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Abstract 
 
Inverse oxide/metal catalysts have shown to be excellent systems for studying the role of 

the oxide and oxide-metal interface in catalytic reactions. These systems can have special 

structural and catalytic properties due to strong oxide-metal interactions difficult to attain when 

depositing a metal on a regular oxide support. Oxide phases which are not seen or are metastable 

in a bulk oxide can become stable in an oxide/metal system opening the possibility for new 

chemical properties.  Using these systems it has been possible to explore fundamental properties 

of the metal-oxide interface (composition, structure, electronic state) which determine catalytic 

performance in the oxidation of CO, the water-gas shift and the hydrogenation of CO2 to 

methanol.  Recently, there has been a significant advance in the preparation of oxide/metal 

catalysts for technical or industrial applications. One goal is to identify methods able to control 

in a precise way the size of the deposited oxide particles and their structure on the metal 

substrate.  
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        Catalysis is a key enabling technology in our modern world. More than 80% of all our 

chemicals and materials are generated in industrial processes which involve the use of catalysis 

at one stage or another. Most industrial catalysts contain a combination of metals and oxides.1,2,3  

In the traditional methodology for the preparation of these catalysts, a small amount of a metal is 

dispersed on an oxide support.1,3   In these systems, the oxide phase can act as a simple template 

for the dispersion of the metal phase or it can be a direct participant in the catalytic process.2 

When the oxide is involved in the catalysis, there is a motivation to revamp the traditional 

configuration of industrial catalysts (Figure 1) to exploit the intrinsic properties of metal oxides 

and obtain a superior performance.4,5,6,7  In principle, oxide nanoparticles can have special 

electronic and chemical properties as a consequence of their limited size and a high density of 

defects and corner or edge surface sites.8  Catalysts generated by the deposition of oxide particles 

on a metal substrate have been studied for a long time.9,10  Originally, Georg-Maria Schwab 

proposed the use of this catalyst configuration to study metal-support interactions9 and many 

others scientists have followed this suggestion.10,11,12 When a reactant interacts with an inverse 

oxide/metal catalyst, it can bind to regular centers and imperfections of the oxide particle, pure 

metal centers, and the metal-oxide interface. Over the years it has been found that well-defined 

inverse oxide/metal catalyst can have special properties,10,11,13,14,15,16,17,18 a fact that has motivated 

recent efforts to prepare this type of system in forms which are suitable for technical 

applications.6,7,19,20 Furthermore, recent studies using high-resolution transmission electron 

microscopy (HRTEM) have detected overlayers of ZnOx on top of the Cu particles present in  

copper/zinc oxide catalysts used for the synthesis of methanol, CH3OH (Figure 2).21,22 In these 

catalysts, the active phase probably has an inverse oxide/metal configuration.21,22 The same is 

valid in Cu/MoOx, Rh/TiO2, Ni/CeO2, Pt/CeOx and Pt/TiO2 catalysts activated by pre-treatment 



  4

(reduction) in hydrogen.9,11,12,23,24,25,26  Oxides that have a low surface free energy exhibit a 

tendency to cover metals upon partial reduction. Thus, an oxide/metal configuration maybe more 

common in heterogeneous catalysts than expected.9,21,22,26,27 For all of these reasons, in this 

article we present a perspective on the use of inverse oxide/metal catalysts in fundamental 

studies and practical applications.  

 An understanding of the behavior of inverse oxide/metal catalysts requires a fundamental 

knowledge of their structural and electronic properties. In the area of conventional metal/oxide 

catalysts, a lot of research has been aimed at understanding the effects of strong metal-support 

interactions (SMSIs) on the structural, electronic and chemical properties of the supported 

metal.1,3,9,11,27 In an inverse oxide/metal catalyst there can be substantial perturbations in the 

physical and chemical properties of the oxide phase.10,18,28 In Figure 2, the overlayer of zinc 

oxide on top of the copper particles has a graphitic structure which is different from the stable 

wurtzite structure typically seen for bulk ZnO.21 This perturbation in the structure of the oxide is 

a consequence of a strong oxide-metal interaction (SOMI)21,22 and is a common phenomenon in 

inverse oxide/metal catalysts.28,29,30,31,32 Moving from the results in Figure 2 for a powder system 

to studies with well-defined oxide/metal catalysts, one finds that overlayers of ZnO deposited on 

Cu(111) and Pt(111) are structurally perturbed13,33 and have special catalytic properties for the 

oxidation of CO (Figure 3) and the conversion of CO2 into methanol.13,33,34   

A large number of articles have appeared in the literature examining the growth of 

alumina, silica, magnesium oxide, titania, iron oxide, cobalt oxide, nickel oxide, zinc oxide, 

molybdenum oxide, terbia, samaria, ceria and zirconia on well-defined metal 

substrates.10,13,14,15,18,26-30,35, For several systems, studies using scanning tunneling microscopy 

(STM) and low-energy electron diffraction (LEED) have shown structures and compositions for 
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the supported oxides which are different from those seen in bulk phases.12,18,27-30,35 This is 

usually a consequence of SOMIs. Inverse oxide/metal systems which contain FeOx, CeOx, TiOx 

and MgO overlayers have been the subject of many studies10-16,28,32,34,36,37 and deserve special 

attention. In the next paragraphs, we will describe studies which illustrate the special behavior of 

these systems and how they can be useful to explore fundamental properties of the metal-oxide 

interface (composition, structure, electronic state) which determine catalytic performance. 

Iron oxide forms compounds with different oxidation states and crystal structures.31,32 

The Fe2+ and Fe3+ cations have distinctive chemical properties. Figure 4 shows STM images for 

overlayers of FeOx on a Au(111) surface.32  Depending on the mode of preparation,32,36,37 one 

can have overlayers of FeO, Fe3O4 or Fe2O3 on the gold substrate. FeO consists of a Fe-O 

bilayer, which grows epitaxially on the gold substrate and exhibits a FeO(111) termination. 

Under oxidative conditions, the lattice of FeOx always has a hexagonal (111)-like periodicity but 

its height evolves from monolayer FeO(111) to multilayer Fe3O4(111) and Fe2O3(001).32,36,37 

Each one of these overlayers has different electronic properties. The FeO(111) and Fe3O4(111) 

structures are a direct consequence of a quite interesting SOMI.32 These structures do not exist as 

stable bulk oxides but they can exist in the inverse oxide/metal catalysts even under CO 

oxidation conditions (Figure 5).32 The Fe2+ sites present in FeO(111)/Au(111) and  

Fe3O4(111)/Au(111) are active for the adsorption and dissociation of O2. Unfortunately, the 

overlayer of FeO is too reactive and part of it transforms into Fe3O4 and FeCx. The accumulation 

of FeCx deactivates the catalyst.16,32 In this respect, Fe3O4(111)/Au(111) seems as a better choice 

as a catalyst. It has stable and enough Fe2+ sites to yield very good catalytic activity and does not 

get poisoned by carbon or carbide species. In fact, the SOMI between Fe3O4(111) and Au(111) 

makes this iron oxide an excellent catalyst for the oxidation of CO.16,32   
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The chemical nature of the metal substrate can have a strong effect on the relative 

stability of an oxide overlayer.31,38,39 Figure 6 compares the calculated stability of Fe10O6 and 

Fe10O18 clusters on Au(111) and Pt(111).31  The Fe10O6 cluster is deficient in oxygen and it can 

be stabilized by interaction with a metal substrate. For this Fe10O6 cluster the binding energy 

calculated on Pt(111) is 0.53 eV larger than on Au(111). For the oxidation of the oxide 

overlayer, Fe10O6/M(111)   +  6O2  →  Fe10O18/M(111), the calculated reaction energy (ΔG)  on 

Pt(111)  was -1.08 eV versus -1.44 eV on Au(111) with a larger activation barrier on the 

platinum substrate.31 Thus, metastable islands of iron oxide will be more stable on Pt(111) than 

on Au(111) opening interesting opportunities for applications in catalysis.31,40 Indeed, the 

addition of an overlayer of FeO(111) to Pt(111) leads to a very large increase in the activity for 

CO oxidation.40 In an O2-rich (CO:O ratio of 1:5) reaction environment, the FeO(111) overlayer 

adsorbed oxygen while maintaining its long-range order and catalytic activity. On the other hand, 

under a CO-rich (CO:O ratio of 1:5) reaction environment, the FeO(111) overlayer underwent 

dewetting that led to deactivation of the catalyst.40  

Ceria is an oxide widely used in catalysis due to its ability to change between 4+ and 3+ 

oxidation states.41 Inverse oxide/metal catalysts have been generated by depositing ceria particles 

on surfaces of Rh,18,42,43  Ru,42,44,45 Ni,46  Pd,47  Pt,12,30,48,49,50  Cu,51,52,53 Re,54 and Au.14,55,56 At 

small coverages of ceria on the metals, the growth mode and morphology of the ceria 

nanoparticles changes drastically depending on the preparation conditions: deposition of cerium 

atoms in a background atmosphere of O2 or direct oxidation of a Ce-containing surface 

alloy.12,18,42-43 The source of oxygen in the process (O2, H2O or N2O) also affects the shape and 

distribution of ceria particles on the metal surface. In several cases the formation of well-ordered 

structures of ceria with (111), (110) and (100) fluorite terminations have been observed (see 
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Figure 7 for an example).18,39-44,55 These oxide particles frequently exhibit rough areas and O 

vacancies.18,55  

The support can have a dramatic effect on the structure of the ceria islands in an inverse 

catalyst, as demonstrated in Figure 8 where STM/LEEM images and LEED patterns are 

displayed for low coverages of ceria on: Au(111),55,56 Pt(111),50 Re(0001),54 Rh(111),43 

Ru(0001),45 and Cu(111).34 To generate these systems, Ce was usually dosed to the metal 

substrates under an atmosphere of oxygen. In all cases, the small lattice parameter of the support 

leads to significant lattice mismatch with the ceria (a = 3.83 Å) resulting in strain at the interface 

with the oxide, and influencing the island morphology. The variation in LEED patterns 

demonstrates the rich interactions between the ceria and the support, including the presence of 

rotated ceria domains as well as highlighting the presence of oxide overlayers on the substrates 

themselves, e.g. Rh(111)-(2 × 2)-O.43 

As described above for FeOx/Pt(111) and FeOx/Au(111), the chemical nature of the metal 

substrate can have a strong effect on the relative stability and average oxidation state of the oxide 

overlayer in CeOx/M(111) systems.15,39,57,58  Theoretical calculations for the interaction of a 

Ce6O13 cluster or a single layer of CeO2 with Cu(111), Ag(111) and Au(111) pointed to an 

increase in the bonding interactions following the sequence: gold < silver < copper.39 Upon 

deposition of Ce6O13 on Ag(111) or Cu(111), see Figure 9, all the cerium cations in the cluster 

were reduced to an oxidation state of 3+.39 An identical exercise on Au(111) produced four Ce3+ 

cations and two Ce4+ cations. The calculated percentage of Ce3+ cations in the single layer of 

CeO2 in contact with the metals was 50% on Au(111), 75% on Ag(111) and 86% on Cu(111).39  

Thus, the bonding of ceria to a metal reduces the ceria, but the degree of reduction changes from 

one metal to another. The electronic perturbations seen for ceria in the inverse CeOx/M(111) 
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systems15,39,57,58  lead to interesting catalytic properties and these systems are highly active for the 

oxidation of CO,15,18,42  the water-gas shift,28,53,58  and the hydrogenation of CO2.
34,59 

Figure 10 presents data for the oxidation of CO on Pt(111) and on a CeOx/Pt(111) surface 

with 0.3 and 0.7 ML of the oxide.15  For the {CO + O}/Pt(111) reaction system, on the 

macroscopic scale, two stable steady states have been found:15 a low-reactivity state with a 

surface mainly covered by CO and a high-reactivity state with a predominantly oxygen-covered 

surface. A change in the reaction conditions can cause kinetic transitions between these two 

states and a hysteric loop has been observed.15 In Figure 10c, the red curve shows kinetic data for 

CO oxidation on plain Pt(111). It starts with a low pressure of CO within the steady state of high 

reactivity which loses its stability upon approaching the transition point τA. For the reverse scan 

the steady state of low reactivity becomes unstable at τB. The STM images at the top of Figure 10 

show the dispersion of ceria particles on the platinum substrate. On these surfaces the oxidation 

of CO occurs faster than on plain Pt(111), Figure 10c,d. This is mainly due to a ceria-

enhancement in the sticking coefficient of O2.
15 A very similar trend have been found when 

comparing the rates of CO oxidation on Cu(111) and CeOx/Cu(111).52 The results of theoretical 

calculations indicate that the Ce3+ sites in the Ce6O13/Cu(111) system shown in Figure 9 adsorb 

O2,  dissociate the molecule, and release atomic O for reaction with CO in an easy way.52 Indeed, 

combined studies of XPS and STM have established that small ceria particles deposited  on 

copper are very efficient for adsorbing and dissociating the O2 molecule.52 The inverse 

CeOx/Cu(111) catalysts have activities for the  2CO + O2 → 2CO2 reaction that are similar or 

larger than those reported for surfaces of expensive noble metals such as Rh(111), Pd(110) and 

Pt(100).52 The key to this activity is the existence of Ce3+ sites in the oxide-metal interface which 

bind O atoms weaker than the Ce3+ sites of bulk ceria.39,52 
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Figure 11a shows data for the water-gas shift (WGS) reaction on CeOx/Au(111) and 

CeOx/Cu(111) catalyst.14,53,60 The experiments were done on the inverse oxide/metal catalysts 

shown in Figures 7 and 11b. The initial composition of these catalysts were CeO2/Au(111) and 

CeO2/CuOx/Cu(111), but they underwent substantial reduction under WGS reaction conditions 

and transformed into nanoparticles of Ce2O3 supported on Au(111) and Cu(111).14,53,60  Cu(111) 

is a typical benchmark catalyst for the WGS.61,62 Au(111) does not catalyze the reaction because 

it is not able to dissociate the water molecule.14 The deposition of nanoparticles of Ce2O3 on 

Au(111) produces a highly efficient catalyst for the WGS, Figure 11a.14 In the Ce2O3/Au(111) 

system, the oxide and the metal work in a cooperative way: the oxide dissociates the water, the 

metal adsorbs CO, and the OH + CO reaction occurs at the oxide-metal interface.14 Inverse 

CeOx/Cu(111) and CeOx/Cu powder catalysts are extremely active for the WGS, Figure 11a and 

refs 53,63 . Figure 11c,d displays the calculated energy profile for the water-gas shift on a 

Ce6O13/Cu(111) system.60 The reaction essentially takes place at the ceria-copper interface. The 

key steps are the dissociation of water, the formation of an HOCO intermediate, and its 

decomposition into H and CO2.
60  Since the atoms in the oxide and metal function in a 

cooperative way, all the reaction barriers are relatively small (0.1-0.45 eV).  They can be easily 

overcome at the temperatures investigated in the experiments (550-625 K).53,60 The reaction 

mechanism suggested by the theoretical calculations leads to a CO2
δ- species. This species has 

been detected in experiments using Ambient-pressure XPS and infrared spectroscopy.60  

The inverse powder catalyst shown in Figure 2 is highly active for the synthesis of 

methanol.21 Surfaces of ZnO/Cu(111) and CeOx/Cu(111) also display high catalytic activity for 

the CO2 + 3H2 → CH3OH + H2O conversion.33,34,59 Figure 12 displays the rate of CH3OH 

production from CO2 hydrogenation on ZnO/Cu(111) and CeOx/Cu(111) surfaces with different 
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coverages of the oxides.34 A significant enhancement in catalytic activity was found after the 

generation of the inverse oxide/metal catalysts.  For both systems, the catalytic activity increased 

after the oxide deposition, reached a maximum and then decreased.33,34 In the case of 

CeOx/Cu(111), the highest catalytic activity was seen when the Cu(111) surface was 30-40% 

covered by ceria. The results in Figure 12 indicate that ceria is better as a promoter of catalytic 

activity than zinc oxide. No catalytic activity was detected after completely covering the copper 

substrate, indicating that the CO2 → CH3OH transformation occurred at the Cu-CeOx and Cu-

ZnO interfaces. In the Arrhenius plots in Figure 12B, the apparent activation energy for methanol 

synthesis decreases from a value of 25 kcal/mol on Cu(111) to 16 kcal/mol on ZnO/Cu(111) and 

to 13 kcal/mol on CeOx/Cu(111).34 For the range of temperature studied (500-600 K), the 

ceria/copper system was always the best catalyst. The Ce3+ sites generated at the ceria-copper 

interface, see above, are directly involved in the binding and conversion of CO2.
34,59 The reaction 

mechanism predicted by theoretical calculations starts with the reverse water-gas shift reaction to 

yield carbon monoxide, CO2 + H2 → CO + H2O,  and then there is a step-by-step hydrogenation 

of this molecule at the oxide-metal interface: CO→CHO→CH2O→CH3O→CH3OH. 59 

A comparison of the rate of methanol production shown in Figure 12 for ZnO/Cu(111) 

with that found for a traditional Cu/ZnO(000ī) configuration64 shows that the inverse oxide/metal 

system is by far a superior catalyst (Figure 13). Therefore, it is not surprising that this is the 

active configuration seen in an industrial Cu/ZnO/Al2O3 powder catalyst (Figure 2).21,22  

Furthermore, for the CeOx/Cu(111) and Cu/CeO2(111) systems,34,59 the oxide/metal arrangement 

is once more a much better catalyst (Figure 13). In an oxide/metal arrangement, the metal-oxide 

interactions are stronger than in a metal/oxide arrangement due to the very low reactivity of bulk 

oxides where even the simple wetting of many metals is a problem.65,66 As mentioned above, the 
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strong bonding associated with oxide/metal configurations can induce perturbations or 

modifications in the electronic properties of the oxide which eventually lead to novel chemical 

properties.28,38,39   

Nanoparticles of titania grow on Au(111) adopting a rutile or anatase phase with various 

crystal facets.67,68,69 Scanning tunneling spectroscopy indicates that the crystals have a size 

dependent electronic structure. This property could be useful in catalysis and photocatalysis. 

Indeed, inverse TiO2/Au(111) catalysts are highly active for the oxidation of CO70 and the water-

gas shift reaction.14 A size or thickness depended electronic structure has also been observed for 

overlayers of MgO on metals.28 The strong oxide-metal interactions seen for the deposition of 

nanoparticles of FeOx,31,36,37,40  CeO2,
39,49,50 TiO2

67,68 and MgO28 on metals are a common 

phenomenon in inverse oxide/metal systems and can have a strong impact in practical or 

technical applications.  

In recent years, a substantial effort have been focused on the preparation of inverse 

oxide/metal catalysts which  can be used in technical applications.6,7,19,70 Different 

methodologies have been followed for the synthesis of powder and film catalysts.5-8,10,19,21 An 

attractive approach for the preparation of TiO2/Au catalysts makes use of atomic layer deposition 

(ALD, Figure 1).7 A remarkable increase in the catalytic performance of Au/Al2O3 and Au/SiO2 

for CO oxidation was  found after depositing overlayers of TiO2 on the supported Au particles by 

ALD.7 The left side in Figure 14 displays HR-TEM images obtained after depositing TiO2 on 

unsupported Au particles with a size around 20 nm.7 After 20 cycles of TiO2 ALD, islands of 

titania (highlighted by the black arrows) appeared on the corner and edge sites of the gold 

nanoparticles. In general, the TiO2 grew forming patches of islands instead of forming a uniform 

layer of the oxide on the gold substrate. A similar behavior has been observed in STM images for 
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TiO2/Au(111).59,60,61 The right-side panel in Figure 14 compares the catalytic activity for CO 

oxidation of plain Au/Al2O3 (0 cycles of TiO2 ALD) and TiOx/Au/Al2O3 systems with different 

coatings of titania.7 The formation of a titania-gold interface induces a drastic decrease (> 150 

degrees) in the temperature for light-off of the catalytic system.7  The TiOx/Au/Al2O3 catalyst 

with the highest activity (20 cycles of TiO2 ALD) is able to perform the oxidation of CO below 0 

oC. An increase in the amount of titania deposited (50 cycles of TiO2 ALD) leads to a drop in 

catalytic activity. It appears that small particles of TiO2 are required for the best catalytic 

performance. An identical trend has been observed in experiments for CO oxidation in 

TiO2/Au(111).70  

TiO2/Au catalysts have also been prepared by immersing nanoporous (Np) gold into a 

precursor solution that contained titania.6  The top part of Figure 15 shows cross-sectional 

images of HR-TEM for TiO2/Au catalysts with a small (a) and a large (b) coverage of titania.6 In 

Figure 15a, there are isolated particles or island of titania on the nanoporous gold. On the other, 

in the system shown in Figure 15b there a coating of titania covering most of the gold substrate.6 

Bare nanoporous gold displayed limited activity for the oxidation of H2 (Figure 15c). The 

deposition of titania on the gold substrate again improved the catalytic performance of the 

system. The best TiO2/Np-Au catalyst in Figure 15c was ~ 4 times more active than bare Np-Au. 

Furthermore, the apparent activation energy decreased from 8.4 kcal/mol on Np-Au to 4.5 

kcal/mol on TiO2/Np-Au.6 As seen in other studies,7,70 the coverage of titania had a strong effect 

on the performance of the catalyst: A system with isolated TiO2 particles (Figure 15a)  displayed 

a higher catalytic activity than a system with almost a full layer of titania (Figure 15b).6  

Sequential impregnation can be used for the preparation of powders of inverse 

catalysts.19,20,63 This methodology has been used to deposit nanoparticles of ceria on CuO.19 The 
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CeO2/CuO  system was highly active for preferential oxidation of CO in a hydrogen-rich stream 

(CO-prox)19 and upon exposure to CO or H2 transformed into an inverse CeOx/Cu system which 

was an excellent catalyst for the water-gas shift reaction.63  The reduction in hydrogen of 

metal/oxide catalysts can lead to migration of the oxide yielding an inverse oxide/metal 

configuration.9-11,21-26,63 In principle, one could modify the properties of the oxide phase to 

facilitate the migration of clusters of the oxide towards the metal. For example, in the case of 

Cu/ZnO catalysts for methanol synthesis, the doping of the ZnO support with Al3+ and Ga3+ 

cations facilitates the formation of an inverse ZnO/Cu catalyst (Figure 16) and eventually 

enhances the catalytic activity.22 In inverse oxide/metal systems, there may be situations in 

which there is not a sharp oxide-metal interface and atoms of the metal substrate migrate into the 

lattice of the oxide overlayer.71 This migration, or doping, can also be used to enhance the 

reactivity of the oxide overlayer.71 This effect is particular useful when working with 

nonreducible oxides which by themselves have a tendency to a low chemical activity.71 

Summary and Outlook.  Inverse oxide/metal catalysts have shown to be excellent 

systems for studying the role of the oxide and the oxide-metal interface in a catalytic reaction. In 

recent studies, using model systems and powders, it has become clear that these systems can 

have special catalytic properties due to strong oxide-metal interactions difficult to obtain when 

depositing a metal on a regular oxide support. As a consequence of these strong interactions, 

oxide phases that are not seen or are metastable in a bulk oxide become stable in an oxide/metal 

system opening the possibility of new chemical properties.  Strong oxide-metal  interactions 

which lead to significant electronic perturbations in the oxide have been observed in systems that 

involve reducible (FeOx, CeOx, TiOx)
14,18,35,37,38,54 and non-reducible oxides (MgO, Al2O3).

28,38  
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There are several basic issues associated with the behavior of oxide-metal interfaces 

which need more study. To examine the morphology of an oxide-metal interface in model or 

powder systems is not an easy task and more detailed work with electron microscopies and 

scanning probes is necessary.21,72  What parameters control the growth mode of an oxide over a 

metal substrate? In this area there have been some advances for work with model 

systems10,13,18,30-32,36,37,42-50 but very little is known when dealing with powders or rough films.5-

7,21,72 Additional work must be done to determine the relative importance of differences in 

surface free energies or the mismatch between the lattice parameters of the oxide and metal.  In 

oxide/metal systems involving FeOx, CeOx, TiOx and ZnO, oxide phases or crystal structures 

which are not stable or metastable in bulk materials have been found.22.31,33,36,37,45,47,55,67  It is not 

clear what triggers the stabilization of these phases or crystal structures or how to control such a 

phenomenon for use in practical applications. Future studies need to examine the role played by 

a mismatch between the lattice parameters of the oxide and metal substrate, and the effects of 

changes in electronic state induced by bonding with the metal.    

Oxides are a diverse class of materials whose electronic properties cover the entire range 

from insulators to semiconductors and conductors. In principle, several electronic phenomena 

can occur when an oxide-metal interface is formed.73 The terms SMSI and SOMI refer to 

manifestations of these phenomena that affect the metal or oxide component in the interface. 

Both types of interaction are important when defining the electronic and chemical properties of 

an inverse oxide/metal catalyst. Since SOMIs are common in these materials, a general theory or 

conceptual frame must be developed to explain and predict their electronic properties. How do 

the electronic properties depend on the nature of the metal and the oxide? For a given metal, 

what can we expect for bonding with an insulator or a semiconductor? And for a particular 
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oxide, what will happen when going from a noble to a late or early transition metal?  So far, 

these issues have been addressed only for a few oxide/metal combinations28,31,38,39 and a more 

systematic work is needed to help with the choice of metal and oxide for optimal catalyst 

performance. Such a knowledge is a pre-requisite for a rational design of inverse oxide/metal 

catalysts. 

In the last fifteen years, many combinations of well-defined oxide/metal systems have 

been prepared,10-18,30-35,42-56 more or less empirically, involving different kinds of metals and 

oxides, but only a small fraction of them have been tested as catalysts and just for a limited 

number of reactions (CO oxidation, the water-gas shift, CO/CO2 hydrogenation).10-18,25,30-25,51-

53,59 More broad studies are necessary in this area because the benefits in technical applications 

can be substantial.  Catalysts containing metals and oxides are widely used in the control of 

environmental pollution, the conversion or reforming of hydrocarbons, and the synthesis of fine 

chemicals.74 Using inverse oxide/metal catalysts one should be able to explore in detail possible 

correlations between the structural, electronic and catalytic properties of oxide-metal interfaces. 

In-situ techniques (XPS, XAS, XRD, STM) could be combined to obtain fundamental 

information under reaction conditions. In addition, computational modeling could give a 

complementary view of the oxide-metal interface and offer inaccessible information on the 

atomic scale.  An improved understanding of the factors controlling catalytic performance will 

permit a more rational approach to the design of catalysts.  

Most of the work done so far for inverse oxide/metal catalysts has dealt with model 

systems in which the substrate is a single crystal. Recently, there has been a significant advance 

in the preparation of technical oxide/metal catalysts but more needs to be done in this area. 

Ideally, one must be able to control in a precise way the size of the oxide particles deposited and 
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how they wet the metal substrate. The development of synthetic methods which can be applied to 

the synthesis of a broad range of powders with an oxide/metal configuration is a challenging 

task. 

Finally, inverse catalysts also could be generated by depositing nanoparticles of a sulfide, 

carbide or nitride on a metal surface. Figure 17 shows STM images for RuS2 and MoS2 on a 

Au(111) substrate.75,76  The ionic character of these compounds is smaller than in an oxide and 

they do have catalytic properties on their own.76,77,78,79,80 An inverse MoS2/Au(111) catalyst has 

been studied in detail showing edge atoms in the MoS2 nanoparticles (Figure 17a,b) which have 

special electronic and catalytic properties relevant for hydrodesulfurization processes.76,81  Thus, 

an exciting area of work for the future should involve the study of the catalytic properties of 

inverse sulfide/metal, carbide/metal and nitride/metal systems.  The information acquired from 

these studies might constitute an important part for an integral library on the performance of 

inverse catalysts.   
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Figure Captions 

 

Figure 1.  Scheme for the preparation of an inverse TiOx/Au catalyst by atomic layer deposition 

(ALD). Taken from ref. 7. Copyright 2016 American Chemical Society. 

Figure 2.  A) HR-TEM image for a Cu/ZnO/Al2O3 catalyst after reduction in hydrogen. B) 

Cartoon showing different components of a reduced Cu/ZnO/Al2O3 catalysts. Taken from ref. 

21. Copyright 2015 Wiley. 

Figure 3   CO2 production measured over ZnO films on Pt(111) as a function of the nominal film 

thickness. The inset shows kinetic curves for the production of CO2 on pure Pt(111) and on  0.7 

ML ZnO/Pt(111). Reaction conditions: 10 mbar of CO and 50 mbar of O2, He balance to 1 bar; 

temperature of 450 K. Taken from ref. 13. Copyright 2013 Elsevier. 

Figure  4    STM images of (a) FeO, (b) Fe3O4 and (c) Fe2O3 nanostructures on Au(111). The 

corresponding apparent heights of these nanostructures, as marked by white lines in STM images 

are plotted on the right side of the STM image, respectively. Inset of each STM image shows the 

atomic resolution of nanostructures. Taken from ref. 32. Copyright 2015 American Chemical 

Society. 

Figure 5    Phase diagram of iron species on Au(111) with morphology of (a) nanostructures and 

(b) bulk structures for FeOx under the CO oxidation conditions at 575 K. The squares denote the 

pressure range of interest (10-5 ~1 atm) of CO and O2 for CO oxidation. Taken from ref. 32. 

Copyright 2015 American Chemical Society. 

Figure 6    DFT calculations of the FeO oxidation on Au(111) and Pt(111) surfaces. (a) Fe10O6 

(top panel) and Fe10O18 (bottom panel) structures on Pt(111) surface. (b) Energy scheme for 

structural transformation of metastable Fe10O6 structure to the stable Fe10O18 structure on 

Au(111) and Pt(111) surfaces, Fe10O6 + 6O2 → Fe10O18. The metal surface exerts a confinement 

effect on the surface oxide, lowering the energy of Fe10O18, which is termed as interface 
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confinement effect (Econfinement). Taken from ref. 31. Copyright 2015 American Chemical 

Society. 

Figure 7  Close-up view of a CeO2-x island on Au(111). The black regions inside the island 

denote clusters of O vacancies. Taken from ref. 55. Copyright 2007 Elsevier. 

Figure 8  A comparison of the structure in real (LEEM and STM, all 200 × 200 nm2) and 

reciprocal (LEED) space of inverse ceria nanostructures on various metal 

substrates.34,43,45,50,54,55,56  To generate these systems, Ce was usually dosed to the metal 

substrates under an atmosphere of oxygen. The lattice spacing for the substrates are stated, along 

with the ratio relative to the CeO2(111) surface. Clear variations in the morphology of the ceria 

islands are evident. The red solid and blue dashed circles highlight the first order diffraction 

spots from the substrate and ceria, respectively. The LEED patterns were acquired at different 

energies. 

Figure 9  Optimized structures for CeOx/M(111) systems. CeOx/Cu(111) (left), CeOx/Ag(111) 

(middle), and CeOx/Au(111) (right). Top view (top), side view (bottom). Cerium (white), oxygen 

(red), copper (orange), silver (soft gray), and gold (golden). Taken from ref. 39. Copyright 2014 

American Chemical Society. 

Figure 10  Top: STM images for 0.3 (a) and 0.7 (b) monolayers of CeOx on Pt(111).  Bottom: 

Data for CO oxidation. (c) Comparison of the hysteresis loops obtained for the clean Pt(111) 

surface and for the CeOx -0.3 ML/Pt(111) and CeOx -0.7ML /Pt(111) systems at T = 453 K and 

pO2 =  1.3 × 10-5 mbar. The maximum in the CO2 production rate, RCO2, is used as a measure of 

the catalytic activity of the corresponding system for comparison in (d). (d) Comparison of the 

catalytic activity of the clean Pt(111), CeOx-0.3/Pt(111) and CeOx-0.7/Pt(111) systems toward 

CO oxidation. Left side bars: total activity; right side bars: activity normalized by the exposed 

(bare) Pt(111) surface. Taken from ref. 15. Copyright 2008 American Chemical Society. 

Figure 11  a) Arrhenius plots of the water-gas shift rate (CO: 20 Torr, H2O: 10 Torr) on clean 

Cu(111), CeOx/Cu(111), and CeOx/Au(111). b) STM image for a CeOx/CuOx/Cu(111) before 

exposure to a CO/H2O reaction mixture. c and d) Calculated reaction mechanism for the water-

gas shift on CeOx/Cu(111). Taken from ref. 60. Copyright 2013 Wiley. 
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Figure 12   A) Rate for the conversion of CO2 to methanol on Cu(111) as a function of the 

fraction of the metal surface covered by zinc oxide or ceria. Reaction conditions: T= 550 K, PH2= 

4.5 atm,  PCO2= 0.5 atm. B) Arrhenius plots for the conversion of CO2 to methanol on plain 

Cu(111) and on the metal surface covered 20% by nanoparticles of ZnO or Ce2O3. Reaction 

conditions: PH2= 4.5 atm,  PCO2= 0.5 atm. Taken from ref. 34. Copyright 2016 American 

Chemical Society. 

Figure 13   Rates measured for the production of metanol on Cu(111), Cu/ZnO(000ī), 

ZnO/Cu(111), Cu/CeO2(111) and CeOx/Cu(111). Reaction conditions: T= 550 K, PH2= 4.5 atm,  

PCO2= 0.5 atm. Taken from ref. 34. Copyright 2016 American Chemical Society. 

Figure 14  Left-side: HR-TEM images of unsupported Au nanocrystals with 20 cycles of TiO2 

overcoat at low (a) and high (b) magnifications. Here TiO2 islands formed on the Au 

nanocrystals are highlighted by the black arrows. Right-side: (c) (a) Catalytic activities of 

Au/Al2O3 catalysts with different cycles of TiO2 ALD overcoat (xc-Au/Al2O3) in CO oxidation 

reaction. Taken from ref. 7. Copyright 2016 American Chemical Society. 

Figure 15  Top: HR-TEM investigation of TiO2/np-Au catalysts. (a) A cross-sectional HR-TEM 

image of a 0.1 weight% TTIP-impregnated TiO2/np-Au catalyst showing the lattice images of Au 

and TiO2 (scale bar refers to 1 nm). (b) A cross-sectional HR-TEM image of a 1.0 weight% 

TTIP-impregnated TiO2/np-Au film catalyst. The inset shows a lattice image of the Au (scale bar 

refers to 2 nm). Bottom: (c) Summary of the TOF for all TiO2/np-Au catalysts at 443 K under H2 

oxidation. The TOF increased 4-fold for the 0.5 weight% TTIPimpregnated TiO2/np-Au catalysts 

in relation to the bare np-Au film. (d) A schematic representation of catalytic H2 oxidation at the 

TiO2/np-Au perimeter interface created between the nanoporous Au ligament and the deposited 

titania layers. Hydrogen molecules adsorb on the np-Au perimeter sites, followed by dissociation 

and spilling to the titania; gaseous O2 molecules adsorbed on the titania perimeter sites form Ti–

OOH species that dissociate into Ti–O and Ti–OH species. The Ti–OH species finally 

hydrogenate to form H2O molecules. Taken from ref. 6. Copyright 2015 Royal Society of 

Chemistry. 
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Figure 16  Left side: Cartoon illustrating the migration of ZnOx agregates to the top of Cu 

particles in Cu/ZnO and Cu/ZnO:M catalysts (M= Al3+ and Ga3+). Such migration is not 

observed for the Cu/ZnO:Mg catalyst. Right side: Activity, weight time yield, of Cu/ZnO and 

Cu/ZnO:M catalysts for methanol synthesis. Reproduced from ref. 22, Copyright 2015 American 

Chemical Society. 

Figure 17  (a) STM image of MoS2 nanoparticles synthesized on the Au(111) substrate at 0.15 

ML coverage and (b) A close-up of a Mo edge terminated MoS2 cluster compared to the 

corresponding STM image simulated by means of DFT and the Tersoff-Hamann approximation. 

Taken from ref. 72. Copyright 2015 American Chemical Society (c) STM image for a 

nanoparticle of RuS2 synthesized on Au(111). Taken from ref. 73. Copyright 2004 American 

Chemical Society 
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