback system in order to keep the 

parameters describing the oscillation of the cantilever (and therefore the non-contact 
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force) constant. A plot of the displacement of the vertical piezoelectric transducer 

versus tip position reproduces the morphology of the scanned surface. 

Contact and non-contact operation modes differ in the achievable lateral resolution 

and on the type of obtainable structural information. Due to the relatively large 

distance between tip and surface in non-contact mode operation the tip-sample 

interaction involves large portions of the tip and of the sample. This lowers the lateral 

resolution significantly making the detection of sub-nanometre features difficult. On 

the other hand, thanks to the very small forces acting between tip and sample, non-

contact AFM affects only very little the surface under investigation. This makes non-

contact AFM the best choice for the study of sensitive surfaces such as adsorbed bio-

molecule layers. Moreover, due to the nature of the involved forces, non-contact AFM 

is especially suitable for imaging magnetic domains and electronic devices.  

In contact mode operation the interaction between tip and sample is very localised, 

taking place between few atoms of the tip and of the sample at each time. For this 

reason contact AFM shows the highest lateral resolution, down to the atomic level in 

favourable cases. It must be stressed, however, that the size and geometry of the 

scanning tip have an enormous influence on the quality of the AFM images and on the 

accuracy with which they reproduce the actual surface morphology. As a matter of 

fact, any AFM image is a convolution of the topography of the surface and of the tip. 

The resulting image will be dominated by the shape of the tip and will not represent 

accurately the sample surface if the steepness of the tip walls is lower than the one of 

the imaged feature. The tips that are usually used in contact-mode experiments have a 

square pyramidal shape with tip radius of ≤ 20 nm and an apex angle of ~ 70°. 

 

2.4 Temperature-Programmed Desorption (TPD) 

A TPD experiment consists of the measurement of the partial pressure of species 

desorbing from the sample surface while the temperature of the sample is raised, 

usually at a constant rate. It is customary to use a quadrupole mass spectrometer as 

detector of the desorption products, thus allowing their qualitative and quantitative 

analysis.  

TPD is commonly used in surface science studies of low surface area, non-porous, 

usually single-crystalline samples. For these samples, in typical UHV conditions, the 

pumping speed S is large enough to assure that no significant re-adsorption of species 
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occurs before their desorption in vacuum. Under these conditions the desorption rate 

rd, defined as the change in adsorbate coverage � per unit time, can be expressed in 

Arrhenius form as 

� �
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��� exp               (2-15) 

where � is the pre-exponential factor, Edes is the activation energy of desorption and n 

is the order of desorption [107]. The activation energy of desorption is approximately 

equal to the heat of adsorption since the activation energy of adsorption is usually 

small. As explicitly indicated in eq. 2-15 both � and Edes are functions of the adsorbate 

coverage. If re-adsorption can be neglected a simple mass balance shows that the rate 

of desorption is directly proportional to the measured partial pressure p of the 

desorbing species [108], according to the equation  

p
RT
Srd �                 (2-16) 

A determination of the kinetic parameters of desorption from a single TPD spectrum 

by means of eqs. 2-15 and 2-16 is in general possible only by introducing a certain 

number of assumptions concerning the order of desorption and the dependence of � 

and Edes on the coverage. For first-order desorption, assuming that Edes is independent 

on coverage and giving � an arbitrary value (usually chosen to be 1013 s-1) a simple 

relationship between the temperature corresponding to the desorption peak and the 

activation energy of desorption can be derived under the form of the so-called 

Redhead equation [109]. Other expressions exist that, relying on similar 

approximations, allow the simultaneous determination of both � and Edes from the 

desorption peak position and its full width at half maximum [110]. The agreement 

between the kinetic parameters calculated using these approximated equations and the 

ones determined by more rigorous methods (e.g. calorimetrically measured heat of 

adsorptions) is often quite poor. This is due to the fact that the approximations 

introduced are often incorrect, especially the assumed lack of dependence of �, n and 

Edes on the surface coverage. In order to extract reliably kinetic data from TPD data, 

taking into account their dependence on the surface coverage, the so-called “complete 

analysis”, described in ref. [107] must be carried out. This procedure involves the 

measurement of several TPD spectra, each corresponding to a different surface 

coverage and the rigorous application of eq. 2-15. 
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The situation is even more complex for the desorption of species from high surface 

area, porous solids typically encountered in heterogeneous catalysis. For this kind of 

samples the effective pumping speed in the pores is in general not high enough to 

make the re-adsorption of desorbing species negligible, even in UHV conditions. In 

some cases it was even demonstrated that the desorption-adsorption process within the 

pore system of the solid approaches equilibrium [111]. In this case eq. 2-16 becomes 

incorrect and the desorption process is essentially diffusion-limited. This effect causes 

significant deformation of the TPD spectra obtained with porous solids with respect to 

the analogous features measured on low surface area samples. Shifts of the desorption 

peak position by up to few hundred degrees towards higher temperatures and drastic 

broadening of the desorption features have been shown to be common [112]. 

Moreover, the actual pore size distribution of the porous solid and the size of the 

grains have a large influence on the TPD spectra. The occurrence of a bimodal 

particle size distribution or grains having largely differing sizes might distort the TPD 

spectra to such an extent that multiple desorption peaks are detected even if only one 

adsorption site is actually present in the solid [111]. The presence of these effects 

complicates the interpretation of TPD data from high surface area solids and makes 

their analysis beyond a purely qualitative level difficult. However, also in the case of 

porous solids, TPD experiments are a straightforward way of identifying adsorbed 

species and gaining some information on their surface coverage. 
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3.  Experimental Set-up 

3.1 The UHV system 

All catalyst treatments and most of the characterisation experiments were carried out 

in the UHV system depicted schematically in Fig. 3-1. This system consists of several 

vacuum chambers (hereafter referred to as side-chambers), each designed for one or 

more specific operations and connected to a distribution chamber (� in Fig. 3-1). The 

distribution chamber allows to transfer the sample holder, on which the sample is 

mounted, to any of the side-chambers connected to it. Each vacuum chamber is 

pumped separately and can be isolated from the rest of the system by a gate valve. 

This modular design gives the system a high degree of flexibility, and allows several 

operations to be carried out simultaneously.  

 
Figure 3-1 – Schematic drawing of the UHV system: � Fast entry air lock; � 
distribution chamber; � analysis chamber; � preparation chamber � high pressure 
reactor (HPR); � sample storage chamber; � electrochemistry chamber. This Figure 
is based on a drawing provided by the company DEN-TECH 



 56

The side-chambers connected to the distribution chamber are the fast entry air lock 

(FEAL, � in Fig. 3-1), the analysis chamber (�), the sample storage chamber (�), 

the high-pressure reactor (�), the preparation chamber (�) and the electrochemistry 

chamber (�). A separate section will be dedicated to each of the side-chambers listed 

above, with the exception of the FEAL, the distribution chamber and the sample 

storage chamber, which will be briefly described in this paragraph. The 

electrochemistry chamber has not been used for the experimental work on the 

Cu/ZnO-based catalysts and will not be described in detail. A separate section will 

also be dedicated to the design of the sample holder, which is very critical for the 

quality of the experimental results and has been considerably improved during this 

work. 

The concept of the UHV system was elaborated at the Paul Scherrer Institut by Dr. J. 

Wambach. The UHV system, with the exception of the analysis chamber, was 

designed and fabricated by the company DEN-TECH and was further developed at 

the Paul Scherrer Institut, in order to improve its performance. The analysis chamber  

(ESCALAB 220i-XL) was purchased from Vacuum Generators.  

The FEAL (� in Fig. 3-1) allows for fast introduction of the samples into the UHV 

system. This chamber is equipped with a Leybold Turbovac 50 turbomolecular pump 

(TMP) backed by a Edwards E2M5 two-stage rotary pump and can be vented and 

pumped down quickly thanks to its small volume. Typical low surface area samples 

can be pumped down in the FEAL to < 10-6 mbar in about 15 minutes. When a 

pressure lower than 10-6 mbar is reached, the gate valve separating the FEAL from the 

distribution chamber is opened and the sample is transferred to the desired side-

chamber.  

The distribution chamber (� in Fig. 3-1) is equipped with a mechanical arm 

terminating with a mechanism able to seize and release the sample holder. The arm 

can be rotated about the vertical axis of the distribution chamber and aligned with any 

side-chamber. The sample holder can be transferred from the arm to the receiving 

station of the desired side-chamber and vice versa by elongating the mechanical arm 

and operating the seizing mechanism. The distribution chamber is pumped by a 

Physical Electronics 220 l/s ion pump, resulting in a base-pressure of < 10-9 mbar. A 

good vacuum in the distribution chamber is essential to avoid surface contamination 

of the sample during transfer. 
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A sample storage chamber (� in Fig. 3-1) is connected to the distribution system. 

This chamber is not equipped with a dedicated pump but is pumped by the ion pump 

of the distribution chamber. The sample storage chamber consists of six sample holder 

receiving stations, which can be moved vertically by a mechanism based on a 

threaded rod connected to a rotary feedthrough. The vertical movement allows 

bringing any of the six sample holder receiving stations into the position from which 

the sample holder can be transferred. 

 

3.1.1 The analysis chamber 

The analysis chamber (VG ESCALAB 220i-XL) is equipped for X-ray photoelectron 

spectroscopy (XPS), XPS-imaging, Auger spectroscopy, scanning electron 

microscopy (SEM) and Ar-ion sputtering. It is pumped by a Physical Electronics 120 

l/s ion pump and a titanium sublimation pump, resulting in a base pressure of < 5 10-10 

mbar. All components of the analysis chamber are constructed from �-metal, ensuring 

that the electron trajectories are shielded from external magnetic fields.  

The heart of the analytical system is the concentric hemispherical electron energy 

analyser, used for XPS, Auger spectroscopy and XPS-imaging. This analyser consists 

of two hemispherical surfaces between which a potential difference is applied under 

computer control. The kinetic energy of the electrons allowed to travel along the gap 

between the two hemispherical surfaces, without colliding against them, depends on 

the applied potential. The electrons travelling through the hemispherical analyser are 

detected by an electron multiplier unit, formed by an array of six channeltrons, after 

passing through the exit slit. 

Before entering the hemispherical analyser the electrons travel through an input 

electrostatic lens system, which images the sample surface on the entrance slit of the 

analyser. The size of the analysed area can be varied from 8 to 0.5 mm by changing 

the configuration of the input electrostatic lens system. The use of an additional 

magnetic input lens allows decreasing the size of the analysed area down to 80 �m. 

Moreover, activation of the magnetic input lens increases the angular acceptance of 

the input lens system, thus increasing the number of detected photoelectrons. The use 

of the magnetic input lens is restricted to well-conducting samples, since the 

associated magnetic field deviates the trajectories of low energy secondary electrons 

away from the sample, preventing them to be captured by the sample surface. Capture 
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of low energy secondary electrons is an important process responsible for the 

neutralisation of the electrostatic charge building-up on insulating surfaces as a 

consequence of photoemission. Blocking this charge neutralisation mechanism results 

in strong charging of poorly conducting samples.  

The input lens system and the electron analyser can be also operated in the XPS-

imaging mode. In this operation mode the intensity of photoelectrons having a certain 

energy is measured as a function of the position on the sample surface. In order to 

achieve this result the spatial distribution of the emitted photoelectrons is preserved 

by the input lens system and maintained while the electrons travel through the 

electron analyser. Instead of being collected by the electron multiplier unit the 

photoelectrons are processed by an output lens, which generates a magnified image of 

the sample on the imaging detector. The imaging detector, a Channel Electron-

Multiplier Assembly (CEMA), consists of two superimposed channel plates coupled 

with a phosphor screen. The scintillation of the phosphor screen generated by the 

incoming electrons is detected by a CCD camera through a vacuum viewport. 

The electrons need to be decelerated prior to entering the energy analyser in order to 

assure adequate resolution at high kinetic energies [100]. This operation is 

accomplished by the input lens positioned before the entrance slit. The analyser can 

be operated according to two retarding modes. In one, called constant retard ratio 

(CRR) mode, the electrons are decelerated by a constant factor by the entrance lens 

prior to entering the analyser. During the acquisition of a spectrum the potential 

difference between the hemispheres of the analyser is kept proportional to the 

retarding potential, while the retarding potential is varied. When the analyser is 

operated in the CRR mode the relative resolution 
E
E� remains constant throughout the 

spanned energy range [100]. This implies that the measured width �E of a certain 

photoelectron peak increases with increasing kinetic energy E, i.e. the absolute 

resolution becomes worse at low binding energies. In the other mode, called constant 

pass energy (CPE) mode, the electrons are decelerated to a constant kinetic energy 

prior to entering the analyser. During the acquisition of a spectrum the potential 

difference between the hemispheres of the analyser is kept constant, while the 

retarding potential is varied. When the analyser is operated in the CPE mode the 

absolute resolution remains constant throughout the spanned spectral range. The better 

absolute resolution at low binding energies obtained in the CPE mode with respect to 
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the CRR mode is achieved at the expenses of lower photoelectron intensity. The CPE 

mode is in general preferred for XPS due to easier quantification and good resolution 

at low binding energy, where many XPS peaks, giving valuable information, are 

located. On the other hand, the CRR mode is generally preferred for Auger 

spectroscopy. This is due to the fact that most Auger peaks are intrinsically a few eV 

broad and high intensity is in general preferred to high spectral resolution for Auger 

spectroscopy. 

The analysis chamber is equipped with two different X-ray sources: an Mg-Al twin-

anode assembly and a monochromatic Al X-ray source. The X-rays produced by the 

twin anode assembly are not energy-filtered before impinging on the sample and 

consist of the K� and K� components superimposed on the Bremsstrahlung 

background. In the monochromatic Al X-ray source X-rays are produced by a sharply 

focussed electron beam hitting an Al anode. The generated X-rays are diffracted by a 

twin toroidally bent Si crystal and refocused on the sample surface into a spot whose 

size can be varied from ~ 0.8x0.3 mm2 to ~ 0.1x0.1 mm2, by changing the emission 

parameters of the electron source. The X-rays generated by the monochromatic Al 

source consist only of the Al 
1αK line, resulting in a FWHM of ~ 0.3 eV. The use of 

the monochromatic Al X-ray source offers several advantages. The measured XPS 

peaks consist of the convolution of the intrinsic photoelectron peak shape and the 

exciting X-ray line, if peak broadening due to the limited resolving power of the 

electron analyser is neglected. Therefore a broader X-ray line, such as the one 

generated by the twin anode assembly, results in broader XPS peaks and lower 

spectral resolution. Moreover, the X-rays emitted by the twin anode assembly consist 

of several distinct lines, each of which contributes to the excitation of photoelectrons. 

Therefore each photoemission peak in an XPS spectrum acquired with twin anode X-

rays is accompanied by satellite features, which complicate the interpretation and the 

quantification of the spectral results. Although the use of monochromatic X-rays is 

highly desirable, the use of the twin anode assembly is beneficial in the case of poorly 

conducting samples. As a matter of fact, the large number of secondary low energy 

electrons produced by the twin anode assembly contribute significantly to the 

reduction of the surface charging accompanying the photoemission process. 

The analysis chamber is equipped with a differentially pumped Vacuum Generators 

EX05 ion gun, which can be used with any inert gas and generates ion beams with 
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energy between 0.5 and 3 keV. The angle of incidence of the ion beam with the 

sample surface is 45°. The inert gas is admitted into the ion gun assembly via a leak 

valve and is ionised by electron impact at the rear of the ion gun. The inert gas ions 

are then extracted from the ionisation region and accelerated electrostatically towards 

the sample. The resulting ion beam is focused by two electrostatic lenses and scanned 

to cover the required area of the sample. The scanning unit consists of two pairs of 

plates perpendicular to each other, which enable the beam to be steered in the X and Y 

directions. 

The analysis chamber is also fitted with a VG LEG 1000 electron gun for the electron 

excitation of Auger spectra. The secondary electrons generated by the interaction of 

the electron beam with the sample can be detected by a scintillator-photomultiplier 

system, enabling the recording of SEM images. These options will not be described 

further here since they have not been used for the characterisation of the Cu/ZnO-

based catalysts. 

 

3.1.2 The preparation chamber 

A schematic drawing of the preparation chamber is shown in Fig. 3-2. The preparation 

chamber is pumped by a Leybold Turbovac 151 TMP having a pumping speed of   

145 l N2/s and a titanium sublimation pump giving a base pressure of < 4 10-10 mbar. 

The preparation chamber is equipped with an ion gun for sample cleaning by Ar-ion 

etching (� in Fig. 3-2), a metal evaporator (�), a QMS with TPD set-up (�) and a 

dosing system for the independent dosage of up to three gases from a dedicated gas 

line (�). These components are mounted on linear motion drives in order to vary 

freely their distance from the sample.  

The sample holder (described in detail in section 3.1.4) is positioned in a receiving 

station equipped with electrical contacts for sample heating and temperature 

monitoring (� in Fig. 3-2). Liquid nitrogen flows through stainless steel tubings in 

thermal contact with the receiving station, allowing for cooling of the receiving 

station and preventing damage of sensitive parts during sample heating. A liquid 

nitrogen-cooled copper rod mounted on a tilting table and terminated with a sapphire 

sphere can be brought into thermal contact with the sample holder allowing cooling of 

the sample down to ~ 130 K. Removing the copper rod from the sample causes its 

temperature to increase rapidly to room temperature. The receiving station can turn 

around the axis corresponding to the sample transfer direction (perpendicular to the 
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plane of Fig. 3-2) and expose the sample to the various components of the preparation 

chamber.  

 

 
Figure 3-2 – Schematic drawing of the preparation chamber. Section perpendicular 
to the direction of sample transfer. The elements shown are not drawn in scale. � ion 
gun; � metal evaporator; � QMS and TPD set-up; � dosing system and � sample 
holder receiving station 

Sample cleaning can be performed in the preparation chamber by Ar-ion etching with 

a SPECS IQE 11/35 extractor type ion source. In the ion gun the electrons generated 

by a heated thoriated tungsten filament are accelerated towards a cage-shaped anode. 

Ionisation of the Ar atoms takes place inside the cage by collision with some of the 

electrons penetrating into the cage. The Ar-ions formed are then accelerated away 

from the ionisation region by the positive potential of an extractor plate. Direct dosage 

of the Ar into the ionisation cell via a precision leak valve allows to achieve high ion 

currents with relatively low Ar partial pressures in the chamber. A current density of  

~ 10 �A/cm2 can be reached at an Ar pressure of ~ 10-5 mbar. 
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The metal evaporator fitted to the preparation chamber was developed in-house and is 

schematically shown in Fig. 3-3. A wire of the metal to deposit is rolled around a 0.4 

mm thick tungsten filament that can be resistively heated (� in Fig. 3-3). The 

filament and the metal to deposit are enclosed in a copper case (� in Fig. 3-3) 

presenting two circular openings: one, pointing to the sample, allows the metal atoms 

evaporating from the hot metal surface to reach the sample; the other, pointing in the 

opposite direction improves the pumping of the case. The opening that points to the 

sample is equipped with a cylindrical neck, in order to decrease the divergence of the 

metal atom beam. The copper case is in thermal contact with a water-cooled stainless 

steel tubing (� in Fig. 3-3). This allows reducing the outgassing from the copper case 

and the surrounding material during operation, thus lowering the pressure in the 

preparation chamber during metal deposition to < 2 10-9 mbar. The metal evaporator 

is equipped with a shutter (� in Fig. 3-3) that allows blocking the evaporating metal 

atoms. The metal deposition rate can be tuned by controlling the current flowing 

through the tungsten filament. 

 
Figure 3-3 – Schematic drawing of the metal evaporator: � tungsten filament + coil 
of the metal to deposit; � cooled copper case; � tubing for water cooling; � shutter. 
This Figure is based on a drawing by Dr. J. Wambach  

The preparation chamber is equipped with a Balzers Prisma 200 QMS capable of 

detecting fragments with m/e ratios from 1 to 200. A general introduction to the 

functioning of QMSs can be found in ref. [113]. The instrument is interfaced with a 

PC and can be run both in the “scan analog” mode and in the “multiple ion detection” 

(MID) mode. In the “scan analog” mode the instrument measures a whole mass 

spectrum by scanning a certain m/e range and determining the intensity corresponding 
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to the various fragments as a function of their m/e ratio. This operation mode is 

suitable for the quantitative analysis of an unknown gas mixture. However the 

accumulation of a whole mass spectrum takes several seconds, making the “scan 

analog” mode unsuitable for the study of fast time-dependent phenomena. In the MID 

mode the QMS measures the intensity of up to 16 selected fragments as a function of 

time. Scanning over the selected m/e ratios takes typically less than one second, 

making the MID mode ideal for determining the evolution of the gas composition as a 

function of time. The MID mode was chosen for the acquisition of TPD spectra. 

During the TPD experiments the temperature of the sample is controlled by a 

Eurotherm 900 EPC module and raised according to a linear ramp. The Eurotherm 

controller is interfaced with the QMS unit, allowing to record the intensity 

corresponding to the selected fragments as a function of sample temperature. This 

procedure has the great advantage of providing the TPD spectra directly, avoiding 

separate handling of the temperature and QMS intensity data. 

The QMS head is inserted in a nozzle pointing towards the sample and terminated 

with a hole having a diameter of 1 mm, in order to improve the quality of the TPD 

spectra. The volume inside the nozzle is pumped separately via the distribution 

chamber and is connected to the rest of the preparation chamber only via the hole at 

its end. The QMS-nozzle assembly is approached to a distance of 0.5 mm from the 

sample surface prior to the TPD run. The distance between the end of the nozzle and 

the sample significantly influences the QMS intensity during the TPD experiment. 

This distance can be adjusted reproducibly using an insulated copper foil terminating 

with a sharp tip attached to the final part of the nozzle. The approach of the nozzle-

QMS assembly is stopped when the copper tip touches the sample holder, resulting in 

electrical contact between the two. The presence of the nozzle is essential for 

preventing detection of molecules desorbing from the sample holder and the 

surrounding material during the TPD experiments. During TPD from non-porous 

materials the nozzle also prevents the detection of molecules desorbing from the rim 

and the backside of the sample. Fig. 3-4 shows the m/e=28 TPD spectra obtained with 

and without nozzle after adsorption of 6 L (Langmuir) CO at room temperature on a 

polished, clean, polycrystalline Ni surface. The TPD spectrum obtained with the 

nozzle covering the QMS head presents a well defined, smooth CO desorption peak 

centred at ~ 420 K. CO is reported to desorb from Ni(100) surfaces at ~ 460 K [114] 

and from Ni(111) surfaces at ~ 410 K [115]. The lower desorption curve in Fig. 3-4 is 
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centred between these temperatures, in agreement with CO desorption from a 

polycrystalline Ni surface. On the other hand, the quality of the TPD spectrum 

recorded without nozzle after dosing the same amount of CO on the Ni sample is 

much lower. This TPD spectrum is significantly more intense than the one acquired 

with the nozzle in position, but is dramatically distorted by very strong oscillations 

overlapping with the peak corresponding to CO desorption from the Ni sample.  

 
Figure 3-4 – m/e 28 TPD spectra after dosing 6 L CO at room temperature on a 
polished, clean, polycrystalline Ni sample. The heating rate was 1 K/s  

These oscillations follow the variation of the electrical power supplied to the heater of 

the sample holder by the Eurotherm controller during the linear increase of the sample 

temperature. It is very likely that the observed oscillations correspond to desorption of 

CO from the heater of the sample holder and from the material immediately 

surrounding it during the temperature ramp. As a matter of fact, the heater’s 

temperature reacts very quickly to changes of the supplied electrical power and is 

certainly significantly higher than the one of the sample during the whole TPD run. 

Therefore desorption of CO from the heater starts almost immediately after the start of 

the temperature ramp, when still no desorption of CO from the sample takes place. 

Comparison of the two TPD spectra shown in Fig. 3-4 illustrates the high efficiency 

of the nozzle in filtering out the CO molecules desorbing from the surfaces below and 

around the sample. 
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3.1.3 The high-pressure reactor (HPR) 

The HPR used in this work is an advanced version of a similar set-up conceived by 

Dr. J. Wambach and was designed and constructed by the company DEN-TECH. The 

HPR allows sample treatments under gas flow at temperatures up to 800 K and 

pressures up to 10 bar. A schematic drawing of the HPR is shown in Fig. 3-5. 

 
Figure 3-5 – Schematic drawing of the HPR integrated in the UHV system: � 
sample holder; � top funnel; � bottom funnel; � tightening screw; � electrical 
contacts. This Figure is based on a drawing provided by the company DEN-TECH  

The HPR consists of a vacuum chamber pumped by a Leybold Turbovac 50 TMP 

backed by a Leybold D10E two-stage rotary pump.  Inside the HPR a second chamber 

can be reversibly closed by moving two stainless steel funnels towards each other (� 

and � in Fig 3-5). Each funnel terminates with a knife-edge on which a copper gasket 

is fixed by two springs. The sample holder (� in Fig. 3-5, described in detail in 

section 3.1.4) is placed between the two funnels and its top and bottom surfaces are 

also equipped with knife-edges. The position of the sample holder is such that gas-

tight copper gasket/knife-edge seals can be formed with the two funnels by pressing 

them against the sample holder. The two funnels can be moved vertically by turning 

the tightening screw on the top part of the HPR (� in Fig. 3-5).  A mechanism based 

on springs with different elastic constants regulates the approach of the two funnels 

towards the sample holder. After formation of the copper gasket/knife-edge seals the 
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chamber formed by the two funnels and the sample holder is isolated from the rest of 

the HPR and can be pressurised with up to 10 bar keeping UHV conditions in the rest 

of the HPR. The top and bottom funnels are equipped with a gas inlet and a gas outlet, 

respectively. The gas provided by the gas distribution system (described in section 

3.2) flows through the top funnel, then through the openings in the sample holder and 

eventually leaves the HPR via the outlet of the bottom funnel. At the end of the 

sample treatment the copper gasket/knife-edge seals can be opened by moving the two 

funnels away from the sample holder. The copper gasket/knife-edge seals can be 

closed and opened many times before replacement of the copper gaskets is necessary.  

The top funnel is heated by a heating coil wrapped around it, thus avoiding 

condensation of vapours at the inlet of the HPR and allowing more effective sample 

heating. A module containing the electrical contacts necessary for heating of the 

sample holder and measuring the temperature of the sample (see section 3.1.4) is 

inserted in the bottom funnel. When the bottom funnel is pressed against the sample 

holder electrical contact between the sample holder and the module is established.   

An alternative design of the HPR was also tested. In this version of the set-up no 

copper gaskets are necessary and a copper sample holder without knife-edges is used 

instead of the one described in section 3.1.4. The sealing between the two funnels and 

the sample holder is obtained by pressing the two knife-edges at the end of the funnels 

directly against the sample holder. This design presents the remarkable advantage that 

the HPR does not need to be vented periodically for replacement of the copper 

gaskets. However, the performance of this version of the HPR is unsatisfactory. The 

copper sample holder is severely deformed during operation of the HPR, as a 

consequence of the pressure applied by the two funnels and of the high temperature. 

Due to this deformation it is often impossible to open the seals between the funnels 

and the sample holder at the end of the sample treatment. Because of this problem, 

associated with the use of copper for the construction of the sample holder, this design 

was abandoned.  

 

3.1.4 The sample holder 

The design of the sample holder is especially important for the good performance of 

the experimental set-up. As a matter of fact, the sample holder must fulfil a number of 

geometrical and functional requirements in order to be fully operational. The sample 

holder must be used in all side-chambers and must be transferred freely from one 
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chamber to the other in order to exploit fully the potential of the UHV system. 

Cooling and heating must be possible in the preparation chamber; heating, knife-

edges of the appropriate dimension and some openings for the flow of a gas stream 

through the sample holder must be present to assure the functionality of the HPR. 

Moreover, the overall size of the sample holder must fulfil the geometrical 

requirements of the analysis chamber, where the presence of many components (input 

lens system, magnetic input lens, electron gun, etc.) approaching the sample holder 

closely limits the possible maximum size. An additional constriction for the design of 

the sample holder is the desired high temperature. A temperature of at least 1000 K is 

desirable in the preparation chamber for rapid outgassing and annealing of samples. 

This implies that the materials used for the construction of the sample holder must be 

stable to these temperatures and present an outgassing upon heating as low as 

possible. Moreover, in order to limit the power required for reaching a certain 

temperature and assure a perfect temperature control (especially during TPD 

experiments) the thermal contact between the heater and the sample must be as good 

as possible.  

The sample holders provided with the rest of the equipment by the company DEN-

TECH were inappropriate to carry out the desired experiments.  As a matter of fact, 

the original design by DEN-TECH considered the use of two distinct sample holders, 

one optimised for the preparation chamber, one for the HPR. Obviously, this design 

does not allow either performing TPD analysis of samples after treatment in the HPR 

or exposing to high-pressure treatments samples prepared in the preparation chamber. 

In order to overcome these limitations a new sample holder, assuring a larger 

flexibility to the system, was designed and built at the Paul Scherrer Institut. The in-

house developed sample holder is shown in Fig. 3-6. 

The sample holder is entirely built of stainless steel with the exception of the copper 

plate on which the sample is positioned. Copper was chosen in this case because of its 

high thermal conductivity, assuring optimal heat transfer between heater and sample. 

The sample is mounted in the circular cavity visible in Fig. 3-6a and pressed against 

the underlying copper plate with two L-shaped stainless steel pieces. The backside of 

the copper plate is equipped with a cylindrical protuberance (visible in the centre of 

Fig. 3-6b) terminating with a spherical shape matching the liquid nitrogen-coolable 

sapphire sphere in the preparation chamber’s receiving station. Bringing the cold 
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sapphire sphere into contact with the cylindrical protuberance of the copper plate 

assures rapid cooling of the sample.  

 

 

 

Figure 3-6 – Top (a) and bottom (b) view of the sample holder. The heater module is 
shown in detail in (c) 

The heater is a spark-eroded molybdenum foil fixed on a stainless steel plate with two 

screws and two bolts (see Fig. 3-6c). The ends of the screws also serve as electrical 

contacts. The bolts are laser-welded to the molybdenum heater in order to increase the 

stability of the electrical contacts. Other solutions, namely a commercial BN-coated 

graphite heater and various in-house fabricated heaters based on molybdenum wires 

coated with a heat-resistant ceramic glue were tested. The spark-eroded molybdenum 

heater showed the best performance, with long lifetime, high stability and low 

desorption. The heater assembly, shown in Fig. 3-6c, is mounted into the main body 

of the sample holder and pressed against the copper plate on which the sample is 

mounted. Thin aluminium oxide sheets of the appropriate shape are used to assure 

electric insulation between the heater and the rest of the sample holder. The 
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temperature of the sample is monitored by a K-type thermocouple (visible in Fig. 3-

6c) pressed in a small hole drilled on the side of the copper plate. 

The rectangular feature visible on the left side of the sample holder in Fig. 3-6a and 3-

6b is necessary for fixing the sample holder to the receiving stations of the side-

chambers. The similar structure on the right side of the sample holder fits to the 

mechanism at the end of the rotary arm of the distribution chamber and allows the 

transfer of the sample holder between the various side-chambers. The small holes 

visible on the top surface of the sample holder in Fig. 3-6a allow for the flow of the 

gas stream in the HPR. The circular knife-edges visible in Fig. 3-6a and Fig. 3-6b on 

the top and bottom faces of the sample holder allow tightening the HPR by pressing 

the copper gaskets at the end of the two movable funnels against them. 

 

3.2 The gas distribution system 

The gaseous feed for the HPR was provided by the gas distribution system shown 

schematically in Fig. 3-7. All components, tubings, fittings and valves are made from 

stainless steel. The gas distribution system is equipped with four mass flow 

controllers (Bronkhorst) that allow the independent introduction of four gases. The 

flow of the carrier gas (usually Ar) is directed by a three-way valve. According to the 

position of the three-way valve the inert gas flows either through a thermostated 

saturator or is mixed directly with the other gases. In the saturator the carrier gas 

bubbles through a liquid (methanol in all the experiments performed in this work) and 

becomes enriched in its vapour. Ideally, the partial pressure of the vapour in the gas 

mixture at the outlet of the saturator is the thermodynamic vapour pressure p of the 

liquid at the saturator temperature. This quantity can be calculated integrating the 

Clausius-Clapeyron equation  

2
vap

RT
H

dT
pd �
�

ln                (3-1) 

under the assumption that the enthalpy of vaporisation �Hvap of the liquid is 

independent on the temperature [116]. Obviously, depending on the carrier gas flow 

and on the saturator temperature, the rate at which the liquid evaporates might become 

lower than the rate at which the vapour molecules are carried out of the saturator by 

the gas stream. In order to check under which conditions the vapour concentration in 

the gas at the outlet of the saturator can be correctly predicted by the Clasius-
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Clapeyron equation, gas mixtures produced at various saturator temperatures were 

analysed by the mobile QMS unit described in section 5.2. Fig. 3-8 shows the 

variation of the methanol QMS signal at m/e=31 versus the thermodynamic vapour 

pressure of methanol at the corresponding saturator temperature calculated from the 

Clausius-Clapeyron equation. 

 
Figure 3-7 – Schematic description of the gas distribution system.  All symbols 
according to DIN 28401. The area defined by the dotted line indicates the elements 
that are constantly heated during operation 

At saturator temperatures up to 303 K the intensity of the methanol QMS signal at 

m/e=31 increases linearly with the calculated vapour pressure of methanol. This 

indicates that up to this temperature the partial pressure of methanol in the gas 

mixture is identical to the thermodynamic vapour pressure and that kinetic limitations 

of the evaporation process are not significant. At higher saturator temperatures the 

intensity of the methanol QMS signal deviates from the expected linear trend, 

indicating that the concentration of methanol in the gas mixture becomes lower than 

the thermodynamic vapour pressure, due to kinetic limitations of the evaporation 

process. The saturator temperature at which methanol-containing gas mixtures for 

catalyst treatments were prepared was limited to the range where the methanol 

concentration in the gas mixture can be predicted by the Clausius-Clapeyron equation. 

The exact knowledge of the concentration of methanol in the gas phase is necessary in 
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order to adjust appropriately the other gas flows and obtain the desired stoichiometry 

of the reactant mixture. 

 
Figure 3-8 – Intensity of the methanol QMS signal versus the vapour pressure of 
methanol calculated from the Clausius-Clapeyron equation for various saturator 
temperatures. �H0

vap, 298K = 37.6 kJ/mol [116]; pmethanol = 100 torr at 294.35 K [117]. 
The flow of Ar was 10 mln/min 

The saturator in the gas distribution system can be replaced by a T connection piece 

connected to a double-piston pump (RCT M16) for the dosage of precise amounts of 

liquids. This solution was chosen for the preparation of the feed for methanol wet 

partial oxidation catalytic tests. In this case both methanol and water are needed in a 

well-defined ratio in the reactant mixture. This can be achieved easily by dosing with 

the double-piston pump precise amounts of a solution containing methanol and water 

in the same ratio as required for the reactant mixture.  

The gas distribution system is equipped with three distinct outlets. One is connected 

to the HPR, another is equipped with a needle leak valve and is used for sampling the 

gas produced by the gas distribution system, and the third is directly connected to the 

exhaust and allows for flushing the line. The area in Fig 3-7 delimited by the dotted 

line is constantly heated to 390 K by a self-regulating semiconductor-based heating 

tape, in order to prevent condensation of vapours in the gas distribution system and at 

the outlet of the HPR. 
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The pressure in the HPR is measured by a manometer and can be adjusted by 

operating a needle leak valve mounted at the HPR outlet. An Alcatel 2002I two stage 

rotary pump is connected to both the HPR outlet and the gas distribution system. This 

allows to quench the reaction in the HPR by evacuating the reactor quickly and to 

establish a rough vacuum in the HPR before opening it to the surrounding UHV 

environment. Moreover, alternatively filling the distribution system with Ar and 

evacuating it represents a very effective way of eliminating traces of oxygen from the 

reactant mixture originating from the distribution system. 
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4.  Ex-situ Characterisation of a Commercial Cu/ZnO 

Catalyst after Exposure to Methanol ATR Conditions 

4.1 Introduction 

The ex-situ characterisation of a Cu/ZnO-based catalyst after exposure to 57 hours 

continuous operation under methanol ATR conditions in a dual reactor pilot plant is 

discussed in this chapter. XPS and Ar-ion depth profiling were used to investigate the 

structural changes of the catalyst surface occurring upon exposure to reaction 

conditions, whereas X-ray diffraction (XRD) was used to identify the crystalline 

phases present in the catalyst after methanol ATR and to estimate the average size of 

the crystallites. The results of this investigation indicate a possible mechanism for the 

observed catalyst deactivation and illustrate which XPS spectral features are essential 

for the characterisation of Cu-based materials. Moreover, the limitations of the ex-situ 

approach are stressed and the consequences of the exposure of the catalyst to air after 

the catalytic test are presented.  

 

4.2 Experimental 

4.2.1 Dual reactor pilot plant and catalytic test 

The catalytic test was carried out by the Catalytic Processes group of the Energy and 

Material Cycles Laboratory at the Paul Scherrer Institut.  The dual reactor pilot plant 

and the experimental procedure have been described in detail elsewhere [118].  

The Cu/ZnO-based catalyst was provided by Johnson Matthey plc. under a 

confidentiality and non-analysis agreement. For this reason, its bulk composition is 

unknown and no quantitative elemental analysis could be performed on the catalyst. 

The dual reactor pilot plant, schematically shown in Fig. 4-1, consists of two reactors 

each packed with ~ 100 g of catalyst (grain size between 0.5 and 1.0 mm) and heated 

by three independent heaters. The inlet of each reactor (region 5 and 6 in Fig. 4-1) 

was diluted with quartz sand (10:1 by weight) to reduce the effects of the hot spots. 

The reactant mixture fed to the reactors was prepared by a gas distribution system 

equipped with mass-flow controllers for the gaseous components and with a pump for 

the dosage of the liquid water-methanol solution. 
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Figure 4-1 � Schematic drawing of the dual reactor pilot plant used for the methanol 
ATR catalytic tests 

The liquid components were vaporised after mixing with a stream of nitrogen in a 

heated evaporation unit. Air could either be entirely fed to the plant from the inlet of 

reactor 1 or divided into variable ratios between the inlet of reactor 1 and reactor 2.  

The catalyst in the two reactors was activated by reduction in hydrogen at 250°C 

before the start of the catalytic test. During the catalytic test the feed was 

stoichiometric with respect to the ATR reaction (eq. 1-6) and the temperature was 

increased gradually, starting from 250°C, in order to obtain an approximately constant 

production of hydrogen of the order of 5 – 6 kWth (~ 9000 – 11000 -1
reactor

-1
H l h l

2
, 50 – 

60% methanol conversion) at methanol WHSVs in the range between 6 and 8 h-1. The 

initial temperature of 250°C was restored before the end of the run and the air feed 

was divided equally between the two reactors, in order to assess the effect of the air-

feeding mode on the hydrogen yield. After the end of the catalytic test the catalyst 

was allowed to cool down to room temperature under a stream of nitrogen. Catalyst 

samples corresponding to each of the six zones in which the two catalyst beds are 

divided in Fig. 4-1 were collected and stored without any special precaution to avoid 

exposure to air.  
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4.2.2 Characterisation experiments 

XPS analyses of the catalyst samples exposed to ATR conditions during the catalytic 

test were performed about one month after their removal from the catalyst bed. The 

catalyst samples were pressed into pellets and glued with a conductive double-sided 

adhesive tape on a stainless steel sample holder. Monochromatic Al K� radiation, 

focused on a 0.3 x 0.8 mm2 spot, was used to acquire the XPS spectra and the 

magnetic input lens of the ESCALAB 220i XL unit was operated to obtain a higher 

intensity by increasing the collection angle of the input lens system. The electron 

energy analyser was operated in the constant pass energy mode with pass energy of 20 

eV. With these settings a FWHM of 0.6 eV for the Ag 3d5/2 peak of clean Ag can be 

achieved. The quantification of the XPS spectra was carried out using the 

transmission function of the electron energy analyser and the cross-sections calculated 

by Scofield [98] as clarified in section 2.1. All spectra were charge-corrected setting 

the Zn 2p3/2 peak position at 1022.2 eV, as reported in the literature for ZnO [37]. The 

conductivity of the samples was high enough to keep charging during the XPS 

measurements below a few eV. 

Depth profiles of selected catalyst samples and of pure reference compounds were 

measured by alternating Ar-ion etching treatments and XPS analysis. The kinetic 

energy of the Ar+ ions was 3.0 keV and a sample area of 3 x 4 mm2 was scanned with 

an ion current of 1.0 �A. 

X-ray diffraction (XRD) spectra were collected with a Philips X’Pert powder 

diffractometer using Fe K� radiation (� = 0.1936 nm). Measurements were carried out 

in the 2� range extending from 10 to 90° using a step size of 0.05°. 

The BET surface areas were calculated from N2 adsorption isotherms measured at 77 

K with a Micromeritics ASAP 2000 apparatus. For the calculation of the BET specific 

surface areas, pressure ratios in the range between 0.05 and 0.2 were used, under the 

assumption that each N2 molecule occupies a surface of 0.162 nm2. 

 

4.3 Results and Discussion 

4.3.1 Temperature history and catalytic activity during the continuous catalytic 

test 

The temperature history and the catalytic activity during the continuous methanol 

ATR catalytic test are shown in Table 4-1 and are reported in detail in ref. [118]. 
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During the catalytic test the reactor temperature was raised up to 300°C for reactor 1 

and 340°C for reactor 2. However, the temperature measured inside the two catalyst 

beds strongly deviated from the values measured at the reactor walls. This 

temperature difference is usually referred to as “hot spot” or “cold spot” depending on 

whether the bed temperature is higher or lower than at the reactor walls. As 

anticipated in section 1.1.3, the presence of these temperature gradients is due to the 

higher reaction rate of the exothermic methanol POX and TOX reactions with respect 

to the endothermic SR of methanol. Hot spots are commonly observed when the 

methanol ATR process is carried out in fixed bed reactors with insufficient heat 

transfer performances. The hot spot of several tens of degrees observed at the inlet of 

reactor 1 (the hot spot was localised in region 4, due to the dilution with sand of 

region 5 and 6) indicates that the reaction of methanol with oxygen takes place 

preferentially in this reactor region.  It is likely that most of the oxygen in the feed is 

consumed in this region, resulting mainly in the formation of CO2, H2 and H2O. 

Because of the high oxygen consumption in reactor 1 the feed reaching reactor 2 is 

oxygen-poor and the SR of methanol dominates, leading to a pronounced cold spot.  

Table 4-1 � Results of the catalytic test 

Time 

[h] 

T R1  

[°C] 

T R2 

[°C] 

WHSV 

[h-1] 

R1 HS§  

[K] 

R2 CS§ 

[K] 

Conv.& 

[%] 

Yield$ 

[%] 

H2 prod. 

[lH2/h lreactor] 

0-10 250/250/250 250/250/250 5.7 87 -34 46 44 6006 

11-22 250/250/250 250/250/250 7.9 99 -31 37 39 7407 

23-28 250/275/275 275/275/275 7.7 85 -48 43 48 8876 

29-37 250/275/300 300/300/300 8.2 99 -65 58 55 10766 

38-53 250/275/300 300/320/340 7.7 82 -104 47 62 11528 

54-57 250/250/250 250/250/250* 6.0 124 -23 45 63 9157 

§ R1 HS and R2 CS indicate the hot spot of reactor 1 and the cold spot of reactor 2 
respectively 

& Methanol conversion 
$  Hydrogen yield according to the methanol ATR reaction 
*  during the last hours of the catalytic test the air feed was divided equally between reactor 1 

and reactor 2 

 

Catalyst deactivation was observed at high temperature during the catalytic test. This 

is clearly shown by the decrease of methanol conversion observed after increasing the 
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temperature of the outlet region of reactor 2 after 37 hours under methanol ATR 

conditions. The conversion of methanol decreased in spite of the concomitant 

reduction of methanol WHSV. As illustrated by the data in Table 4-2, catalyst 

deactivation was accompanied by a loss of BET surface area, especially in the region 

of reactor 1 where the hot spot was localised. The last row of Table 4-1 illustrates the 

positive effect of splitting the oxygen stream in two parts each fed to one reactor of 

the pilot plant. In spite of catalyst deactivation, more hydrogen is produced using dual 

oxygen feeding than at the beginning of the catalytic test, when all oxygen was fed to 

reactor 1. This is due to a better exploitation of the catalyst in reactor 2 and its 

participation to the consumption of oxygen under dual oxygen feeding conditions. As 

shown in Table 4-1, splitting of the oxygen feed between the two reactors is 

accompanied by a drastic decrease of the cold spot in reactor 2. 

Table 4-2 – BET surface areas of selected samples corresponding to different positions in the 
reactors of the pilot plant 

 Fresh R1-4 R1-1 R2-4 R2-1 

BET surface area 
[m2/g] 

54 33 47 51 50 

 

4.3.2 XPS analysis 

The XPS analysis of selected catalyst samples extracted from the reactors of the pilot 

plant after the end of the catalytic test indicated the presence of Zn, Cu, O, Al, C and 

traces of Cl. The binding energies of all photoelectron peaks but Cu 2p3/2 were the 

same for all analysed samples and are listed in Table 4-3 together with the chemical 

states to which the observed binding energies are assigned. The presence of Al as 

Al2O3 is not unexpected, since Al2O3 is often added as stabiliser to Cu/ZnO-based 

catalysts (see section 1.2.1.3). The C 1s peak shape (not shown) indicates that a large 

part of the XPS signal is due to graphite, probably added by the manufacturer as 

binder. The C 1s peak position after charge correction also agrees with the assignment 

to graphitic carbon. This indicates that the applied charge correction using the Zn 2p3/2 

peak as reference is reliable and that Zn is present in the catalyst in the form of ZnO. 
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Table 4-3 – XPS binding energy and assigned chemical state  

 Binding Energy [eV] Chemical State Reference 

Zn 2p3/2 1022.2 ZnO [119] 

O 1s 530.9 + 532.5 (broad) ZnO + H2Oa [120, 121] 

C 1s 284.4 graphite [122] 

Al 2s 119.3 Al2O3 [123] 

 

The Cu 2p3/2 XPS spectra corresponding to selected catalyst samples are shown in 

Fig. 4-2a together with the spectra of the fresh catalyst and of some reference 

compounds. The corresponding Cu L3M4,5M4,5 spectra are shown in Fig. 4-2b. The 

chemical state of Cu can be unambiguously determined by XPS if the position of both 

the Cu 2p3/2 and Cu L3M4,5M4,5 peaks is considered [119]. Cu(0) and Cu(I) present 

very similar Cu 2p3/2 peak positions (BE close to 932.8 eV), but have distinct Cu 

L3M4,5M4,5  signals (KE 918.7 and 916.6 eV respectively). On the other hand, Cu(II) 

shows a Cu L3M4,5M4,5 peak at 917.7 eV and a broader Cu 2p3/2 peak centred around 

933.7 eV with a characteristic broad satellite structure (usually referred to as a shake-

up feature) between 940 and 945 eV. The validity of this approach is demonstrated by 

the spectra relative to Cu, Cu2O and CuO shown in Fig. 4-2. The satellite structure of 

the Cu 2p3/2 peak observed for Cu(II) compounds is due to stabilisation of the core-

ionised final state by interaction between the valence electrons of surrounding 

counterions and the core hole, as shown by Van der Laan and co-workers [124]. The 

initial state configuration of a Cu(II) ion can be described as 2p63d9L2, where L 

indicates a valence electron state of a counterion (e.g. O2- in the case of CuO).  It has 

been shown that the main component of the Cu 2p3/2 XPS peak at � 933.7 eV is due to 

a final state configuration 2p53d10L1 where the electron hole in the metal 3d shell has 

been filled by an electron from a valence orbital of the counterion. On the other hand, 

the satellite structure corresponds to the final state 2p53d9L2 in which the ligand-to-

metal transition has not taken place.  
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Figure 4-2 –Cu 2p3/2 (a) and Cu L3M4,5M4,5 (b) XPS spectra of the catalyst samples 
extracted from the reactors after the end of the catalytic test, of the fresh catalyst and 
of some reference compounds 
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The main component of the Cu 2p3/2 XPS peak appears at lower binding energy 

because the core-ionised final state is stabilised by the electron transition from the 

valence state of the counterion to the Cu 3d orbital. The energy released by this 

stabilisation is taken by the outgoing photoelectron, which is therefore emitted with a 

higher kinetic energy. The fine structure observed for the shake-up peak is due to 

multiplet splitting involving coupling of the momenta of the two electron holes in the 

2p53d9L2 final state. The relative intensity of the shake-up feature and of the main 

component of the Cu 2p3/2 XPS spectrum is not the same for all Cu(II) compounds but 

depends on the relative energy of the Cu 3d orbitals and of the ligand valence states, 

as well as on their degree of hybridisation. Therefore the fraction of the Cu 2p3/2 

signal appearing in the shake-up feature can help identifying the chemical 

environment of the Cu2+ ions. 

The spectra in Fig. 4-2 show that the distribution of the oxidation states of Cu is 

different for the investigated catalyst samples. The Cu 2p3/2 and Cu L3M4,5M4,5 peaks 

of the fresh catalyst are practically identical to those measured for CuO, indicating 

that Cu is present entirely in the Cu(II) oxidation state. On the other hand, all catalyst 

samples exposed to reaction conditions during the methanol ATR catalytic test 

contain a mixture of Cu(I) and Cu(II). The relative amount of Cu(I) and Cu(II) 

changes with the position of the catalyst samples in the reactor during the catalytic 

test and was determined by deconvolution of the XPS Cu 2p3/2 peaks with 

Gaussian/Lorentian curves. The asymmetric peak shape of the Cu 2p3/2 peak 

corresponding to CuO was reproduced by using two spectral components, one centred 

at 933.1 eV, the other at 934.4 eV, as shown in Fig. 4-3a. The same components, plus 

a component centred at 932.8 eV corresponding to Cu(I), were used for the fitting of 

the Cu 2p3/2 spectra of the catalyst samples exposed to reaction conditions. The 

position, the FWHM, and the relative intensity of the two components corresponding 

to CuO were kept constant during the fitting procedure (see Fig. 4-3b). The 

Cu(I)/Cu(II) ratios derived by this fitting procedure are shown in Table 4-4, together 

with the atomic compositions obtained by XPS for the same catalyst samples, and the 

ratios between the integrated areas of the shake-up features and of the main Cu 2p3/2 

components. 
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Figure 4-3 � Deconvolution of Cu 2p3/2 XPS spectra: a) pure CuO; b) catalyst sample 
R1-1. 

A good correlation exists between the intensity of the shake-up feature and the 

relative amount of Cu(II) in the sample determined by curve fitting, indicating that the 

intensity of the shake-up feature can be used to determine the relative amount of 

Cu(II) in the sample without performing any spectrum deconvolution. Among all 

investigated catalyst samples, R1-4, positioned at the beginning of the non-diluted 

portion of the catalyst bed in reactor 1, shows the highest fraction of Cu(II). Catalyst 

sample R2-4, positioned at the beginning of the non-diluted portion of the catalyst bed 

in reactor 2 shows a higher Cu(II) fraction than both R1-1 and R2-1, positioned close 

to the outlets of the two reactors. However, the Cu(II) fraction of sample R2-4 is 

lower than that of R1-4. The observed trend of the fraction of Cu(II) as a function of 

the position of the catalyst samples in the pilot plant can be rationalised as follows. 

There have been suggestions in the literature that Cu in methanol reforming catalysts 

is oxidised during exposure to stoichiometric methanol ATR feeds at typical reaction 

temperatures [125]. It is reasonable to suppose that the degree of oxidation increases 
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with increasing oxygen concentration in the gas phase. Since oxygen is consumed 

quickly in the inlet reactor region, the catalyst in this portion of the catalytic bed is 

exposed to a higher oxygen partial pressure and is therefore more extensively oxidised 

than the catalyst placed further downstream. This explains why R1-4 contains a larger 

fraction of Cu(II) than R1-1. The high fraction of Cu(II) in the catalyst sample R2-4 is 

not surprising considering that before the end of the catalytic test the oxygen stream 

was fed separately to reactor 1 and reactor 2 for three hours. Therefore the catalyst 

sample R2-4 was exposed to similar conditions as R1-4. The short duration of the dual 

oxygen feeding phase compared to the overall length of the catalytic test might 

explain why the Cu(II) fraction of R2-4 is not as high as the one observed for R1-4. 

Table 4-4 � XPS atomic ratios of the fresh catalyst and of selected samples corresponding to 
different positions in the reactors after the catalytic test (see text). (a) The intensity ratio of the 
shake-up feature to the Cu 2p3/2 main peak measured for CuO is 0.47  

 Fresh R1-4 R1-1 R2-4 R2-1 

2/3

2/3

p2Zn 
p2Cu 

 0.11 0.21 0.25 0.22 0.19 

2/3p2Zn 
s1O  1.15 1.22 1.33 1.34 1.21 

2/3p2Zn 
s2Al  0.06 0.07 0.08 0.07 0.06 

2/3p2Zn 
s1C  0.28 0.29 0.44 0.48 0.38 

s3Cu
p2Cu 23

 
 /  1.33 1.65 1.62 1.73 1.63 

� �
� �

(a)

   
  

peakmainp2Cu
upshakep2Cu

23

2/3

/

�  0.33 0.30 0.17 0.27 0.22 

� �
� �IICu

ICu  0 0.20 0.54 0.39 0.43 

 

However, in order to verify the relevance of the post-reaction characterisation of Cu 

based catalysts after exposure to air, the possibility of Cu oxidation due to exposure of 

the catalyst to atmospheric oxygen must be assessed. Only if oxidation in air can be 
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neglected the observed changes of the Cu oxidation state can be safely related to the 

applied reaction conditions and to the catalyst performance. In order to explore the 

effect of air exposure on the oxidation state of Cu, some fresh catalyst was reduced 

with hydrogen at 250°C for one hour and then stored in air for various periods prior to 

XPS analysis. Fig. 4-4 shows the Cu 2p3/2 and Cu L3M4,5M4,5 XPS spectra measured 

after exposure of the reduced catalyst to atmospheric conditions for various periods. 

Inspection of Fig. 4-4b indicates that some oxidation of Cu(0) to Cu(I) occurs already 

after 25 hours air exposure and that after about one week Cu(I) is the predominant Cu 

oxidation state. Fig. 4-4a shows that further oxidation to Cu(II) is only marginal        

(� 15%) even after 510 hours (21 days) air exposure. Therefore it can be concluded 

that the initial oxidation of Cu(0) to Cu(I) in air is relatively fast, whereas the further 

oxidation to Cu(II) is significantly slower. This is in agreement with the investigations 

of the oxidation of supported Cu particles reported in the literature [74]. The time 

period between the catalytic test and the XPS analyses of the catalyst samples (� one 

month) was only slightly longer than the period analysed in the air exposure 

experiment. It is therefore unlikely that all the Cu(II) detected in the post-reaction 

analysis of the catalyst samples was formed as a consequence of oxidation in air. The 

presence of large amounts of Cu(II) in the catalyst samples is a strong indication that 

the catalyst was already significantly oxidised before its removal from the reaction 

environment and that ex-situ analyses of Cu/ZnO-based catalysts can provide useful 

information on the catalyst state under reaction conditions. However, it is clear that 

exposure to air even for short times constitutes a significant perturbance of the 

catalyst surface. For instance, as shown in Fig. 4-4, the relative amount of Cu(0) and 

Cu(I) is rapidly modified after removal of the catalyst from the reaction environment. 

Therefore post-reaction studies, where the catalyst is not exposed to uncontrolled 

conditions after being used in a catalytic process, are highly desirable. In the 

experiments discussed in Chapter 5 the post-reaction characterisation of the same 

Cu/ZnO-based catalyst is carried out without exposure to air (under so-called quasi-

in-situ conditions), after performing the catalytic treatments in the HPR integrated in 

the UHV system. These experiments demonstrate that the presence of Cu(II) is indeed 

a consequence of the exposure of the catalyst to methanol ATR conditions and is not 

due to oxidation in air.  
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Figure 4-4 - Cu 2p3/2 (a) and Cu L3M4,5M4,5 (b) XPS spectra of a reduced catalyst 
sample exposed to air for various periods 
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The XPS atomic ratios in Table 4-4 indicate that a significantly higher Cu 2p3/2/Zn 

2p3/2 atomic ratio is measured for the catalyst samples exposed to methanol ATR 

conditions than for the fresh catalyst. This suggests that a Cu surface enrichment 

might take place under reaction conditions. A similar increase of the Cu 2p3/2/Zn 2p3/2 

atomic ratio is not observed after activation of the catalyst by reduction in hydrogen, 

indicating that the activation treatment carried out before starting the catalytic test is 

not the cause of the observed Cu surface enrichment. The increase of the Cu 

concentration in the surface region of the catalyst samples is supported by the increase 

of the Cu 2p3/2/Cu 3s atomic ratio observed after exposure to ATR conditions. As 

described in section 2.1, the depth of the region probed by different photoelectrons 

depends, for a certain material, on their kinetic energy. A value equal to 0.7 – 0.8 nm 

can be estimated for the effective attenuation length of both Cu 2p3/2 and Zn 2p3/2 

photoelectrons travelling through metallic Cu [126]. Due to their higher kinetic 

energy, the effective attenuation length of Cu 3s photoelectrons is larger, about 1.6 

nm, implying that these electrons carry information from a deeper region of the 

sample. Therefore, the increase of the Cu 2p3/2/Cu 3s atomic ratio observed after 

exposure of the catalyst to ATR conditions indicates that the concentration of Cu in 

the region probed by Cu 2p3/2 photoelectrons becomes higher than in the (deeper) 

region probed by Cu 3s photoelectrons. This suggests that segregation of Cu to the 

surface of Cu/ZnO-based catalysts accompanies the formation of Cu(II) during 

methanol ATR. 

The atomic concentrations of C, Al and O do not show a pronounced variation from 

one catalyst sample to the other and are essentially constant throughout the whole 

measured series. 

 

4.3.3 XRD analysis 

The XPS analyses discussed in the previous section show that the catalyst surface 

after exposure to methanol ATR conditions contains Cu in the Cu(I) and Cu(II) 

oxidation states. XRD experiments were performed to obtain additional information 

on the crystalline phases present in the catalyst samples after the catalytic test. 

Differently from XPS, the information provided by XRD is not limited to the surface 

region of the sample but extends to the bulk as well.  

The X-ray diffraction pattern of the R1-4 catalyst sample is shown in Fig. 4-5. 
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Figure 4-5 – X-ray diffraction pattern of the R1-4 catalyst sample 

The identified crystalline phases are Cu (Powder Diffraction File (PDF) 04-0836), 

Cu2O (PDF 78-2076), CuO (PDF 45-0937), ZnO (PDF 36-1451) and graphite (PDF 

23-0064). It is noteworthy that no metallic Cu is observed by XPS analysis of the R1-

4 catalyst sample, whereas this phase is readily identified in the XRD pattern shown 

in Fig. 4-5. This indicates that the Cu particles 1 present in the R1-4 catalyst sample 

consist of a core of metallic Cu surrounded of a layer of Cu2O and CuO. The layer of 

Cu oxides covering the metallic Cu core is thick enough (� 3 nm) to make the 

underlying metallic Cu core inaccessible to XPS. 

The Scherrer equation 

�
�

cos
 
�

�Kd                   (4-1) 

allows calculating the average crystallite dimension d of a certain phase by the width 

of the corresponding X-ray diffraction peaks [127]. In eq. 4-1 K is a constant that 

depends on the shape of the crystallites and is generally assumed to be 1, � is the 

wavelength of the X-ray radiation used, � is the FWHM in radians of the considered 

diffraction peak, and � is its position. The dimension d in eq. 4-1 refers to the 
                                                
1 In this Chapter the expression “Cu particle” indicates an aggregate consisting only of Cu-containing 
phases.  
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direction perpendicular to the crystal planes responsible for the diffraction peak used 

in the calculation. Table 4-5 illustrates the average crystallite size determined by 

applying the Scherrer equation to some of the diffraction peaks shown in Fig. 4.5. 

Table 4-5 – Average crystallite size of the phases identified by XRD in the R1-4 catalyst 
sample. The Scherrer equation was applied to selected diffraction lines in Fig. 4-5 

 Cu (111) Cu (200) Cu2O (200) CuO (111) ZnO (100) 

Average crystallite 

size [nm] 
29 18 11 15 12 

 

4.3.4 Ar-ion depth profiling 

Ar-ion etching depth profiles were measured with the aim of confirming the presence 

of a Cu enriched surface layer in the catalyst samples after exposure to methanol ATR 

conditions, as suggested by the Cu 2p3/2/Zn 2p3/2 and Cu 2p3/2/Cu 3s XPS atomic 

ratios shown in Table 4-4. Fig. 4-6 shows the variation of the XPS atomic ratios of the 

catalyst sample R1-4 as a function of etching time. Similar trends were observed for 

all other investigated catalyst samples after the catalytic test. 

The C 1s/Zn 2p3/2 atomic ratio (�) decreases as a consequence of the first Ar-ion 

etching treatment. After this initial decrease, corresponding to the removal of a C-

containing surface contamination layer, the C 1s/Zn 2p3/2 atomic ratio reaches a 

constant value, representing the concentration of graphite in the catalyst. 

During the first steps of the depth profile a decrease of the ratio of the Cu 2p3/2 shake-

up feature to the Cu 2p3/2 main component (�) is observed, indicating a decrease of 

the fraction of Cu present in the sample as Cu(II). This is confirmed by the evolution 

of the Cu L3M4,5M4,5 XPS spectra with Ar-ion etching time (shown in Fig. 4-7). The 

data in Fig. 4-7 show that at etching time t = 0 the Cu is predominantly present as 

Cu(II). This agrees with the spectra shown in Fig. 4-2 and the data reported in Table 

4-4 for the catalyst sample R1-4. After the first Ar-ion etching treatment the Cu 

L3M4,5M4,5 component corresponding to Cu(I) increases, while the Cu(II) signal 

decreases. This corresponds to the drastic decrease of the intensity of the Cu 2p3/2 

shake-up feature shown in Fig. 4-6. After further Ar-ion etching an increase of the 

intensity at ~ 918.5 eV, corresponding to metallic Cu, is observed. The Cu(II) 
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component of the Cu L3M4,5M4,5 XPS spectra does not disappear completely during 

the Ar-ion etching treatment, in agreement with a residual intensity of the Cu 2p3/2 

shake-up feature observed in Fig. 4-6. 

 
Figure 4-6 – Ar-ion etching depth profile of the catalyst sample R1-4 

 
Figure 4-7 – Cu L3M4,5M4,5 XPS spectra of the catalyst sample R1-4 as a function of 
Ar-ion etching time. The numbers on the left side of each spectrum indicate the total 
duration of the Ar-ion etching treatment (in seconds) before acquisition 
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The spectra in Fig. 4-7 corresponding to the final part of the depth profiling 

experiment show that, at this stage, Cu is present in a mixture of oxidation states 

ranging from metallic Cu to CuO. 

In order to interpret the depth profiling data illustrated above, it is necessary to 

analyse possible error sources, such as ion beam-induced reactions, preferential 

sputtering of one element in a compound, or selective sputtering of a component in a 

multiphase sample. As a matter of fact, the question arises whether the changes of the 

Cu oxidation state observed during the depth profiling experiments reflect the real 

composition of the sub-surface region of the sample or they are artefacts induced by 

the Ar-ion etching treatment itself. It is well known that metal oxides can be reduced 

upon interaction with ion beams to lower oxides or metals with formation of 

molecular oxygen. It has been demonstrated that the reducibility of an oxide under 

Ar-ion etching conditions correlates with the standard free energy change at room 

temperature (�G0) associated with the reduction reaction taking place [128]. If �G0 is 

more positive than a certain threshold value the oxide is stable under Ar-ion etching 

conditions, whereas reduction of the oxide occurs if the �G0 is lower. For a 400 eV 

Ar-ion beam the threshold value for reduction of a metal oxide has been shown to be 

~ 250 kJ/mol. The reductions of CuO to Cu2O and of Cu2O to Cu have a �G0 of 113 

and 146 kJ/mol respectively, both below the reported threshold value. It cannot 

therefore be excluded that both Cu oxides may be reduced by interaction with the ion 

beam.  On the other hand, the reduction of ZnO to metallic Zn has a �G0 value of 318 

kJ/mol, higher than the threshold value for metal oxide reduction. ZnO is therefore not 

expected to be reduced under Ar-ion etching conditions. As a matter of fact, no 

changes in the Zn 2p3/2 and Zn L3M4,5M4,5 XPS spectra have been observed during the 

depth profiling experiments, indicating that the ZnO phase present in the catalyst is 

not reduced by the Ar-ion etching treatment. An Ar-ion etching experiment on pure 

CuO powder was performed in order to determine which changes of the Cu oxidation 

state are an intrinsic property of CuO during exposure to Ar-ion bombardment. The 

observed variation of the Cu L3M4,5M4,5 XPS spectra of pure CuO with Ar-ion etching 

time is shown in Fig. 4-8. 
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Figure 4-8 – Cu L3M4,5M4,5 XPS spectra of pure CuO powder as a function of Ar-ion 
etching time. The numbers on the left side of each spectrum indicate the total 
duration of the Ar-ion etching treatment (in seconds) before acquisition 

As observed in the case of the catalyst samples, the intensity of the Cu(I) component 

increases after the first Ar-ion etching treatment at the expenses of the Cu(II) signal, 

indicating a reduction of CuO to Cu2O. This suggests that the ion bombardment-

induced reduction of CuO is the primary cause of the increase of the Cu(I) signal 

observed at the beginning of the depth profiling of the catalyst samples. However, it 

cannot be excluded that the removal of a CuO layer covering the Cu2O phase also 

contributes to the changes observed during the depth profiling of the catalyst samples. 

On the other hand, further reduction of Cu2O to metallic Cu is not observed during the 

Ar-ion etching of the pure CuO powder. This indicates that the observation of metallic 

Cu in the depth profiles of the catalyst samples (see Fig. 4-7) is not due to an ion 

beam-induced reduction of the Cu oxide phases, but to a change of the composition of 

the Cu particles with depth. The appearance of a Cu L3M4,5M4,5 component 

corresponding to metallic Cu after ~ 210 s Ar-ion etching is probably related to the 

removal of a Cu oxide layer covering the metallic core of the Cu particles. This is in 

agreement with the XRD data discussed in section 4.3.3, which also indicate the 

presence of metallic Cu in the catalyst samples. 
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From the previous discussion of the effects of the Ar-ion etching treatment on the 

oxidation state of Cu it is clear that the sample is altered significantly by the ion beam 

while performing a depth profiling experiment. The variation of the Cu 2p3/2/Zn 2p3/2 

(�) and O 1s/Zn 2p3/2 (�) atomic ratios with etching time (shown in Fig. 4-6) 

suggests that the ion beam-induced changes may not only involve the reduction of 

CuO to Cu2O, but also a modification of the overall composition of the catalyst 

surface. The Cu 2p3/2/Zn 2p3/2 atomic ratio increases uniformly with etching time and 

reaches a constant value after � 1000 s ion etching. On the other hand, the O 1s/Zn 

2p3/2 ratio shows an initial decrease (corresponding to the decrease of the Cu 2p3/2 

shake-up/main component ratio during the first Ar-ion etching steps) and then 

increases to reach a constant value after � 1000 s ion etching. The increase of the O 

1s/Zn 2p3/2 ratio in the final part of the depth profile follows qualitatively the increase 

of the Cu 2p3/2/Zn 2p3/2 atomic ratio.  

In order to understand the origin of the observed compositional changes it is necessary 

to know the sputtering yields of the various phases present in the catalyst samples. 

The sputtering yields of CuO, ZnO, and metallic Cu were determined by measuring 

the Ar-ion depth profiles of CuO, ZnO, and metallic Cu thin films of known thickness 

deposited by DC magnetron sputtering on Si(100). The CuO and ZnO thin films were 

deposited in an Ar/O2 atmosphere using Zn and Cu targets respectively; the metallic 

Cu thin film was deposited in an Ar atmosphere using a Cu target. In all cases the Si 

substrate was kept at RT and the deposition rate was measured with a quartz 

microbalance. The CuO and metallic Cu thin films were 10 nm thick, whereas the 

ZnO thin film was 100 nm thick. The sputtering yields could be calculated dividing 

the known thickness of the film by the etching time necessary to reach the interface 

between the film and the Si substrate. The sputtering yields of CuO, ZnO and metallic 

Cu determined by this method were 3.3 nm/min, 4.6 nm/min and 3.5 nm/min 

respectively. During the Ar-ion etching of the CuO thin film the same changes of the 

oxidation state of Cu as detected for the CuO powder sample (Fig. 4-8) were 

observed. Therefore the sputtering yield of CuO determined by this experiment does 

not correspond strictly to the sputtering yield of the CuO phase, but represents an 

average value over all CuOx phases formed during the etching of the thin film.  

However, this “average” sputtering yield describes appropriately the sputtering 

process of the CuO phase in the catalyst, since similar ion bombardment-induced 
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compositional changes are observed during sputtering of the catalyst samples as well. 

Comparing the sputtering yields of CuO, ZnO and metallic Cu with the average grain 

sizes determined by XRD (see Table 4-5) it results that the thickness of material 

etched during the determination of the depth profile shown in Fig. 4-6 corresponds to 

several grains of each phase. 

With this additional information the compositional changes observed in Fig. 4-6 can 

be easily rationalised. During the first Ar-ion etching treatment an increase of the Cu 

2p3/2/Zn 2p3/2 atomic ratio is observed. This change corresponds to a decrease of the C 

1s/Zn 2p3/2 atomic ratio and of the ratio of the Cu 2p3/2 shake-up feature to the Cu 

2p3/2 main component. The observed increase of the Cu 2p3/2/Zn 2p3/2 atomic ratio can 

be therefore attributed to an increase of the atomic concentration of Cu on the surface 

as a consequence of the ion bombardment-induced reduction of CuO. Alternatively, 

the removal of a carbon-containing contamination layer preferentially adsorbed on the 

Cu particles might be responsible for the observed change.  

During the following ion-etching steps the ZnO grains are etched faster than the Cu 

particles, because of the higher sputtering yield of ZnO, compared to CuO and 

metallic Cu. This causes an enrichment of the surface in Cu particles and therefore an 

increase of the measured Cu 2p3/2 XPS intensity. This phenomenon, known as 

selective sputtering, is frequently observed during Ar-ion etching of heterogeneous, 

multiphase samples and is responsible of the gradual increase of the Cu 2p3/2/Zn 2p3/2 

atomic ratio observed in Fig. 4-6 [129].  It is typical of selective sputtering processes 

that the observed compositional changes occur over an etching time period 

comparable to the time necessary to etch away a few grains. It is interesting to notice 

that the ion-bombardment-induced reduction of CuO observed in Fig. 4-7 takes place 

in a shorter time scale. This is due to the fact that the reduction of CuO involves the 

change of the composition of the CuO surface of individual particles and not a change 

of the relative amount of Cu and ZnO particles in the region accessible by XPS.  

The more complex behaviour of the O 1s/Zn 2p3/2 depth profile results probably from 

the combination of two effects. During the first Ar-ion etching steps the concentration 

of surface oxygen decreases mainly due to the reduction of the CuO phase, causing 

the initial decrease of the O 1s/Zn 2p3/2 atomic ratio observed in Fig. 4-6. The increase 

of the O 1s/Zn 2p3/2 atomic ratio observed at higher Ar-ion etching times follows the 

increase of the Cu 2p3/2/Zn 2p3/2 atomic ratio attributed to selective sputtering of the 

ZnO phase. This suggests that the observed increase of the O 1s/Zn 2p3/2 atomic ratio 
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is also a consequence of the selective sputtering of the ZnO grains. As discussed 

above, the selective sputtering of ZnO makes the sample region accessible by XPS 

deficient in ZnO grains and enriched in Cu particles. As a consequence of this 

process, both the Zn and O concentrations in the surface region decrease. However, 

the O concentration decreases less than the Zn concentration, since the O atoms 

associated to the CuOx phases present on the surface of the Cu particles are not 

removed as efficiently as the ZnO phase by the ion-bombardment process. This 

phenomenon is probably responsible for the observed increase of the O 1s/Zn 2p3/2 

atomic ratio at high etching times. 

In spite of the artefacts due to the reduction of CuO during the Ar-ion etching 

treatment and to the selective sputtering of ZnO discussed above, some useful 

information can be obtained comparing the depth profiles of the catalyst before and 

after exposure to methanol ATR conditions. Fig. 4-9 shows the Cu 2p3/2/Zn 2p3/2 

depth profiles of the catalyst sample R1-4, of the fresh catalyst and of the fresh 

catalyst after reduction in hydrogen at 250°C. The catalyst sample R1-4 and the fresh 

catalyst present essentially the same Cu 2p3/2/Zn 2p3/2 depth profile for etching times 

higher than � 300 s. It is noteworthy that an etching time of 300 s corresponds to the 

etching of 23 nm ZnO, i.e. almost two average grains. Therefore for this and higher 

etching times the measured depth profiles are dominated by selective sputtering 

effects and do not provide any clear information on the original surface composition. 

The Cu 2p3/2/Zn 2p3/2 curve corresponding to the reduced catalyst sample in Fig. 4-9 

seems to be systematically lower than the corresponding curves of the fresh catalyst 

and of the catalyst sample R1-4. This is probably due to a different degree of selective 

sputtering of ZnO in the reduced catalyst with respect to the other two samples.  

For shorter etching times, corresponding to the etching of the surface of the first 

grains exposed to the ion beam, remarkable differences are noticeable in the Cu 

2p3/2/Zn 2p3/2 depth profile of the catalyst sample R1-4 on one side and the fresh and 

reduced catalyst on the other side. These differences, clearly larger than the 

uncertainty on the single experimental points, are more easily seen in the expanded 

inset of Fig. 4-9. 
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Figure 4-9 – Comparison of the Cu 2p3/2/Zn 2p3/2 depth profiles of the catalyst 
sample R1-4, the fresh catalyst and the fresh catalyst after reduction in hydrogen  

The Cu 2p3/2/Zn 2p3/2 curves corresponding to the depth profiles of the fresh and 

reduced catalyst increase almost linearly for etching times between 0 and ~ 500 s. On 

the other hand, the Cu 2p3/2/Zn 2p3/2 curve corresponding to the depth profile of the 

R1-4 catalyst sample exhibits a plateau for etching times between 30 and 180 s. This 

is in agreement with the Cu surface enrichment suggested on the basis of the Cu 

2p3/2/Zn 2p3/2 and Cu 2p3/2/Cu 3s atomic ratios listed in Table 4-4. As a matter of fact, 

the plateau shown by the Cu 2p3/2/Zn 2p3/2 atomic ratio of the R1-4 catalyst sample 

can be rationalised by a competition between the removal of a Cu enriched surface 

layer (which would cause a decrease of the Cu 2p3/2/Zn 2p3/2 atomic ratio if no other 

effects played a role) and the selective sputtering of ZnO discussed above (which 

would cause an increase of the Cu 2p3/2/Zn 2p3/2 atomic ratio). In other words the 

absence of a continuous increase of the Cu 2p3/2/Zn 2p3/2 atomic ratio in the case of 

the R1-4 catalyst sample implies that something counteracts the selective sputtering of 

ZnO and it is very likely that this additional effect is a Cu enrichment of the surface 

region of the catalyst grains. 

An analogous Cu enrichment of the catalyst surface is also observed by quasi-in-situ 

XPS analysis of catalyst samples exposed to methanol ATR conditions in the HPR 
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integrated in the UHV system, as described in section 5.3.1.1.4. The results of these 

experiments and the possible causes underlying the observed Cu enrichment are 

illustrated in Chapter 5. It is likely that the formation of a CuO surface layer spreading 

on the ZnO phase contributes significantly to the deactivation of the catalyst observed 

during the catalytic test. As a matter of fact, Cu(II) has been claimed to possess only 

very low activity for the production of hydrogen by methanol reforming, promoting 

instead the methanol TOX reaction (see section1.2.2.3). 

 

4.4 Conclusions  

The catalyst samples extracted from a dual reactor pilot plant after a 57 hours long 

methanol ATR catalytic test involving the exposure of the catalyst to temperatures 

between 250 and 340°C have been studied by XPS, XRD and Ar-ion depth profiling. 

XPS analysis shows that Cu on the catalyst surface is present as a mixture of Cu(I) 

and Cu(II) after methanol ATR. The fraction of Cu(II) is higher for the catalyst 

samples extracted from the inlet regions of the two reactors, close to the position of 

the hot spots during the catalytic test. Although the catalyst samples were stored in air 

prior to XPS analysis it is unlikely that the observed presence of Cu(II) is entirely due 

to oxidation by atmospheric oxygen. As a matter of fact, oxidation of a reduced 

catalyst sample in air is relatively slow and gives rise only to small amounts of Cu(II) 

in a time scale similar to that of the storage in air. XRD experiments indicate the 

presence of crystalline metallic Cu, Cu2O, CuO, ZnO and graphite in the catalyst 

samples after the catalytic test. The absence of an XPS signal corresponding to 

metallic Cu in the catalyst samples after methanol ATR indicates that the Cu particles 

in the catalyst consist of a core of metallic Cu covered by a layer of Cu oxides. The 

catalyst samples extracted from the pilot plant after the catalytic test exhibit Cu 

enrichment of the surface region as indicated by the higher Cu 2p3/2/Zn 2p3/2 and Cu 

2p3/2/Cu 3s atomic ratios with respect to the fresh catalyst. The presence of a Cu-

enriched surface layer is confirmed by Ar-ion depth profiling. The presence of Ar-ion 

beam-induced modifications of the catalyst surface during depth profiling, involving 

reduction of CuO to Cu2O and selective sputtering of ZnO was demonstrated. It is 

likely that the detected increase of the concentration of Cu(II) on the catalyst surface 

plays an essential role in the observed catalyst deactivation during methanol ATR 

conditions. 
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5.  Quasi-in-situ Characterisation of a Commercial Cu/ZnO 

Catalyst after Exposure to Methanol Reforming 

Conditions 2 

5.1 Introduction 

The ex-situ post-reaction characterisation of a commercial Cu/ZnO-based catalyst 

discussed in the previous chapter revealed that the exposure to methanol ATR 

conditions is accompanied by remarkable modifications of the catalyst surface. It was 

demonstrated that the oxidation state of Cu and the composition of the catalyst surface 

are sensitive to the reaction environment to which the catalyst is exposed. Moreover, 

indications were found that the reaction-induced modifications of the catalyst surface 

might have a profound influence on the catalytic performance itself.  

The same catalyst was investigated after exposure to a wider range of methanol 

reforming conditions to improve our understanding of the interplay between the 

composition of the catalyst surface and the activity towards the production of 

hydrogen via methanol reforming. The effect of the partial pressure of oxygen in the 

reaction feed at temperatures between 470 and 590 K was carefully studied, both 

under dry methanol partial oxidation (dry POX, no water in the feed) and wet 

methanol partial oxidation (wet POX) conditions. In the latter case the base feed 

consisted of a methanol/water mixture with stoichiometric composition for the ATR 

process to which various amounts of oxygen were added. The catalytic activity during 

exposure of the catalyst to reaction conditions was determined in order to correlate it 

with the results of the post-reaction characterisation experiments and to assess the 

influence of the observed surface modifications on the catalytic performance. The 

catalytic tests were carried out in the HPR integrated in the UHV system described in 

section 3.1.3. This system allows performing the post-reaction characterisation 

experiments without exposure of the samples to air, thus avoiding oxidation of Cu by 

atmospheric oxygen. XPS was used to investigate the oxidation state of Cu and the 

composition of the catalyst surface after reaction. The adsorbed species on the catalyst 

surface after the catalytic tests were identified combining the information provided by 

XPS and TPD. 
                                                
2 This Chapter is based on the following paper: F. Raimondi, K. Geissler, J. Wambach and A. Wokaun, 
Appl. Surf. Sci. 189 (2002) 59. 
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5.2 Experimental 

All experiments were carried out in the UHV system described in section 3.1. XPS 

spectra were recorded with the same instrument configuration as described in section 

4.2.2 for the ex-situ characterisation of the catalyst after exposure to methanol ATR 

conditions. The atomic composition of the sample surface was derived from the XPS 

spectra using the transmission function of the electron energy analyser and the 

photoemission cross-sections calculated by Scofield [98], as clarified in section 2.1. 

No charging took place when Cu(0) or Cu(I) were the predominant copper species in 

the catalyst; when a considerable amount of Cu(II) was present, charging could be 

observed (< 2 eV). In this case charge correction was carried out setting the C 1s 

component of graphite to 284.4 eV. After charge correction, the Zn 2p3/2 peak was 

always centred at 1022.2 eV, confirming that both the graphite C 1s component and 

the Zn 2p3/2 peak might be used as reference for this system. 

During the TPD runs, the temperature of the sample was raised linearly at a rate of     

1 K/s from room temperature to 770 K, while simultaneously detecting up to 16 

masses of interest with the QMS. The intensity of the TPD spectra measured after 

exposing the sample holder without catalyst to various reaction conditions was < 1% 

of the intensity measured in the corresponding experiments with the catalyst. This 

demonstrates that the measured TPD signal originates from molecules desorbing from 

the catalyst surface and not from the sample holder. 

The same Cu/ZnO-based catalyst as used in the experiments summarised in Chapter 4 

was crushed and sieved prior to use in order to produce grains with sizes between 90 

and 120 �m. In a typical run 0.070 g of the powder were pressed in the central cavity 

of the sample holder described in section 3.1.4 using a weight designed to provide a 

reproducible pressure of 6 bar. 

The gaseous feed for the HPR was provided by the gas distribution system described 

in section 3.2. Methanol was supplied in two different ways according to the desired 

weight hourly space velocity (WHSV). In the methanol decomposition and dry POX 

experiments, the methanol WHSV was 2 h-1. In this case, an Ar stream (purity 

99.999%, �Ar=10 mlN/min) was saturated with methanol vapour by flowing it through 

thermostated (303 K) liquid methanol (Merck, analytical grade, � 300 ppm H2O), 

before being mixed with the appropriate O2 flow (purity 99.995%). In the wet POX 

experiments, the methanol WHSV was chosen to be 8 h-1, in order to use the same O2 
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flows as in the experiments without water. The results of the wet POX experiments 

will be presented in terms of the O2/CH3OHexc  ratio, where CH3OHexc is defined by 

OHOHCHexc3 23
nnOHCH �� . In this case a water/methanol solution (3:4 molar ratio, as 

required for the methanol ATR process) was fed by a precision double-piston pump 

(�liq=0.89 ml/hour). Evaporation of the liquid took place smoothly due to the 

progressive temperature increase of the tubing in which the solution flowed. Mixing 

with an Ar stream (�Ar=10 mlN/min) and with the appropriate O2 flow took place 

before the HPR inlet. 

The catalytic tests were carried out according to the following procedure. After 

introduction of the catalyst in the UHV system, a mild reduction treatment was 

performed. During this treatment the sample was heated in vacuum at a rate of 10 

K/min up to 510 K, before tightening the HPR and filling it with Ar (�Ar=10 mlN/min) 

up to a pressure of 1.5 bar. Then a steady flow was initiated and the H2 content in the 

flowing gas mixture was increased at a rate of 10% every five minutes, until pure H2 

(purity 99.9999%) flowed through the HPR (final �H2=10 mlN/min). The treatment 

under pure H2 lasted 40 minutes. After this time the HPR was evacuated, opened 

towards the UHV system and the sample was transferred to the analysis chamber. 

After XPS analysis the sample was transferred back to the HPR, where it was heated 

up under vacuum to the chosen reaction temperature at a rate of 10 K/min. Then the 

HPR was tightened again and filled with Ar up to a pressure of 1.5 bar. The feed was 

then switched to the chosen reaction mixture and reaction conditions were maintained 

for 16 hours. After this time the feed was switched to pure Ar and the sample was 

allowed to cool. When a temperature of 373 K was reached, the Ar flow was stopped, 

the HPR was evacuated and opened towards the UHV system. Post-reaction XPS 

analysis and a TPD experiment were performed. Each treatment was performed on a 

fresh catalyst sample. 

During the catalytic tests the reactant and product mixtures were analysed by mass 

spectrometry. The gas mixture to analyse was dosed with a precision leak-valve into a 

mobile vacuum chamber equipped with a QMS via a heated stainless steel capillary. 

The leak rate was adjusted so as to reach a pressure of 4 10-7 mbar in the vacuum 

chamber. The sensitivity of the secondary electron multiplier/detector assembly of the 

QMS was found to change slightly in the time span of a few days. In order to compare 

directly all QMS data the intensities of the signals corresponding to the various 
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masses were normalised using the intensity of the Ar signal at m/e=40. A reference 

value of 10-7 A was used for the m/e=40 signal and the following normalisation 

equation was applied 

��
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�

�
�

�

�

40em
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                             (5-1) 

where I and Im/e=40 are the measured intensities of the signal to normalise and of the 

Ar signal at m/e=40 respectively. The methanol concentration in the gas mixtures was 

quantified using the signal at m/e=31. This signal, being specific for methanol, is 

usually preferred to the molecular ion at m/e=32, which cannot be distinguished from 

the signal due to molecular oxygen. The conversion of methanol was calculated by the 

formula 
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where IN
31emI

�/  and OUT
31emI

�/  represent the normalised m/e=31 signals measured for the 

reactant and product mixtures respectively. 

 

5.3 Results and Discussion 

5.3.1 Cu oxidation state and elemental distribution 

5.3.1.1 Results 

The oxidation state of Cu in the catalyst after exposure to reaction conditions was 

determined using the Cu 2p3/2 and Cu L3M4,5M4,5 XPS peak positions as illustrated in 

section 4.3.2. Information on the changes of the elemental distribution taking place 

during methanol reforming within the region probed by XPS was obtained from the 

values of the Cu 2p3/2/ Zn 2p3/2 and Cu 2p3/2/Cu 3s atomic ratios. The predominant 

oxidation state of Cu and the surface composition changes observed after various 

catalytic treatments are summarised in Table 5-1 as a guideline for the following 

discussion. 
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Table 5-1 � Predominating Cu oxidation state and observed elemental distribution changes 
with respect to the freshly reduced catalyst after exposure of the catalyst to various reaction 
conditions.  In the case of methanol wet partial oxidation the O2/CH3OH column contains the 
corresponding O2/CH3OHexc values (see section 5.2).  

Reaction T �K�  O2/CH3OH Predominating 
Cu oxidation 

state 

Elemental distribution 
changes  

Methanol 
decomposition 

470-590 - Cu (0) - 

Methanol dry 
partial 

oxidation 

510 

510 

470-510 

530-550 

0-0.25 

0.42-0.80 

0.42 

0.42 

Cu (0) 

Cu (I) 

Cu (I) 

Cu (0) 

- 

- 

- 

Decrease of Cu surface 
concentration 

Methanol wet 
partial 

oxidation 

510 

510 

470-485 

510 

530-550 

0-0.25 

0.50 

0.42 

0.42 

0.42 

Cu (0) 

Cu (I), Cu (II) 

Cu (I), Cu (II) 

Cu (I) 

Cu (0) 

- 

Cu surface segregation 

Cu surface segregation 

- 

- 

 

5.3.1.1.1 Reduction 

The XPS spectral features of the catalyst after reduction were consistent with the 

presence of metallic copper, ZnO and Al2O3. The Zn 2p3/2 and Zn L3M4,5M4,5 XPS 

peaks were not modified by the reduction treatment, indicating that no detectable 

reduction of ZnO occurred. This is in agreement with the reported stability of ZnO in 

hydrogen at temperatures up to 623 K [130]. After exposure to the reduction treatment 

no evidence of oxidised copper was present either in the Cu 2p3/2 or in the Cu 

L3M4,5M4,5 region, indicating a complete reduction of the oxidised copper phases 

present in the fresh catalyst. The measured Cu 2p3/2/Cu 3s atomic ratio was not 

modified by the reduction treatment, indicating that no surface segregation of Cu or 

ZnO occurred under these conditions. The value of the Cu 2p3/2/Cu 3s atomic ratio 

measured for the reduced catalyst was the same as the one obtained for a clean copper 

foil. The theoretical dependence of the Cu 2p3/2/Cu 3s atomic ratio on the size of the 
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Cu particles can be calculated easily in the case of Cu slabs of thickness d on the 

surface of a support. In this case eq. 2-4 can be integrated for both Cu 2p3/2 and Cu 3s 

photoelectrons giving 
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where 
23p2Cu / � and s3Cu � are the effective attenuation lengths of Cu 2p3/2 and Cu 3s 

photoelectrons travelling through metallic Cu and 
�

��
�

�
��
�

�

s 

 /

3Cu

p2Cu

I
I

23 represents the Cu 

2p3/2/Cu 3s atomic ratio of an infinitely thick Cu slab. The dependence of the Cu 

2p3/2/Cu 3s atomic ratio on the Cu slab thickness expressed by eq. 5-3 is depicted in 

Fig. 5-1. A value of 0.8 and 1.6 nm was estimated for 
23p2Cu / � and s3Cu � respectively, 

with the help of the effective attenuation lengths database edited by the NIST [126]. 

 
Figure 5-1 – Theoretical dependence of the Cu 2p3/2/Cu 3s atomic ratio on the 
thickness of a Cu slab. The dotted line represents the value expected for an infinitely 
thick Cu slab 
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Fig. 5-1 shows that the Cu 2p3/2/Cu 3s atomic ratio becomes indistinguishable from 

that of an infinitely thick Cu slab for thickness larger than ~ 5 nm. The fact that the 

value of the Cu 2p3/2/Cu 3s atomic ratio of the reduced catalyst was the same as 

measured for a clean copper sample (which represents the experimental analogue of 

an infinitely thick Cu slab) strongly indicates the presence of Cu particles larger than 

this size. This is in agreement with the average Cu crystallite size of 29 nm 

determined by ex-situ XRD analysis (see section 4.3.3). 

 

5.3.1.1.2 Methanol decomposition 

After methanol decomposition in the temperature range of 470-590 K, no significant 

changes were observed in the Cu and Zn XPS features, indicating that copper 

remained in the metallic state and that detectable reduction of ZnO to metallic Zn did 

not take place. The Cu 2p3/2/Zn 2p3/2 (▼ in Fig. 5-2), Cu 2p3/2/Cu 3s (▼ in Fig. 5-3) 

and Cu 3s/Al 2s (not shown) atomic ratios were unchanged within the experimental 

uncertainty with respect to the values measured after reduction. This indicates that no 

detectable changes in the morphology/distribution of the Cu, ZnO and Al2O3 phases 

occurred in the surface and near-surface regions during the methanol decomposition 

treatment.  

 

5.3.1.1.3 Methanol dry partial oxidation (dry POX) 

After methanol dry POX the oxidation state and the concentration of Cu in the region 

probed by XPS changed depending on the reaction conditions. Fig. 5-4 shows how the 

oxidation state of Cu changed with the concentration of O2 in the feed at 510 K. By 

increasing the O2/CH3OH molar ratio from 0 to 0.5, a transition from metallic copper 

to Cu(I) was induced, as indicated by the increase of the Cu L3M4,5M4,5 intensity at 

916.6 eV. After exposure of the catalyst to a stoichiometric mixture of CH3OH and O2 

(O2/CH3OH = 0.5) only Cu(I) could be detected. Formation of Cu(II) was not 

observed up to O2/CH3OH = 0.8, as indicated by the absence of a Cu L3M4,5M4,5 peak  

at 917.7 eV. After all treatments performed at 510 K, the Cu 2p3/2/Zn 2p3/2 and Cu 

2p3/2/Cu 3s atomic ratios underwent only small changes with respect to the values 

measured for the freshly reduced catalyst  (see � in Fig. 5-5). This implies that, under 

these conditions, no large changes in the distribution of the Cu, ZnO and Al2O3 phases 

occurred, for both Cu(0)- and Cu(I)-rich surfaces.  
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Figure 5-2 � Cu2p3/2/Zn2p3/2 atomic ratio vs. T, after exposure of the catalyst to 
various reaction conditions. The horizontal line represents the value obtained for the 
freshly reduced catalyst 
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Figure 5-3 � Cu2p3/2/Cu3s atomic ratio vs. T, after exposure of the catalyst to various 
reaction conditions. The horizontal line represents the value obtained after reduction 
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Figure 5-4 �� XPS Cu L3M4,5M4,5 region after methanol dry partial oxidation at 510 
K with various O2 contents in the feed 
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Figure 5-5 � Cu2p3/2/Zn2p3/2 atomic ratio vs. O2/CH3OH molar ratio in the feed after 
exposure of the catalyst to methanol dry and wet POX conditions at 510 K. In the 
case of wet POX the abscissa represents the O2/CH3OHexc ratio (see section 5.2). The 
horizontal line represents the value measured for the freshly reduced catalyst 
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The temperature at which the dry POX process was carried out strongly influenced the 

oxidation state (Fig. 5-6) and the concentration of copper in the surface and near-

surface regions (� in Fig. 5-2 and 5-3). At 470 K, the Cu was predominantly Cu(I), 

and only a small amount of metallic copper (� 10%) was detected. After increasing 

the reaction temperature, a transition from Cu(I) to Cu(0) occurred. At 530 K, metallic 

copper was the most abundant Cu species and only � 20% of Cu(I) was detected.  

Fig. 5-2 and 5-3 show that the change in Cu oxidation state was accompanied by a 

variation of the total Cu concentration in the surface and near-surface regions. At 

temperatures between 470 and 510 K, when Cu(I) was the predominant Cu species, 

the distribution of the Cu, ZnO and Al2O3 phases in the region probed by XPS was 

unchanged with respect to the freshly reduced catalyst. This is shown by the fact that 

the Cu 2p3/2/Zn 2p3/2 and Cu 2p3/2/Cu 3s atomic ratios were almost unmodified by the 

reaction treatment. Only at temperatures higher than 510 K, when Cu(0) 

predominates, both the Cu 2p3/2/Zn 2p3/2 and Cu 2p3/2/Cu 3s atomic ratios became 

significantly lower than the values corresponding to the reduced catalyst.  
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Figure 5-6 �� XPS Cu L3M4,5M4,5 region after methanol dry POX at various 
temperatures. The O2/CH3OH ratio was 0.42 for all experiments 

These changes strongly indicate that a decrease of the Cu concentration in the surface 

region of the catalyst occurs with increasing reaction temperature. As discussed in 
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section 4.3.2, Cu 3s photoelectrons have a significantly higher effective attenuation 

length than Cu 2p3/2 photoelectrons, implying that they carry information from a 

region extending deeper below the surface. Therefore the observed decrease of the Cu 

2p3/2/Cu 3s atomic ratio indicates that the concentration of Cu close to the surface 

(from where most of the detected Cu 2p3/2 photoelectrons originate) becomes lower 

than the one in the underlying region (from which a significant number of Cu 3s 

photoelectrons but only very few Cu 2p3/2 photoelectrons are able to escape without 

energy loss).  

A decrease of the relative number of Cu atoms on the surface and in the region just 

beneath it (and therefore a decrease of the Cu 2p3/2/Cu 3s atomic ratio) may be due to 

growth of the Cu crystallites in the catalyst as a consequence of Cu particle sintering. 

However, the observed decrease of the Cu 2p3/2/Cu 3s atomic ratio exceeds the value 

measured for clean bulk metallic Cu. This value represents an ideal limit 

corresponding to infinitely large Cu particles, as shown in Fig. 5-1. A further decrease 

of the Cu 2p3/2/Cu 3s atomic ratio cannot be explained by an increase of Cu particle 

size alone. The most plausible mechanism that can account for lower Cu 2p3/2/Cu 3s 

atomic ratios is coverage of the Cu crystallites by another material. Coverage of Cu by 

coke or polymerised formaldehyde originating from the exposure to methanol 

reforming conditions has been reported as a possible cause of catalyst deactivation 

[125]. However, in our case, the decrease of the Cu 2p3/2/Cu 3s atomic ratio was not 

accompanied by a significant increase of the intensity of the C 1s XPS peak, 

excluding the formation of a carbon-containing layer that covers the Cu crystallites. It 

is therefore very likely that under methanol dry POX conditions at temperatures 

higher than 530 K ZnO migrates and covers the Cu crystallites. The possible driving 

forces and mechanisms involved in this surface modification are discussed in detail in 

section 5.3.1.2, together with the influence of the specific methanol reforming 

conditions on the migration of ZnO on Cu. 

 
5.3.1.1.4 Methanol wet partial oxidation (wet POX) 

The dependence of the Cu oxidation state on the O2/CH3OHexc ratio after exposure of 

the catalyst to methanol wet POX conditions is shown in Fig. 5-7. As in the case of 

methanol dry POX, a transition from metallic Cu to Cu(I) was observed upon 

increasing the O2/CH3OHexc ratio from 0 to 0.5. However, in contrast to the dry POX 

case, a significant amount of Cu(II) (� 15%) was detected after wet POX with 
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O2/CH3OHexc = 0.5 (equivalent to methanol ATR conditions). The detection of Cu(II) 

by quasi-in-situ post-reaction XPS analysis of the catalyst after exposure to methanol 

ATR conditions is in agreement with the large amount of Cu(II) detected by ex-situ 

XPS analysis after exposure of the catalyst to the methanol ATR catalytic test 

described in Chapter 4. This observation confirms that at least part of the oxidation of 

Cu(0) to Cu(II) observed in the ex-situ study is due to the catalytic treatment itself and 

not to the following exposure to air. The larger amount of Cu(II) detected in the ex-

situ experiments might be due to the longer duration of the catalytic test in the pilot 

plant or to additional oxidation of the catalyst by atmospheric oxygen.  

The presence of water also affected the Cu concentration measured by XPS after 

exposure to high O2/CH3OHexc ratios. Fig. 5-5 (�) shows that, after methanol wet 

POX with O2/CH3OHexc = 0.5, the Cu 2p3/2/Zn 2p3/2 atomic ratio strongly increased 

with respect to the value corresponding to the freshly reduced catalyst. This suggests 

that surface segregation of Cu occurs preferentially under these conditions. A similar 

increase of the Cu 2p3/2/Zn 2p3/2 atomic ratio was observed by ex-situ XPS analysis of 

the catalyst after the methanol ATR catalytic test described in Chapter 4. On the other 

hand, the presence of water seems to have only a marginal effect at lower 

O2/CH3OHexc values, when no Cu(II) is present. 

 
Figure 5-7 � XPS Cu L3M4,5M4,5 region after methanol wet POX with various 
O2/CH3OHexc ratios. The temperature was 510 K during all treatments 
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Figure 5-8 � XPS Cu L3M4,5M4,5 region after methanol wet POX at various 
temperatures. The O2/CH3OHexc ratio was 0.42 for all treatments 

Fig. 5-8 shows the dependence of the Cu oxidation state on the temperature during the 

exposure of the catalyst to methanol wet POX conditions. The observed trend was 

similar to the one obtained after methanol dry POX (Fig. 5-6). A transition from 

oxidised to metallic Cu occurred upon increasing the temperature from 470 to 530 K.  

However, differently from the methanol dry POX process, in the presence of water, at 

T � 485 K, significant amounts of Cu(II) (up to � 60%) are detected.   

As shown in Fig. 5-2 and 5-3 (�) the presence of Cu(II) is associated with an increase 

of both the Cu 2p3/2/Zn 2p3/2 and Cu 2p3/2/Cu 3s atomic ratios. As illustrated in section 

5.3.1.1.3, this indicates that surface segregation of Cu(II) species occurs under these 

conditions, giving rise to partial coverage of ZnO by a thin Cu(II)-containing layer. 

On the other hand, the migration of ZnO onto the Cu surface observed under methanol 

dry POX conditions at T � 530 K is not observed when water is present in the feed. 

This is indicated by the fact that at high temperature the Cu 2p3/2/Zn 2p3/2 and Cu 

2p3/2/Cu 3s atomic ratios in Fig. 5-2 and 5-3 remain close to the values corresponding 

to the freshly reduced catalyst. 
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5.3.1.2 Discussion 

5.3.1.2.1 Cu oxidation state 

After methanol decomposition at all temperatures studied, the Cu in the catalyst 

remained in the metallic state and no indications of morphological and compositional 

changes in the surface and near-surface regions were obtained by post-reaction XPS. 

This indicates that thermal sintering of the copper crystallites is not significant in the 

present conditions and in the time scale considered. After exposure of the catalyst to 

methanol dry POX conditions with an O2/CH3OH molar ratio of 0.42, the Cu in the 

catalyst was prevalently Cu(I) for  T � 510 K, whereas it was almost exclusively 

Cu(0) for T � 530 K. The observed change of the Cu oxidation state with temperature 

can be explained by a different temperature dependence of the two competing 

reactions given below: 

4 Cu + O2 � 2 Cu2O                 (5-4) 

3 Cu2O + CH3OH � 6 Cu + 2 H2O + CO2                   (5-5) 

The reduction of cuprous oxide by methanol (reaction 5-5) is efficient only at high 

temperatures, whereas oxidation of Cu by oxygen (reaction 5-4) is already fast in the 

low temperature region. This hypothesis is supported by differential thermo-

gravimetry (DTG) experiments performed under a flow of O2/He and CH3OH/He 

mixtures.  Reduction of the calcined catalyst by a CH3OH/He mixture containing       

� 13% CH3OH occurred, as a sharp transition, at 520 K, whereas re-oxidation of the 

reduced catalyst by an O2/He mixture containing � 30% O2 was already complete 

below 470 K  (in both cases the heating rate was 10 K/min, and the He flow was 50 

ml/min) [131]. These results clearly show that, in the temperature range in which 

post-reaction XPS analysis indicated Cu(I) as the predominant Cu species, the rate at 

which the reduced catalyst is oxidised by O2 is already significant, whereas the rate of 

reduction of oxidised Cu by methanol is still low.  

As shown in Fig. 5-8, these considerations about the influence of the temperature on 

the redox behaviour of copper are still relevant when water is present in the feed. 

However, in the presence of water, formation of Cu(II) occurred after treatment at T � 

485 K, in contrast to the "dry" case. The fact that the formation of Cu(II) was only 

observed under “wet” conditions suggests that the presence of water in the reactant 

mixture enhances the oxidising potential of the gas phase and plays a major role in the 
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oxidation of Cu to its highest oxidation state. A similar effect was observed by 

Morterra et al. for Cu/ZrO2 catalysts [132]. In that work, it has been shown that water 

causes an increase of the amount of Cu(II) already at room temperature. 

 

5.3.1.2.2 Cu surface segregation in the presence of Cu(II)  

The formation of Cu(II) by exposure of the catalyst to methanol wet POX conditions 

at low temperature was accompanied by an increase of the Cu surface concentration, 

indicating that surface segregation of Cu(II) occurs (see (�) in Fig. 5-2 and 5-3) . The 

efficiency of water in increasing the dispersion of supported Cu(II)-containing phases 

has been previously reported in the literature. Morterra et al. [132] observed an 

increase of the dispersion of Cu(II) species on zirconia by water already at room 

temperature. Surface segregation of CuO was also detected by Chadwick et al. [133] 

in nanocrystalline Cu(II)-doped ZnO particles prepared in aqueous solution. It is 

therefore likely that the strong interaction of water with Cu(II) species makes their 

formation and spreading on the support surface energetically favourable. 

 

5.3.1.2.3 ZnO surface migration in the presence of Cu(0) 

Besides influencing the oxidation state of copper, the temperature at which the 

methanol dry POX treatment was carried out had a pronounced effect on the observed 

surface modifications. When the catalyst is exposed to methanol dry POX conditions 

at T � 530 K ZnO migrates onto the surface of the Cu crystallites, as indicated by the 

decrease of the Cu 2p3/2/Zn 2p3/2 and Cu 2p3/2/Cu 3s atomic ratios (shown in Fig. 5-2 

and 5-3). Migration of ZnOx species onto the Cu surface has been observed by 

Fujitani et al. in a Cu/ZnO catalyst after exposure to methanol synthesis conditions at 

T � 650 K [134]. Similarly, indications of migration of partly reduced ZnO on top of 

copper after reduction in hydrogen at 700 K were obtained by Poels and co-workers 

[135, 136]. However, the migration of ZnO onto Cu observed under methanol dry 

POX conditions takes place at much lower temperatures than for reducing conditions. 

This indicates that a different mechanism for the migration of ZnO onto Cu must be 

operating in the presence of more oxidising gas phases. It is noteworthy that this 

surface modification occurs only in the presence of O2, when copper is in the metallic 

state, and the temperature is � 530 K. The fact that no changes in Cu surface 

concentrations are observed after treatment either with methanol in the absence of O2 
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at temperatures up to 590 K or with methanol/oxygen mixtures (O2/CH3OH molar 

ratios up to 0.8) at 510 K, indicates that all the above listed conditions have to be 

satisfied simultaneously in order to observe migration of ZnO onto the surface of the 

Cu crystallites in the time-scale of our experiments.  

The migration of ZnO onto the Cu surface can be qualitatively justified using 

thermodynamic arguments. If the surface of a multicomponent system is given 

enough energy to overcome all involved kinetic barriers it will reconstruct and expose 

preferentially the component possessing the lowest surface free energy. A clean ZnO 

surface has a significantly lower surface free energy than a clean Cu surface [137]; 

therefore a system containing both Cu and ZnO is expected to expose a larger fraction 

of ZnO surface if thermodynamic equilibrium is approached. In order to understand 

the influence of the presence of oxygen in the gas phase on the observed surface 

reconstruction it is necessary to consider the variation of the involved surface free 

energies with the composition of the gas phase. The change of the surface free energy 

accompanying the migration of ZnO onto the Cu surface can be expressed as 

CuZnOCu GGG ��� /                  (5-6) 

where GCu/ZnO is the Cu-ZnO interface free energy and GCu is the surface free energy 

of metallic Cu. It has been demonstrated that the Cu-ZnO interface free energy 

increases with increasing oxidation potential of the gas phase, due to a decrease of the 

concentration of O-vacancies on the ZnO surface [84, 85, 138]. The higher Cu-ZnO 

interface free energy in the presence of gas phase oxygen contributes to decreasing the 

thermodynamic driving force for the migration of ZnO onto the Cu surface. However, 

the dependence of the surface free energy of Cu on the composition of the gas phase 

needs to be evaluated, in order to assess the overall effect of the presence of gas phase 

oxygen on �G in eq. 5-6. Unfortunately, the exact dependence of the Cu surface free 

energy on the oxygen content in the gas phase is not known. The coverage of the Cu 

surface by adsorbed oxygen atoms is probably quite high under methanol dry POX 

conditions [71], suggesting that GCu in eq. 5-6 might change significantly if oxygen is 

present in the feed. It cannot be excluded that GCu increases with increasing oxygen 

content in the gas phase, thus counterbalancing the increase of GCu/ZnO with increasing 

concentration of O-vacancies on the ZnO surface. It is however unlikely that the 

increase of GCu associated with the oxygen coverage of the Cu surface is large enough 
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to completely counteract the increase of the GCu/ZnO term, and therefore substantially 

decrease the value of �G in the presence of oxygen in the feed. 

The considerations exposed above imply that a thermodynamic origin of the 

promoting effect of oxygen on the migration of ZnO onto the Cu crystallites is 

unlikely and that kinetic effects probably play an essential role in the influence of gas 

phase oxygen on the observed surface reconstruction. It is plausible that the presence 

of oxygen in the gas phase enables new low-energy pathways for the diffusion of ZnO 

onto the Cu surface, thus accelerating the migration of ZnO.  

A schematic drawing of the proposed mechanism for the formation of a ZnO layer on 

the Cu surface in the presence of gas phase oxygen is shown in Fig. 5-9. 

 
Figure 5-9 � Schematic drawing of the proposed mechanism for the migration of 
ZnO onto Cu during methanol dry POX 

It is known that reduction of ZnO occurs preferentially at the Cu-ZnO interface, 

where CuZn alloys can be formed in a methanol atmosphere at 523 K [130]. Under 

methanol dry POX conditions, the reduction of Zn(II) is certainly partially suppressed 

by the presence of oxygen in the gas phase. However, it is reasonable to assume that a 

CuZn alloy can be transiently formed as a surface species by reduction of ZnO at the 

Cu-ZnO interface even in the presence of gas phase oxygen. After diffusion into the 

Cu crystallites3, the reduced Zn atoms can be re-oxidised on the Cu surface by oxygen 

                                                
3 The diffusion coefficient of Zn atoms in CuZn alloys was calculated by extrapolating to 550 K the 
data reported in ref. [139]. Values ranging from 1.2 10-11 to 2.9 10-17 cm2/s were obtained depending on 
the composition of the CuZn alloy. Even the smallest of these values is large enough to allow diffusion 
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atoms formed by dissociation of molecular oxygen, to form ZnO. By repetition of this 

redox cycle, ZnO eventually spreads on the Cu crystallites, leading to the observed 

decrease of the copper surface area. This mechanism accounts for the observation that 

the decrease of Cu surface concentration takes place only when gas phase O2 and 

metallic copper are simultaneously present. As a matter of fact, the formation of 

reduced Zn is promoted by the presence of metallic Cu and its re-oxidation is 

favoured by the presence of atomic oxygen associated with the copper crystallites. 

The fact that the coverage of surface copper by ZnO is more pronounced at higher 

temperatures might be due to the faster diffusion of reduced Zn into the Cu crystallites 

and/or to the increase of the reducing potential of the gas phase with increasing 

temperature. A similar mechanism, involving diffusion of interstitial Tin+ ions in rutile 

and their oxidation by spillover oxygen atoms from Pd nanoparticles, was proposed 

by Bowker et al. to account for the gradual disappearance of the Pd particles in the 

surrounding oxide observed by in-situ STM at 673 K in the presence of O2 [140]. The 

fact that no evidence of the formation of a CuZn alloy was obtained by post-reaction 

XPS analysis after exposure to methanol decomposition conditions, even at high 

temperatures, does not contradict the proposed mechanism. As a matter of fact, the 

lack of evidence for the formation of a CuZn alloy might be due to the very low 

concentration of Zn dissolved in the copper and to the difficulty of detecting the small 

XPS peak shifts indicating the formation of a CuZn alloy. 

Migration of ZnO onto the Cu surface was not observed when water was present in 

the feed, even in the presence of oxygen. This might be due to a thermodynamic 

effect. As a matter of fact, the surface free energy of the low-index crystal planes of 

metallic Cu decreases significantly in the presence of water in the gas phase [86]. This 

phenomenon leads to an increase of �G in eq. 5-6 and therefore decreases the 

thermodynamic tendency of ZnO to spread onto the Cu surface. This inhibitory effect 

might be large enough to block completely the ZnO migration process. 

 

5.3.2 Catalytic activity 

The conversion of methanol and the amount of produced hydrogen were determined 

during the catalytic tests prior to post-reaction characterisation, in order to correlate 

the catalytic activity with the observed structural changes of the catalyst surface. Fig. 
                                                                                                                                       
of Zn atoms through a 10 nm thick Cu layer in the time scale of the catalytic tests, as determined by 
applying the second Fick’s law [116].  
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5-10 shows the dependence of the catalytic activity on the reaction temperature for the 

methanol decomposition, dry POX, and wet POX processes.  

 
Figure 5-10 – Methanol conversion and QMS signal relative to hydrogen in the product 
mixture as a function of temperature for: a) methanol decomposition; b) methanol dry POX 
with O2/CH3OH = 0.42; c) methanol wet POX with O2/CH3OHexc = 0.42 



 116

 
The changes of the catalyst performance observed by varying the O2/CH3OH molar 

ratio in the reactant mixture are shown in Fig. 5-11. 

 
Figure 5-11 � Methanol conversion and QMS signal relative to hydrogen in the product 
mixture as a function of the O2/CH3OH ratio for: a) methanol dry POX at 510 K; b) methanol 
wet POX at 510 K 

5.3.2.1 Methanol decomposition 

The conversion of methanol during methanol decomposition (shown in Fig. 5-10a) 

rises uniformly with increasing temperature without showing any loss of activity at 

the highest temperature. This suggests that the exposed Cu surface area remains 

constant throughout the whole spanned temperature range and is in agreement with 

the constant value of the Cu 2p3/2/Zn 2p3/2 and Cu 2p3/2/Cu 3s atomic ratios measured 
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after exposure of the catalyst to methanol decomposition conditions at various 

temperatures (Fig. 5-2 and 5-3).  

 

5.3.2.2 Methanol dry POX 

Under methanol dry POX conditions the conversion of methanol and the amount of 

produced hydrogen are significantly higher than in the case of the methanol 

decomposition process (Fig 5-10b). The catalytic activity increases with the 

temperature in the range between 470 and 510 K, but remains constant within the 

experimental uncertainty at higher temperatures. The lack of a continuous increase of 

the methanol conversion with the temperature coincides with the loss of Cu surface 

area observed under methanol dry POX conditions at high temperatures due to the 

coverage of the Cu surface by ZnO. This indicates that the loss of exposed Cu surface 

area caused by the migration of ZnO onto the surface of the Cu crystallites represents 

an important deactivation pathway for Cu/ZnO-based catalysts under methanol dry 

POX conditions.  

As shown in Fig. 5-6, Cu was present entirely as Cu(I) after exposure to methanol dry 

POX conditions at 470 K. Under these conditions the catalyst showed a catalytic 

performance comparable with those obtained at 485 and 510 K, when post-reaction 

XPS analysis indicated the presence of a mixture of Cu(0) and Cu(I). This suggests 

that Cu(0) and Cu(I) have similar activities for the production of hydrogen by 

methanol dry POX. However, this is in contrast with literature data indicating that 

Cu(I) mainly catalyses the partial oxidation of methanol with formation of CO and 

H2O and is inactive for the production of hydrogen [34]. It is also possible that at least 

part of the Cu(I) detected by post-reaction XPS analysis is not present in the catalyst 

under reaction conditions but is the result of the decomposition of a metastable Cu 

suboxide phase during quenching of the reaction. Schlögl and co-workers have shown 

that Cu suboxide phases act as atomic oxygen reservoirs under methanol POX 

conditions, resulting in an enhancement of the catalytic performance [88]. The 

observation of Cu suboxide phases is restricted to in-situ investigations under reaction 

conditions, since removal of the surrounding oxygen atmosphere causes their 

decomposition to Cu2O and Cu [81]. The progressive increase of the fraction of Cu(I) 

observed after methanol dry POX with decreasing temperatures (510 to 470 K) may 

be due to a more extensive formation of Cu suboxides under reaction conditions. The 

formation of catalytically active Cu suboxide phases could also be responsible for the 
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relatively high catalytic activity observed under methanol dry POX conditions at 470 

K.  

The data in Fig. 5-11a show that the conversion of methanol and the amount of 

hydrogen produced by methanol dry POX increase continuously when the O2/CH3OH 

ratio is increased from 0 to 0.5 at 510 K. The increase of the O2/CH3OH ratio is 

accompanied by an increase of the fraction of Cu(I) present in the catalyst, as 

indicated by the Cu L3M4,5M4,5 spectra in Fig. 5-4. The fact that no activity loss was 

observed with an increasing content of Cu(I) confirms that detection of a large 

fraction of Cu(I) by post-reaction analysis is not related to a lower catalytic 

performance compared to Cu(0)-rich surfaces. 

 

5.3.2.3 Methanol wet POX 

The values of methanol conversion determined during methanol wet POX were lower 

than the ones obtained during methanol dry POX at the same temperature (Fig. 5-

10c). This is due to the fact that the space velocity of methanol was four times higher 

during the methanol wet POX experiments than during the methanol dry POX 

treatments (as justified in section 5.2). The higher efficiency of the methanol wet POX 

process is clearly shown by the larger amount of hydrogen produced at T � 510 K 

when water was included in the feed. On the other hand, the amount of hydrogen 

produced by methanol wet POX at T � 485 K was low, indicating that the catalyst was 

in a rather inactive state under these conditions. This low activity corresponds to the 

presence of significant amounts of Cu(II) in the catalyst, as shown by the 

corresponding Cu L3M4,5M4,5 spectra in Fig. 5-8. It can be concluded that oxidation of 

the copper in the catalyst to Cu(II) has a negative effect on the catalytic activity and 

must be avoided if high levels of hydrogen production are desired. This agrees with 

the indications existing in the literature that CuO is a poor catalyst for the production 

of hydrogen by methanol reforming (see section 1.2.2.3). The negative effect of Cu(II) 

on the catalyst performance is confirmed by the data shown in Fig. 5-11b. For 

O2/CH3OHexc = 0.5 the conversion of methanol is very low and essentially no 

hydrogen is produced. This corresponds to the presence of a mixture of Cu(II) and 

Cu(I) on the catalyst surface, as shown by the Cu L3M4,5M4,5 spectra in Fig. 5-7. It is 

noteworthy that such a dramatic loss of catalytic activity is caused by the presence of 

a relatively small amount of Cu(II) (� 15%). This is probably due to the capability of 
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Cu(II) species to poison a large fraction of the catalyst by extensively spreading on its 

surface, as indicated by the data shown in Fig. 5-2, 5-3 and 5-5 and discussed in 

section 5.3.1.1.4. Moreover, this observation supports the hypothesis that the catalyst 

deactivation observed during the methanol ATR catalytic test described in Chapter 4 

is due to extensive oxidation of Cu in the catalyst to the Cu(II) oxidation state. 

 

5.3.3 Adsorbed species 

5.3.3.1 Results 

The XPS C 1s spectra obtained after exposure of the catalyst to various conditions are 

presented in Fig. 5-12. The corresponding TPD spectra are shown in Fig. 5-13.  

 
Figure 5-12 � XPS C1s spectra after exposure to various reaction conditions. Spectra 
b) and d) correspond to pure ZnO, all others to the Cu/ZnO-based catalyst. All 
spectra were normalised to equal peak height.  
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The TPD features obtained after exposure of the catalyst to reaction conditions are 

quite broad, as expected for a highly porous powder sample. As discussed in section 

2.4, it has been demonstrated that the re-adsorption of desorbing molecules within the 

pore system during the TPD experiment is responsible for extensive broadening of the 

desorption features and for a shift of their position by up to a few hundreds K [112]. 

The absorbed species identified on the basis of the XPS and TPD data are summarised 

in Table 5-2.  

 
Figure 5-13 � TPD spectra measured after exposure of the catalyst to the following 
reaction conditions: a) methanol decomposition at 510 K; b) methanol dry POX with 
O2/CH3OH = 0.42 at 530 K; c) methanol wet POX with O2/CH3OHexc = 0.42 at 470 
K; d) steam reforming at 510 K. The contribution deriving from the fragmentation of 
CO2 has been subtracted from all m/e=28 spectra. The TPD spectra are not corrected 
for the different sensitivity of the QMS to the various fragments 
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5.3.3.1.1 Reduction 

After catalyst reduction, the XPS C 1s spectrum (Fig. 5-12a) shows a sharp peak at 

284.4 eV that is assigned to graphite, probably added by the catalyst manufacturer as 

binder [141]. A component at 285.5 eV, possibly due to adsorbed CO, is also present 

[142].  

 

5.3.3.1.2 Methanol decomposition 

After exposure of the catalyst to methanol decomposition conditions at 510 K, a new 

intense signal at 287.2 eV appears (Fig. 5-12c). A BE of 287.2 eV is reported in the 

literature for molecularly adsorbed methanol on various Cu and ZnO single-

crystalline surfaces. Adsorbed methoxy is reported to give an XPS C 1s peak in the 

range of 285.8-286.8 eV, depending on the surface and on the coverage [143, 144]. 

However, the presence of molecularly adsorbed methanol on the catalyst surface after 

exposure to reaction conditions is unlikely, since this species is reported to desorb 

below room temperature from all of the Cu and ZnO surfaces studied so far [46, 47, 

144]. 

Table 5-2 � Distinctive TPD features and XPS C 1s BE of the adsorbed species identified on 
the catalyst surface after various treatments. 

Reaction Adsorbed species C 1s BE �eV� Distinctive TPD features 

   m/e T �K� 

Methanol 
decomposition 

CH3O  287.2 31  

44  

28  

440  

520 

650 

Methanol dry 
partial oxidation 

+ 

Methanol wet 
partial oxidation 

CH3O  

CO3 

 HCOO 

OH 

287.2 

289.4 

290.0 

- 

31  

- 

44 + 2 

18 

440-510 

- 

600 

>700 

Methanol wet 
partial oxidation 

H2O  - 18 500  
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Based on these considerations, we attribute the peak at 287.2 eV to adsorbed methoxy 

groups. Bowker and co-workers found no evidence for the adsorption of methanol on 

a vacuum annealed Cu2O powder (whose surface consists of a Cu metal film) upon 

methanol exposure at RT [145]. On the other hand, adsorbed methoxy groups are 

easily formed on Zn(1010) upon methanol dosage, and they are still present after 

annealing at 523 K [47]. Therefore, it is very likely that methoxy groups adsorbed on 

ZnO are responsible for the C 1s XPS component at 287.2 eV. The C 1s spectra 

measured after exposure of pure ZnO (Fig. 5-12b) and of the Cu/ZnO catalyst to 

methanol decomposition conditions are very similar in the region between 286.5 and 

296 eV. The differences observed at lower binding energies can be easily explained 

by the expected absence of graphite in the ZnO sample and the presence of some 

carbon-containing contaminant on the ZnO surface (responsible for the peak at           

� 285.5 eV). This observation supports the hypothesis that Cu sites are not directly 

involved in the adsorption of the methoxy species present on the catalyst after 

methanol decomposition. 

The presence of adsorbed methoxy species is supported by the TPD spectra recorded 

after exposure of the catalyst to methanol decomposition conditions (Fig. 5-13a). The 

detected TPD features can be associated to the following reactions of adsorbed 

methoxy and formate species (the subscript a indicates adsorbed species): 

CH3Oa+ OHa � CH3OH � + Oa (low T)             (5-7) 

CH3Oa+ Oa � HCOOa+ 2Ha  (medium T)            (5-8) 

HCOOa � CO2 � + ½ H2 �                (5-9) 

HCOOa � CO � +  OHa              (5-10) 

CH3Oa+ Oa    � CO � + H2 � + OHa     (high T)          (5-11) 

The desorption behaviour of the various species can be rationalised keeping in mind 

the porous structure of the catalyst. In a porous solid, because of diffusion limitations 

within the pore system, molecules can adsorb and desorb several times before leaving 

the sample and being detected by the QMS. At temperatures lower than 450 K, the 

main desorption product is methanol, formed via reaction 5-7. The methanol 

molecules that were not able to leave the pore system before the temperature reaches 

500 K can re-form methoxy groups upon adsorption and form formate via reaction 5-
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8. Formate decomposes according to reaction 5-9, forming CO2 and H2. The H2 that is 

formed partly dissolves in the bulk of ZnO and desorbs slowly giving rise to a 

continuously increasing m/e=2 signal. Uptake of hydrogen by ZnO has been reported 

previously in the literature (see for instance [62]). At temperatures higher than 600 K 

reaction of adsorbed methoxy species to form CO and H2 (reaction 5-11), and 

possibly formate decomposition according to reaction 5-10 become predominating. 

Since CO is the main product of the methanol decomposition reaction, desorption of 

adsorbed CO formed during the exposure of the catalyst to reaction conditions might 

also contribute to the m/e=28 signal. However, the XPS C 1s spectrum recorded after 

methanol decomposition does not show a higher intensity at 285.5 eV compared to the 

spectrum of the freshly reduced catalyst. This suggests that no additional adsorbed CO 

is present after exposure of the catalyst to methanol decomposition conditions and that 

decomposition of adsorbed methoxy groups is the main source of the CO detected in 

the corresponding TPD experiment.  

 

5.3.3.1.3 Methanol dry partial oxidation 

After exposure of the catalyst to methanol dry POX conditions resulting in a Cu(0)-

rich surface (O2/CH3OH=0.42, T=530 K), a pronounced peak at 290.0 eV with a 

shoulder at 289.4 eV appears in the C 1s XPS spectrum (Fig. 5-12e). We assign the 

signal at 290.0 eV to adsorbed formate groups. This attribution agrees with a BE in 

the range 288.5 - 293.6 eV reported in the literature for formate species adsorbed on 

various ZnO and Cu surfaces [46, 47]. The shoulder at 289.4 eV is assigned to 

ZnCO3, in agreement with the BE reported in the literature for this compounds [142]. 

Formation of ZnCO3 as a consequence of the adsorption of CO2 (produced here by the 

methanol dry POX process) on ZnO has been reported previously in the literature 

[59]. The presence of adsorbed formate is confirmed by the simultaneous desorption 

of CO2 and H2 around 600 K observed in the corresponding TPD experiments, 

according to eq. 5-9 (see Fig. 5-13b). As in the case of methanol decomposition, 

dissolution of H2 in the bulk of ZnO is responsible for the smaller intensity of the 

m/e=2 desorption peak compared to that predicted by reaction 5-9.  

Decomposition of adsorbed formate on ZnO powder has been reported in the range 

between 580 and 630 K [46]. On the other hand, decomposition of adsorbed formate 

on vacuum-annealed Cu2O (whose surface consists of a metallic Cu film) was 

observed at 485 K [145]. This suggests that the formate species present on the catalyst 
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after exposure to methanol dry partial oxidation conditions are probably adsorbed on 

ZnO. As shown in Fig. 5-12, the relative intensity of the C 1s components at 287.2 

and 290.0 eV is not the same after exposure of pure ZnO and of the Cu/ZnO-based 

catalyst to methanol dry POX conditions. The relative amount of adsorbed formate 

seems lower on the pure ZnO sample than on the Cu/ZnO-based catalyst, indicating 

that the presence of Cu favours the formation of adsorbed formate groups. This 

observation is in agreement with literature data indicating an enhanced formation of 

surface formate species in Cu/ZnO-based catalysts, due to the existence of special 

bridging Cu and Zn sites at the Cu/ZnO interface [75]. Alternatively, the formation of 

adsorbed formate groups might be enhanced by spillover to the ZnO surface of 

adsorbed oxygen atoms formed on Cu by dissociative adsorption of molecular 

oxygen. 

Decomposition of ZnCO3 also contributes to the desorption of CO2, according to the 

reaction 

CO3 a � CO2 � + Oa               (5-12) 

The presence of gas-phase O2 is also associated with a high-temperature H2O 

desorption signal, probably due to disproportionation of OH groups adsorbed on ZnO, 

according to the reaction 

2 OHa � H2O � + Oa               (5-13) 

Desorption of water formed by disproportionation of very stable OH surface groups 

on ZnO at temperatures above 670 K has been previously reported in the literature 

[71]. 

 

5.3.3.1.4 Methanol wet partial oxidation 

Exposure of the catalyst to methanol wet POX conditions resulting in a Cu(II)-rich 

surface (O2/CH3OHexc=0.42, T=470 K) gives rise to a lower intensity of the XPS C 1s 

signal associated with adsorbed methoxy and formate species. This indicates that a 

smaller amount of these adsorbed species forms on the Cu(II)-rich surface compared 

to the Cu(0)-rich surface obtained after methanol dry POX. This is confirmed by the 

lower intensity of the m/e=31 and m/e=44 desorption peaks in the corresponding TPD 

experiment (Fig. 5-13c). The C 1s intensity observed in the 285.5 - 287 eV region is 

attributed to adsorbed CHx species, in accordance with ref. [146]. The water TPD 
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spectrum shows an intense peak at 500 K and the same high-temperature component 

attributed to disproportionation of surface OH groups on ZnO. Since a high intensity 

of the feature at 500 K is associated with the presence of water in the feed, we assign 

it to the desorption of molecularly adsorbed water.  

 

5.3.3.1.5 Methanol steam reforming (SR) 

After methanol SR the XPS C 1s spectrum is similar to the one recorded after 

methanol wet POX, with the remarkable difference that, in the steam reforming case, 

the signal due to ZnCO3 predominates over the one of adsorbed formate. This 

supports the idea that the formation of surface formate is strongly favoured by the 

presence of O2 in the feed. The amount of methoxy groups detected by post reaction 

analysis is much smaller after methanol SR than after methanol decomposition, as 

easily seen by comparing the corresponding C 1s XPS spectra in Fig. 5-12. This 

indicates that water has an inhibiting influence on the dissociative adsorption of 

methanol. 

 

5.3.3.2 Discussion 

By comparing the desorption features in Fig. 5-13a-d, it is evident that they are 

strongly influenced by the applied reaction conditions, suggesting a change of the type 

and relative amount of surface species. It is however appropriate to remind that care 

must be taken in relating the information obtained by post-reaction UHV TPD 

experiments to the actual population of surface intermediates under reaction 

conditions. Because of the pressure difference existing between analysis and reaction 

conditions it is likely that many of the adsorbed species on the catalyst surface desorb 

or further react in the lapse of time between the quenching of the reaction and the 

TPD experiment. It is expected that the adsorbed surface species detected by the 

methods applied here are either the most stable present under reaction conditions or 

the products of further transformation of more weakly bound surface species. In other 

words, the applied approach makes the detection of labile reaction intermediates 

unlikely. However, the results shown above beautifully demonstrate that post-reaction 

characterisation of adsorbed species can provide useful information on important 

surface processes taking place under reaction conditions. For instance the results 

shown above indicate unambiguously that the presence of oxygen in the feed favours 

greatly the formation of adsorbed formate species. Moreover, the observation that a 
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larger amount of adsorbed formate species are present on the Cu/ZnO-based catalyst 

than on pure ZnO strongly indicates that Cu plays an essential role in the oxidation of 

methoxy species to formate groups.  

Comparable amounts of adsorbed methoxy groups were detected by XPS after 

methanol decomposition and dry POX at 530 K. On the other hand, the formation of 

adsorbed methoxy species appears to be hindered by the presence of water in the feed. 

This is probably due to competitive molecular adsorption of water and methanol and 

to higher efficiency of reaction 5-7 in the presence of water, due to the presence of a 

higher amount of surface hydroxy groups formed by dissociative chemisorption of 

water. A similar effect was observed on a iron-molybdenum oxide by Holstein and 

co-workers [147].  

 

5.4 Conclusions 

Post-reaction characterisation of a Cu/ZnO-based catalyst by XPS and TPD was 

carried out after exposure to a wide range of methanol reforming conditions. The 

characterisation experiments were performed without exposing the catalyst to air after 

carrying out the catalytic tests, thus avoiding complications due to oxidation of the 

catalyst by atmospheric oxygen. It was demonstrated that the oxidation state of Cu in 

the Cu/ZnO-based catalyst after methanol reforming is a function of the feed 

composition and of the reaction temperature. For a slightly sub-stoichiometric 

O2/CH3OH ratio, Cu(I) is predominant at T � 510 K, whereas at higher temperatures 

Cu remains in the metallic state. The observed variation of the Cu oxidation state with 

the reaction temperature has been shown to be due to the different temperature 

dependence of two concurring processes: the oxidation of Cu by oxygen and the 

reduction of Cu2O by methanol. With the same oxygen content in the feed, in the 

presence of water, Cu is oxidised to Cu(II) at T � 485 K.  

The catalyst shows substantial activity towards the production of hydrogen by 

methanol reforming when Cu(0) or Cu(I) are detected by post-reaction XPS analysis. 

On the other hand Cu(II)-containing phases tend to spread on the catalyst surface, that 

itself becomes inactive in the production of H2 from methanol.  

Under methanol dry POX conditions at T � 530 K the Cu surface concentration 

measured by XPS decreases due to partial encapsulation of the surface Cu crystallites 

by ZnO. This modification of the catalyst surface was shown to lower the catalytic 
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activity significantly and therefore represents an important deactivation pathway for 

Cu/ZnO-based catalysts. The driving force responsible for the observed surface 

reconstruction and its possible microscopic mechanisms were discussed. The 

migration of ZnO onto the Cu surface was suppressed under wet conditions, probably 

due to stabilisation of the Cu surface in the presence of water. After exposure to 

methanol ATR conditions at 510 K the catalyst surface was shown to contain a 

mixture of Cu(I) and Cu(II), confirming the results of the ex-situ characterisation 

experiments illustrated in Chapter 4.   

Adsorbed methoxy and formate groups were identified by post-reaction XPS and TPD 

experiments. The presence of O2 in the feed strongly enhances the formation of 

surface formate, with this promoting effect being more pronounced for the Cu/ZnO-

based catalyst than for pure ZnO. This indicates that an essential role of Cu might be 

providing atomic oxygen for the oxidation of adsorbed methoxy species to formate 

groups. Alternatively, the stabilisation of bidentate formate species at the Cu-ZnO 

interface might be involved in the enhanced formation of adsorbed formate species in 

the presence of Cu. The presence of water in the reactant mixture brought about a 

decrease of the amount of adsorbed methoxy groups, probably due to competitive 

molecular adsorption of water and methanol and to higher concentration of surface 

hydroxyl groups. 
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6.  Preparation and Characterisation of a Model Cu/ZnO 

Catalyst 4 

6.1 Introduction 

The quasi-in-situ characterisation of the commercial Cu/ZnO-based catalyst described 

in Chapter 5 has shown that the chemical state of Cu and the composition of the 

surface and sub-surface regions of the catalyst depend strongly on the applied 

methanol reforming conditions. The observed reaction-induced changes of the catalyst 

structure have a profound effect on the catalytic activity for the production of 

hydrogen from methanol and their understanding is essential for the design of stable 

Cu/ZnO-based catalysts and the development of effective methanol reforming 

processes. In order to gain a deeper insight on the processes responsible for the 

structural changes of the catalyst surface observed after exposure to methanol 

reforming conditions, the application of experimental techniques capable of giving 

structural information in the nanometre scale is highly desirable. High surface area 

heterogeneous catalysts are very complex materials, which present very often ill-

defined surfaces and wide size distributions of the crystallites of the various phases 

present. Typical preparation techniques of heterogeneous catalysts (impregnation, co-

precipitation, etc.) offer only poor control on the catalyst surface composition, 

complicating the task of clearly identifying the influence of the microscopic structure 

of the surface on the catalytic performance. Moreover, powerful techniques such as 

atomic force microscopy (AFM) and spectroscopic ellipsometry (SE) cannot be 

applied to typical heterogeneous catalysts because of their high surface roughness. 

Even the interpretation of the results of surface-sensitive techniques frequently 

applied to the characterisation of heterogeneous catalysts such as XPS is complicated 

and often made questionable by the presence of surface contaminants and by the 

heterogeneity of the catalyst surface. An example of the difficulties encountered in the 

surface characterisation of heterogeneous catalysts has been illustrated in Chapter 4, 

where the co-presence of CuO and ZnO crystallites in a random distribution on the 

catalyst surface greatly complicated the detection of a CuO-enriched surface layer by 

Ar-ion depth profiling. 

                                                
4 This Chapter is based on the following paper: F. Raimondi, B. Schnyder, R. Kötz, R. Schelldorfer, T. 
Jung, J. Wambach and A. Wokaun, Surf. Sci., (2003) in press 
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The preparation and the characterisation of a model catalyst system, reproducing the 

essential features of the commercial Cu/ZnO-based catalyst investigated previously, 

was undertaken, in order to overcome the limitations associated with the application 

of surface-sensitive techniques to industrial heterogeneous catalysts. Atomically flat 

single-crystalline metal surfaces have been studied for several decades to understand 

the catalytic processes on the atomic scale [148]. A wide range of surface-sensitive 

techniques can be applied successfully to their characterisation and unambiguous 

information on the catalytic activity of the sites present can be obtained, thanks to the 

excellent electrical conductivity of these materials and to the restricted number of 

catalytic sites exposed. However, in many cases it is questionable whether the 

catalytic sites investigated by single crystal studies are the most relevant for the 

catalytic activity of practical metal-based catalysts, where the metal phase is often 

present in the form of nanoparticles supported on a high surface area oxide support. 

Moreover, the study of the interaction of the metallic phases with the oxide support is 

excluded by the single crystal approach and no information can be obtained on the 

contribution of the support to the overall catalytic activity. This fundamental problem, 

limiting the practical utility of metallic single-crystalline surfaces as model catalysts, 

is often referred to as the “complexity gap” [149]. 

One of the most successful approaches to overcome the “complexity gap” or, at least, 

to reduce its importance, is the study of metallic nanoparticles supported on an oxide 

thin film grown on an appropriate conductive substrate. This approach presents 

several advantages and has been applied by several research groups [150-152]. Metal 

particles with narrow size distributions can be obtained by UHV vapour deposition of 

a metal on a previously prepared oxide thin film [153]. The coverage and the average 

size of the supported metal nanoparticles can be easily controlled, allowing to 

investigate the size-dependence of the structural, electronic and catalytic properties of 

supported metallic phases. Metal oxide thin films represent a convenient compromise 

between atomically flat metal oxide single crystalline surfaces and industrial high 

surface area metal oxides. The electrical and thermal conductivities of most metal 

oxide single crystals are often too low to allow the use of electron and ion 

spectroscopies and the accurate control of the surface temperature. On the other hand, 

these limitations are much less critical for metal oxide thin films, where the small 

thickness of the oxide layer (� 1 – 100 nm) allows for a better heat transmission from 
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the substrate to the oxide surface. Moreover, tunnelling of electrons from the 

underlying conductive substrate, eliminates the charging problem accompanying the 

application of electron spectroscopies to many oxide single crystalline surfaces [151]. 

Metal oxide thin films are often polycrystalline and associate a low-roughness surface 

with the presence of inter-grain boundaries and defects, which make them more 

similar to industrially applied metal oxide supports. The interaction of supported 

metal nanoparticles with these surface features plays an important role in industrial 

high surface area catalysts and its study is also accessible with these model systems. 

Based on these considerations a system consisting of Cu nanoparticles deposited on a 

ZnO thin film was considered as a promising model to elucidate the structural changes 

induced on a Cu/ZnO-based catalyst by the exposure to methanol reforming 

conditions. Metal oxide thin films are traditionally prepared in UHV systems by 

evaporation of the corresponding metal on the substrate in oxygen atmosphere or by 

oxidation of the native metal or of an appropriate metal alloy [150]. However, the 

preparation of a ZnO thin film in our UHV system was not pursued, due to the 

impossibility of determining film thicknesses of > 4 – 5 nm with our experimental set-

up. As a matter of fact, our apparatus (described in detail in Chapter 3) is able to get 

some information on the thickness of thin films only by XPS and Auger spectroscopy. 

These techniques can determine accurately the thickness of an overlayer only when 

the intensity of the photoelectrons produced by the substrate is not too small due to 

attenuation by the overlying thin film. This critical length, above which the accurate 

determination of the film thickness becomes impossible, depends on the nature of the 

sample constituents, but is in general ~ 4 – 5 nm. The implementation of other 

techniques, such as a quartz microbalance, more appropriate for the determination of 

thin film thicknesses, would require a profound modification of the design of the 

preparation chamber and has not been pursued so far. In order not to be limited to 

ZnO films thinner than this value the preparation of ZnO thin films by one of the 

above-mentioned techniques in our UHV system was not attempted.  

Based on the considerations illustrated above the preparation of ZnO thin films 

outside of the UHV system was considered preferable. The deposition of ZnO thin 

films on various substrates by different methods such as magnetron sputtering [154], 

sol-gel techniques [155, 156], pulsed laser deposition [157],  chemical vapour 

deposition [158] and spray pyrolisis [159] has been described in the literature. Among 

these techniques magnetron sputtering is especially suitable for the preparation of 
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ZnO thin films to be used as support for model catalysts. As a matter of fact, ZnO thin 

films deposited by DC magnetron sputtering of a Zn target under a partial pressure of 

oxygen of > 10-3 mbar have been shown to have 1:1 stoichiometry [160] and to be 

polycrystalline with wurtzite structure [161]. Moreover, deposition of thin films by 

magnetron sputtering does not require the use of Zn-containing chemical compounds 

as precursors, resulting in a simpler and cleaner preparation than solution-based 

techniques or chemical vapour deposition.  

The principles on which magnetron sputtering is based are discussed in detail in ref. 

[162]. During magnetron sputtering deposition a plasma, consisting of electrons and 

Ar-ions in a highly excited state is created by applying a high voltage across Ar gas at 

low pressure (typically in the mtorr range). A potential difference is applied between 

the target (consisting of the material to be deposited) and the substrate positioned in 

front of it. During DC magnetron sputtering the target is at a negative potential, so as 

to attract the Ar-ions present in the plasma. During RF magnetron sputtering the 

direction of the potential difference between target and substrate is switched with a 

frequency in the MHz order. This implies that during DC magnetron sputtering the 

target is bombarded by Ar-ions only, whereas during RF magnetron sputtering 

electrons and Ar-ions reach the target alternatively. For this reason the application of 

DC magnetron sputtering is restricted mainly to conducting targets, whereas RF 

magnetron sputtering can be used successfully for the sputtering of insulating 

materials as well. In a magnetron sputtering apparatus the target region is immersed in 

a magnetic field that acts as a trap for the charged particles constituting the plasma. 

The magnetic confinement of the plasma has the twofold advantage of preventing 

charged particles from reaching the substrate and increasing the deposition rate 

drastically. As a matter of fact, the confinement of the plasma increases the Ar-ion 

concentration in the region close to the target, thus increasing the number of collisions 

responsible for the sputtering process. 

In the rest of this chapter the results of the characterisation of ZnO thin films 

deposited on Si(100) by reactive DC magnetron sputtering of a Zn target in an oxygen 

atmosphere is reported. The preparation of Cu/ZnO/Si model catalysts by thermal 

evaporation of metallic Cu on the ZnO/Si substrate is also described. Detailed 

information on the chemical composition, structure and morphology of the ZnO/Si 

substrate and of the Cu/ZnO/Si model catalysts was obtained using XPS, AFM, SE 
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and XRD. The modifications of the model catalysts taking place upon exposure to 

methanol reforming conditions will be described in Chapter 7. 

 

6.2 Experimental 

The ZnO/Si thin films were prepared by M. Horisberger at the Laboratory for Neutron 

Scattering of the Paul Scherrer Institut. ZnO (100 nm thick) was deposited on Si(100) 

wafers in a homemade DC magnetron sputtering system in an Ar/O2 atmosphere and 

with a Zn target. The partial pressures of Ar and O2 during deposition were 2.2 10-3 

and 1.8 10-3 mbar respectively. According to literature data this O2 partial pressure is 

sufficient to produce ZnO films with 1:1 stoichiometry [160]. The Si substrate was 

kept at RT and the deposition rate, measured with a quartz microbalance, was 

approximately 20 nm/min. After deposition the ZnO-coated wafers were cut in order 

to produce square samples with side length of ~ 7 mm. 

The resulting ZnO/Si films were mounted on the sample holder described in section 

3.1.4 and were introduced in the UHV system as discussed in section 3.1. Prior to 

further treatment the ZnO/Si films were cleaned by cyclic Ar-ion sputtering (1.5 keV, 

30 min) and heat treatment (673 K, 5 min) until less than 1% C was detected by XPS. 

Cu was deposited on the clean ZnO/Si films at RT by resistive evaporation of metallic 

Cu using the metal evaporator described in section 3.1.2. A typical deposition rate is 

given in the “Results and Discussion” section of this Chapter. The pressure in the 

preparation chamber during Cu deposition was lower than 2 10-9 mbar. 

XPS was performed in the VG Escalab 220i XL analysis chamber described in section 

3.1.1, using monochromatic Al K� radiation focused to a 0.3x0.8 mm2 spot. The 

electron energy analyser was used in the constant pass energy mode with a pass 

energy of 20 eV. This gave a FWHM of 0.6 eV for the Ag 3d5/2 peak of clean Ag. The 

quantification of the XPS spectra was carried out using the transmission function of 

the electron energy analyser and the cross-sections calculated by Scofield [98], as 

clarified in section 2.1. No charge correction was necessary for the measured XPS 

spectra. 

Ex-situ spectroscopic ellipsometry (SE) experiments were performed at photon 

energies between 1.5 and 4.5 eV with a commercial spectroscopic ellipsometer 

(MOSS Model ES 4G, SOPRA) using a Xe lamp as light source (75 W) at an 

incidence angle of 70°. The spectral components of the light emitted by the Xe lamp 
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were separated using a double monochromator scanning the 1.5 – 4.5 eV range at 0.05 

eV intervals. The experimental tan(�) and cos(∆) vs. energy curves were fitted with 

the computer program ELLI supplied by SOPRA. This software uses a linear 

regression procedure based on the Bruggeman effective medium theory, as illustrated 

in section 2.2. The SE experiments were carried out in an airtight ellipsometry cell, in 

order to avoid surface oxidation.  The samples were transferred from the UHV system 

to the ellipsometry cell using a homemade transfer vessel and a glove box filled with 

Ar. XPS analysis of a Cu/ZnO/Si model catalysts after SE characterisation indicated 

that no oxidation of Cu had taken place during sample transfer. However, the presence 

of a C-containing contamination layer and extensive hydroxylation of the surface 

were observed after the transfer. This is probably due to adsorption of water and C-

containing vapours present in the glove box atmosphere. 

Ex-situ AFM experiments were performed in contact mode with a Digital Instrument 

Nanoscope Extended MultiMode microscope.  A silicon nitride square pyramidal tip 

with a radius � 20 nm and a half angle of 35° was used. Diffraction patterns of the 

ZnO/Si thin films were recorded with a Philips X’Pert diffractometer using Fe K� 

radiation  (� = 0.1936 nm). Measurements were carried out in the 2� range extending 

from 10 to 90° using a step size of 0.05°.  

 

6.3 Results and Discussion 

6.3.1 Characterisation of the ZnO/Si substrate 

6.3.1.1 XPS 

XPS analysis of the as-prepared ZnO/Si substrates shows the presence of Zn, O and C 

only. Si is not detected, indicating that cracks or holes in the ZnO film exposing the 

underlying Si surface are not present within the sensitivity of XPS. The binding 

energies of the Zn 2p3/2 and Zn L3M4,5M4,5 peaks corresponding to the as-deposited 

ZnO thin films were 1022.3 and 498.1 eV respectively, indicating the presence of Zn 

in the 2+ oxidation state. The O 1s XPS spectrum corresponding to the as-deposited 

ZnO/Si substrate is shown in Figure 6-1. 
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Figure 6-1 – O 1s XPS spectrum of the as-deposited ZnO/Si substrate 

The O 1s spectrum consists of three components centred at 530.7, 531.5 and 532.7 

eV, which were assigned to oxygen atoms in the ZnO lattice, surface OH groups and 

adsorbed water respectively. These assignments are in agreement with XPS literature 

data for the species mentioned above [163]. The relative intensity of the three 

components was determined by deconvolution of the XPS O 1s spectrum with 

Gaussian/Lorentian curves. XPS spectra were acquired after annealing the thin film at 

673 K for 5 minutes, after subsequent 30 minutes Ar-ion etching and after one more 

annealing step, in order to follow the surface modifications induced by the cleaning 

procedure performed in UHV. The same fitting procedure as described above was 

applied to the XPS O 1s spectra acquired after treatment. The position and the FWHM 

of the three components were kept constant during the fitting procedure and only the 

peak height was allowed to vary. The relative intensities of the three O 1s components 

after the various applied treatments are listed in Table 6-1. Other quantities extracted 

from the XPS spectra are shown in Fig. 6-2 as a function of the applied treatment. 

The data in Table 6-1 show that the as-deposited sample, which has been stored in air 

for a few days before analysis, presents a relatively high intensity of the O 1s 

component assigned to adsorbed water. After annealing at 673 K for 5 minutes the 

signal corresponding to adsorbed water drastically decreases, whereas the components 

related to surface OH groups and lattice oxygen atoms increase. The increase of both 

the signals due to surface OH groups and lattice oxygen atoms upon annealing 

indicates that loss of adsorbed water takes place according to two parallel 
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mechanisms: molecular desorption of water and reaction of water with lattice oxygen 

atoms to form hydroxy groups (eq. 6-1). 

H2Oa + Olattice 	 2OHa                 (6-1) 

Table 6-1 – Relative intensity of the three O 1s XPS components at various stages of the 
ZnO/Si substrate cleaning procedure 

 % Olattice % OHa % H2Oa 

As deposited 76 6 18 

Annealed at 673 K 83 13 4 

Ar-ion sputtered 75 15 10 

Annealed at 673 K 86 12 2 

 

As shown in Fig. 6-2a, annealing at 673 K causes a decrease of the overall amount of 

adsorbed O-containing species, which is accompanied by sharpening of the Zn 2p3/2 

peak (Fig. 6.2e) and by a small decrease of the Zn 2p3/2 binding energy (Fig. 6.2c). 

The decrease of the FWHM of the Zn 2p3/2 peak indicates that the chemical 

environment of the surface Zn atoms becomes more homogeneous after annealing at 

673 K, as expected for a decrease of the amount of adsorbed groups. Annealing the 

ZnO/Si substrate at 673 K also results in a decrease of the C 1s/Zn 2p3/2 atomic ratio 

(Fig. 6-2b) as a consequence of the desorption of some of the constituents of the C-

containing surface contamination layer. The partial removal of the surface 

contamination layer is accompanied by an increase of both the Zn 2p3/2/Zn 3p and the 

Zn 2p3/2/O 1s atomic ratios (Fig. 6-2d and 6-2f respectively), due to the smaller 

effective attenuation length of Zn 2p photoelectrons with respect to both Zn 3p and O 

1s photoelectrons. A further decrease of the C 1s/Zn 2p3/2 atomic ratio, accompanied 

by an increase of the Zn 2p3/2/Zn 3p and the Zn 2p3/2/O 1s atomic ratios is observed 

after Ar-ion etching for 30 minutes. The Ar-ion etching treatment causes a small 

increase of the amount of adsorbed OH groups and water. This might be due to the 

presence of traces of water in the Ar gas leaked in the preparation chamber during the 

ion etching treatment or to the ion bombardment-induced reaction of oxygen atoms on 

the ZnO surface with hydrogen present in the residual gas of the preparation chamber. 
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After subsequent annealing water is almost completely eliminated from the ZnO 

surface, whereas the amount of surface OH groups is not substantially modified. 

Repetition of the Ar-ion etching/annealing cycle for three more times reduces the 

carbon concentration to less than one atomic percent, as desired before further 

processing of the ZnO/Si samples. The intensity of the XPS O 1s component relative 

to surface OH groups was not greatly affected by the repetition of the Ar-ion 

etching/annealing cycle and remained roughly constant to ~ 10% of the overall O 1s 

signal. 

 
Figure 6-2 – Selected quantities extracted by the XPS spectra measured after various 
treatments of the ZnO/Si substrate. The annealing treatments were carried out at 673 
K for 5 minutes. Ar-ion etching was performed with 1.5 keV Ar-ions for 30 minutes 

Fig. 6-2f shows that the Zn 2p3/2/O 1s atomic ratio measured for the ZnO/Si substrate 

strongly deviates from the value of 1 expected for a 1:1 stoichiometry of the ZnO 

layer. This discrepancy is most probably not due to a deviation of the surface 
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composition from the one of stoichiometric ZnO, but to the relatively large 

uncertainties involved in the conversion of the measured XPS intensities into atomic 

composition of the surface region. As a matter of fact, if the Zn 2p3/2/O 1s atomic ratio 

represented a reliable measure for the Zn:O stoichiometry of the surface region, the 

value of 1.44 measured after the second annealing treatment would imply an average 

oxidation state of Zn in the ZnO/Si substrate close to +1. Although massive reduction 

of ZnO to a mixture of Zn and ZnO or to a sub-stoichiometric ZnOx compound as a 

consequence of the Ar-ion etching/annealing treatment cannot be excluded a priori, 

both transformations would certainly be accompanied by profound modifications of 

the Zn 2p3/2 and Zn L3M4,5M4,5 XPS spectra. However, the shape and the position of 

the Zn 2p3/2 and Zn L3M4,5M4,5 XPS peaks did not show any changes indicating 

significant reduction of Zn below the +2 oxidation state. The deviation of the Zn 

2p3/2/O 1s atomic ratio from the expected value of 1 can therefore be rationalised by 

recalling that the measured XPS intensities are converted into atomic composition of 

the surface region by using eq. 2-5. Among the terms appearing in eq. 2-5 only the 

transmission function of the energy analyser can be determined accurately. The values 

of the photoelectric cross sections used in this work are the results of theoretical 

calculations and indications are found in the literature that their use might introduce in 

some cases a significant error in the calculated surface composition, as discussed in 

section 2.1. Moreover, the effective attenuation lengths appearing in eq. 2-5 are not 

accurately known and might change significantly with the absolute composition of the 

sample. These considerations imply that the Zn 2p3/2/O 1s atomic ratios obtained from 

the measured XPS intensities using eq. 2-5 might be affected by a significant 

systematic error and could not represent correctly the composition of the surface. 

However, relative changes in the surface composition of samples of the same type can 

be determined accurately by XPS, since they are not affected by the actual values 

chosen for the photoelectric cross sections and the effective attenuation lengths in eq. 

2-5. An important consequence of the considerations illustrated above is that the 

absolute concentration of oxygen vacancies on the surface of the ZnO thin film after 

the UHV cleaning procedure is not accessible by XPS. A similar cleaning procedure 

performed on a ZnO(0001) single crystal gave rise to a few percent of oxygen 

vacancies in the topmost layer as determined by ion scattering spectroscopy [164]. It 

is therefore likely that the surface of the UHV cleaned ZnO/Si thin films is slightly 
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oxygen-deficient, although no attempts were performed in this work to determine the 

actual concentration of oxygen vacancies. 

 

6.3.1.2 SE 

The measured values of tan(�) and cos(
) corresponding to the as-deposited ZnO/Si 

thin film are shown in Fig. 6-3 as a function of photon energy. 

 
Figure 6-3 – Results of the SE analysis of the as-deposited ZnO/Si thin film 

From the experimental SE data corresponding to photon energies between 1.5 and 2.8 

eV the thickness and the refractive index of the ZnO thin film were extracted for each 

photon energy using a routine of the ELLI program based on the Bruggeman effective 

medium theory. The calculations of the thickness and the refractive index were carried 

out under the assumption that the ZnO thin film is transparent for photon energies 

between 1.5 and 2.8 eV. This is justified by the fact that these energies are lower than 

the band gap of ZnO (3.2-3.3 eV [117]) and therefore cannot induce electronic 

transitions from the valence to the conduction band. The optical properties of 

crystalline Si available in the database of the ELLI program were used for the 

calculation. The resulting thickness of the ZnO thin film is 98.1 � 0.6 nm for all 

photon energies. The fact that the calculated thickness does not change with photon 
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energy in the used energy range strongly indicates that the assumption of a transparent 

ZnO layer is correct. It is noteworthy that the thickness calculated from the SE data is 

in very good agreement with the value (100 nm) calculated from the measured ZnO 

deposition rate and the duration of the deposition process. 

With the value of the ZnO film thickness calculated from the SE data in the range 

where the transparent layer approximation can correctly be applied to the ZnO thin 

film the values of the refractive index n and of the extinction coefficient k were 

determined in the whole investigated photon energy range. The resulting n and k 

values are shown in Fig. 6-4 as a function of the photon energy. 

 
Figure 6-4 – Optical properties of the as-deposited ZnO thin film calculated by 
applying the Bruggeman effective medium theory to the SE data shown in Fig. 6.3 

The values of n and k obtained with this procedure are in excellent agreement with 

those reported in the literature for pore-free ZnO [156, 165]. The strong increase of 

the extinction coefficient visible in Fig. 6-4 around 3.3 eV corresponds exactly to the 

expected position of the band gap of ZnO. The optical properties determined for the 

ZnO/Si thin film were used for modelling the SE data relative to the Cu/ZnO/Si model 

catalysts as illustrated in section 6.3.2.2. 

The same procedure illustrated above was repeated for a ZnO/Si thin film that was 

cleaned in UHV by repeating the Ar-ion etching/annealing cycle three times. The 

resulting thickness of the UHV cleaned thin film was 95.5 � 0.9 nm, implying that the 

thickness of the material removed by the cleaning procedure is 2.6 � 1.5 nm. The 
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decrease of the ZnO film thickness as a consequence of the cleaning treatment was 

taken into account when treating the SE data relative to Cu/ZnO/Si model catalysts. 

 

6.3.1.3 XRD 

The XRD spectra corresponding to the as-deposited and UHV cleaned ZnO/Si films 

are shown in Fig. 6-5 together with a reference spectrum of the Si(100) substrate. 

Outside of the angular region shown in Fig. 6-5 only the Si(400) diffraction line of the 

Si substrate was detected. 

 
Figure 6-5 – XRD spectra of the ZnO/Si thin film before and after application of the 
UHV cleaning procedure. The XRD spectrum measured for the Si(100) substrate is 
also shown for comparison 

The (002) diffraction line of ZnO in the wurtzite crystal structure is the only feature 

visible in Fig. 6-5, indicating that wurtzite ZnO is the only phase present in the 

sample. The absence of diffraction lines corresponding to other crystal planes of the 

wurtzite structure indicates that the surface of the ZnO thin film exposes preferentially 

ZnO(0001) crystal planes [163]. ZnO thin films exposing preferentially (0001) 

surfaces are reported to be easily obtained by various deposition techniques, even on 

amorphous substrates [155]. As visible in Fig. 6-5, the ZnO(002) diffraction peak 

sharpens upon application of the UHV cleaning treatment, suggesting an increase of 

the average size of the ZnO crystallites. Moreover, the ZnO(002) diffraction line 

corresponding to the UHV cleaned ZnO/Si thin film is centred at higher angles than 
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the one relative to the as-deposited sample, indicating a reduction of compressive 

biaxial stress upon exposure of the thin film to high temperatures [154]. 

 

6.3.1.4 AFM  

Fig. 6-6 shows a 1x1 �m2 AFM image of the UHV cleaned ZnO/Si thin film. The 

surface of the ZnO thin film shows a granular morphology with an average roughness 

of 0.6 � 0.1 Å and an average grain size of ~ 45 nm. The average surface roughness 

Ra was calculated from the AFM image in Fig. 6-6 according to eq. 6-2  

� �� ��

x yL
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0
yx

a yxyxz
LL
1R

 

 

 

 
dd,                (6-2) 

where Lx and Ly indicate the dimensions of the imaged area and z is the height of the 

surface relative to the average plane. The average height of the granular structures is 

1.6 nm, with a standard deviation of 0.5 nm (determined averaging over 40 granular 

structures in Fig. 6-6.). 

 
Figure 6-6 – AFM image of the UHV cleaned ZnO/Si thin film.  

6.3.2 Characterisation of the as-prepared Cu/ZnO/Si model catalysts 

6.3.2.1 XPS 

XPS spectra were acquired after deposition of various amounts of Cu, in order to 

investigate the growth process of the Cu layer on the UHV cleaned ZnO/Si thin films. 

During this experiment Cu was deposited on the UHV cleaned ZnO/Si thin film for a 
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certain time, then the shutter of the metal evaporator was closed and the sample was 

transferred to the analysis chamber for XPS analysis. After the end of the XPS 

experiment the sample was transferred back to the preparation chamber and more Cu 

was deposited on its surface. The Cu deposition/XPS analysis cycle was repeated 

several times. The variation of the Cu 2p3/2/Zn 2p3/2 intensity ratio and of the Cu 2p3/2 

binding energy with total Cu deposition time is shown in Fig. 6-7. 

 
Figure 6-7 � Change of the Cu 2p3/2 BE (upper panel) and of the Cu 2p3/2/Zn 2p3/2 
XPS intensity ratio (lower panel) versus Cu deposition time. The continuous line was 
calculated assuming layer-by-layer growth of the Cu film (see text) 
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Cu layer dCu for a uniformly thick Cu film covering entirely the ZnO surface can be 
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where �X and WX indicate the density and the molecular weight of phase X, �X and TX 

represent the photoelectron cross section and the analyser transmission function for 

photoelectrons X and �X/Y is the effective attenuation length of photoelectrons X 

travelling through phase Y. The numerical values of the quantities appearing in eq. 6-

3 are listed in Table 6-2.  

Table 6-2 – Numerical values of the quantities appearing in eq. 6-3 

 �X/Cu [nm] 

[126] 

�X/ZnO [nm] 

[126] 

� [g/cm3] 

[117] 

W [a.m.u] 

2323

2323

p2Znp2Zn

p2Cup2Cu

T
T

//

//

�

�

[166] 

Cu 2p3/2 0.76 Not needed 8.96 (Cu) 65.4 (Cu) 

Zn 2p3/2 0.66 0.87 5.6 (ZnO) 81.4 (ZnO) 
0.95 

 

For small values of dCu (� 0.15 nm � 0.6 ML) eq. 6-3 can be approximated by eq. 6-

4, implying a linear increase of the Cu 2p3/2/Zn 2p3/2 intensity ratio with deposition 

time. 
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The first four experimental points in the bottom panel of Fig. 6-7 can be fitted to a 

linear relation, as predicted by eq. 6-4. The continuous line in Fig. 6-7 was obtained 

by fitting this linear region of the experimental
2/3

2/3

2

2

pZn

pCu

I
I

 vs. Cu deposition time curve 

with eq. 6-3, using the Cu deposition rate as fitting parameter. The resulting Cu 

deposition rate was 0.04 Å/min, corresponding to deposition of 1 ML Cu in 65 

minutes. It can be clearly seen that the experimental 
2/3

2/3

2

2

pZn

pCu

I
I

vs. Cu deposition time 

curve in Fig. 6-7 deviates from the prediction of eq. 6-4 after deposition of  � 0.7 ML 

Cu. This indicates that the Cu atoms reaching the ZnO surface initially form one-atom 

thick two-dimensional island, according to a “layer-by-layer” or Frank-van der Merwe 

growth mechanism, until a critical coverage of ~ 0.7 ML Cu is reached. After this 
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point, Cu atoms reaching the surface from the gas phase mainly end up on top of 

existing Cu islands, thus severely attenuating the rate at which the free ZnO surface is 

covered. 

This growth mode, often referred to as “monolayer-simultaneous-multilayer” growth 

mode, was reported in the literature for Cu on ZnO(0001) and ZnO(1120) single-

crystalline surfaces with critical coverages of 0.5 and 0.6 ML respectively. The 

critical coverages were found to depend only weakly on the Cu deposition rate [164, 

167]. The appearance of a critical sub-monolayer coverage above which the Cu 

deposit starts forming 3D islands is due to a combination of thermodynamic and 

kinetic effects. As mentioned in section 5.3.1.2.3 the surface free energy of the Cu-

ZnO system is minimised by the formation of thick Cu islands and large regions of 

free ZnO [168]. Therefore, if kinetic limitations were not important, Cu would be 

expected to grow continuously on ZnO with formation of stable 3D Cu islands, 

according to the so-called Volmer-Weber growth mechanism [169]. However, the 

incorporation of Cu atoms in the second layer of a one-atom thick Cu island during 

Cu deposition is limited by the nucleation kinetics. Cu atoms landing on a 2D Cu 

island have a high probability of stepping down to increase the lateral size of the 

island if a stable nucleus of Cu atoms bound to each other is not present on the second 

layer. When a stable nucleus has formed, the probability of Cu atoms on the second 

layer of the Cu island to step down decreases drastically. At the same time the 

probability of Cu atoms landing on free ZnO to step up and be incorporated in the 

second layer increases. Because of this the lateral growth of the islands slows down 

dramatically after reaching the critical coverage corresponding to the nucleation of the 

second layer [168]. 

As shown in Fig. 6-7, the binding energy of the Cu 2p3/2 peak decreases with Cu 

deposition time, approaching monotonically the value of 932.8 eV measured for bulk 

Cu. A similar change of the Cu binding energy with Cu coverage was observed by 

Møller and Nerlov for Cu deposition on ZnO(1120). These authors attribute this effect 

entirely to a change of the final state relaxation energy with Cu cluster size, as 

indicated by a comparison of the changes of the Cu 2p3/2 and Cu L3M4,5M4,5 peak 

positions with Cu coverage [167]. The decrease of the XPS binding energy of 

photoelectron peaks of a supported metal with increasing coverage up to 1 – 2 ML is a 

general phenomenon and is not restricted to Cu (see for example [170]). However, the 

general interpretation of the dependence of the XPS binding energy on the metal 
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coverage and/or on the metal cluster size is still controversial [150]. The debate 

whether the observed changes are due to a modification of the electronic properties of 

the metal with cluster size (initial state effect) or to the size-dependence of the 

capability of the system to screen the core-ionised final state (final state effect) has 

not been settled yet [153]. 

 
6.3.2.2 SE 

The 3D island morphology of the Cu layer above the critical coverage was confirmed 

by SE. SE experiments were carried out on a Cu/ZnO/Si model catalyst with a 0.8 nm 

thick Cu layer, as determined applying eq. 6-3 to the experimental Cu 2p3/2/Zn 2p3/2 

XPS intensity ratio. This thickness, which refers to a hypothetical uniformly thick Cu 

layer covering entirely the ZnO surface, is indicated in the following as “nominal 

thickness”. For simplicity a Cu/ZnO/Si catalyst with a nominal thickness of x nm will 

be indicated as Cu(x nm)/ZnO/Si. The experimental cos(
) and tan(�) data obtained 

for the Cu(0.8 nm)/ZnO/Si model catalyst are shown in Figure 6-8. 

The experimental curves were modelled with a three-layer structure consisting of a 

crystalline Si substrate covered by a ZnO thin film topped by a void-containing Cu 

layer.  The values of the extinction coefficient and of the refractive index determined 

experimentally for the ZnO thin film (Fig. 6-4) were used in the fitting. The thickness 

of the ZnO thin film was kept constant to the value estimated by SE analysis of the 

UHV cleaned ZnO/Si sample (95.5 nm). The thickness of the void-containing Cu 

layer and its void fraction were used as fitting parameters. The best fitting to the 

experimental data was obtained with a 5.1 � 0.6 nm thick Cu layer containing 28 � 

5% voids. The presence of a significant fraction of voids in the Cu layer is in 

agreement with the 3D island morphology of the Cu layer resulting from the XPS 

experiments. The origin of the offset between the experimental and fitted SE data 

points at low photon energy in Fig. 6-8 is not entirely clear. It is likely that adsorbed 

species, identified by XPS after performing the SE analysis, alter the optical 

properties of the surface region, thus slightly modifying the SE results. However, it 

should be noticed that the fitted curves reproduce well the experimental data in most 

of the photon energy range and that the trend of the experimental points is essentially 

followed even in the spectral region where the agreement between experimental and 

fitted curves is less satisfactory. 
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Figure 6-8 � SE data of the as-prepared Cu(0.8 nm)/ZnO/Si catalyst. The continuous 
lines represent the best fitting of the experimental data assuming the three-layer 
model described in the text 

It is noteworthy that the void fraction resulting from the SE analysis closely 

corresponds to the fraction of free ZnO surface at which beginning of the 3D growth 

of the Cu islands is observed by XPS. This confirms that, after reaching the critical 

coverage, the rate at which the free ZnO regions separating the Cu islands are filled is 

much slower than the one at which the thickness of the Cu islands increase.  

The Cu 2p3/2/Zn 2p3/2 intensity ratio expected for a surface consisting of Cu islands of 

thickness '
Cud  covering a fraction � of the ZnO surface was calculated, in order to 

assess whether the results of the SE experiments are compatible with the Cu 2p3/2/Zn 

2p3/2 XPS intensity ratio (equal to 3.5) measured for the Cu(0.8 nm)/ZnO/Si model 

catalyst. The equation relating 
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A Cu 2p3/2/Zn 2p3/2 XPS intensity ratio of 3.8 can be calculated from eq. 6-5 for a 

sample having the surface morphology suggested by the SE results (5.1 nm thick Cu 

islands covering 72% of the ZnO substrate). The very good agreement between the 

measured and calculated value of the Cu 2p3/2/Zn 2p3/2 XPS intensity ratio supports 

the 3D morphology of the Cu layer on ZnO. A total amount of Cu equal to 14 ML can 

be calculated from the surface morphology derived by the SE data, assuming a 

thickness of 0.26 nm for one monolayer of metallic Cu [171]. 

 

6.3.2.3 AFM 

The AFM images corresponding to as-prepared Cu/ZnO/Si model catalysts with 

various nominal thicknesses of the Cu layer are shown in Fig. 6-9. The average height 

of the granular structures visible in the AFM images is listed in Table 6-3. 

Table 6-3 – Average height and standard deviation of the grains detected by AFM on the 
surface of Cu/ZnO/Si model catalysts with various Cu coverages. The averages were 
determined considering the height of 25 granular features per AFM image 

 Average grain 

height [nm] 

Standard deviation 

[nm] 

Cu(0.8 nm)/ZnO/Si 4.4 1.3 

Cu(1.3 nm)/ZnO/Si 5.2 1.8 

Cu(1.7 nm)/ZnO/Si 6 2 

Cu(1.9 nm)/ZnO/Si 10 4 

 

The Cu/ZnO/Si model catalysts with Cu layers thicker than nominally 1.0 nm were 

prepared using a larger Cu deposition rate than determined in section 6.3.2.1, in order 

to reduce the duration of the Cu deposition step. The Cu deposition rate in the case of 

the model catalysts with high Cu coverages was not determined exactly. A change of 

the growth mode of the Cu layer as a consequence of the variation of the Cu 

deposition rate is not expected. As a matter of fact, no change of the critical coverage 

at which 3D growth of the Cu islands starts was observed by Yoshihara and co-

workers by varying the Cu deposition rate by a factor of 30 [168]. A deviation of the 

experimental Cu 2p3/2/Zn 2p3/2 intensity ratio vs. deposition time curve from the 
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behaviour predicted for a layer-by-layer growth of the Cu layer is observed at the 

higher Cu deposition rate, similarly to the data shown in Fig. 6-7 for the lower 

deposition rate. This indicates that the growth of the Cu layer occurs in the 

“monolayer-simultaneous-multilayer” mode also at the higher Cu deposition rate 

used. 

Figure 6-9 – 1x1 �m2 AFM images of various as-prepared Cu/ZnO/Si model catalysts with 
Cu layers having different nominal thicknesses 

The AFM image relative to the Cu(0.8 nm)/ZnO/Si model catalyst (Fig. 6-9a) shows 

granular features with essentially the same lateral size as the one of the ZnO/Si 

substrate (Fig. 6-6). The average height of the granular features (see Table 6-3) and 

the average surface roughness Ra are however larger for the model catalyst than for 
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the ZnO/Si thin film. The detected increase of the average height of the granular 

features is attributed to the presence of 3D Cu islands. The absence of features with 

larger lateral size than the grains present on the ZnO surface in Fig. 6-9a suggests that 

the lateral dimension of the 3D Cu islands is similar to that of the ZnO grains. The 

average height of the granular features observed on the surface of the Cu(0.8 

nm)/ZnO/Si model catalyst is in good agreement with the thickness of the Cu layer 

determined by SE for the same sample (see section 6.3.2.2). The same lateral size of 

the granular structures as observed for the Cu(0.8 nm)/ZnO/Si model catalyst, 

accompanied by an increase of the average roughness and of the average height of the 

granular features, is observed after deposition of a nominally 1.3 nm thick Cu layer 

(Fig. 6-9b). This indicates that the thickness of the 3D Cu islands increases when 

more Cu is deposited, but that their lateral size remains smaller than the grains present 

on the ZnO surface. After deposition of nominally 1.7 nm Cu (Fig. 6-9c) the 

morphology of the model catalyst surface changes significantly. The granular 

structures clearly visible in Fig. 6-9a-b start losing their individuality and form a 

“labyrinthine” network. This indicates that at high Cu coverage the fraction of free 

ZnO surface is reduced to a small fraction of the total surface and that neighbouring 

Cu islands start coalescing. The decrease of the fraction of free ZnO surface and the 

relatively flat surface of the supported Cu islands cause a decrease of the observed 

average surface roughness. The agglomeration between the 3D Cu islands on the ZnO 

surface is more pronounced in the AFM image relative to the Cu(1.9 nm)/ZnO/Si 

model catalyst. Fig. 6-9d shows that at this coverage the lateral size of the surface 

structures increases significantly with formation of features wider than 100 nm.  

 

6.4 Conclusions 

The structural and morphological properties of the ZnO/Si thin films used as support 

of Cu/ZnO/Si model catalysts were determined by the combined use of XPS, SE, 

AFM and XRD. SE experiments show that, after application of the UHV cleaning 

procedure, the ZnO thin film is 95.5 � 0.9 nm thick and possesses the optical 

properties of pore-free ZnO. AFM images indicate the presence of granular surface 

structures with average lateral size of ~ 45 nm and an average surface roughness of 

0.6 � 0.1 nm. XRD analysis shows the presence of ZnO in the wurtzite crystal 

structure with a strong preferential orientation of the surface along the (0001) plane. 
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XPS investigation of the UHV cleaned ZnO/Si thin film shows that surface impurities 

were reduced below one atomic percent by application of the cleaning procedure. 

Adsorbed hydroxy groups on the ZnO surface account for ~ 10% of all oxygen 

species detected by XPS. 

A combination of XPS and SE shows that the growth of the Cu layer formed on the 

ZnO/Si film by vapour deposition of metallic Cu occurs by the monolayer-

simultaneous-multilayer growth mode, with formation of 2D, one-atom thick Cu 

islands on the ZnO surface until a critical coverage of ~ 0.7 ML is reached. Further 

deposition of Cu results in the formation of 3D Cu islands, with slow coverage of the 

remaining free ZnO surface. A similar growth mode was reported for Cu on several 

ZnO single-crystal surfaces. The growth process of the Cu layer was also followed by 

AFM. AFM images of Cu/ZnO/Si model catalysts with a Cu layer thinner than 

nominally ~ 1.2 nm show an increase of the surface roughness with respect to the 

UHV cleaned ZnO/Si thin film without the appearance of distinct surface features. 

This indicates that, at these coverages, the lateral size of the Cu islands is similar to 

that of the granular features present on the surface of the ZnO/Si thin film. Further Cu 

deposition causes the formation of wider Cu islands that eventually start coalescing 

with formation of a “labyrinthine” network at coverages larger than nominally 1.7 nm. 
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7.  Post-reaction Characterisation of Cu/ZnO Model 

Catalysts after Exposure to Methanol Reforming 

Conditions 5 

7.1 Introduction 

The results of the characterisation experiments carried out after exposure of the 

Cu/ZnO/Si model catalysts described in Chapter 6 to various methanol reforming 

conditions are discussed in this Chapter. Cu/ZnO/Si model catalysts with two 

different Cu coverages were investigated: Cu(0.4 nm)/ZnO/Si (corresponding to a Cu 

2p3/2/Zn 2p3/2 intensity ratio of 1.0) and Cu(1.3 nm)/ZnO/Si (corresponding to a Cu 

2p3/2/Zn 2p3/2 intensity ratio of 9.2). The Cu/ZnO/Si model catalysts were exposed to 

methanol reforming conditions with various O2/CH3OH molar ratios, in order to 

investigate the influence of the oxygen content in the reactant mixture on the reaction-

induced modifications of the catalyst surface. The effect of the presence of water in 

the methanol reforming feed was also studied, in view of the technical importance of 

the methanol wet POX and ATR processes for the production of hydrogen. The 

reaction temperature was in all experiments 550 K, since the most drastic changes of 

the surface composition of the commercial Cu/ZnO-based catalyst upon exposure to 

methanol dry POX conditions are observed at this temperature (see Chapter 5). The 

production of hydrogen from methanol is generally carried out at temperatures of up 

to ~ 570 K. Therefore the chosen temperature of 550 K is representative of catalyst 

operation under relevant conditions, especially if deviations of the temperature in the 

catalyst bed, due to the formation of hot spots, are taken into account (see sections 

1.1.3 and 4.3.1.) 

The Cu/ZnO/Si model catalysts were characterised after exposure to methanol 

reforming conditions combining quasi-in-situ XPS, Ar-ion depth profiling and SE 

with ex-situ AFM experiments. Very pronounced similarities are observed between 

the reaction-induced surface modifications of the investigated commercial and model 

Cu/ZnO-based catalysts. The migration of ZnO onto the Cu particles observed after 

exposure of the commercial Cu/ZnO-based catalyst to methanol dry POX conditions 

                                                
5 Part of the results discussed in this chapter were presented in a poster by F. Raimondi, B. Schnyder, 
R. Kötz, R. Schelldorfer, T. Jung, J. Wambach and A. Wokaun at the 21st European Conference on 
Surface Science, 24-28 June 2002, Malmö, Sweden 
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when Cu is in the metallic state (see section 5.3.1.1.3) occurs also for the Cu/ZnO/Si 

model catalysts under the same conditions. The application of Ar-ion depth profiling 

and AFM to the Cu/ZnO/Si model catalysts after reaction allows to demonstrate 

unambiguously the occurrence of this surface modification. The use of these 

techniques in the case of high surface commercial catalysts is hindered by their high 

surface roughness and the heterogeneity of the surface, as discussed in section 6.1. 

The spreading of a Cu(II)-containing phase on ZnO, proposed in section 5.3.1.2 based 

on the high Cu 2p3/2/Zn 2p3/2 intensity ratio measured after exposure of the 

commercial Cu/ZnO-based catalyst to wet POX conditions, is also observed in the 

case of the Cu/ZnO/Si model catalysts. In section 7.4 the results of the post-reaction 

characterisation of the Cu/ZnO/Si model catalysts and of the Cu/ZnO-based 

commercial catalyst are compared in detail. 

 

7.2 Experimental 

The Cu/ZnO/Si model catalysts were prepared as described in section 6.2. The 

methanol reforming treatments were carried out at a temperature of 550 K and a 

pressure of 1.5 bar according to the same procedure as used for the commercial 

Cu/ZnO-based catalyst (illustrated in section 5.2). Each treatment, having a duration 

of 16 hours, was performed on a freshly prepared Cu/ZnO/Si model catalyst. The used 

methanol reforming feeds were the same as for the corresponding treatments of the 

Cu/ZnO-based commercial catalyst. The reactant mixtures for the dry methanol 

reforming experiments (no water in the feed) were obtained by mixing 10 mlN/min 

Ar, 0.13 g/h methanol vapour (obtained by bubbling Ar through liquid methanol at 

303 K) and various oxygen flows according to the desired O2/CH3OH molar ratio. In 

the case of wet methanol reforming experiments a methanol/water solution with a 3:4 

molar ratio was dosed by a precision double-piston pump at a flow of 0.89 ml/hour, 

corresponding to a flow of 0.55 g/h methanol. The Ar flow was 10 mlN/min and 

various amounts of oxygen were introduced in the reactant mixture according to the 

desired O2/CH3OHexc molar ratio (the O2/CH3OHexc molar ratio is defined in section 

5.2). 

Post-reaction XPS, AFM and SE characterisation experiments were performed as 

described in section 6.2. Depth profiles of selected Cu/ZnO/Si model catalysts were 

determined by alternating Ar-ion etching treatments and XPS analysis, similarly to the 
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experiments described in section 4.2.2. The kinetic energy of the Ar+ ions was 1.0 

keV and a sample area of 4 x 5 mm2 was scanned with an ion current of 0.4 �A. The 

lower values of the Ar-ion energy and of the ion current allow to achieve lower 

sputtering rates than in the depth profiling experiments performed on the commercial 

Cu/ZnO-based catalyst (see section 4.3.2). 

 

7.3 Results and Discussion 

7.3.1 Methanol decomposition and blank treatment under Ar 

Exposure of the Cu/ZnO/Si model catalysts to methanol decomposition conditions 

and Ar treatment at 550 K results generally in a strong decrease of the Cu 2p3/2/Zn 

2p3/2 intensity ratio, as illustrated in Table 7-1.  

Table 7-1 � Cu 2p3/2/Zn 2p3/2 intensity ratios measured for Cu/ZnO/Si model catalysts as-
prepared, after Ar treatment at 550 K and after methanol decomposition at 550K 

Cu 2p3/2/Zn 2p3/2 intensity ratio  

As-prepared After Ar treat. After MeOH decomp. 

Cu(0.4 nm)/ZnO/Si 1.0 0.41 0.40 

Cu(0.8 nm)/ZnO/Si 3.5 0.61 0.65 

Cu(1.3 nm)/ZnO/Si 9.2 0.76 0.99 

 

The variation of the Cu 2p3/2/Zn 2p3/2 intensity ratio observed after exposure to 

methanol decomposition and Ar treatment at 550 K is the same for all investigated 

model catalysts within the uncertainties on the measurements. This indicates that the 

surface reconstruction responsible for the observed decrease of the Cu 2p3/2/Zn 2p3/2 

intensity ratio is essentially due to the high temperature during the high-pressure 

treatments and that the presence of methanol in the gas phase does not play any 

special role. 

The experimental evidence discussed in the following sections demonstrates that the 

observed decrease of the Cu 2p3/2/Zn 2p3/2 intensity ratio is due to agglomeration of 

the Cu islands upon exposure to the thermal treatment, resulting in the formation of 

larger Cu particles covering a smaller fraction of the ZnO support. 
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7.3.1.1 Cu(0.8 nm)/ZnO/Si 

Fig. 7-1 shows a typical AFM image of the Cu(0.8 nm)/ZnO/Si model catalyst after 

methanol decomposition at 550 K. 

 
Figure 7-1 – AFM image of the Cu(0.8 nm)/ZnO/Si model catalyst after exposure to 
methanol decomposition conditions 

The average height of the granular structures on the surface of the Cu(0.8 nm)/ZnO/Si 

model catalyst (calculated averaging the height of 25 granular features in the 

corresponding AFM images) increases from 4.4 to 9 nm upon exposure to methanol 

decomposition conditions. At the same time the average surface roughness increases 

from 1.9 to 2.7 nm. This indicates that the thickness of the Cu islands increases during 

the methanol decomposition treatment. The largest part of the surface features visible 

in Fig. 7-1 has a lateral size very similar to that of the grains observed on the surfaces 

of the ZnO/Si substrate (Fig. 6-6) and of the as-prepared Cu(0.8 nm)/ZnO/Si model 

catalyst (Fig. 6-9a). This suggests that most of the Cu islands maintain a lateral size 

smaller than the grains of the ZnO surface after the methanol decomposition 

treatment. However, a few larger features, corresponding to a pronounced variation of 

the surface height, are also visible in Fig. 7-1. These features correspond to Cu 

clusters whose lateral size has grown larger than the grains of the ZnO substrate as a 

consequence of Cu cluster agglomeration during the methanol decomposition 

treatment. The modification of the surface morphology occurring during the methanol 

decomposition treatment cannot be attributed to a surface reconstruction of the 
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ZnO/Si substrate, since no changes of the surface morphology are detected by AFM 

after exposure of a Cu-free ZnO/Si substrate to the same catalytic treatment.  

The SE data measured on the Cu(0.8 nm)/ZnO/Si model catalyst after methanol 

decomposition are shown in Fig. 7-2. Data acquisition was restricted to the 2.3 – 4.5 

eV range, due to the low quality of the data obtained at lower photon energy as a 

consequence of the low reflectivity of the sample. 

 
Figure 7-2 � SE data of the Cu(0.8 nm)/ZnO/Si catalyst after exposure to methanol 
decomposition conditions at 550 K. The continuous lines represent the best fitting of 
the experimental data assuming the three-layer model described in section 6.3.2.2. 

The SE data were modelled with the three layer structure described in section 6.3.2.2, 

consisting of a crystalline Si substrate covered by a ZnO thin film topped by a void-

containing Cu layer. The resulting thickness of the void-containing Cu layer was 7.9 � 

1.4 nm and its void fraction was 58 � 8 %. The thickness of the Cu layer determined 

by SE is in good agreement with the average thickness of the granular structures on 

the model catalyst surface observed by AFM (9 nm). A total amount of Cu equal to 18 

ML can be calculated for a Cu layer formed by 7.9 nm high islands covering 58% of 

the ZnO surface. This value is coincident within the uncertainty on the results of the 

fitting procedure with the value of 14 ML obtained from the SE data relative to the as-

prepared Cu(0.8 nm)/ZnO/Si model catalyst. This indicates that no loss of Cu from 
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the catalyst surface (e.g. via sublimation of metal atoms) occurs under the applied 

reaction conditions. The increase of the Cu film thickness and of the fraction of voids 

is consistent with the formation of thicker Cu islands upon exposure to methanol 

reforming conditions. The agreement between the theoretical and experimental SE 

curves is not improved by applying a more complex model including diffusion of Cu 

into the ZnO substrate or the presence of a void-containing ZnO layer on top of the 

Cu islands (formed by migration of ZnO onto the Cu surface). This suggests that the 

agglomeration of the Cu islands is the predominant process taking place during 

exposure of the Cu/ZnO/Si model catalysts to methanol decomposition conditions and 

that other phenomena do not take place to a significant extent. Loss of Cu surface area 

due to agglomeration of supported Cu particles on the ZnO support has been 

previously reported in the literature. For instance, Møller and co-workers observed a 

drastic decrease of the Cu Auger intensity after annealing a Cu film deposited on 

single crystalline ZnO(1120) at 875 K [167].  Similarly, Ernst and co-workers 

observed an increase of the He-ion scattering spectroscopy (ISS) signal relative to the 

substrate upon thermal treatment of a Cu film on ZnO(0001) at T � 400 K [164]. 

Didziulis and co-workers suggested that the agglomeration of the Cu islands on the 

ZnO surface proceeds via surface diffusion of Cu atoms [172]. 

The fact that extensive migration of ZnO onto the Cu surface does not occur under 

methanol decomposition conditions is in agreement with the Cu 2p3/2/Cu 3s XPS 

atomic ratio measured after the catalytic treatment. The Cu 2p3/2/Cu 3s XPS atomic 

ratio decreases only slightly upon exposure of the Cu(0.8 nm)/ZnO/Si model catalyst 

to methanol decomposition conditions, from 1.33 (value corresponding to bulk Cu, as 

discussed in section 5.3.1.1.1) to 1.18. This small decrease is probably due to the 

presence of adsorbed species on the catalyst surface after the catalytic treatment, 

although sub-monolayer coverage of the Cu surface by ZnO cannot be excluded as 

cause of the observed change. The nature of the adsorbed species present on the 

catalyst surface after exposure to methanol reforming conditions is discussed in detail 

in section 7.3.4. 

 

7.3.1.2 Cu(1.3 nm)/ZnO/Si 

Fig. 7-3a shows a typical 1x1 �m2 AFM image of the Cu(1.3 nm)/ZnO/Si model 

catalyst after exposure to methanol decomposition conditions. The average height of 
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the granular structures on the surface of the Cu(1.3 nm)/ZnO/Si model catalyst 

(calculated averaging the height of 25 granular features in the corresponding AFM 

images) increases from 5.2 (see Table 6-3) to 14 nm upon exposure to methanol 

decomposition conditions. At the same time their average lateral size increases from 

45 to 80 nm. This indicates that, at this Cu coverage, the agglomeration process 

accompanying the methanol decomposition treatment results in Cu islands with lateral 

sizes larger than the grains of the ZnO support.  

 

Figure 7-3 � AFM images of the Cu(1.3 nm)/ZnO/Si model catalyst after: a) 
exposure to methanol decomposition conditions at 550 K; b) high-pressure Ar 
treatment at 550 K 

Fig. 7-3b shows a typical AFM image of the Cu(1.3 nm)/ZnO/Si model catalyst after 

high-pressure Ar treatment at 550 K. The lateral size and the thickness of the Cu 

particles present on the ZnO surface after the high-pressure Ar-treatment are 

essentially the same as observed after exposure to methanol decomposition conditions 

at the same temperature. This supports the hypothesis formulated in section 7.3.1 that 

the presence of methanol in the gas phase does not affect the surface modifications 

taking place during the high-pressure treatments. 

Fig. 7-4 shows the results of Ar-ion XPS depth profiling experiments performed on 

the Cu(1.3 nm)/ZnO/Si model catalyst after various treatments. The Cu 2p3/2/Zn 2p3/2 

intensity ratio of the as-prepared Cu(1.3 nm)/ZnO/Si model catalyst (Fig. 7-4a) 

decreases steeply with Ar-ion etching time, indicating the presence of a relatively thin 

Cu layer. After Ar treatment at 550 K (Fig. 7-4b), the Cu 2p3/2/Zn 2p3/2 intensity ratio 
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is many times lower than the value corresponding to the as-prepared model catalyst, 

as also observed for Cu/ZnO/Si model catalysts with other Cu coverages (see Table 7-

1 and the relative discussion in section 7.3.1). The Cu 2p3/2/Zn 2p3/2 intensity ratio of 

the Cu(1.3 nm)/ZnO/Si model catalyst after Ar treatment decreases more slowly with 

Ar-ion etching time than in the case of the as-prepared model catalyst. This indicates 

that thicker Cu islands, covering a smaller fraction of the ZnO surface, are present on 

the model catalyst surface after Ar treatment, as also shown by the AFM image in Fig. 

7-3b.  

The variation of the Cu 2p3/2/Zn 2p3/2 intensity ratio with Ar-ion etching time 

expected for 3D Cu islands covering a certain fraction of the ZnO surface was 

calculated from the Ar-ion XPS depth profilings shown in Fig. 7-4, in order to extract 

semi-quantitative information on the morphology of the Cu layer. The Cu 2p3/2/Zn 

2p3/2 intensity ratio expected for a population of 3D Cu islands covering a fraction � 

of the ZnO surface is given by eq. 7-1. 
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         (7-1) 

In eq. 7-1 the term � �'dn  indicates a normalised distribution function 'd
d
d
P , giving the 

fraction dP of Cu islands having a thickness in the range between 'd and '' ddd � . All 

other symbols in eq. 7-1 have the same meaning as in eq. 6-5. The type of distribution 

function describing the thickness of the Cu islands � �'dn  can be determined from the 

AFM images of the Cu/ZnO/Si model catalysts. Fig. 7-5 shows the height distribution 

function corresponding to the AFM image of the Cu(1.3 nm)/ZnO/Si model catalyst 

after methanol decomposition shown in Fig. 7-3a.  
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Figure 7-4 – 1 keV Ar-ion XPS depth profiling performed on the Cu(1.3 nm)/ZnO/Si 
model catalyst: a) as-prepared; b) after Ar treatment at 550 K; c) after methanol 
decomposition at 550 K. The variation of the Cu 2p3/2/Zn 2p3/2 intensity ratio with Ar-
ion etching time predicted for a Gaussian distribution of the thickness of the Cu 
islands (see text) is also included. The values of the centre and standard deviation of 
the Gaussian distribution, together with the fraction of ZnO covered by Cu resulting 
from the fitting procedure are included in each plot 
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Figure 7-5 – Height distribution function calculated from the AFM image of the 
Cu(1.3 nm)/ZnO/Si model catalyst in Fig. 7-3a. The zero level of the height values is 
the deepest point of the corresponding AFM image 

The height distribution function in Fig. 7-5 can be described by two Gaussian curves 

corresponding to the height distribution functions of the ZnO support (small values of 

the height) and of the Cu islands (large values of the height). The centre of the 

Gaussian distribution function describing the height of the Cu islands is 15.5 nm, in 

very good agreement with the average height of the Cu islands calculated considering 

the height of 25 individual granular features in the corresponding AFM image. Based 

on this result a Gaussian function was used for � �'dn  in eq. 7-1. 

Eq. 7-1 allows calculating the Cu 2p3/2/Zn 2p3/2 intensity ratio after a certain Ar-ion 

etching time if the modifications of the height distribution function induced by the Ar-

ion etching treatment are taken into account. In the calculations it is assumed that an 

Ar-ion etching treatment of duration t shifts the centre of the Gaussian curve 

describing the height distribution function of the Cu islands to lower values by a 

quantity c times t, where c is the sputtering rate of Cu. Moreover, it is assumed that 

the standard deviation � of the Gaussian distribution function is not modified by the 

Ar-ion etching treatment. These assumptions imply that the sputtering process 

proceeds ideally, with layer-by-layer removal of the ion-bombarded material. This is 

only an approximation since other changes of the surface and sub-surface regions 

taking place during the Ar-ion etching treatment (such us recoil implantation of 

surface atoms, radiation-induced diffusion and ion bombardment-induced 
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modification of the surface topography [129]) are not taken into account. The 

presence of Ar-ion bombardment-induced modifications of the surface morphology is 

indicated by the increase of the surface roughness (by a factor of ~ 2) observed by 

AFM after the Ar-ion depth profiling experiments. However, the limited extent of the 

observed surface morphology changes suggests that the approximation of an ideal Ar-

ion sputtering process can be used in our calculations. The sputtering rate of Cu under 

the conditions used for the Ar-ion depth profiling experiments discussed here was 

determined by sputtering a 10 nm thick Cu layer deposited on Si by DC magnetron 

sputtering. A sputtering rate of 0.66 nm/min was calculated by dividing the thickness 

of the Cu film by the Ar-ion etching time necessary to reach the Cu/Si interface. The 

sum of the deviations between the predicted and the experimental Cu 2p3/2/Zn 2p3/2 

intensity ratios at all considered etching times (�2) was minimised by using the built-

in macro “Solver” of Microsoft Office Excel. Fitting parameters were the centre and 

the standard deviation (�) of the Gaussian distribution function describing the height 

of the Cu islands and the fraction (� ) of the ZnO surface covered by Cu.  

The results of the fitting procedures shown in Fig. 7-4 indicate that the as-prepared 

Cu(1.3 nm)/ZnO/Si model catalyst presents Cu islands with an average thickness of 5 

nm that cover 85% of the ZnO surface. The average thickness of the Cu islands in the 

as-prepared Cu(1.3 nm)/ZnO/Si model catalyst resulting from the modelling of the 

Ar-ion depth profile is in good agreement with the average size of the granular 

structures appearing in the AFM images of the same sample (Fig. 6-9, Table 6-3). The 

total Cu coverage corresponding to the calculated height distribution of the Cu islands 

is ~ 20 ML. According to the results of the fitting procedure the fraction of the ZnO 

surface covered by Cu in the as-prepared Cu(1.3 nm)/ZnO/Si model catalyst is only 

slightly larger than observed by SE for the as-prepared Cu(0.8 nm)/ZnO/Si model 

catalyst (72 � 5 %, see section 6.3.2.2). This confirms that the Cu-free fraction of the 

ZnO surface decreases only slowly upon deposition of Cu when the critical coverage, 

at which 3D growth of the Cu islands starts, is exceeded.  

The modelling of the depth profile in Fig. 7-4c indicates that exposure of the Cu(1.3 

nm)/ZnO/Si model catalyst to methanol decomposition conditions results in an 

increase of the Cu island average thickness to 20 nm. At the same time the fraction of 

ZnO surface covered by Cu decreases to 30%. The increase of the Cu island thickness 

and the decrease of the fraction of ZnO covered by Cu confirm that agglomeration of 
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the Cu islands occurs during exposure to methanol decomposition conditions. The 

average height of the Cu islands determined by modelling of the depth profiling data 

is in reasonable agreement with the average height of the Cu islands determined by 

AFM (14 nm). On the other hand, the fraction of the ZnO surface covered by the Cu 

islands in the AFM image in Fig. 7-3a (~ 65%) is higher than the Cu coverage 

determined by modelling of the depth profiling data (~ 30%). This is due to the fact 

that AFM overestimates the lateral size of the Cu islands, as a consequence of the 

non-zero apex angle of the tip. Analysis of the AFM height profiles of several Cu 

islands indicates that the convolution of the tip shape with the shape of the Cu islands 

leads to an overestimation of their diameter by ~ 30%. This corresponds to an 

overestimation of the support area covered by the Cu islands by a factor of ~ 2, very 

close to the difference between the Cu coverages estimated from the AFM image in 

Fig. 7-3a and from the modelling of the corresponding Ar-ion depth profile.  

The height distribution functions of the Cu islands and the fraction of free ZnO 

surface obtained for the Cu(1.3 nm)/ZnO/Si model catalyst after high-pressure Ar 

treatment at 550 K and methanol decomposition at the same temperature (Fig. 7-4b 

and 7-4c) are the same within the uncertainty on the fitting parameters 6. This 

confirms that the presence of methanol in the gas phase does not have a significant 

influence on the surface modifications observed after exposure of the Cu/ZnO/Si 

model catalysts to methanol decomposition conditions. The total Cu coverages 

calculated from the height distribution functions obtained for the Cu(1.3 nm)/ZnO/Si 

model catalyst after high-pressure Ar treatment and methanol decomposition are the 

same as for the as-prepared model catalyst (20 ML) within 10%. This confirms that no 

loss of Cu from the model catalyst surface occurs during the applied high-pressure 

treatments. 

The experimental Cu 2p3/2/Zn 2p3/2 intensity ratio vs. Ar-ion etching time curve 

corresponding to the Cu(1.3 nm)/ZnO/Si model catalyst after methanol decomposition 

is significantly different for etching times of � 350 s from the analogous curve 

measured after high-pressure Ar treatment. The model catalyst exposed to methanol 

decomposition conditions shows an increase of the Cu 2p3/2/Zn 2p3/2 intensity ratio at 

                                                
6 The uncertainty on the fitting parameters is not provided by the used fitting routine. However, 
exchanging the calculated Cu 2p3/2/Zn 2p3/2 intensity ratio vs. Ar-ion etching time curves obtained for 
the Cu(1.3 nm)/ZnO/Si model catalyst after high-pressure Ar treatment and methanol decomposition 
does not results in a significant increase of �2. This indicates that the height distribution function of the 
Cu islands in the two samples is essentially the same. 
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the beginning of the depth profiling, which is not observed for the other samples 

considered in Fig. 7-4. At the same time, the Cu 2p3/2/Cu 3s atomic ratio increases 

from ~ 1.15 to the value corresponding to bulk metallic Cu. This indicates that a layer 

covering the Cu islands is removed during the first part of the depth profiling 

experiment. Only a very small increase of the Cu 2p3/2/Cu 3s atomic ratio is observed 

for the Cu(1.3 nm)/ZnO/Si model catalyst after exposure to the high-pressure Ar 

treatment, whereas the Cu 2p3/2/Cu 3s atomic ratio is constant during the whole depth 

profiling of the as-prepared model catalyst. This indicates that the layer covering the 

Cu islands is thinner or absent in the case of the other samples considered in Fig. 7-4. 

Comparison of the C 1s/Zn 2p3/2 atomic ratio vs. Ar-ion etching time curves in Fig. 7-

4 shows that a larger amount of C-containing adsorbed species is present on the model 

catalyst surface after exposure to methanol decomposition conditions. The formation 

of adsorbed species during the application of various high-pressure treatments is 

discussed in section 7.3.3.3. It is plausible that the more pronounced increase of the 

Cu 2p3/2/Zn 2p3/2 and Cu 2p3/2/Cu 3s ratios observed at the beginning of the depth 

profiling experiment of the model catalyst after methanol decomposition is due to the 

removal of C-containing adsorbed species. However, it cannot be excluded that sub-

monolayer coverage of the Cu islands by ZnO contributes to the observed initial 

increase of the Cu 2p3/2/Zn 2p3/2 and Cu 2p3/2/Cu 3s ratios during depth profiling. The 

formation of a ZnO layer thicker than ~ 1 ML on the Cu islands can be excluded 

based on the measured depth profiles. 

 

7.3.2 Methanol dry POX 

7.3.2.1 Cu(1.3 nm)/ZnO/Si 

Fig. 7-6 shows the Cu 2p3/2/Zn 2p3/2 XPS atomic ratio and the average surface 

roughness of the Cu(1.3 nm)/ZnO/Si model catalyst after exposure to methanol dry 

POX conditions at 550 K with various oxygen contents in the feed. The average 

height of the granular structures detected by AFM after the same high-pressure 

treatments are listed in Table 7-2. 
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Table 7-2 – Average height and standard deviation of the grains detected by AFM on the 
surface of Cu(1.3 nm)/ZnO/Si model catalysts after methanol dry POX with various oxygen 
contents in the feed. The averages were determined considering the height of 25 granular 
features per AFM image 

O2/CH3OH molar ratio 0 0.11 0.33 0.45 

Average grain height [nm] 14 19 30 27 

Standard deviation [nm] 5 5 10 9 

 

 

 
Figure 7-6 – Cu 2p3/2/Zn 2p3/2 atomic ratio and average surface roughness after 
exposure of Cu(1.3 nm)/ZnO/Si model catalysts to methanol dry POX treatments at 
550 K with various amounts of oxygen in the feed. Experimental points at O2/CH3OH 
molar ratio = 0 correspond to methanol decomposition experiments or to high-
pressure Ar treatments. The oxidation state of Cu after the dry POX treatments is 
indicated by the filling degree of the Cu 2p3/2/Zn 2p3/2 atomic ratio data points.  

The O2/CH3OH molar ratio in the methanol dry POX feed has a profound influence 

on the oxidation state of Cu and on the Cu 2p3/2/Zn 2p3/2 atomic ratio after the high-

pressure treatment. The Cu L3M4,5M4,5 XPS spectra acquired after exposure to 

methanol dry POX conditions (shown in Fig. 7-7) indicate that Cu is entirely in the 

metallic state for O2/CH3OH molar ratios of � 0.11 and that a progressive oxidation to 
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Cu(I) takes place for higher oxygen contents. After methanol dry POX with 

O2/CH3OH molar ratios of � 0.33 Cu is present entirely in the Cu(I) oxidation state.  

When Cu(0) is present on the model catalyst surface after the methanol dry POX 

treatment (for O2/CH3OH molar ratios between 0.11 and 0.25 in Fig. 7-6) the Cu 

2p3/2/Zn 2p3/2 XPS atomic ratio is ~ 3 times lower than observed for the same catalyst 

after methanol decomposition or high-pressure Ar treatment. 

 
Figure 7-7 – Cu L3M4,5M4,5 XPS spectra acquired after exposure of a Cu(1.3 
nm)/ZnO/Si model catalyst to methanol dry POX conditions at 550 K with various 
oxygen contents in the feed. The numbers on the right side indicate the O2/CH3OH 
molar ratio in the methanol dry POX feed corresponding to each spectrum  

The low values of the Cu 2p3/2/Zn 2p3/2 XPS atomic ratio are accompanied by a 

significantly higher surface roughness measured by AFM. The average thickness of 

the Cu islands determined by AFM (Table 7-2) results ~ 5 nm larger after methanol 

dry POX with an O2/CH3OH molar ratio of 0.11 than after methanol decomposition. 

The AFM images corresponding to the Cu(1.3 nm)/ZnO/Si model catalyst after 

exposure to methanol dry POX conditions with various oxygen contents in the feed 

(shown in Fig. 7-8) indicate that the observed lower value of the Cu 2p3/2/Zn 2p3/2 

XPS atomic ratio is not due to a more extensive agglomeration of the Cu islands in 

the presence of oxygen in the feed. The lateral size of the Cu islands after methanol 

dry POX with an O2/CH3OH molar ratio of 0.11 (Fig. 7-8b) is very similar to that 

observed after methanol decomposition at the same temperature. Considering that the 

Cu islands contain only metallic Cu both after methanol decomposition and methanol 
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dry POX with an O2/CH3OH molar ratio of 0.11, the larger thickness of the Cu 

islands observed in the latter case can only be explained by the migration of a ZnO 

layer onto the surface of the Cu islands. The formation of a ZnO layer on the Cu 

islands also explains the observation of lower Cu 2p3/2/Zn 2p3/2 and Cu 2p3/2/Cu 3s 

XPS atomic ratios (see Table 7-3) after methanol dry POX with an O2/CH3OH molar 

ratio of 0.11. 

 

Figure 7-8 � 1x1 �m2 AFM images of Cu(1.3 nm)/ZnO/Si model catalysts after 
methanol dry POX with various O2/CH3OH molar ratios in the feed 

The formation of a ZnO layer on top of the Cu islands under methanol dry POX 

conditions when Cu is present in the metallic state is confirmed by the Ar-ion depth 

profiles shown in Fig. 7-9. 
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Table 7-3 – Cu 2p3/2/Cu 3s XPS atomic ratios measured after methanol dry POX treatment of 
Cu(1.3 nm)/ZnO/Si model catalysts at 550 K with various oxygen contents in the feed. An 
O2/CH3OH molar ratio of 0 corresponds to methanol decomposition 

O2/CH3OH molar ratio Ar treat. 0 0.11 0.25 0.33 0.45 

Cu 2p3/2/Cu 3s atomic ratio 1.26 1.15 0.82 1.05 1.22 1.23 

 

 

Figure 7-9 – 1.0 keV Ar-ion XPS depth profiles of Cu(1.3 nm)/ZnO/Si model catalysts after: 
a) methanol decomposition at 550 K; b) methanol dry POX at 550 K with an O2/CH3OH 
molar ratio of 0.11 
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The depth profile of the Cu(1.3 nm)/ZnO/Si model catalyst after exposure to methanol 

decomposition conditions (already shown in other form in Fig. 7-4) shows a rapid 

increase of the Cu 2p3/2/Zn 2p3/2, Cu 2p3/2/Cu 3s and Zn 2p3/2/O 1s atomic ratios 

accompanied by a decrease of the C 1s/Zn 2p3/2 atomic ratio for Ar-ion etching times 

� 350 s. As discussed in section 7.3.1.2, this is most probably due to removal of a 

layer of C- and O-containing adsorbed species during the first Ar-ion etching 

treatments, although sub-monolayer coverage of the Cu islands by ZnO cannot be 

excluded as an alternative cause of the observed changes. For Ar-ion etching times    

> 350 s a decrease of the Cu 2p3/2/Zn 2p3/2 atomic ratio corresponding to sputtering of 

the Cu islands is observed, whereas all other atomic ratios remain constant. 

The depth profile of the Cu(1.3 nm)/ZnO/Si model catalyst after exposure to methanol 

dry POX conditions with an O2/CH3OH molar ratio of 0.11 shows some remarkable 

differences with respect to the methanol decomposition case. The increase of the Cu 

2p3/2/Zn 2p3/2 and Cu 2p3/2/Cu 3s atomic ratios is more pronounced after methanol dry 

POX with an O2/CH3OH molar ratio of 0.11 and takes place on a longer time scale, 

being complete after ~ 1000 s Ar-ion etching. On the other hand, the Zn 2p3/2/O 1s 

and C 1s/Zn 2p3/2 atomic ratios reach a constant value after ~ 350 s, similarly to the 

methanol decomposition case. This implies that the removal of C- and O-containing 

adsorbed species is not involved in the increase of the Cu 2p3/2/Zn 2p3/2 and Cu 

2p3/2/Cu 3s atomic ratios. The observed changes are therefore determined by the 

removal of a ZnO layer covering the Cu surface. 

The difference between the height of the granular features observed by AFM for the 

Cu(1.3 nm)/ZnO/Si model catalyst after methanol decomposition and methanol dry 

POX with an O2/CH3OH molar ratio of 0.11 is ~ 5 nm (see Table 7-2). Since the 

lateral size of the Cu islands is essentially the same after both high-pressure 

treatments this value represents an indication of the thickness of the ZnO layer 

covering the Cu surface. The thickness of the ZnO layer covering the Cu surface can 

be calculated also from the Ar-ion etching time necessary to reach the maximum of 

the Cu 2p3/2/Zn 2p3/2 atomic ratio curve (~ 1000 s) if the sputtering rate of ZnO is 

known. The sputtering rate of ZnO under the conditions used for the Ar-ion depth 

profiling experiments discussed here was determined by sputtering a 100 nm thick 

ZnO film deposited on Si by DC magnetron sputtering. A sputtering rate of 0.3 

nm/min was calculated by dividing the thickness of the ZnO film by the time 
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necessary to reach the ZnO/Si interface. Using this value of the sputtering rate of ZnO 

a thickness of ~ 5 nm can be calculated for the ZnO layer covering the Cu surface 

after exposure of Cu(1.3 nm)/ZnO/Si model catalysts to methanol dry POX conditions 

with an O2/CH3OH molar ratio of 0.11. This value is in very good agreement with the 

thickness of the ZnO layer on top of the Cu islands suggested by AFM. 

Exposure of the Cu(1.3 nm)/ZnO/Si model catalyst to methanol dry POX conditions 

with an O2/CH3OH molar ratio of � 0.33 results in the formation of Cu(I), as shown in 

Fig. 7-7. The formation of Cu(I) is accompanied by a strong increase of the Cu 

2p3/2/Zn 2p3/2 atomic ratio (see Fig. 7-6) and of the thickness of the Cu islands (see 

Table 7-2). The larger value of the Cu 2p3/2/Zn 2p3/2 atomic ratio observed after 

methanol dry POX conditions with O2/CH3OH molar ratios of � 0.33 indicates that 

the fraction of ZnO surface covered by the Cu islands is larger after these high-

pressure treatments than after methanol decomposition. In other words, the 

agglomeration process of the Cu islands taking place during exposure to the high-

pressure treatments is less pronounced if Cu(I) is present on the model catalyst 

surface. The large values of the Cu 2p3/2/Zn 2p3/2 atomic ratio observed when Cu(I) is 

detected on the model catalyst surface exclude the possibility of significant ZnO 

migration onto the surface of the Cu islands. Indications that the formation of Cu(I) is 

associated with an increase of the dispersion of Cu supported on ZnO are present in 

the literature. Didziulis and co-workers [172] studied the effect of the formation of 

Cu(I) in UHV on the dispersion of Cu clusters vapour-deposited on ZnO(0001) 

single-crystalline surfaces. These authors annealed the freshly prepared 

Cu/ZnO(0001) surface to form 3D Cu islands covering only a fraction of the ZnO 

support. A Cu(I)-rich surface was then formed by oxidation of the Cu clusters by 

molecular oxygen at 473 K (resulting in the formation of Cu(II)) followed by 

annealing in UHV at 573 K. The dispersion of the Cu layer (determined by XPS) was 

found to increase dramatically upon formation of Cu(I), reaching a value close to the 

one observed before agglomeration of the Cu islands.  

AFM indicates that both the height and the lateral size of the Cu islands are larger 

when Cu(I) is formed during methanol dry POX (see Fig. 7-8). This is most probably 

due to the lower density of the Cu(I)-containing phase with respect to metallic Cu, 

resulting in expansion of the Cu islands upon oxidation. Bulk densities of 0.14 mol 

Cu/cm3 and 0.084 mol Cu/cm3 are reported in the literature for Cu and Cu2O 
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respectively [117], indicating that oxidation of Cu to Cu2O results in an increase of 

the volume by a factor of 1.7. An even more pronounced expansion of the Cu islands 

might result from the formation of a porous structure of the oxide or by formation of a 

hydroxide. However, further characterisation of the Cu(I)-containing phase formed 

upon exposure of the Cu(1.3 nm)/ZnO/Si model catalyst to methanol dry POX 

conditions with O2/CH3OH molar ratios � 0.33 was not attempted. 

 

7.3.2.2 Cu(0.4 nm)/ZnO/Si 

Fig. 7-10 shows the Cu 2p3/2/Zn 2p3/2 XPS atomic ratio and the average surface 

roughness of the Cu(0.4 nm)/ZnO/Si model catalyst after exposure to methanol dry 

POX conditions at 550 K with various oxygen contents in the feed. The corresponding 

Cu L3M4,5M4,5 XPS spectra are shown in Fig. 7-11.  

 
Figure 7-10 � Cu 2p3/2/Zn 2p3/2 atomic ratio and average surface roughness after 
exposure of Cu(0.4 nm)/ZnO/Si model catalysts to methanol dry POX treatments at 
550 K with various amounts of oxygen in the feed. Experimental points at O2/CH3OH 
molar ratio = 0 correspond to methanol decomposition experiments or to high-
pressure Ar treatments. The oxidation state of Cu after the dry POX treatments is 
indicated by the filling degree of the Cu 2p3/2/Zn 2p3/2 atomic ratio data points.  

The changes of the Cu 2p3/2/Zn 2p3/2 XPS atomic ratio and of the average surface 

roughness observed after exposure of Cu(0.4 nm)/ZnO/Si model catalysts to methanol 

dry POX conditions with various O2/CH3OH molar ratios in the feed are qualitatively 

similar to those discussed in the previous section for the Cu(1.3 nm)/ZnO/Si model 
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catalyst. Lower values of the Cu 2p3/2/Zn 2p3/2 XPS atomic ratio, accompanied by a 

higher average surface roughness, are observed when oxygen is present in the feed 

and Cu is entirely in the metallic state after the methanol dry POX treatment. On the 

other hand, the Cu 2p3/2/Zn 2p3/2 XPS atomic ratio and the average surface roughness 

increase when Cu(I) is formed during the methanol dry POX treatment. The similarity 

of the changes observed after methanol dry POX treatment of the Cu(0.4 nm)/ZnO/Si 

and Cu(1.3 nm)/ZnO/Si model catalysts suggests that the same reaction-induced 

surface modifications occur at both Cu coverages. However, the results of the AFM 

analysis and of the Ar-ion XPS depth profiling experiments performed on the Cu(0.4 

nm)/ZnO/Si indicate that some significant differences exist in the extent of these 

modifications for the two examined Cu coverages. 

 

 
Figure 7-11 – Cu L3M4,5M4,5 XPS spectra acquired after exposure of a Cu(0.4 
nm)/ZnO/Si model catalyst to methanol dry POX conditions at 550 K with various 
oxygen contents in the feed. The numbers on the right side indicate the O2/CH3OH 
molar ratio in the methanol dry POX feed corresponding to each spectrum 

Fig. 7-12 shows that the lateral size of the granular structures detected by AFM on the 

surface of Cu(0.4 nm)/ZnO/Si model catalysts after exposure to all performed 

methanol dry POX treatments is the same as observed for the ZnO/Si substrate. This 

indicates that the lateral size of the Cu islands remains lower than the grains of the 

ZnO support (~ 45 nm) after all performed treatments. The average height of the 

granular structures observed by AFM on the model catalyst surface after methanol dry 

POX conditions with various oxygen contents in the feed is shown in Table 7-4. 
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Table 7-4 – Average height and standard deviation of the granular structures detected by 
AFM on Cu(0.4 nm)/ZnO/Si model catalysts after methanol dry POX treatments with various 
O2/CH3OH molar ratios in the feed. For each sample the thickness of 25 islands was 
considered 

O2/CH3OH molar ratio 0 0.05 0.11 0.25 0.33 0.45 

Cu island average height [nm] 4 6 7 6 10 10.5 

Standard deviation [nm] 1 1 2 2 5 3 

 

Figure 7-12 � 1x1 �m2 AFM images of Cu(0.4 nm)/ZnO/Si model catalysts after 
methanol dry POX with various O2/CH3OH molar ratios in the feed 
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Table 7-4 shows that the decrease of the Cu 2p3/2/Zn 2p3/2 XPS atomic ratio observed 

after methanol dry POX with an O2/CH3OH molar ratio between 0.05 and 0.25 is 

associated with an increase of the average height of the granular structures on the 

model catalyst surface. Both changes are probably due to migration of ZnO onto the 

surface of the Cu islands, similarly to the case of the Cu(1.3 nm)/ZnO/Si catalyst. 

However, this hypothesis cannot be conclusively confirmed based on the available 

experimental data. The Cu 2p3/2/Cu 3s XPS atomic ratio values measured after the 

methanol dry POX treatments with an O2/CH3OH molar ratio between 0.05 and 0.25 

are only slightly lower than the value determined after methanol decomposition (see 

Table 7-5). The observed difference is relatively small compared with the uncertainty 

(~ 5%) on the Cu 2p3/2/Cu 3s XPS atomic ratio values and could be explained by a 

small change in the amount of adsorbed species on the catalyst surface, without 

implying the presence of a ZnO layer on top of the Cu surface. 

Table 7-5 – Cu 2p3/2/Cu 3s XPS atomic ratios measured after methanol dry POX treatment of 
Cu(0.4 nm)/ZnO/Si model catalysts at 550 K with various oxygen contents in the feed. An 
O2/CH3OH molar ratio of 0 corresponds to methanol decomposition 

O2/CH3OH molar ratio Ar treat. 0 0.05 0.11 0.25 0.33 0.45

Cu 2p3/2/Cu 3s atomic ratio 1.23 1.15 1.14 1.07 1.29 1.34 1.40

 

Similarly, no conclusive evidence for the presence of ZnO on the Cu surface is 

present in the Ar-ion XPS depth profile of the Cu(0.4 nm)/ZnO/Si model catalyst after 

exposure to methanol dry POX conditions with an O2/CH3OH molar ratio of 0.11 

(shown in Fig. 7-13). The Cu 2p3/2/Zn 2p3/2 atomic ratio vs. etching time curve in Fig. 

7-13 presents an initial increase (up to ~ 270 s etching time) followed by a decrease, 

similarly to the analogous curve measured for Cu(1.3 nm)/ZnO/Si after exposure to 

the same high-pressure treatment (Fig. 7.9b). However, the initial increase of the Cu 

2p3/2/Zn 2p3/2 atomic ratio in Fig. 7-13 is limited to etching times at which C- and O-

containing adsorbed species are removed from the model catalyst surface (notice the 

decrease of the C 1s/Zn 2p3/2 XPS atomic ratio and the increase of the Zn 2p3/2/O 1s 

XPS atomic ratio). On the other hand, a more pronounced increase of the Cu 2p3/2/Zn 

2p3/2 atomic ratio, extending to longer etching time values, is observed after exposure 
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of a Cu(1.3 nm)/ZnO/Si model catalyst to methanol dry POX conditions with an 

O2/CH3OH molar ratio of 0.11. Therefore the observed initial increase of the Cu 

2p3/2/Zn 2p3/2 atomic ratio curve in Fig. 7-13 might be due to the removal of adsorbed 

species and not to the sputtering of a ZnO layer on the Cu surface. 

 
Figure 7-13 � 1.0 keV Ar-ion XPS depth profile of a Cu(0.4 nm)/ZnO/Si model 
catalyst after methanol dry POX at 550 K with an O2/CH3OH molar ratio of 0.11 

The difference between the average height of the granular structures observed by 

AFM after methanol dry POX with O2/CH3OH molar ratio between 0.05 and 0.25 and 

after methanol decomposition suggests that, if a ZnO layer covering the Cu islands is 

present, its thickness is not larger than 2 – 3 nm. This value is significantly smaller 

than the one obtained for the Cu(1.3 nm)/ZnO/Si model catalyst after exposure to the 

same high-pressure treatments (5 nm, see section 7.3.2.1). It is possible that the small 

thickness of the ZnO layer on the Cu surface prevents its clear identification by XPS 

and Ar-ion depth profiling. However, the available data do not allow to conclusively 

confirm the migration of ZnO onto the Cu surface in the case of the Cu(0.4 

nm)/ZnO/Si model catalysts. It is also possible that the decrease of the Cu 2p3/2/Zn 

2p3/2 atomic ratio and the increase of the average height of the granular structures on 

the surface of the Cu(0.4 nm)/ZnO/Si model catalysts observed after exposure to 

methanol dry POX with O2/CH3OH molar ratio between 0.05 and 0.25 are due to 

more extensive agglomeration of the Cu islands. 
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The Cu(0.4 nm)/ZnO/Si and Cu(1.3 nm)/ZnO/Si model catalysts present another 

interesting difference in the dependence of the oxidation state of Cu determined by 

post-reaction XPS analysis on the oxygen content in the methanol dry POX feed. Fig. 

7-7 shows that an O2/CH3OH molar ratio of 0.25 is sufficient to oxidise a large part  

(~ 50%) of the Cu in the Cu(1.3 nm)/ZnO/Si model catalyst during methanol dry 

POX. On the other hand, Fig. 7-11 indicates that after methanol dry POX with the 

same O2/CH3OH molar ratio the Cu(0.4 nm)/ZnO/Si model catalyst presents only a 

small amount of Cu(I) (� 20%) and that an O2/CH3OH molar ratio of 0.33 is 

necessary to oxidise ~ 50% of Cu to Cu(I). The lower reactivity towards oxidation 

observed for smaller Cu islands on the surface of the low coverage Cu/ZnO/Si model 

catalyst is unexpected. If the rate of oxidation were the same for all Cu islands 

independently on their size, an oxide layer of a certain thickness would be formed 

faster in the case of small islands than for large ones. This is due to the fact that the 

formation of an oxide layer of a certain thickness requires the oxidation of a smaller 

number of atoms in the case of small metal islands [173]. Therefore, the observation 

of a less pronounced oxidation of the Cu(0.4 nm)/ZnO/Si model catalyst after 

exposure to methanol dry POX with an O2/CH3OH molar ratio of 0.25 implies that the 

rate of oxidation is lower for smaller Cu islands. This cannot be easily explained by 

the variation of the structural and electronic properties of metal nano-clusters with 

cluster size. As a matter of fact, the surface of small metal clusters exposes a large 

fraction of coordinatively unsaturated atoms and exhibits generally a higher reactivity 

than the surface of large metal aggregates [153]. The higher reactivity of small metal 

clusters has been demonstrated also in the case of oxidation by molecular oxygen. For 

instance, the heat of oxidation of several noble metals supported on �-Al2O3 has been 

shown to increase with decreasing cluster size for cluster sizes smaller than 2.5 nm 

[174]. The low reactivity towards oxidation observed for small Cu islands supported 

on ZnO can be justified by a change of the properties of the Cu islands as a 

consequence of their interaction with the ZnO support. As a matter of fact, one atom-

thick Cu islands supported on Zn(0001) surfaces have been shown to be less reactive 

towards oxidation than larger Cu clusters [172]. The Cu(0.4 nm)/ZnO/Si model 

catalyst present on its surface a larger fraction of thin Cu islands. It is plausible that 

the oxidation rate of these thin Cu islands is decreased by their interaction with the 

ZnO support. A higher oxygen content is therefore needed for oxidising the same 
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fraction of Cu on the surface of the Cu(0.4 nm)/ZnO/Si model catalyst than in the case 

of the Cu(1.3 nm)/ZnO/Si model catalyst. 

 

7.3.3 Methanol wet POX 

7.3.3.1 Cu(1.3 nm)/ZnO/Si 

Fig. 7-14 shows the Cu 2p3/2/Zn 2p3/2 XPS atomic ratio and the average surface 

roughness of Cu(1.3 nm)/ZnO/Si model catalysts after exposure to methanol wet POX 

conditions at 550 K with various oxygen contents in the feed. The corresponding Cu 

L3M4,5M4,5 XPS spectra are shown in Fig. 7-15.  

 
Figure 7-14 � Cu 2p3/2/Zn 2p3/2 atomic ratio and average surface roughness after 
exposure of Cu(1.3 nm)/ZnO/Si model catalysts to methanol wet POX treatments at 
550 K with various oxygen contents in the feed. Experimental points at O2/CH3OHexc 
molar ratio = 0 correspond to methanol SR conditions. The oxidation state of Cu after 
the wet POX treatments is indicated by the filling degree of the Cu 2p3/2/Zn 2p3/2 
atomic ratio data points 

A lower amount of oxygen in the feed is necessary to oxidise Cu(0) to Cu(I) under 

methanol wet POX conditions compared to methanol dry POX. Fig. 7-15 shows that 

Cu is entirely in the Cu(I) oxidation state after methanol wet POX with O2/CH3OHexc 

molar ratios of � 0.05. On the other hand, an O2/CH3OH molar ratio of 0.33 is 

necessary to oxidise entirely to Cu(I) the Cu in a Cu(1.3 nm)/ZnO/Si model catalyst 

during methanol dry POX (see Fig. 7-7). The fact that a lower oxygen content is 

sufficient to oxidise the Cu in the Cu/ZnO/Si model catalysts under methanol wet 

POX conditions is a consequence of the higher oxidising potential of the gas phase in 
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the presence of water. However, water alone is unable to oxidise Cu under the applied 

conditions, as indicated by the presence of Cu(0) only after methanol SR. The 

promotion of the oxidation of Cu by water has already been reported in the literature. 

The rate of oxidation of high-purity Cu by oxygen has been found to increase with 

increasing water partial pressures below 973 K [175]. 

 
Figure 7-15 – Cu L3M4,5M4,5 XPS spectra acquired after exposure of Cu(1.3 
nm)/ZnO/Si model catalysts to methanol wet POX conditions at 550 K with various 
oxygen contents in the feed. The numbers on the right side indicate the O2/CH3OHexc 
molar ratio in the methanol wet POX feed corresponding to each spectrum 

The formation of Cu(I) during methanol wet POX is accompanied by a significant 

decrease of the Cu 2p3/2/Zn 2p3/2 XPS atomic ratio, as shown in Fig. 7-14. This is in 

contrast with the increase of the Cu 2p3/2/Zn 2p3/2 XPS atomic ratio observed after 

exposure of the Cu/ZnO/Si model catalysts to methanol dry POX conditions resulting 

in the formation of Cu(I) (see Fig. 7-6 and 7-10). This difference in behaviour can be 

understood by comparing the AFM images of the Cu(1.3 nm)/ZnO/Si model catalysts 

acquired after methanol dry POX (Fig. 7-8c-d) and after methanol wet POX. Typical 

AFM images of the Cu(1.3 nm)/ZnO/Si model catalyst after exposure to methanol wet 

POX conditions are shown in Fig. 7-16. The variation of the average height of the Cu 

islands with oxygen content in the methanol wet POX feed is shown in Table 7-6.  
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Table 7-6 – Average height and standard deviation of the granular structures detected by 
AFM on Cu(1.3 nm)/ZnO/Si model catalysts after methanol wet POX treatments with various 
O2/CH3OHexc molar ratios in the feed. For each sample the thickness of 25 islands was 
considered 

O2/CH3OH molar ratio 0 0.05 0.25 0.45 

Cu island average height [nm] 16 40 46 46 

Standard deviation [nm] 9 13 17 20 

 

Figure 7-16 � 1x1 �m2 AFM images of Cu(1.3 nm)/ZnO/Si model catalysts after 
methanol wet POX with various O2/CH3OHexc molar ratios in the feed. An 
O2/CH3OHexc molar ratio of zero corresponds to methanol SR conditions 
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The average lateral size and the average height of the Cu islands on the surface of 

Cu(1.3 nm)/ZnO/Si model catalysts are larger after methanol wet POX (Table 7-6) 

than after methanol dry POX (Table 7-2) at all used oxygen partial pressures. 

Moreover, the number of Cu islands per unit area is lower after methanol wet POX 

than after methanol dry POX after all treatments. The dark areas between the Cu 

islands visible in the AFM images relative to the Cu(1.3 nm)/ZnO/Si model catalysts 

after methanol wet POX with O2/CH3OHexc molar ratios � 0.05 (Fig. 7-16b-d) 

indicate the presence of large regions of exposed ZnO surface. This is supported by 

the fact that these dark areas exhibit the same surface roughness as determined for the 

Cu-free ZnO/Si substrate. The presence of dark areas in the AFM images 

corresponding to the Cu(1.3 nm)/ZnO/Si model catalysts after methanol dry POX 

with O2/CH3OH molar ratios � 0.33 (Fig. 7-8c-d) is much more limited. These 

observations suggest that the agglomeration of the Cu islands occurring during 

methanol partial oxidation is much more pronounced in the presence of water in the 

feed. The observed agglomeration is largest when Cu(I) is formed on the model 

catalyst surface during methanol wet POX. The formation of very large Cu islands 

and the presence of a large fraction of free ZnO surface are responsible for the low Cu 

2p3/2/Zn 2p3/2 XPS atomic ratios observed after methanol wet POX with O2/CH3OHexc 

molar ratios � 0.05 (Fig. 7-14). 

The XPS and AFM data discussed above strongly indicate that the presence of water 

in the feed favours the agglomeration of the Cu layer when Cu(0) or Cu(I) are present, 

resulting in the formation of larger Cu islands and of a larger fraction of free ZnO 

surface. This might be due to thermodynamic or kinetic effects. Adsorption of water 

from the gas phase results in the formation of surface hydroxy groups and molecularly 

adsorbed water both on the ZnO and Cu-containing surfaces, as indicated by the O 1s 

XPS spectra of the model catalysts measured after exposure to methanol wet POX 

conditions (not shown) and as reported in the literature [176]. The presence of a larger 

amount of adsorbed water and hydroxy groups during methanol wet POX with respect 

to methanol dry POX may change the surface free energy of the various phases in a 

way to increase the thermodynamic driving force of the agglomeration of the Cu 

islands. Alternatively, it is possible that a variation of the population of the adsorbed 

species on the model catalyst surface may change the rate of the surface diffusion of 

Cu ions/atoms, thus accelerating the agglomeration of the Cu islands.   
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7.3.3.2 Cu(0.4 nm)/ZnO/Si 

The modifications of the Cu oxidation state and of the surface morphology observed 

after exposure of Cu(0.4 nm)/ZnO/Si model catalysts to methanol wet POX 

conditions with an O2/CH3OHexc molar ratio � 0.25 are similar to those discussed in 

section 7.3.3.1 for the Cu(1.3 nm)/ZnO/Si model catalysts. Cu is in the metallic state 

after methanol SR at 550 K, but is oxidised to Cu(I) during exposure to methanol wet 

POX conditions with O2/CH3OHexc molar ratios between 0.05 and 0.25, as indicated 

by the Cu L3M4,5M4,5 XPS spectra shown in Fig 7.17. 

 
Figure 7-17 – Cu L3M4,5M4,5 XPS spectra acquired after exposure of Cu(0.4 nm)/ZnO/Si 
model catalysts to methanol wet POX conditions at 550 K with various oxygen contents in the 
feed. The numbers on the right side indicate the O2/CH3OHexc molar ratio in the methanol wet 
POX feed corresponding to each spectrum. Experimental points at O2/CH3OHexc molar     
ratio = 0 correspond to methanol SR conditions 

The presence of water in the feed causes a more extensive agglomeration of the Cu 

islands during methanol wet POX with O2/CH3OHexc molar ratios � 0.25 than during 

methanol dry POX treatments with the same oxygen partial pressures, similarly to the 

case of the Cu(1.3 nm)/ZnO/Si model catalysts. This is indicated by the lower Cu 

2p3/2/Zn 2p3/2 XPS atomic ratio and the higher average surface roughness measured 

after methanol wet POX with O2/CH3OHexc molar ratios � 0.25 (Fig. 7-18) than after 

methanol dry POX treatments with the same oxygen contents in the feed (see Fig. 7-

10).  
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Figure 7-18 � Cu 2p3/2/Zn 2p3/2 atomic ratio and average surface roughness after exposure of 
Cu(0.4 nm)/ZnO/Si model catalysts to methanol wet POX treatments at 550 K with various 
oxygen contents in the feed. Experimental points at O2/CH3OHexc molar ratio = 0 correspond 
to methanol SR conditions. The oxidation state of Cu after the wet POX treatments is 
indicated by the filling degree of the Cu 2p3/2/Zn 2p3/2 atomic ratio data points 

The more extensive agglomeration of the Cu islands during methanol wet POX is 

confirmed by the AFM images acquired after exposure of Cu(0.4 nm)/ZnO/Si model 

catalysts to methanol wet POX conditions with O2/CH3OHexc molar ratios � 0.25 (Fig. 

7-19 and Table 7-7).  As a matter of fact, exposure of the Cu(0.4 nm)/ZnO/Si model 

catalysts to methanol wet POX conditions with O2/CH3OHexc molar ratios � 0.25 

results in the formation of thicker islands than after exposure to the corresponding 

methanol dry POX treatments (see Table 7-7 and  7-4). 

Table 7-7 – Average height and standard deviation of the granular structures detected by 
AFM on Cu(0.4 nm)/ZnO/Si model catalysts after methanol wet POX with various 
O2/CH3OHexc molar ratios in the feed. For each sample the thickness of 25 islands was 
considered 

O2/CH3OH molar ratio 0 0.05 0.25 0.42 

Cu island average height [nm] 5 17 18 5 

Standard deviation [nm] 1 4 5 1 
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The agglomeration of the Cu islands is most pronounced when Cu(I) is formed under 

methanol wet POX conditions, analogously to the Cu(1.3 nm)/ZnO/Si model catalyst 

case. This is indicated by the decrease of the Cu 2p3/2/Zn 2p3/2 XPS atomic ratio and 

the increase of the average surface roughness observed after methanol wet POX with 

O2/CH3OHexc molar ratios between 0.05 and 0.25 (see Fig. 7-18). The agglomeration 

of the Cu islands when Cu(I) is formed is also clearly observed in the AFM images 

shown in Fig. 7-19b and 7-19c.  

  

Figure 7-19 � 1x1 �m2 AFM images of Cu(0.4 nm)/ZnO/Si model catalysts after 
methanol wet POX with various O2/CH3OHexc molar ratios in the feed. An 
O2/CH3OHexc molar ratio of zero corresponds to methanol SR conditions 
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As a matter of fact, a drastic increase of the height of the Cu islands, accompanied by 

a decrease of their number per unit area, is observed after methanol wet POX with 

O2/CH3OHexc molar ratios between 0.05 and 0.25. 

Remarkable differences are observed in the behaviour of Cu(0.4 nm)/ZnO/Si and 

Cu(1.3 nm)/ZnO/Si model catalysts during exposure to methanol wet POX conditions 

with O2/CH3OHexc molar ratios > 0.4. The Cu L3M4,5M4,5 spectrum measured after 

exposure of the Cu(0.4 nm)/ZnO/Si model catalyst to methanol wet POX conditions 

with an O2/CH3OHexc molar ratio of 0.42 presents a weak shoulder at ~ 917.7 eV, 

corresponding to Cu(II). The presence of Cu(II) is confirmed by the presence of a 

shoulder at ~ 935.0 eV and of a shake-up feature between 940 and 945 eV in the 

corresponding Cu 2p3/2 XPS spectrum (see Fig. 7-20). The position of the shoulder 

indicates that Cu(II) is not present as CuO, but, most probably, as Cu(OH)2 [177].  

Deconvolution of the Cu 2p3/2 XPS spectrum indicates that ~ 20% of the Cu on the 

model catalyst surface is present as Cu(II). 

On the other hand, only Cu(I) is observed after exposure of the Cu(1.3 nm)/ZnO/Si 

model catalyst to methanol wet POX conditions with an O2/CH3OHexc molar ratio of 

0.42, as indicated by the corresponding Cu L3M4,5M4,5 spectrum in Fig. 7-15. The 

absence of Cu(II) in the case of a larger Cu coverage is confirmed by the absence of 

high binding energy components and shake-up features in the Cu 2p3/2 XPS spectra 

(not shown). The formation of Cu(II) after exposure of Cu/ZnO/Si model catalysts 

only in the case of low Cu coverage is unexpected, since Cu(0.4 nm)/ZnO/Si model 

catalysts show a lower reactivity than Cu(1.3 nm)/ZnO/Si model catalysts towards the 

formation of Cu(I), as discussed in section 7.3.2.2. The easier formation of Cu(II) 

during exposure of Cu(0.4 nm)/ZnO/Si model catalysts to methanol wet POX 

conditions suggests that the reduction of the surface reactivity of small Cu islands due 

to the interaction with the ZnO support is limited to islands of metallic Cu. Once 

Cu(I) is formed the intrinsically higher reactivity of smaller Cu islands predominates 

and Cu(II) is formed at lower oxygen partial pressures in the case of smaller Cu 

islands. A similar size-effect has been observed for the oxidation of Cu clusters 

supported on Si. The oxidation to Cu(II) of Cu nano-particle supported on Si has been 

shown to occur faster for small Cu clusters (4 nm diameter) than for large clusters (15 

nm diameter) at 570 K [73]. 
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Figure 7-20 – Cu 2p3/2 XPS spectra acquired after exposure of Cu(0.4 nm)/ZnO/Si 
model catalysts to methanol wet POX conditions at 550 K with various oxygen 
contents in the feed. 

The formation of Cu(II) is associated with a drastic modification of the surface 

morphology as indicated by the XPS and AFM data acquired after exposure of the 

Cu(0.4 nm)/ZnO/Si model catalyst to methanol wet POX with an O2/CH3OHexc molar 

ratio of 0.42 (see Fig. 7-18 and 7-19). The Cu 2p3/2/Zn 2p3/2 XPS atomic ratio of the 

Cu(0.4 nm)/ZnO/Si model catalyst after methanol wet POX with an O2/CH3OHexc 

molar ratio of 0.42 is higher than the values observed when Cu(0) or Cu(I) are 

present. This indicates that the fraction of ZnO surface covered by the Cu islands is 

larger when Cu(II) is present on the model catalyst surface than in the presence of 

other Cu oxidation states. The less extensive agglomeration of Cu in the presence of 

Cu(II) is confirmed by the lower height of the Cu islands after methanol wet POX 

with an O2/CH3OHexc molar ratio of 0.42 (see Table 7-7). The average height of the 

Cu islands after methanol wet POX with an O2/CH3OHexc molar ratio of 0.42 is the 

same as after methanol SR. However, Cu(OH)2 has a lower density than metallic Cu 

(0.035 mol Cu/cm3 and 0.14 mol Cu/cm3, respectively [117]), implying that the same 

amount of Cu occupies a larger volume in the form of Cu(OH)2 than in the metallic 

state. Therefore, the fact that the same average Cu island height is observed when 

Cu(0) or Cu(II) are present indicates that the fraction of the ZnO support covered by 

the Cu islands is larger in the latter case. This is in agreement with the larger Cu 

2p3/2/Zn 2p3/2 XPS atomic ratio measured after methanol wet POX with an 
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O2/CH3OHexc molar ratio of 0.42 than after methanol SR. The less extensive 

agglomeration of the Cu islands when Cu(II) is present on the model catalyst surface 

is confirmed by the AFM image in Fig. 7-19d showing the presence of small Cu 

islands with lateral size comparable to that of the grains of the ZnO support. The 

beneficial effect of water on the dispersion of Cu(II)-containing  phases has been also 

observed during exposure of a commercial Cu/ZnO-based catalyst to ATR conditions 

at 510 K (see section 5.3.1.1.4). Possible origins of this phenomenon have been 

discussed in section 5.3.1.2. 

 

7.3.4 Adsorbed species 

7.3.4.1 Methanol dry POX 

Valuable information on the adsorbed species present on the model catalyst surface 

after exposure to methanol reforming conditions can be obtained from the post-

reaction C 1s XPS spectra. Fig. 7-21 shows the C 1s XPS spectra acquired after 

exposure of Cu(1.3 nm)/ZnO/Si model catalysts to methanol dry POX conditions at 

550 K with various oxygen contents in the feed.  

 
Figure 7-21 – XPS C 1s spectra acquired after exposure of Cu(1.3 nm)/ZnO/Si 
model catalysts to methanol dry POX conditions at 550 K. The number on the right 
of each spectrum indicates the O2/CH3OH molar ratio during the methanol dry POX 
treatment. The second spectrum from the bottom corresponds to the Cu-free ZnO/Si 
substrate. As discussed in section 7.3.2.1, Cu is entirely in the metallic state after 
methanol dry POX with O2/CH3OH molar ratios of 0 and 0.11. Both Cu(0) and Cu(I) 
are detected when the O2/CH3OH molar ratio is 0.25, whereas only Cu(I) is detected 
at higher O2/CH3OH molar ratios 



 188

Four components can be distinguished in the C 1s XPS spectra in Fig. 7-21: at 289.4, 

287.2, 286.2 and ~ 285.0 eV.  

The peak at 289.4 eV is assigned to formate species adsorbed on the ZnO substrate. A 

binding energy of 289.3 eV has been reported for formate species adsorbed on 

ZnO(0001) single crystalline surfaces [46], whereas a higher binding energy (289.6 – 

289.9 eV) has been reported for formate species adsorbed on non-polar ZnO(1010) 

surfaces [59]. The fact that the measured binding energy of the adsorbed formate 

species is very close to the value reported for formate groups on ZnO(0001) is in 

agreement with the observed preferential orientation parallel to the (0001) planes of 

the ZnO surface of the ZnO/Si substrate (see section 6.3.1.3). The C 1s XPS peak 

corresponding to the formate species adsorbed on the ZnO surface of the Cu/ZnO-

based commercial catalyst (Fig. 5-12, section 5.3.3.1) is positioned at 290.0 eV. This 

indicates that the commercial catalyst exposes a larger fraction of ZnO(1010) surface 

than the Cu/ZnO/Si model catalysts. The contribution of formate species adsorbed on 

metallic Cu to the C 1s XPS component at 289.4 eV can be excluded, due to the fact 

that these formate groups desorb at a temperature of 485 K, lower than the applied 

reaction temperature (see section 5.3.3.1.3). 

The C 1s XPS component at 287.2 eV is assigned to methoxy species adsorbed on the 

ZnO surface, analogously to the C 1s XPS signal observed at the same binding energy 

after exposure of the commercial Cu/ZnO-based catalyst to methanol reforming 

conditions (see section 5.3.3.1.2).  

The C 1s XPS spectrum measured after exposure of the Cu(1.3 nm)/ZnO/Si model 

catalyst to methanol dry POX with an O2/CH3OH molar ratio of  0.11 shows a drastic 

increase of the adsorbed formate component with respect to the C 1s XPS spectrum 

acquired after methanol decomposition. This indicates that the formation of adsorbed 

formate species is drastically enhanced when both oxygen and methanol are present in 

the feed. The same behaviour is observed during exposure of the commercial 

Cu/ZnO-based catalyst to methanol dry POX conditions, as discussed in section 

5.3.3.1.3. After methanol dry POX with an O2/CH3OH molar ratio of 0.11 the relative 

intensity of the adsorbed formate C 1s component with respect to the component 

corresponding to adsorbed methoxy species is slightly higher for the Cu(1.3 

nm)/ZnO/Si model catalyst than for the ZnO/Si substrate. This indicates that the 

presence of metallic Cu favours the formation of formate groups adsorbed on ZnO 

during methanol dry POX, as also observed for the commercial Cu/ZnO-based 



 189

catalyst (sections 5.3.3.1.3 and 5.3.3.2). The enhanced formation of adsorbed formate 

species might result from the existence of special sites at the Cu/ZnO interface where 

formate species can be preferentially adsorbed [75]. Alternatively, the formation of 

adsorbed oxygen atoms on the surface of metallic Cu by dissociative adsorption of 

molecular oxygen may be responsible of the enhanced formation of adsorbed formate 

species at the Cu/ZnO interface. 

Under methanol dry POX conditions with O2/CH3OH molar ratios � 0.11 Cu is 

entirely present in the metallic state, as indicated by the Cu L3M4,5M4,5 XPS spectra 

shown in Fig. 7-7. The formation of Cu(I) during methanol dry POX with O2/CH3OH 

molar ratios � 0.25 is accompanied by an increase of the C 1s XPS intensity at 286.2 

eV. The C 1s XPS component at 286.2 eV is assigned to methoxy groups adsorbed on 

Cu(I) species. A very similar binding energy (285.8 eV) has been reported for 

methoxy species adsorbed on polycrystalline Cu2O [178]. Methoxy species adsorbed 

on Cu2O(111) and Cu2O(110) surface have been reported to be stable after thermal 

treatment at 523 K [47]. Due to their high thermal stability methoxy species adsorbed 

on the Cu(I)-containing surface of the Cu/ZnO/Si model catalysts do not desorb 

during the quenching of the high-pressure treatment and are detected by post-reaction 

XPS. The formation of Cu(I) during methanol dry POX with O2/CH3OH molar ratios 

� 0.25 is also accompanied by a decrease of the intensity of the C 1s XPS component 

corresponding to formate groups adsorbed on ZnO. This phenomenon is probably 

associated with the smaller degree of agglomeration of the Cu islands observed when 

Cu(I) is formed (see section 7.3.2.1),  resulting in a smaller fraction of exposed ZnO 

surface available for adsorption of formate species. Formate species adsorbed on 

Cu2O decompose at 550 K [145] and should therefore be accessible by post-reaction 

XPS analysis after quenching of the methanol dry POX reaction. The fact that the 

intensity of the C 1s XPS component of adsorbed formate is very low when Cu(I) is 

present on the model catalyst surface indicates that oxidation of methoxy species to 

formate groups does not occur on the Cu surface under these conditions. 

The C 1s XPS peak observed between 284.5 and 285.0 eV after all performed 

methanol dry POX treatments is assigned to carbon atoms that are not bonded to 

oxygen atoms [123]. These species might result from cleavage of the C-O bond in the 

methanol molecule [125] or from surface contamination due to impurities in the gas 

phase during the high-pressure treatment. The position of this C 1s component is 
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observed to vary slightly with the composition of the methanol dry POX feed. This 

suggests that the structure of the adsorbed species responsible for the low binding 

energy C 1s component changes by varying the composition of the reaction feed.  

The population of adsorbed species on the surface of Cu(0.4 nm)/ZnO/Si model 

catalysts after exposure to methanol dry POX conditions is very similar to the one 

observed for the Cu(1.3 nm)/ZnO/Si model catalysts. Fig. 7-22 shows the C 1s XPS 

spectra of Cu(0.4 nm)/ZnO/Si model catalysts after exposure to methanol dry POX 

conditions with various oxygen contents in the feed. 

 
Figure 7-22 � XPS C 1s spectra acquired after exposure of Cu(0.4 nm)/ZnO/Si 
model catalysts to methanol dry POX conditions at 550 K. The number on the right 
of each spectrum indicates the O2/CH3OH molar ratio during the methanol dry POX 
treatment. As discussed in section 7.3.2.2, Cu is entirely in the metallic state after 
methanol dry POX with O2/CH3OH molar ratios between 0 and 0.25. Both Cu(0) and 
Cu(I) are detected when the O2/CH3OH molar ratio is 0.33, whereas only Cu(I) is 
detected at higher O2/CH3OH molar ratios 

When Cu is in the metallic state and oxygen is present in the feed the amount of 

adsorbed formate species increases, as observed for the Cu(1.3 nm)/ZnO/Si model 

catalysts. The formation of Cu(I) on the surface of the Cu(0.4 nm)/ZnO/Si model 

catalyst is associated with a decrease of the amount of adsorbed formate species and 

to the appearance of a C 1s XPS component at 286.2 eV. The same behaviour is 

observed for the Cu(1.3 nm)/ZnO/Si model catalysts, as discussed above.  
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7.3.4.2 Methanol wet POX 

The C 1s XPS spectra acquired after exposure of Cu(1.3 nm)/ZnO/Si model catalysts 

to various methanol wet POX conditions at 550 K are shown in Fig. 7-23. The spectra 

measured for the Cu(0.4 nm)/ZnO/Si model catalysts are essentially identical to those 

observed for the high Cu coverage catalyst after exposure to the same reaction 

conditions and are not shown. 

 
Figure 7-23 � XPS C 1s spectra acquired after exposure of Cu(1.3 nm)/ZnO/Si 
model catalysts to methanol wet POX conditions at 550 K. The number on the right 
of each spectrum indicates the O2/CH3OHexc molar ratio during the methanol wet 
POX treatment. As discussed in section 7.3.3.1, Cu is entirely in the metallic state 
after methanol wet POX with an O2/CH3OHexc molar ratio of 0 (methanol SR). Cu(I) 
only is detected at higher O2/CH3OHexc molar ratios  

The total amount of C-containing adsorbed species detected by XPS is much lower 

after methanol wet POX than after methanol dry POX with the same oxygen content 

in the feed, as determined by comparing the C 1s and Zn 2p3/2 XPS intensities in the 

two cases. On the other hand, a higher intensity of the O 1s XPS components due to 

adsorbed water and surface hydroxy groups (not shown) is observed if water is 

present in the feed. This suggests that competitive adsorption of water reduces the 

amount of methoxy and formate species adsorbed on the ZnO surface. The formation 

of a smaller amount of C-containing adsorbed species if water is present in the feed is 

also observed for the commercial Cu/ZnO-based catalyst (see section 5.3.3.2). 
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The formation of Cu(I) during methanol wet POX is not associated with a decrease of 

the C 1s XPS components corresponding to methoxy and formate species adsorbed on 

ZnO, differently to the behaviour observed during methanol dry POX. This is in 

agreement with the more pronounced agglomeration of the Cu islands observed by 

AFM and XPS under methanol wet POX conditions when Cu(I) is present on the 

model catalyst surface (see section 7.3.3.1). The formation of large Cu islands during 

the high-pressure treatment results in the presence of a large fraction of exposed ZnO 

surface on which methoxy and formate species can adsorb. 

 

7.4 Comparison of the reaction-induced surface modifications 

observed for the commercial and model Cu/ZnO catalyst systems  

A comparison of the experimental results discussed in this Chapter and in Chapter 5 

shows that the surface modifications observed after exposure of a Cu/ZnO/Si model 

catalyst and a Cu/ZnO-based commercial catalyst to methanol reforming conditions 

present several analogies. Exposure of both catalyst systems to methanol dry POX 

conditions results in the formation of a ZnO layer covering the Cu surface if Cu is in 

the metallic state. In the case of the Cu/ZnO-based commercial catalyst the presence 

of a ZnO layer covering the Cu surface is indicated by a decrease of the Cu 2p3/2/Zn 

2p3/2 and Cu 2p3/2/Cu 3s XPS atomic ratios after exposure to reaction conditions (see 

section 5.3.1.1.3). The extent of this surface reconstruction and whether the migration 

of the ZnO onto the Cu surface of the commercial catalyst is accompanied by other 

surface modifications cannot be established based on the XPS data alone. The high 

roughness and the heterogeneity of the surface of the Cu/ZnO-based commercial 

catalyst greatly complicate the application of other characterisation techniques that 

could provide additional information on the observed surface modifications. On the 

other hand, the application of AFM and Ar-ion depth profiling to the Cu/ZnO/Si 

model catalyst system allows to obtain detailed information on the surface 

morphology changes accompanying the migration of ZnO onto the Cu surface. The 

amount of ZnO migrating on top of the Cu islands is found to be dependent on the Cu 

coverage, with larger Cu islands resulting in the formation of a thicker ZnO layer. 

Furthermore, AFM analysis indicates that the migration of ZnO onto the Cu surface 

observed during methanol dry POX in the presence of metallic Cu is not accompanied 

by a variation of the degree of agglomeration of the Cu islands. 



 193

The formation of Cu(II) under methanol wet POX conditions is accompanied by an 

increase of the Cu dispersion for both the Cu/ZnO/Si model catalyst and the 

commercial Cu/ZnO-based catalyst. In the case of the Cu(0.4 nm)/ZnO/Si model 

catalyst this is indicated not only by the XPS data but also by the smaller average 

height of the Cu islands detected by AFM after methanol wet POX with an 

O2/CH3OHexc molar ratio of  0.42 (see Table 7-7). Also in this case the study of the 

model catalyst system contributes to improving the understanding of the investigated 

surface modifications. 

Besides the remarkable similarities discussed above, the investigated model and 

commercial Cu/ZnO-based systems show also significant differences concerning the 

oxidation state of Cu after methanol reforming and some of the surface modifications 

observed after exposure to high-pressure treatment. Comparison of Fig. 5-7 and Fig. 

7-15 shows that Cu oxidation to Cu(I) under methanol wet POX conditions occurs at a 

much lower oxygen partial pressure in the case of Cu/ZnO/Si model catalysts than for 

the Cu/ZnO-based commercial catalyst. This is probably related to the different water 

conversions obtained with the two catalyst systems. Cu/ZnO/Si model catalysts give 

rise to extremely low water conversions (lower than the detection limit of the used 

analytical set-up, see section 5.2), due to the very small exposed catalytic surface (in 

the order of cm2). On the other hand, large water conversions are obtained if the 

Cu/ZnO commercial catalyst is used (see section 5.3.2.3). This implies that the water 

partial pressure on the model catalyst surface during the methanol wet POX 

treatments is much higher than on the surface of the commercial catalyst under the 

same reaction conditions. The higher partial pressure of water on the model catalyst 

surface during methanol wet POX is probably responsible for the observed easier 

formation of Cu(I) in the case of the Cu/ZnO/Si model catalysts. 

Another difference between the investigated model and commercial catalyst systems 

concerns the chemical environment of the Cu(II) species formed during methanol wet 

POX. As discussed in section 5.3.1.1.4, Cu(II) is formed during exposure of the 

commercial Cu/ZnO-based catalyst to methanol ATR conditions at 510 K or to 

methanol wet POX conditions with O2/CH3OHexc molar ratios � 0.42 at temperatures 

lower than 485 K. In both cases the Cu 2p3/2 XPS spectra indicate that Cu(II) is 

present as CuO. On the other hand, the formation of Cu(II) on the model catalyst 

surface is observed after exposure to methanol wet POX conditions with an 
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O2/CH3OHexc molar ratio of  0.42 at 550 K. In this case the Cu 2p3/2 XPS spectrum 

indicates that Cu(II) is present as Cu(OH)2 (see Fig. 7-20). The cause of this 

difference is not entirely clear. It is possible that the higher partial pressure of water 

on the model catalyst surface during methanol wet POX promotes the hydration of 

CuO to Cu(OH)2. However, it should be noticed that the reaction conditions at which 

formation of Cu(II) is observed for the two catalyst systems are not exactly the same. 

This may also contribute to the observed differences of the chemical environment of 

the Cu(II) species formed on the commercial and model catalysts.  

Another difference between the investigated commercial and model catalyst systems 

concerns the degree of Cu surface area loss during exposure to the high-pressure 

treatments. Post-reaction XPS analysis of the commercial Cu/ZnO-based catalyst 

indicates that no loss of Cu surface area due to sintering of the Cu particles occurs 

under all applied reaction conditions (see Fig. 5-2 and 5-3). On the other hand, the 

Cu/ZnO/Si model catalysts exhibit severe losses of Cu surface area due to 

agglomeration of the supported Cu islands under various methanol reforming 

conditions, as discussed in section 7.3. This difference is probably due to the different 

preparation methods used for the model and the commercial catalysts. Commercial 

Cu/ZnO-based catalysts are usually prepared industrially by coprecipitation of salts of 

Cu and Zn (often nitrates) by means of a basic precipitating agent (most commonly 

carbonates or hydrogen-carbonates) [179]. The resulting precipitate, consisting of 

various hydroxy-carbonates of Cu and Zn (see section 1.2.1.2), is calcined at 

temperatures of up to 500°C. During the calcination treatment the hydroxy-carbonate 

precursors decompose, forming CuO and ZnO nano-crystalline phases with a very 

large contact area. A Cu-O covalent bond stronger than in bulk CuO is formed during 

the calcination procedure at the CuO-ZnO interface between the surface oxygen atoms 

of ZnO and the CuO phase [180]. The strong interaction between Cu and ZnO, is 

responsible for the observed stability of the commercial catalyst towards loss of Cu 

surface area by sintering. On the other hand, the preparation of the Cu/ZnO/Si model 

catalysts does not involve any high temperature step by which a strong chemical bond 

between the Cu atoms and the ZnO support can be formed. Due to the relative 

weakness of the Cu-ZnO interaction in the freshly prepared model catalysts, no 

obstacles exist to the thermodynamically favoured agglomeration of the Cu islands 

when the Cu/ZnO/Si model catalysts are exposed to high temperatures. Moreover, 

diffusion of Cu atoms on the flat surface of the ZnO/Si support is probably faster than 
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on the rougher surface of the commercial Cu/ZnO-based catalyst, where a larger 

number of defect sites are likely to exist. A lower rate of the Cu surface diffusion may 

contribute to limit the extent of Cu cluster sintering in the commercial Cu/ZnO-based 

catalyst with respect to the investigated Cu/ZnO/Si model catalysts.  

The discussion above reveals that some dissimilarity is observed between the 

behaviour of the model and commercial Cu/ZnO-based catalysts during methanol 

reforming. This is not surprising, considering that the methods used to prepare the two 

catalyst systems are very different. In particular the high-temperature calcination step 

applied during the preparation of the Cu/ZnO-based commercial catalyst gives rise to 

a strong interaction between the Cu and ZnO components, which is not reproduced by 

the low temperature vapour deposition of Cu on ZnO. However, the most important 

modifications of the surface of the commercial Cu/ZnO-based catalyst observed by 

XPS after exposure to methanol reforming conditions are reproduced exactly by the 

model system. Migration of ZnO on top of the Cu surface is observed for both catalyst 

systems upon exposure to the same reaction conditions, namely methanol dry POX in 

the presence of metallic Cu on the catalyst surface. Furthermore, the formation of 

Cu(II) during methanol wet POX is accompanied by extensive coverage of the ZnO 

surface by the Cu(II)-containing phase for both catalyst systems. The study of the 

surface modifications of the Cu/ZnO-based commercial catalyst is greatly 

complicated by the heterogeneity and the roughness of its surface. These features of 

the commercial catalyst surface restrict the number of applicable experimental 

techniques and make difficult to obtain detailed information on the surface 

modifications induced by the exposure to reaction conditions.  On the other hand, the 

application of AFM, SE and Ar-ion depth profiling allows a complete description of 

the same surface modifications in the case of the Cu/ZnO/Si model catalysts. 

Moreover, the investigation of model Cu/ZnO/Si catalysts gives the possibility to 

study the influence of properties (e.g. the size of the Cu islands), which cannot be 

easily controlled in commercial Cu/ZnO-based catalysts. 

 

7.5 Conclusions 

Cu/ZnO/Si model catalysts were exposed to various methanol reforming treatments at 

a temperature of 550 K and a pressure of 1.5 bar. The Cu islands on the surface of 

Cu/ZnO/Si model catalysts undergo agglomeration during all performed high-pressure 
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treatments, resulting in the formation of larger Cu clusters and in a larger fraction of 

free ZnO surface. This was demonstrated using quasi-in-situ XPS, Ar-ion depth 

profiling, SE and ex-situ AFM. The degree at which agglomeration of the Cu islands 

occurs depends on the applied methanol reforming conditions and on the oxidation 

state of Cu during reaction. The extent of agglomeration of the Cu islands is the same 

under methanol decomposition conditions and during high-pressure treatment in an Ar 

atmosphere. This indicates that the presence of gas phase methanol and of adsorbed 

methoxy species does not influence significantly the modifications of the model 

catalyst surface during thermal treatment. Under the same reaction conditions no loss 

of Cu surface area by Cu cluster sintering is observed for the commercial Cu/ZnO-

based catalyst. The higher stability of the commercial catalyst indicates a weaker 

interaction between Cu and ZnO in the fresh model catalyst than in the commercial 

system. 

Exposure of the Cu/ZnO/Si model catalysts to methanol dry POX conditions causes 

oxidation of Cu to Cu(I) if a certain threshold oxygen partial pressure is exceeded. 

The value of this threshold oxygen partial pressure is dependent on the Cu island size, 

with smaller islands being more resistant to oxidation than larger ones. This is 

probably due to the stabilising effect of the interaction between Cu and ZnO on thin 

Cu islands. Exposure of Cu(1.3 nm)/ZnO/Si model catalysts to methanol dry POX 

conditions results in the formation of a ZnO layer covering the Cu surface when Cu is 

present in the metallic state. This phenomenon is observed under identical reaction 

conditions for the Cu/ZnO-based commercial catalyst. AFM indicates that the 

thickness of the ZnO layer covering the Cu islands of the Cu(1.3 nm)/ZnO/Si model 

catalyst is ~ 5 nm. The existence of a ZnO layer covering the Cu surface of Cu(0.4 

nm)/ZnO/Si model catalysts after methanol dry POX cannot be conclusively proven 

with the available experimental data. In any case, the ZnO layer covering the Cu 

surface is certainly thinner for Cu(0.4 nm)/ZnO/Si than for Cu(1.3 nm)/ZnO/Si model 

catalysts. In the absence of oxygen no evidence for the migration of ZnO onto the Cu 

surface is obtained. However, the presence of a sub-monolayer ZnO coverage of the 

Cu surface after exposure of the Cu/ZnO/Si model catalysts to methanol 

decomposition conditions cannot be excluded based on the available experimental 

data. Oxidation of Cu to Cu(I) under methanol dry POX conditions with high oxygen 

partial pressures results in a less pronounced agglomeration of the Cu islands. 
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A lower oxygen partial pressure is sufficient for the oxidation of Cu to Cu(I) if water 

is present in the methanol reforming feed. This indicates that water contributes to 

increasing the oxidising potential of the gas phase, in agreement with the results 

obtained for the commercial Cu/ZnO-based catalyst. Further oxidation of Cu to Cu(II) 

is detected during exposure of Cu(0.4 nm)/ZnO/Si model catalysts to methanol wet 

POX conditions with an O2/CH3OHexc molar ratio of 0.42. The presence of water in 

the methanol reforming feed drastically enhances the agglomeration process of the Cu 

islands if Cu(0) or Cu(I) are present on the catalyst surface. On the other hand, the 

presence of Cu(II) is associated with a much higher dispersion of the supported Cu. A 

strong increase of the exposed Cu surface area when Cu(II) is formed during exposure 

to methanol wet POX conditions is observed by XPS also for the commercial 

Cu/ZnO-based catalyst.  

Formate and methoxy species adsorbed on ZnO and methoxy groups adsorbed on 

Cu(I) species are identified by post-reaction XPS. The amount of adsorbed formate 

drastically increases if oxygen is present in the feed, as observed for the commercial 

Cu/ZnO-based catalyst. The relative amount of formate species adsorbed on the ZnO 

surface is larger for the Cu/ZnO/Si model catalysts than for the Cu-free ZnO/Si 

substrate, indicating the presence of a synergic effect between the Cu and ZnO 

components. The amount of formate species relative to methoxy groups adsorbed on 

ZnO decreases when Cu(I) is formed during exposure of the model catalysts to 

methanol dry POX conditions. At the same time an increase of the amount of methoxy 

groups adsorbed on Cu(I) species is observed. These observations confirm that the 

fraction of exposed ZnO surface drastically decreases when Cu(I) is formed under 

methanol dry POX conditions. The presence of water in the methanol reforming feed 

results in the competitive adsorption of water and C-containing species on the ZnO 

surface, thus causing a decrease of the amount of adsorbed methoxy and formate 

species. 
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8.  Outlook 

The structural changes accompanying the exposure of Cu/ZnO-based catalysts to 

various methanol reforming conditions have been studied. Two modifications of the 

surface structure have been identified, which determine the loss of catalytic activity 

observed under reaction conditions. The first of these modifications, the migration of 

ZnO onto the Cu surface, causes deactivation of the catalyst because of loss of 

exposed Cu surface area. The thermodynamic driving force of this surface 

modification, which is strongly promoted by the presence of oxygen in the reactant 

mixture, is the high surface free energy of metallic Cu compared to ZnO. Stabilisation 

of the metallic Cu surface, e.g. by formation of an alloy with a second metal, 

represents a promising approach for the suppression of this noxious change of the 

catalyst surface.   

The second surface modification identified in this work is the formation of 

catalytically inactive Cu(II) under methanol wet POX conditions. The Cu(II)-

containing phases spread on the catalyst surface, which itself becomes inactive for the 

production of hydrogen. Formation of Cu(II) occurs at oxygen partial pressures close 

to those of methanol ATR and is promoted by low reaction temperatures and by the 

presence of water in the reaction mixture. The results of the investigation of the 

commercial Cu/ZnO-based catalyst after methanol ATR indicates that the 

concentration profile of oxygen in the reactor is a key parameter for avoiding 

oxidation of Cu to Cu(II). The development of a reactor design allowing a 

homogeneous distribution of oxygen along the catalytic bed is essential for avoiding 

catalyst deactivation as a consequence of Cu(II) formation. Furthermore, the 

investigation of the Cu/ZnO/Si model catalysts has shown that the size of the Cu 

clusters has a pronounced effect on the reactivity of Cu towards oxidation under 

reaction conditions. Small Cu clusters appear to be more resistant to oxidation than 

large clusters and remain in the metallic state at higher oxygen partial pressures in the 

reactant mixture. It is likely that tuning the size of the Cu clusters in the powder 

catalysts by appropriate synthetic methods might result in higher stability of the 

Cu/ZnO-based catalysts under oxidising reaction conditions. 

The observed size-dependence of the stability of the Cu clusters is probably related to 

a change of the properties of the Cu surface as a consequence of the interaction with 

the ZnO support. However, it is not yet clear whether this phenomenon has a purely 
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electronic origin (the electron density of the Cu surface is changed by interaction with 

electronic states of the ZnO support) or rather a “geometrical” origin (the properties of 

small Cu clusters are different because of their different structural properties, e.g. 

interatomic distances, strain, average coordination number). Investigation of Cu/ZnO-

based catalysts with ultraviolet photoelectron spectroscopy (UPS) would give access 

to the valence band parameters of the Cu islands, thus allowing to detect changes in 

their electronic properties. On the other hand, X-ray adsorption spectroscopies are 

probably the most suitable tool for the determination of the changes of the Cu cluster 

structure with size.  

The dependence of the catalytic activity towards the production of hydrogen on the 

Cu cluster size needs also to be clarified in order to design rationally Cu/ZnO-based 

catalysts showing better performances. However, the investigation of this dependence 

with the present design of our experimental set-up is not straightforward, because the 

catalytic area exposed by the Cu/ZnO/Si model catalysts is too small to give rise to a 

measurable methanol conversion. Therefore, an essential development of the 

experimental set-up consists in the implementation of an analytical method capable of 

detecting precisely small changes of the composition of the product mixture.  
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Appendix 1: List of acronyms and selected symbols 

AFM Atomic force microscopy 
ATR Autothermal reforming 
BE Binding energy 
BET Brunauer-Emmett-Teller method 
CCD Charge-coupled device 
CH3OHexc The difference between the number of moles of methanol and the 

number of moles of water in the reactant mixture 
CPE Constant pass energy 
CRR Constant retard ratio 
DC Direct current 
EXAFS Extended X-ray adsorption fine structure 
FEAL Fast entry air-lock 
FTIR Fourier transform infrared spectroscopy 
FWHM Full width at half-maximum 
HPR High-pressure reactor 
KE Kinetic energy 
L Langmuir (10-6 mbar s) 
MID Multiple ion detection 
ML Monolayer 
PEMFC Polymer electrolyte membrane fuel cell 
POX Partial oxidation 
QMS Quadrupole mass spectrometer 
Ra Average surface roughness 
RF Radio-frequency 
RT Room temperature 
SE Spectroscopic ellipsometry 
SEM Scanning electron microscopy 
SR Steam reforming 
STM Scanning tunnelling microscopy 
TMP Turbomolecular pump 
TOX Total oxidation 
TPD Temperature-programmed desorption 
UHV Ultra high vacuum 
WGS Water gas shift 
WHSV Weight hourly space velocity 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
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