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Abstract 

The direct conversion of carbon dioxide (CO2) into methanol via hydrogenation is essential for 

industrial applications. Recent studies on catalysts that contain an inverse oxide/metal configuration 

have shown very good catalytic performance for the CO2 hydrogenation to methanol process. In 

this study, we investigated the behavior of indium oxide-Cu(111) interfaces under pure CO2 and 

CO2/H2 mixtures using synchrotron-based ambient-pressure X-ray photoelectron spectroscopy 

(AP-XPS). Initially, a single layer of copper oxide (CuxO) was grown on the Cu(111) surface by 

controlled oxidation. On this surface, indium was deposited at room temperature. Oxygen atoms 

transferred from CuxO/Cu(111) to the indium metal upon deposition, forming In-O-Cu bonds and 

active interfaces. Although Cu(111) is not very active for the binding and activation of CO2, the 

formed InOx-Cu(111) interfaces had no problem adsorbing and dissociating the molecule at room 

temperature. Reaction of CO2 with H2 on InOx-Cu(111) yielded surface-bound H3CO, CO2
δ−, CO3,

 

and CHx species that are typical intermediates in the production of methanol and other oxygenates. 

The InOx-Cu(111) interface underwent dynamic chemical changes under reaction conditions, 

forming In-Cu alloys at low indium coverages (< 0.05 monolayer), while at higher indium 

coverages a mixture of an In-Cu and InOx was detected in XPS. These findings indicate that InOx/In-

Cu interfaces can play a key role in processes aimed at the trapping and valorization of CO2.  

Keywords: Indium oxide – copper interfaces; Copper; Indium oxide; CO2 activation; Methanol 

production.
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Introduction 

 

A substantial growth of energy demand combined with climate challenges caused by 

excessive CO2 emissions into the atmosphere have led to a general interest in the valorization of 

this molecule. Thus, various approaches have been adopted to achieve "carbon neutrality" 

including carbon capture, utilization, and storage (CCUS) technologies.1-3 Among these, 

utilization of CO2 as a precursor in the synthesis of methanol (CO2 + 3H2 → CH3OH + H2O) is a 

key reaction in C1 catalysis and a vital process in the chemical industry. CH3OH is particularly 

advantageous, as it can be used as a direct fuel or can blend with gasoline.4-5 Thus, the CO2 

hydrogenation to CH3OH process offers a promising pathway to address the growing energy 

demands while helping to control climate changes. 

Copper-based catalysts with a Cu-ZnO-Al2O3 formulation are commonly used for 

producing CH3OH from syngas, and a small amount of CO2 (<5 vol %) is added to the reaction 

mixture for enhancing the reaction rate.6-7 When it comes to direct CO2 hydrogenation to CH3OH 

process, the same catalyst has a limited CO2 conversion that forces operation at high temperatures 

(500-550 K) where the selectivity for CH3OH conversion is not large (~60 %).6-14 Thus, the 

development of new copper-based catalysts is essential for improving the CO2→CH3OH 

conversion efficiency. Recently, indium oxide (In2O3)-based catalysts showed good selectivity for 

CH3OH under moderate CO2 hydrogenation conditions. Both theoretical and experimental studies 

suggest that oxygen vacancies on the In2O3 surface play an important role in activating CO2 and 

H2, and in promoting CH3OH synthesis.8-10 Further deposition of metals (Pd, Au, Ir, Pt, Rh, Ni, 

Ag, and Cu) onto the In2O3 surface creates metal-oxide interfaces that enhance H2 dissociation and 

the overall hydrogenation capacity of the catalytic system.11-12 Notably, the deposition of non-

expensive metals, such as copper (Cu), on the In2O3 surface offers a promising approach for 

improving process efficiency.13 According to previous works in the literature, the Cu/In2O3 catalyst 

exhibits excellent CH3OH selectivity (~ 90%) in CO2 hydrogenation.13, 15-16 In spite of substantial 

research, it is not well known the intrinsic reactivity of Cu-InOx interfaces towards CO2 and 

CO2/H2 mixtures. Over-reduction of InOx-Cu interfaces by hydrogen could lead to the generation 

of Cu–In alloy phases with distinctive chemical and catalytic properties.17  

In heterogeneous catalysis, inverse oxide/metal systems are receiving a lot of attention as 

catalysts for the valorization of  CO2
12, 18-21 and perhaps are the best approach to understand the 

links between structure, chemical composition, and reaction mechanism.21-23  In simple terms, their 
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interface contains oxide nanostructures in contact with a metal component.22-23 These types of 

systems often display higher levels of catalytic activity compared to traditional metal/oxide 

catalysts as reactants can easily be accessible to active sites involving the oxide. In addition, 

conventional Cu/ZnO/Al2O3 catalysts show a ZnO overlayer on Cu particles during CO2 

hydrogenation to CH3OH, suggesting that an inverse oxide/metal catalyst configuration is a likely 

active phase.24 Indeed, the addition of ZnO nanostructures to Cu(111) or Cu(100) produces very 

active systems for the binding and valorization of CO2.
25-27 Hence, here we used synchrotron-based 

ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) to study the intrinsic chemistry of 

CO2 and CO2/H2 mixtures on interfaces generated by the deposition of InOx on Cu(111). The 

article is organized as follows: First, we will examine the formation of InOx overlayers on the 

copper substrate, and then we will describe systematic studies for reaction of the oxide-metal 

interfaces with H2, CO2 and CO2/H2 mixtures. It is shown that these interfaces have a unique 

chemical behavior not seen for pure copper or indium oxide. 

 

Experimental Section 

Ambient pressure X-ray photoelectron spectroscopy (AP-XPS) experiments were carried out at 

the 23-ID-2 (IOS) beamline of the National Synchrotron Light Source-II (NSLS-II) at Brookhaven 

National Laboratory, USA. The detailed specifications and performance of this beamline was 

previously discussed elsewhere.28 The XPS spectra of C 1s and Cu 2p regions were collected using 

photon energies of 380 and 1142 eV, respectively, while In 3d, In MNN, and O 1s regions were 

collected at 760 eV photon energy. All spectra were acquired with a step size of 0.05 eV. Obtained 

spectra were calibrated using the Cu Fermi edge in the valence band for each photon energy.  

The Cu(111) crystal was cleaned by continuous cycles of Ar+ ion sputtering (2×10-5 Torr 

of Ar gas, 1 keV, 20 min, 300 K) and UHV annealing (850 K, 10 min). These cycles were repeated 

until the carbon and oxygen peaks had completely disappeared from the C 1s and O 1s region. A 

single layer of copper oxide (CuxO) was grown on the Cu(111) surface by exposing it to 1×10-6 

Torr of O2 at 600 K for 20 minutes, followed by cooling to 300 K in the same oxygen background. 

Various coverages of InOx nanostructures were deposited on the pristine copper oxide at 300 K 

using a SPECS EBE-4 e-beam evaporator, and coverages were estimated using XPS. Initially, the 

In/CuxO/Cu(111) surface was pretreated under 1×10-6 Torr of O2 at 600 K for 20 minutes to 

facilitate the full oxidation of indium, followed by exposure to 750 mTorr of H2 at 400 K for 10 
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minutes to remove the copper oxide and produce InOx/Cu (111) surfaces.  

CO2 was gradually introduced to the generated InOx-Cu interfaces at 300 K with increasing 

pressure (1×10-6 Torr, 1 mTorr, 10 mTorr, 50 mTorr, 100 mTorr and 250 mTorr), followed by a 

stepwise rise of the temperature (i.e., 300 K, 400 K, and 500 K). XPS spectra of the Cu 2p, In 3d, 

In MNN Auger, O 1s and C 1s regions plus the valence band were acquired at each stage. Finally, 

750 mTorr of H2 were added to the 250 mTorr of CO2 at 300 K to perform the CO2 hydrogenation 

experiments across the temperature range of 300 to 500 K. 

 

Results 

A. InOx formation on a CuxO/Cu(111) surface 

 Overlayers of indium oxide were generated on Cu(111) to eventually examine the reaction 

of H2, CO2 and CO2/H2 mixtures with InOx-copper interfaces. Initially, the Cu(111) crystal was 

oxidized with 1x10-6 Torr of O2 at 600 K for 20 minutes, followed by a cool down to 300 K in 

the same oxygen environment. This led to the formation of a single-layer of copper oxide (CuxO) 

on the surface.29 On the CuxO/Cu(111) surface, In metal was vapor-deposited under UHV 

conditions at 300 K. Figure 1 shows the XPS spectra of In 3d and In MNN Auger for the 0.035 

and 0.32 ML of indium deposited on the CuxO/Cu(111) surface (black), and after oxidation with 

1x10-6 Torr of O2 at 600 K for 20 minutes (red). The 0.035 ML of Indium (black) shows the In 

3d spectrum with a mixture of In metal (443.8 eV) and the InOx phase.30 The corresponding In 

MNN region shows a broad spectrum ranging from 409-412 eV in kinetic energy, confirming the 

formation of InOx which co-exist with In metal on the surface. These peak positions are consistent 

with those reported in the literature.11-12, 30 Formation of InOx indicates the oxygen atom being 

transferred from the CuxO/Cu(111) surface to the Indium metal, forming In-O-Cu bond. Cu 2p 

spectra (Figure S1a) show a slight decrease in intensity after indium deposition that attenuates 

the signal from the CuxO/Cu(111) system. The In/CuxO/Cu(111) surface was further treated with 

1x10-6 Torr of O2 at 600 K for 20 minutes to maximize the oxidation of indium on the surface,  
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Figure 1. Photoemission spectra of the In MNN Auger (a, c) and In 3d core-level (b, d) regions 

for 0.035 (top panels) and 0.32 ML (bottom panels) of indium deposited on CuxO/Cu(111). The 

black traces correspond to the plain deposition of In at room temperature, while the red traces are 

for subsequent exposure to 1x10-6 Torr of O2 at 600 K for 20 minutes.  All the displayed XPS spectra 

were collected under UHV at 300 K. 
 

as most In-based catalysts are being used in the form of In2O3 for CO2 hydrogenation.31-32 A 

lower binding energy hump seen for Indium metal (448.3 eV) in the In 3d spectra (Figure 1b,d 

black traces) completely disappeared, and in the In MNN spectra a peak appeared at 408 eV in 

kinetic energy, indicating the presence of partially oxidized indium. The valence band spectra 

(Fig. S1b) of the clean Cu(111) surface shows the 3d valence band features between binding 
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energies of 2 to 4 eV with a distinct EF (grey color). After oxidizing the Cu(111) surface, a new 

valence band feature develops at 1.7 eV, which is characteristic of Cu2O (Cu1+) (blue color).33 

Indium deposition (black) and further oxidation did not cause any significant changes in the 

valence band spectrum (red). 

An increase of In coverage to 0.32 ML leads to the formation of both In metal and InOx 

phases, as observed in In 3d (Figure 1c) and In MNN (Figure 1d) spectra. The Cu 2p spectrum 

intensity (Figure S1b) decreased with increase of In coverage. After oxidation, the Indium 

becomes more oxidized, and the extent of oxidation increases with increase of In coverage. 

Notably, an increase in intensity of In 3d (Figure 1c) and In MNN (Figure 1d) spectra and 

decrease of Cu 2p intensity (Figure S1c), suggests a redistribution of indium on the surface, 

forming more dispersed particles. A similar phenomenon has been seen for the InOx/TiO2 

surface.34 The typical valence band feature seen for Cu1+ in CuxO/Cu(111) decreased (Fig. S1d) 

at 0.32 ML coverage, confirming the oxygen atom transfer from CuxO/Cu(111) to Indium. 

Further oxidation of the InOx/CuxO/Cu(111) surface regenerate the Cu1+ valence band feature 

(Fig.S1d, red). 

In Figure 2, the O 1s spectra of the CuxO/Cu(111) surface show an asymmetric peak, 

resulting from contributions of both surface (OS) and lattice oxygen (OL) atoms, as observed in 

previous reports.29 Upon indium deposition, spectra in the middle of the panels in Figure 2, 

oxygen atoms were transferred from the CuxO/Cu(111) substrate to indium, in agreement with 

the oxidation of indium seen in Figure 1. In general, features that contained In-O or In-O-Cu units 

appeared in the range of 529.5 to 531.5 eV. They reflect systems with different In/O 

stoichiometries as seen in the case of InOx/Au(111).30 A peak around 531.3-531.5 eV was 

observed in the MgO/Cu(111) system.35 Further, oxidation of the In/CuxO/Cu(111) surface (top 

spectra in Figure 2) led to dominant features observed between 529.5 and 530.5 eV, attributed to 

a mixture of CuxO/Cu (111) and InOx/CuxO/Cu(111).  
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Figure 2. XPS spectra of O 1s core levels for CuxO/Cu(111) (bottom), after 0.035 (a) and 0.32 

ML (b) of indium deposition on CuxO/Cu(111) (middle), and after oxidation with 1x10-6 Torr O2 

at 600 K (top). All the displayed XPS spectra were collected under UHV at 300 K. 

 

B. Reduction with H2 of InOx/CuxO/Cu(111) 

Indium oxide-based catalysts for CO2 hydrogenation are usually activated by pre-

treatment in H2 at elevated temperatures (400-500 K).8-12,36 Thus, as-prepared 

InOx/CuxO/Cu(111) surfaces were pretreated with 750 mTorr of H2 at 400 K. Figure 3 displays 

typical results for the In 3d and In MNN regions, before and after H2 treatment. A slight positive 

shift in binding energy and an increase in intensity of the In 3d spectrum were observed. 

Interestingly, the Cu 2p spectrum (Figure S2a and S2c) also showed an increase in intensity after 

reduction, which implies that oxygen atoms were removed from both the In and Cu sites. A 

similar phenomenon was observed for the reduction of the CeOx/CuOx/Cu(111) system37 and 

CeO2/CuO powders, 38 where the hydrogen reduced the copper oxide and also removed oxygen 

from the ceria overlayer. In Figure 4, the H-induced chemical changes were more pronounced at 

lower indium coverage (0.035 ML) than at higher coverage (0.32 ML). This may reflect a 

reduction in the structural stability of the InOx when their size decreases.30  
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Figure 3. XPS spectra of In MNN (a, c) and In 3d (b, d) core levels for 0.035 and 0.32 ML of 

InOx/CuxO/Cu(111) (Red), and after reduction at 750 mTorr of H2, 400 K for 10 min (Green). 

All the displayed XPS spectra were collected under UHV at 300 K. 

 

The corresponding O 1s spectra (Figure 4) show a reduction in the peak intensity at ~529.1 

eV (blue trace, OS), which comes from the removal oxygen bound to copper due to the formation 

of water.29 H2 is probably dissociating on the InOx islands and then spilling to the copper oxide 

to form water.29 Nevertheless, a small fraction of the copper oxide is not reduced by H2. This is 

likely due to the presence of stable In-O-Cu units on the surface. In contrast, no large changes in 

the amount of O bound to Indium were seen after reduction. This is expected since CuO (ΔHf
° = 

-56.06 kJ/mol) or Cu2O (ΔHf
° = -170.71 kJ/mol) are thermodynamically less stable than the 
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In2O3 (ΔHf
° = -923.5 kJ/mol) under standard conditions.39-40 A noticeable hydroxide peak (~532 

eV)41 was also seen after H2 treatment at lower coverages. In the case of the CuxO/Cu(111) 

surface with the higher indium coverage (0.32 ML), reaction with hydrogen induces a 

redistribution of the O species on the surface that is probably mediated by the generation of OH 

groups. The O purely bonded to copper decreases (Os), but other species in which O also interacts 

with In sites and H increase in intensity. As we will see below, this is consistent with the idea of 

a dynamic interface that can change as a result of variations in the chemical environment.   

 

Figure 4. XPS spectra of O 1s core levels (a, c) and corresponding O 1s peak area variation (b, 

d) for 0.035 and 0.32 ML of InOx/CuxO/Cu(111) (bottom) and after reduction at 750 mTorr H2, 

400 K for 10 min (up). The black color bars (b, d) represent the total amount of oxygen present 

on the surface and the blue color bars (b, d) correspond to the oxygen present only on the copper. 

All the displayed XPS spectra were collected under UHV at 300 K. 

 

C. Reaction with CO2 of reduced InOx/CuxO/Cu(111) 

Cu(111) reacts poorly with carbon dioxide.25-27 A minor amount of CO2 dissociates on 

defect sites of this copper surface.25-27 The deposition of InOx leads to a big enhancement in 

chemical reactivity. The reduced InOx/CuxO/Cu(111) surfaces, shown in Figures 3 and 4, were 
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gradually exposed to varying partial pressures of CO2 at room temperature. C 1s and O 1s spectra 

were collected to track CO2 chemisorption and the formation of possible surface-bound species 

following CO2 dissociation on the InOx/CuxO/Cu(111) surfaces. The 0.32 ML coverage (Figure 

5) shows pressure-dependent CO2 dissociation at room temperature. At lower pressures (1×10-6 

Torr), CO2 dissociation predominantly produced C 1s peaks at 284.4 and 285.1 eV, attributed to 

adsorbed carbon (C*) and a small amount of CHx bonded to InOx or Cu, respectively.30, 42 These 

adsorbates were produced by the reactions: 

                                 CO2(gas)  →  C*  + 2O*    (1) 

                                 C*  +  xH*  →  CHx*      (2)  

Reaction (1) clearly dominated and the H adatoms for reaction (2) were probably 

produced during the pre-reduction of the sample or by dissociation of H2 molecules from the 

background gas.  At higher CO2 pressures (1 mTorr and above), additional peaks were observed 

at 283.3, 287.2, 288.6, and 289.1 eV, likely due to formation of C*/Cu, methoxy, CO2
δ−, and 

CO3
2- species, respectively.43, 44 The source of hydrogen  for methoxy formation, expected near a 

binding energy of 287 eV, 45-47 could again be coming from background H2 gas or H adatoms 

generated during the pre-reduction process.  

                                  CO2(gas)  →  CO*  + O*    (3) 

                                   CO*  +  3H*  →  CH3O*   (4)  

In general, CO2 adsorption on the Cu(111) surface resulted in an intense, negatively 

charged chemisorbed CO2
δ− peak seen in both the O 1s and C 1s regions.44 However, on the 0.32 

ML InOx/CuxO/Cu(111) surface, these peaks were significantly reduced. Instead, carbonate 

species formed on the surface, suggesting that CO2 directly interacts with lower-coordinated 

surface oxygen atoms, leading to carbonate formation. Upon further increasing of CO2 pressure 

to 250 mTorr and subsequent evacuation, the CO2 dissociation products intensity remained 

unchanged.  

In Figure 5b, the O 1s spectra showed a peak around 529.9-529.7 eV, corresponding to 

both InOx and lattice oxygen from CuxO (OL). A small peak around 529.3 eV (dark blue peak), 

attributed to surface oxygen atoms from CuxO was also observed.29 The intensity of this peak 

increased with rising CO2 pressure, indicating the oxidation of the Cu surface at room temperature 

by oxygen atoms coming from CO2 dissociation. At higher CO2 pressures, additional peaks 

~530.3 eV and 531.3 eV appeared, corresponding to InxOy and a mixture of CH3O*, CO2
δ−, CO3

*
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species, respectively. Figures S3 and S4 show the corresponding In 3d, In MNN, and Cu 2p 

spectra, respectively. The fact that the green trace for O atoms in InxOy drops in intensity indicates 

that CO2 is probably reacting with these centers to generate methoxy and carbonate-like species. 

Desorption of C-containing species at 500 K, Figure S5, led to an increase in the green trace for 

InxOy. As in the case of reaction with H2, Figure 4c,d, such a behavior reflects a dynamic interface 

which responds to changes in the chemical environment and temperature.   

 

             
Figure 5. AP-XPS spectra of the (a) C 1s and (b) O 1s core levels for a 0.32 ML 

InOx/CuxO/Cu(111) surface under various partial pressure of CO2 at 300 K. In a preliminary step, 

the sample was reduced in H2 at 400 K (Figures 3 and 4). 

 

Reintroducing 250 mTorr of CO2 at 300 K (Figure 6a, bottom) had no effect on the 

spectra, which remained like in the evacuated case (Figure 5, top).  A stepwise increase in sample 

temperature i.e., 300, 400, 500 K, under 250 mTorr of CO2 led to removal of C*, CHx, C*/Cu, 

methoxy, CO2
δ−, and CO3

2- species from the surface.  The C* probably reacted with O from 

dissociated CO2. Interestingly, the CHx species exhibited greater stability compared to the other 

species and desorbed to a lesser extent. Similarly, the O 1s spectrum showed a decrease in the 
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peak at 531.3 eV, corresponding to a reduction in formate, CO2
δ−, CO3

2- species. No changes were 

seen in the indium oxidation state (Figure S5). 

 

Figure 6. C 1s AP-XPS spectra collected for InOx/CuxO/Cu(111) surfaces with 0.32 (a) and 0.035 

ML (b) of InOx under 250 mTorr of CO2 at various temperatures.  

 

Figure 6 compares the trends observed for the dissociation of CO2 on InOx/CuOx/Cu(111) 

surfaces with 0.32 and 0.035 ML of indium oxide. More AP-XPS data for the interaction of CO2 

with the surface with 0.035 ML of InOx  are shown in Figures S8-S13. On both surfaces, exposure 

to CO2 resulted in the formation of C*/Cu, C*, CHx, CH3O and CO2
δ−species.30, 42-47 Interestingly, 

a somewhat more prominent C*/Cu peak was observed on the 0.035 ML InOx/CuxO/Cu(111) 

surface when compared to the 0.32 ML InOx/CuxO/Cu(111) surface. In contrast, the amount of 

carbonate formed on the surface with 0.035 ML of InOx was negligible. As we will see below, 

the InOx-Cu interfaces of these systems responded in a different way to CO2/H2 mixtures.  

 

D. Reaction of CO2 and H2 mixtures with InOx/CuxO/Cu(111): Dynamics of the interface 
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composition 

The pre-reduced InOx/CuxO/Cu(111) surfaces were exposed to CO2/H2 mixtures (1:3 ratio 

as in CH3OH synthesis) at temperatures ranging from 300 to 500 K. As discussed above, dosing 

250 mTorr of CO2 on the 0.32 ML InOx/CuxO/Cu(111) surface led to CO2 dissociation, forming 

various surface species (bottom of Figure 7). Introducing 750 mTorr of H2 at 300 K produced more 

C* (~284.2 eV), CHx (~285 eV), CH3O (~287 eV), and CO3²⁻ (289.5 eV) species in the C 1s 

region. 30, 42-47, The increased peak at 531.5 eV in the O 1s region supports the formation of more 

CHxO
δ-, and CO3²⁻ species on the surface. In addition, a slight decrease in the intensity of the CuxO 

peak  at  300 K  suggests  that hydrogen atoms activated on the surface remove part of this oxide. 

 

Figure 7. AP-XPS spectra of the (a) C 1s and (b) O 1s core levels for a 0.32 ML of 

In/CuxO/Cu(111) surface under 250 mTorr of CO2 and 750 mTorr of H2 at various temperatures. 

In preliminary steps, the sample was initially reduced in H2 at 400 K for 10 minutes (Figure 3) and 

after that treated with CO2 at various temperatures (Figure 6). 

 

Further increasing the temperature to 400 K caused a significant decrease of formate, CO2
δ-, and 

CO3²⁻ species, while the CHx and C* species remained relatively stable on the surface. This effect 

is more dominant at 500 K,8-12 a typical temperature used for CO2 hydrogenation using Cu-In2O3 
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catalysts. At this temperature, the CuxO phase is completely reduced to copper metal (Figures 7b, 

Fig. S14). Indium oxide also further reduced, yielding a mixture of both In metal and InOx (Figure 

8) near the copper substrate. These results point to the existence of a dynamic interface that varies 

composition depending on temperature and chemical environment. At medium temperatures (< 

450 K), the oxidizing power of CO2 wins and the indium is present as InOx. An increase in 

temperature accelerates reduction by hydrogen and now the interface contains InOx and an alloy 

of indium and copper. Adsorbed, C* (284.2 eV) and CHx (285 eV) species remained present on 

the surface at 500 K.  

 

Figure 8. AP-XPS spectra of the (a) In 3d and (b) In MNN regions for a 0.32 ML of 

InOx/CuxO/Cu(111) surface under 250 mTorr of CO2 + 750 mTorr of H2 at various temperatures. 

In preliminary steps, the sample was initially reduced in H2 at 400 K for 10 minutes (Figure 3) and 

after that treated with CO2 at various temperatures (Figure S5). 

 

The C 1s region of the 0.035 ML In coverage (bottom of Figure 9) shows prominent peaks 

for C* (284.1 eV) and CHx
* (285.0 eV), along with small signals for CH3O* (287.1 eV) and CO3* 
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(289.5 eV).30,42-47 The corresponding O 1s spectra reveals the presence of CuxO, InOx, and a set of 

COx and CHOx species. Similar to the 0.32 ML InOx coverage, the addition of 750 mTorr of H2 to 

the 0.035 ML InOx/CuxO/Cu(111) surface at room temperature leads to the formation of more C* 

(284.2 eV), CHx (285 eV), CH3O (287 eV), CO2
δ-, and CO3²⁻ species in the C and O 1s regions. 

However, the C*/Cu features decreased. No changes were seen in the In 3d, In MNN and Cu 2p 

spectrum. 

Raising the temperature to 400 K led to an increase in CHx species. At the same time, 

CH3O, CO2
δ-, and CO3²⁻ species decreased in intensity. Further raising the temperature to 500 K 

resulted in the complete reduction of both InOx and CuxO (Figures S15 and S16). The complete 

disappearance of O 1s spectra further confirms the reduction of both InOx, and CuxO (Figure 9b, 

top). Thus, we are dealing with a dynamic InOx-Cu interface that at high temperatures, when the 

synthesis of methanol occurs, transforms into a In-Cu(111) alloy. At 500 K, adsorbed C* is a 

dominant species along with CHx on the In-Cu surface. After comparing the two coverages, the 

0.035 ML produced more C* species than the 0.32 ML by dissociating more C=O bonds in CO2 

gas. In contrast, the 0.32 ML surface formed more carbonate and formate species than the 0.035 

ML. Nonetheless, both coverages followed a similar trend in CO2 adsorption and hydrogenation. 
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Figure 9. AP-XPS spectra of (a) the C 1s and (b) O 1s core levels of a 0.035 ML of 

InOx/CuxO/Cu(111) surface under 250 mTorr of CO2 and 750 mTorr of H2 at various temperatures. 

In preliminary steps, the sample was initially reduced in H2 at 400 K for 10 minutes (Figure 3) and 

after that treated with CO2 at various temperatures (Figure 6). 

 

Discussion  

A.  Reactivity of InOx-Cu(111) interfaces towards CO2. 

An important parameter to consider when dealing with an efficient CO2 → CH3OH conversion 

is the intrinsic reactivity of the oxide-metal interface towards CO2. The non-polar nature and the 

high stability of CO2 make the activation of this molecule difficult on surfaces of late transition or 

noble metals.48-50 For example, in DFT studies, the binding energy of CO2 on a flat or perfect 

Cu(111) surface is extremely small.48-49, 51 This prediction has been corroborated by previous AP-

XPS results which show that the molecule interacts weakly with Cu(111) and partial dissociation 

(CO2,gas → Oads + COgas) is only observed when the density of steps and surface defects is high.52-

53 Our AP-XPS studies show that the addition of InOx to Cu(111) produces oxide-metal interfaces 

that have no problem binding and dissociating CO2 at room temperature. In fact, these InOx-Cu 

interfaces are also much more chemically active than bulk In2O3-x where the predominant product 

for the adsorption of CO2 are carbonate species.30 Here, copper surfaces with small and medium 

coverages of InOx were able to fully dissociate CO2 at room temperature and the adsorbed species 

reacted with H2 from the background to yield methoxy (a key intermediate in CH3OH synthesis)8 

and CHx species. Theoretical calculations have shown substantial electronic perturbations in the 

oxide and metal components after forming InOx-Cu(111) interfaces.54 These electronic 

perturbations could enhance the reactivity of copper and InOx towards CO2. On the other hand, in 

an oxide-metal interface, centers located in the indium oxide and copper could work in a 

cooperative way during the binding and transformation  of CO2.
55 The qualitative trends shown in 

our AP-XPS results agree with the fact that Cu/In2O3 catalysts exhibits good activity and excellent 

CH3OH selectivity (~ 90%) in CO2 hydrogenation.13 Overall, our studies highlight the promotional 

effects of In2O3 in enhancing the reactivity of Cu surfaces for CO2 hydrogenation 

B. Dynamic formation of an In-Cu(111) alloy under CO2 hydrogenation 

A very interesting finding in our studies is the dynamic character of the InOx-Cu interface as a 

function of temperature and reaction conditions, Figure 10. At low temperature (< 400K), CO2 can 

oxidize an In-Cu alloy, but the formed InOx is not stable at high temperatures (> 500 K) under a 
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hydrogen rich atmosphere. In the case of a low coverage of InOx (< 0.05 ML), we saw complete 

transformations of InOx/Cu into an In-Cu alloy (Figure 9b and S12). On the other hand, for a  

                          

                          

Figure 10.  Scheme showing changes in the composition of the interface under an atmosphere of 

CO2/H2 at different temperatures. At medium temperatures (< 400 K), the In-Cu alloy can be 

oxidized by reaction with CO2, but at high temperature (> 400 K), the InOx is reduced by hydrogen. 

The extent of the InOx reduction depends on the coverage of the oxide overlayer.  

 

sizable coverage of InOx, only a fraction of the oxide was reduced by hydrogen at high temperature 

(Figure 8). The stability of an InOx nanoparticle under hydrogen probably depends on its size: The 

larger the particle, the more stable it is. This basic principle could explain the trends seen in Figures 

7-9 and S12. But, copper is far from being an innocent support.54  It may interact strongly with the 

InOx to facilitate the dissociation of H2
29,54 or form a stable alloy with In.54 Both phenomena could 

facilitate the reduction of InOx. In contrast, after depositing 0.3 ML of InOx on Au(111), there was 

no full reduction of the oxide at 500 K under a CO2/H2 atmosphere,30 while partial reduction was 

observed in the case of InOx/Cu(111) (Figures 7b and 8). Overall, the CO2 hydrogenation process 

on a pre-reduced InOx-Cu interface could be seen as a redox process,56-57where CO2 oxidizes the 

active sites in a first step, and then hydrogen reduces them in subsequent steps. 

 The XPS studies described above clearly point to dynamic changes in the composition of 

the InOx-Cu interface as a function of temperature and chemical environment around the sample. 

To fully understand this phenomenon, future research must be done to investigate the associated   

structural and morphological changes. A static view of the InOx-Cu interface is not valid. The XPS 

results show variations in composition and chemical reactivity that deserve more attention due to 

their relevance for catalytic processes.    
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Conclusions 

 

In summary, we deposited small and medium coverages of indium oxide on a 

CuxO/Cu(111) substrate and, after pre-reduction in H2, investigated their ability to adsorb and 

hydrogenate CO2 using synchrotron-based AP-XPS. Our finding indicates that the InOx-Cu(111) 

interfaces effectively adsorb and activate CO2 at room temperature. Photoemission studies 

revealed that during CO2 hydrogenation, a surface with 0.035 ML of In2O3 on Cu(111) undergoes 

chemical changes at/above 500 K, forming a In-Cu(111) alloy. An increase in indium coverage 

(0.32 ML) resulted in a InOx/Cu(111) system that was only partially reduced at high temperature, 

where InOx and an In-Cu alloy coexisted at the interface. Reaction mechanistic studies showed 

that surface bound species like C*, CHx, CH3O, CO2
δ-, and CO3²⁻ formed under CO2 adsorption 

and hydrogenation conditions. These species were not observed on a bare Cu(111) surface. 

Overall, our results clearly demonstrate the promotional effects of In2O3-x for enhancing the 

reactivity of Cu surfaces for CO2 hydrogenation and the dynamic character of the InOx-Cu 

interface as a function of temperature and chemical environment. 

 

Supporting Information 
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