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ABSTRACT 

The role of the interface between a metal and oxide (CeOx-Cu and ZnO-Cu) is critical to the 

production of methanol through the hydrogenation of CO2 (CO2+3H2 → CH3OH + H2O). The 

deposition of nanoparticles of CeOx or ZnO on Cu(111), θoxi < 0.3 monolayer, produces highly 

active catalysts for methanol synthesis. The catalytic activity of these systems increases in the 

sequence: Cu(111) < ZnO/Cu(111) < CeOx/Cu(111).  The apparent activation energy for the CO2 

→ CH3OH conversion decreases from 25 kcal/mol on Cu(111) to 16 kcal/mol on ZnO/Cu(111) 

and 13 kcal/mol on CeOx/Cu(111). The surface chemistry of the highly active CeOx-Cu(111) 

interface was investigated using ambient pressure X-ray photoemission spectroscopy (AP-XPS) 

and infrared reflection absorption spectroscopy (AP-IRRAS). Both techniques point to the 

formation of formates (HCOO-) and carboxylates (CO2
δ–) during the reaction. Our results show 

an active state of the catalyst rich in Ce3+ sites which stabilize a  CO2
δ– species that is an essential 

intermediate for the production of methanol. The inverse oxide/metal configuration favors strong 

metal-oxide interactions and makes possible reaction channels not seen in conventional 

metal/oxide catalysts. 
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INTRODUCTION 

Nowadays there is strong interest in optimizing the configuration of metal-oxide catalysts 

used for the binding, activation and conversion into valuable chemicals of CO2. The increasing 

levels of CO2 in the atmosphere and oceans are a serious concern for the future of life on our 

planet.1 A consequence of this are the strict legal limits on commercial and industrial emissions 

aimed at mitigating the detrimental effects of CO2 and other greenhouse pollutants on the 

environment and climate.1,2 As a result there are major economic incentives to minimize the 

production of CO2 and for methods to capture and sequester/store this molecule.1,3 In addition, 

the supply of emitted CO2 can be used as a new source of fuel, provided that the conversion to a 

valued commodity such as synthesis gas (CO + H2), oxygenates (alcohols, ethers, acids) or 

hydrocarbons (CH4, olefins) is feasible and economical.4-7 Many research groups are now 

attempting to activate the CO2 in the air to produce liquid fuels through hydrogenation using 

different configurations of metal-oxide catalysts.3,4,8-12  

There is a resurgence in the study of the hydrogenation of CO2 to C1 and greater alcohols 

(xCO2 + yH2 → CxH3OH + xH2O).6-10,13,14 This process is a classical prototype reaction in both 

homogenous and heterogeneous catalysis with studies in the literature going back to the 1940’s. 

Today this reaction is predominantly associated with supported Cu based catalysts with a 

Cu/ZnO/Al2O3 formulation.9,14-15  Cu on its own is a poor catalyst for the CO2 → CH3OH 

conversion and has a low propensity to do several key steps that lead to CO2 activation.10,16-21 An 

enhancement in the catalytic activity of Cu is frequently observed after dispersing this metal  on 

a ZnO substrate to generate a catalyst with a metal/oxide configuration.12,15,17,22  However, recent 

works using high-resolution transmission electron microscopy (HRTEM) have observed the 

presence of ZnOx aggregates on top of the copper particles typical of a Cu/ZnO catalyst active 
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for methanol synthesis.11,14,22 Furthermore, the deposition of ZnOx nanostructures on 

polycrystalline copper produces a system with a catalytic activity six times larger than that of 

plain copper.16
 Synergistic effects between Cu and ZnOx could be responsible for the catalytic 

activity of Cu-ZnO.11,14,16 

Last year our group reported a substantial enhancement in the catalytic activity of 

Cu(111) after depositing ~ 0.2 ML of CeOx nanoparticles.23  The presence of adsorbed CO2
δ– on 

the catalyst surface was identified through a combination of ambient-pressure X-ray 

photoelectron spectroscopy (AP-XPS) and infrared reflection absorption spectroscopy 

(AP-IRRAS).23 In this work, we report a comparative study of the catalytic activity of 

ZnO/Cu(111) and CeOx/Cu(111) changing in a systematic way the coverage of the oxides on the 

copper surface. The oxide coverage has a drastic effect on the catalytic activity but in general 

these inverse catalysts with an oxide/metal configuration are more active than catalysts with 

standard Cu/ZnO and Cu/CeO2 configurations. CeOx/Cu(111) is the most active catalyst. The 

ceria-copper interface is essential for the binding and transformation of CO2. Our AP-XPS and 

AP-IRRAS results show an active state of the catalyst which is rich in Ce3+ sites that stabilize 

CO2
δ– intermediates involved in the production of methanol.  

 

EXPERIMENTAL   SECTION 

The catalyst systems were studied in a set-up that combines a ultra-high Vacuum (UHV) 

chamber for surface characterization (base pressure ~5×10-10 Torr) and a batch reactor for 

catalytic tests.17,23  The sample could be transferred between the reactor and the UHV chamber 

without exposure to air. The UHV chamber was equipped with instrumentation for XPS, 
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ultraviolet photoelectron spectroscopy (UPS), low-energy electron diffraction (LEED), ion-

scattering spectroscopy (ISS), and thermal-desorption mass spectroscopy (TDS).17,23  In the 

studies of CO2 hydrogenation, the sample was transferred to the reactor at ~ 300 K, then the 

reactant gases, 0.049 MPa (0.5 atm) of CO2 and 0.441 MPa (4.5 atm) of H2, were introduced and 

the sample was rapidly heated to the reaction temperature (500, 525, 550, 575 and 600 K).17,23 

Product yields were analyzed by a mass spectrometer and/or a gas chromatograph.18 The amount 

of molecules (CO or CH3OH) produced in the catalytic tests was normalized by the active area 

exposed by the sample and the total reaction time. In the present experiments, data were 

collected at intervals of 15 min up to total reaction times of 270 min. The kinetic experiments 

were done in the limit of low conversion (< 5%).  

All Ambient Pressure X-ray Photoemission Spectroscopy (AP-XPS) measurements were 

conducted at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory 

(LBNL) on beamline 9.3.2. The sample preparation was performed in a preparation chamber 

connected to the analysis chamber. The analysis chamber is equipped with a VG Scienta R4000 

HiPP ambient pressure XPS Analyzer and soft X-rays are introduced by way of a Si3N4 window. 

The full description of the beamline, beam characteristics and end station configuration can be 

found elsewhere.24 The C 1s, Cu 3s, and Ce 4d regions were collected with a photon energy of 

490 eV, while the O 1s region was probed with a photon energy of 700 eV, and a resolution of 

0.2–0.3 eV. Energy calibration was performed with the Cu 3s and Ce 4d satellite features. 

IRRAS experiments were performed in a combined UHV surface analysis chamber and ambient 

pressure (AP) reactor/IRRAS cell system described elsewhere.25
  

The preparation of the ZnO/Cu(111) and CeOx/Cu(111) model catalysts was performed 

by the deposition of zinc or cerium metal in an ambient of O2 (5x10-7Torr) onto a clean Cu(111) 
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crystal at 600 K. This led to the formation of ZnO/CuOx/Cu(111) and CeO2/CuOx/Cu(111) 

surfaces which transformed into ZnO/Cu(111) and CeOx/Cu(111) after exposure to molecular 

hydrogen.23 Studies with scanning tunneling microscopy examining the reduction of 

CeO2/CuOx/Cu(111) in molecular hydrogen showed the disappearance of the surface regions of 

CuOx and some changes in the morphology of the ceria islands which exhibited internal holes 

that expose copper-ceria interfaces.23 When this surface was exposed to a reactant mixture of 

CO2/H2, carbonates formed on the oxide nanoparticles without big changes in morphology. ISS 

and XPS were used to determine the coverage of ZnO and CeOx on the copper substrate after 

reducing the ZnO/CuOx/Cu(111) and CeO2/CuOx/Cu(111) systems with hydrogen. The Cu(111) 

crystal was cleaned by repeated sputter (1kV, 300 K) and anneal (900 K) cycles.  

 

RESULTS  AND  DISCUSSION 

The hydrogenation of CO2 on the ZnO/Cu(111) and CeOx/Cu(111) catalysts produced 

CO through the reverse water-gas shift reaction (CO2 + H2 → H2O + CO), methanol and some 

traces of ethanol (xCO2 + yH2 → CxH3OH + xH2O). As seen in another studies,12,16,16-20 the rate 

for the production of CO was 2-3 orders of magnitude larger than the rate for the synthesis of 

methanol. Figure 1 shows the variation in the rate for methanol synthesis  on ZnO/Cu(111) and 

CeOx/Cu(111) catalysts as a function of oxide coverage. Under the conditions in which the 

experiments in Figure 1 were done (T= 550 K, PCO2= 0.5 atm, PH2= 9.5 atm), the rate measured 

for methanol formation on clean Cu(111) was 0.003 x 1015 molecules cm-2 s-1. A substantial 

increase in catalytic activity was observed after the deposition of ZnO and CeOx on the copper 

substrate. In both cases, the catalytic activity raised after the deposition of the oxide, reached a 

maximum and then decreased. In the case of ZnO/Cu(111), the maximum in the rate of methanol 
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formation was seen after covering ~ 20% of the Cu(111) surface with ZnO, very similar to the 

behavior seen upon deposition of this oxide on polycrystalline copper.16  For CeOx/Cu(111), the 

maximum in catalytic activity occurred when the Cu(111) surface was covered  30-40% by ceria. 

The data in Figure 1 indicate that CeOx is a better promoter of catalytic activity than ZnO. Since 

all the catalytic activity disappears after completely covering the Cu(111) substrate, it is clear 

that the CO2 → CH3OH conversion was taken place at the Cu-CeOx and Cu-ZnO interfaces.  

Figure 2A displays Arrhenius plots for the synthesis of methanol on clean Cu(111) and 

on this surface covered ~ 20% by either ZnO or CeOx. In the range of temperatures investigated 

(500-600 K), CeOx/Cu(111) is the best catalyst for the conversion of CO2 to CH3OH. The 

apparent activation energy for the reaction decreases from 25 kcal/mol on Cu(111) to 16 

kcal/mol on ZnO/Cu(111) and to 13 kcal/mol on CeOx/Cu(111). Similar experiments were done 

for a Cu(111) substrate covered ~ 50 % with ZnO or CeOx obtaining apparent activation energies 

of 21 kcal/mol for ZnO/Cu(111) and 14 kcal/mol for CeOx/Cu(111), see Figure 2B. Again 

CeOx/Cu(111) was always the best catalyst.   

A comparison of the catalytic activity seen in Figures 1 and 2 for ZnO/Cu(111) with that 

reported for the Cu/ZnO(000ī) system in the literature17 indicates that the oxide/metal 

configuration is by far a superior catalyst, Figure 3. Thus, it is not surprising that this is the 

active configuration in the industrial Cu/ZnO/Al2O3 powder catalyst.11,14 A similar comparison 

for the CeOx/Cu(111) and Cu/CeO2(111)23 systems again gives the oxide/metal configuration as 

the much better catalyst, Figure 3. The deposition of nanoparticles of an oxide on a metal usually 

produces stronger metal-oxide interactions than observed after depositing nanoparticles of a 

metal on a bulk oxide due to the intrinsically low reactivity of bulk oxides where even wetting of 

many metals is problematic.26,27 The strong bonding existing in oxide/metal configurations can 
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also lead to perturbations or modifications in the electronic properties of the oxide giving novel 

chemical properties.28,29     

The chemical state of the surface of the catalysts after reaction was examined with XPS. 

The as-prepared ZnO/CuOx/Cu(111) systems transformed into ZnO/Cu(111). Figure 4 shows 

typical Zn 2p3/2 XPS spectra and the measured peak position for each catalyst investigated is 

shown in Figure 5.  At the ZnO coverage of maximum activity, ~ 0.2 of Cu(111) covered in 

Figure 1, a Zn 2p3/2 peak position near 1021.6 eV was observed.  This value is very close to the 

position of 1021.6-1021.7 eV seen for Zn2+ and different from the binding energy of 1021.1 eV 

observed for Zn0.16,30,31 A  ZnO/Cu active phase has also been seen after performing the 

hydrogenation of CO2 on a Zn/Cu alloy generated by depositing Zn on polycrystalline copper.16 

The oxygen released by the CO2,ads → COads + Oads reaction probably oxidized the Zn precursor 

to ZnO.16 In Figure 5, the Zn 2p3/2 peak position decreases slightly when the coverage of zinc 

oxide increases, but it is always close to the values reported for Zn2+.16,30,31 For a large coverage 

of zinc oxide, some oxygen vacancies maybe generated inside the oxide film that covers Cu(111) 

by reaction with hydrogen to form water. 

The synthesized CeO2/CuOx/Cu(111) surfaces were rapidly reduced to CeOx/Cu(111) 

when exposed to H2 or a CO2/H2 reactant mixture. CeO2 and Ce2O3 have quite different line-

shapes in the Ce 3d XPS region.32,33  Ce 3d spectra can be deconvoluted to extract the amount of 

Ce3+ and Ce4+ in a ceria sample.32,33 Figure 6 shows Ce 3d spectra recorded after performing the 

hydrogenation of CO2 on a Cu(111) substrate partially or fully covered with ceria. For the small 

coverage of ceria, the line shape in the Ce 3d region denotes the presence of Ce2O3 on the 

surface of the catalyst.32,33 On the other hand, the Ce 3d line shape for a surface fully covered 

with ceria is that of CeO2.
32,33 Figure 7 displays the measured amount of Ce3+ in the 
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CeOx/Cu(111) catalysts after reaction. At small coverages of ceria the active phase was 

essentially Ce2O3/Cu(111) as the Ce4+ cations in these systems were not stable under a CO2/H2 

mixture. Comparing the results in Figures 1 and the bottom panel in Figure 7, it is clear that a 

reduction in the catalytic activity of CeOx/Cu(111) is accompanied by an decrease in the 

concentration of Ce3+ on the surface of the catalyst. As the coverage of the ceria overlayer raises, 

the oxide film loses defects and any effect of a oxide-metal interaction diminishes making more 

difficult a Ce4+ → Ce3+ transformation.  Theoretical calculations indicate that small aggregates of 

CeO2 deposited on Cu(111) undergo partial reduction with an increase in the relative stability of 

Ce3+ with respect to Ce4+.34 

The surface chemistry of the CeOx/Cu(111) systems under reaction conditions was 

investigated using AP-XPS and AP-IRRAS. Figure 8 displays  O 1s and C 1s XPS spectra of an 

as prepared CeO2/CuOx/Cu(111) surface with ~ 0.2 ML of CeOx (a), under 30mTorr of CO2 at 

300 K (b), with an addition of 270 mTorr of H2 (c), and subsequent heating to 400 (d) and  500 K 

(e) under those conditions. In the O 1s region (left) the primary peak at 530 eV corresponds to 

the oxygen from CeOx with a small contribution from the CuOx/Cu(111) substrate in the as 

prepare surface (a).  In addition, this surface has a small concentration of OH species (531.5 eV). 

In the C 1s region (right) no peaks are visible except for a small contribution from surface C at 

284 eV, probably coming from the dissociation of background gases. With the addition of 

30mTorr of CO2 at 300 K (b), peaks centered at 531.9 eV (O 1s) and 289.3 eV (C 1s) are now 

visible that can be attributed to CO2
δ- species generated by the adsorption of CO2 gas which also 

appears in the spectra {537.1 (O 1s) and 293eV (C 1s)}.23 Weak features a 532.5 eV (O 1s) and 

289.9 eV (C 1s)  denote the presence of a small amount of formate (HCOO-)23 probably formed 

by reaction of CO2 with a minor concentration of H2 in the background gases.  Subsequent 
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addition of 270 mTorr of H2 and heating to 400 (d) and 500 K (e) shows an increase in the 

features for HCOO- . The small feature at 284 eV, assigned to surface C on the surface (see 

above), remains more or less constant through the entire experiment. A similar AP-XPS 

experiment for plain Cu(111) exposed to a mixture of CO2/H2 showed only HCOO- which is 

produced by direct reaction of CO2 with adsorbed H atoms.10,12,13,17,21 Thus, the CO2
δ- appears on 

the surface only after the formation of the ceria-copper interface.  

Experiments of AP-XPS carried out as a function of ceria coverage, reaction conditions 

of 30 mTorr CO2 and 270 mTorr of H2 at 300-500K, pointed to a maximum in the amount of 

adsorbed CO2
δ- when the metal surface was covered 20-30% with the oxide. For a Cu(111) 

substrate fully covered with ceria there was formation of surface formate but not significant 

adsorbed CO2
δ- was detected.  A decrease in the coverage of adsorbed CO2

δ- with increasing 

coverage of ceria was also observed with infrared spectroscopy. Figure 9 shows AP-IRRA 

spectra obtained during the exposure of low(~0.2 ML) and medium(~0.5 ML) coverages of CeOx  

on Cu(111) to CO2 (1.0 Torr) and H2(9.0 Torr) at 500 K. These spectra show IR peaks at  1295, 

1330, 1372, 1598 and 2855 cm-1. The peak at 1295 cm-1 is assigned to carboxylate (CO2
-) 35 

whereas the other features can be assigned to a formate (HCOO-) species.23 The peaks at 1330 

and 1372 cm-1 can be assigned to symmetric OCO stretches, s(OCO), whereas the peak at 1598 

cm-1 is for the asymmetric OCO stretches ,as(OCO), and the peak at 2855 cm-1 is for CH  

stretch,(CH), modes. These IR spectra show that when the coverage of ceria is increased, more 

formates are generated but the amount of carboxylate decreases in conjunction with the decrease 

in catalytic activity. Thus, it is likely that HCOO- is just a spectator and not a key intermediate 

for the alcohol synthesis reaction. 
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A comparison of the results in Figures 1, 7-9 show a correlation between the catalytic 

activity, the presence of Ce3+ sites and the generation of CO2
- surface species. This trend 

supports a previous theoretical study which suggests that Ce3+ sites and adsorbed CO2
- are 

essential in the CO2 → CH3OH conversion.23 The reaction mechanism predicted by the 

theoretical calculations involves first the reverse water-gas shift (RWGS) reaction to generate 

CO and then  sequential hydrogenation of this molecule: CO→CHO→CH2O→CH3O→CH3OH. 

The highest predicted activation barrier is close to 15 kcal/mol and is associated with the RWGS 

reaction,23  with smaller barriers for the formation of CHO, CH2O, CH3O and CH3OH. In Figure 

2, the copper catalysts covered 20 and 50% by ceria have an apparent activation energy near 14 

kcal/mol and display much better activity than plain Cu(111) in Figure 1. In all our experiments, 

after systematically changing the coverage of ceria on copper, we only detected features for 

HCOO- and CO2
- in AP-XPS and IRRAS. This implies that any other surface intermediates 

produced by the hydrogenation of CO2 (i.e. HOCO, HxOCO) or CO (i.e. CHO, CH2O or CH3O 

species) are short-lived in agreement with theoretical predictions.23 Our studies with ambient-

pressure photoemission and infrared spectroscopy are not enough to identify in a conclusive way 

the exact path for the CO2 → CH3OH conversion which could involve the RWGS reaction and 

subsequent hydrogenation of CO or direct hydrogenation of CO2  

 

CONCLUSION 

In summary, the results in Figure 1 quite clearly indicate that the formation of a metal-

oxide interface is essential for high catalytic activity in the synthesis of methanol from CO2 

hydrogenation. The nature of the oxide has a strong impact on the catalytic activity. Coverage 
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and metal-oxide interactions affect the chemical and catalytic properties of the oxide. In the case 

of ceria, one has a reducible oxide in which Ce3+ becomes the preferred oxidation state at low 

coverages opening an efficient reaction channel to adsorb and transform CO2 via a CO2
- 

intermediate, instead of the more stable formate species. A comparison of the activities of 

CeOx/Cu(111) and Cu/CeO2(111), or ZnO/Cu(111) and Cu/ZnO(000ī), indicates that a 

oxide/metal configuration leads to superior catalyst.  In this configuration one can optimize the 

participation of the oxide in the catalytic process.   
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Figure 1    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. 

Figure 2    Part A: 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. Part B: Apparent activation 
energies for the conversion of CO2 to methanol on plain Cu(111) and on the metal surface 
covered  20 and 50% by nanoparticles of ZnO or CeOx. Reaction conditions: PH2= 4.5 atm,  
PCO2= 0.5 atm. 

Figure 3  Rates measured for the production of metanol on Cu(111),17 Cu/ZnO(000ī),17 
ZnO/Cu(111), Cu/CeO2(111)23 and CeOx/Cu(111). Reaction conditions: T= 550 K, PH2= 4.5 atm,  
PCO2= 0.5 atm. 

Figure 4   Zn 2p3/2 XPS spectra obtained after performing the hydrogenation of CO2 on 
ZnO/Cu(111) catalysts. T= 550 K, PH2= 4.5 atm,  PCO2= 0.5 atm. 

Figure 5    Zn 2p3/2 XPS peak position measured after reaction for a series of ZnOx/Cu(111) 
catalysts. Reaction conditions: T= 550 K, PH2= 4.5 atm,  PCO2= 0.5 atm. 

Figure 6   Ce 3d XPS spectra obtained after performing the hydrogenation of CO2 on 
CeOx/Cu(111) catalysts with different coverages of ceria. Reaction conditions: T= 550 K, PH2= 
4.5 atm,  PCO2= 0.5 atm. 

Figure 7   Percentage of Ce3+ present after reaction in a series of CeOx/Cu(111) catalysts. The 
relative concentrations of Ce3+ and Ce4+ were determined by deconvoluting the corresponding Ce 
3d XPS spectra.32,33 Reaction conditions: T= 550 K, PH2= 4.5 atm,  PCO2= 0.5 atm. 

Figure 8    O 1s and C 1s XPS spectra of an as prepared CeO2/CuOx/Cu(111) surface with ~ 0.2 
ML of CeOx (a), under 30mTorr of CO2 at 300 K (b), with an addition of 270 mTorr of H2 (c), 
and subsequent heating to 400 (d) and  500 K (e) under those conditions.  

Figure 9  AP-IRRA spectra obtained during the exposure of low (~0.2 ML) and medium (~0.5 
ML) coverages of CeOx  on Cu(111) to CO2 (1.0 Torr) and H2 (9.0 Torr) at 500 K.  
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