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Abstract 

The chemical nature of copper and copper oxide (Cu2O) surfaces in the presence of CO2 and H2O 

at room temperature was investigated using ambient pressure x-ray photoelectron spectroscopy. The 

studies reveal that in the presence of 0.1 torr CO2 several species form on the initially clean Cu, 

including carbonate CO3
2, CO2

δ- and C0, while no modifications occur on an oxidized surface. The 

addition of 0.1 ML Zn to the Cu results in the complete conversion of CO2
δ- to carbonate. In a mixture 

of 0.1 torr H2O and 0.1 torr CO2, new species are formed, including hydroxyl, formate and methoxy, 

with H2O providing the hydrogen needed for the formation of hydrogenated species. 
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Introduction 

The chemical reactions of copper with CO2 and H2O are at the basis of many fundamental 

processes in corrosion, catalysis and photochemistry of this widely used metal. Copper is used in pipes 

to transport water in urban environments during which it suffers from unwanted corrosion reactions. 

Copper is also used in electrical motors, in both rotor and brush electrodes. These motors operate often 

in environments containing CO2 and H2O. Here the problem is friction and wear of the brush surfaces, 

which depends on its reactivity towards these gases and on the passage of electrical current.1,2 Another 

important use of Cu is as a catalyst in methanol synthesis and water gas shift reactions, which also 

involve CO2 and/or H2O.3-5 

It is not surprising therefore that the interaction of CO2 with Cu surfaces has been extensively 

studied in past years. A considerable amount of analytical work has been performed under ultrahigh 

vacuum (UHV) conditions, using various surface sensitive techniques, such as x-ray photoelectron 

spectroscopy (XPS),6-8 high-resolution electron energy loss spectroscopy (HREELS),7 temperature 

programmed desorption (TPD),9 and surface enhanced Raman spectroscopy (SERS).10 In UHV, there 

are no measurable reactions of CO2 with low Miller indices surfaces, i.e., Cu(111),11 Cu(110),12 and 

Cu(100),9 whereas activation of CO2 via a chemisorbed CO2
δ- species is favorable on stepped or 

polycrystalline surfaces, leading to a series of reactions.6,10,13 On the other hand, dissociation of CO2 to 

CO and adsorbed oxygen on Cu(110) with dissociative reaction probabilities for CO2 of ~10-9-10-11 (per 

collision with the surface) was observed using Auger electron spectroscopy (AES) after exposures of 65-

650 torr of CO2 at 400-600 K in a high-pressure cell.14 While these studies have contributed 

considerably to establish the chemical nature of Cu surfaces exposed to CO2, a more thorough 

understanding requires knowledge of the species formed during operating conditions, i.e., while 

exposed to realistic gas pressures of CO2 or under condensed films of water. 

In this paper we present the results of studies of several Cu-related surfaces, including Cu2O, pure 

Cu, and Zn modified Cu in the presence of CO2 and H2O at room temperature and at pressures of 0.1 

torr using ambient pressure x-ray photoelectron spectroscopy. Cuprous oxide (Cu2O) is a common phase 
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of Cu and is formed with even small exposures to oxidizing gases. The study of Zn modified Cu surface 

is motivated by the fact that zinc is sometimes utilized as a binder in the brushes of electrical motors and 

is also because it is an important component of industrial methanol synthesis Cu catalysts (CuOx/ZnO). 

 

Experimental 

A sample of pure polycrystalline copper foil (99.999% from Alfa Aesar) was used in all 

experiments. The sample was pre-cleaned by ultrasonication in an acetone bath for 10 minutes, followed 

by another 10 minutes in methanol. Prior to the experiments the sample was electrochemically polished 

in a 50% phosphoric acid solution, using a negative Cu counter-electrode placed at about 1 cm distance 

with an applied voltage of 1.5 V for 5 minutes. After that the sample was rinsed with MiliQ water, dried 

with N2 and introduced in the UHV chamber. Final cleaning consisted in several cycles of sputtering 

with Ar+ ions for 30 minutes followed by heating up to 800 K for 5 minutes. 

On this surface only trace amounts of carbon, producing a peak at a binding energy (BE) of 284.7 

eV and oxygen (less than 1%) at BE = 531.0 eV, were detected. 

A Cu2O surface was prepared by oxidation of the Cu foil in situ, following an exposure to 3 × 10-2 

torr O2 at 160 oC for 30 minutes. The XPS showed indeed a valence band shape characteristic of the 

oxide15. The band edge appears at 0.9 eV below the Fermi level, as expected from p-type Cu2O, which 

has a band gap of 2 eV.16 The thickness of the oxide layer was estimated to be ≥ 1.5 nm based on depth 

profiling of the XPS peak intensities by variation of the incident photon energy. 

Zinc (99.9997% from Alfa Aesar) was evaporated onto the cleaned Cu surface using a home-

made evaporator. The evaporated film thickness was calibrated using a quartz crystal microbalance 

(QCM) and verified by comparing the Zn 3p and Cu 3p XPS peaks. The Zn coverage used in this study 

was estimated to be approximately 0.1 ML. 

All XPS experiments were performed using a specially designed photoemission spectrometer that 

can operate at near-ambient pressures (up to several Torr) at undulator beamline 11.0.2. of the Advanced 

Light Source in Berkeley, USA.17 The C 1s and O 1s XP spectra were recorded at photon energies of 
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490 and 735 eV, respectively, corresponding to the same kinetic energy of 200 eV to ensure probing of 

the same depth. All spectra were collected at room temperature. 

The XPS data analysis involved non-linear (Shirley) background subtraction and curve-fitting 

using mixed Gaussian-Lorentzian functions. The fitted peaks were constrained at positions known from 

the literature but with independent and variable full width at half maximum (FWHM) and intensities, as 

optimized by the program. 

 

Results 

Cu2O in vacuum and in the presence of 0.1 torr CO2 

The C 1s and O 1s spectra of the Cu2O surface prepared in UHV are shown in Figure 1. The 

surface is free of carbon as there was no detectable peak in the C 1s region (Figure 1a). In the O 1s 

region, the spectrum can be deconvoluted into two peaks: a major one at 530.2 eV, assigned to the 

lattice oxygen of Cu2O, and a shoulder at 529.4 eV, assigned to surface oxygen. 

CO2 does not react with the Cu2O surface as no adsorbed carbon species was detected after filling 

the chamber with 0.1 torr of CO2. Specifically, no chemisorbed CO2, carbonate (CO3
2-) or formate 

(HCOO-) species could be observed, as indicated by the absence of XPS peaks in the C 1s region 

between 291-282 eV. A sharp peak at 292.7 eV is present due to the gas phase CO2, excited by the x-ray 

beam above the sample. A small peak between 284 and 285 eV is assigned to residual contamination in 

the form of graphite or CHx hydrocarbon fragments, referred as C0. In the O 1s region, in addition to the 

lattice oxygen (530.2 eV) and surface oxygen (529.4 eV), a small peak appears at 531.1 eV and is 

assigned to OH (adsorbed hydroxyl).18 The presence of OH on the surface is due to the rise of H2O 

background pressure upon introduction of 0.1 torr CO2 into the chamber. It is known that OH is readily 

formed on surfaces in the presence of H2O pressure as low as 1 × 10-7 torr.19 The peak at 536.3 eV is due 

to the gas phase CO2. 
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Figure 1. C 1s and O 1s XPS spectra of Cu2O in (a) UHV; and (b) in 0.1 torr of CO2 at room 

temperature. The main peak is due to lattice O in the oxide, at 530.2 eV binding energy (BE). A lower 

BE peak at 529.4 is assigned to surface oxygen. As can be seen the oxide surface is quite inert towards 

CO2. The presence of a small surface hydroxyl (OH) peak at 531.1 eV upon introducing 0.1 torr CO2 

into the chamber is due to the rise in background pressure of H2O. The peaks of O and C visible at 292.7 

eV and 536.3 eV are due to gas phase CO2. The x-ray energies were chosen such that all the 

photoelectrons had the same kinetic energy of approximately 200 eV.  The Cu2O, with a thickness ≥ 1.5 

nm, was prepared by in-situ oxidation of a Cu foil. 
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Interestingly, we found that in the presence of CO2 the incident x-rays or the emitted 

photoelectrons induce the formation of carbonate species on the surface. As seen in Figure 2, a C 1s 

peak at 289.3 eV, due to carbonate according to the literature,20 appeared during spectrum acquisition 

that was not present in the fresh sample after the first data collection. As the spot illuminated by the x-

rays was moved to a new fresh area, the C 1s peak at 289.3 eV disappeared in the first new cycle but 

again grew progressively with time. We will discuss this in more detail in the following section. 

 

Figure 2. C 1s XPS spectra of Cu2O in the presence of 0.1 torr CO2 at room temperature, showing that 

the x-rays and/or the secondary photoelectrons induce carbonate formation on Cu2O. 
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Clean Cu in the presence of 0.1 torr CO2 

The clean polycrystalline Cu surface is active towards CO2, as three carbon species giving rise to 

C 1s peaks at 284.4, 288.4 and 289.3 eV, were observed in the presence of 0.1 torr CO2 (Figure 3a). In 

the O 1s region the peaks corresponding to these species overlap substantially. The aggregate of peaks 

could be deconvoluted into 4 components at 529.8, 530.8, 531.4, and 531.9 eV. On the basis of our data 

and in comparison with the literature, we assign the C 1s peak at 289.3 eV and O 1s peak at 531.9 eV to 

a carbonate species; the C 1s peak at 288.4 eV and O 1s peak at 531.4 eV to chemisorbed, negatively 

charged CO2 (CO2
δ-); and the C 1s peak at 284.4 eV to a C0 species, as summarized in Table 1.  Apart 

from C0, chemisorbed CO2 constitutes the largest component of the surface species, its concentration 

being more than 4 times larger than that of the carbonate. After heating to 250oC however, all peaks in 

the 286-290 eV regions of the XPS disappear, indicating that carbonate and chemisorbed CO2 are 

desorbed or decomposed at this higher temperature. 

Table 1. XPS binding energies for carbon species found on Copper surfaces 
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Figure 3. C 1s and O 1s XPS spectra of (a) pure Cu and (b) Zn/Cu (0.1 ML Zn) in the presence of 0.1 

torr of CO2 at room temperature. Three carbon species were identified on Cu: carbonate (CO3
2-) at 289.3 

eV, chemisorbed CO2 (CO2
δ-) at 288.4 eV, and graphitic and/or hydrogenated C residues (C0) at 284.4 

eV. On the zinc covered Cu surface carbonate is formed instead of CO2
δ-. In the oxygen region, the 

species identified on Cu were carbonate (CO3
2-) at 531.9 eV, chemisorbed CO2 (CO2

δ-) at 531.4 eV, 

surface hydroxyl (OH) at 530.8 eV, and chemisorbed oxygen at 529.8 eV. On Zn/Cu, the peak due to 

carbonate (CO3
2-, 531.9 eV) dominates the spectrum. 
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Figure 4. (a) Valence band region of pure Cu, and (b) Zn 3p and Cu 3p XPS spectra of Zn/Cu (0.1 ML 

Zn) in UHV, 0.1 torr CO2, and 0.1 torr CO2 + 0.1 torr H2O at room temperature. These results show that 

CO2 or CO2 + H2O do not oxidize pure Cu, as shown by the nonzero intensity at the Fermi edge, 

characteristic of the metallic surface. Zn however was oxidized in CO2 or CO2 + H2O, as shown by a 

binding energy shift of +0.9 eV of the Zn 3p peaks. 

 

The O 1s peaks at 530.8 and 529.8 eV are assigned to OH and chemisorbed oxygen, respectively. 

The gas phase CO2 contributes to the C 1s and O 1s peaks at 292.9 and 536.7 eV, respectively. 

There is no evidence for the formation of Cu2O. Specifically, the valence band spectrum of Cu in 

the presence of 0.1 torr CO2 is essentially the same as that of Cu in UHV (Figure 4a). The valence band 

spectrum clearly shows nonzero intensity at the Fermi edge, which is characteristic of a metallic surface. 
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This observation is consistent with the absence of the lattice oxygen peak characteristic of Cu2O (BE = 

530.2 eV) in the O 1s region and the assignment of O 1s peak at 529.8 eV to chemisorbed oxygen. 

 

Zn/Cu in the presence of 0.1 torr CO2 

The presence of 0.1 ML of Zn on the Cu surface produces significant changes in the surface 

chemical composition upon exposure to 0.1 torr CO2 (Figure 3b). Chemisorbed CO2, the largest 

component on the clean Cu surface, is replaced by carbonate, which produces the major peak in the C 1s 

region at 289.3 eV, in agreement with literature values.20 Accordingly, the peak at 531.9 eV due to O in 

the carbonate dominates in the O 1s region as well. Peaks due to CO2
δ- are absent in both C 1s (288.4 

eV) and O 1s (531.4 eV) regions. No measurable change was observed for C0 which remains at 284.4 

eV. 

Because of the rise of H2O background pressure after introducing 0.1 torr of CO2 in the chamber, 

OH is again present on the surface, producing the O 1s peak at 531.1 eV. Similar to the observation on 

clean Cu, an O 1s peak at 529.8 eV is detected. However, we assign this peak to O in ZnO as the 

binding energy of the Zn 3p peak shifts + 0.9 eV in the presence 0.1 torr CO2 (Figure 4b), indicating the 

oxidation of Zn. 

 

Cu and Zn/Cu in the presence of 0.1 torr CO2 + 0.1 torr H2O 

The addition of water to the gas phase produces changes in the chemical composition of both Cu 

and Zn/Cu.  The C 1s spectra of Cu and Zn/Cu in the presence of 0.1 torr CO2 and 0.1 torr H2O are 

shown in Figure 5a and b. The spectrum of the Cu surface could be deconvoluted into five peaks that we 

assign to carbonate (289.3 eV), CO2
δ- (288.4 eV), formate (287.3 eV),21,22 methoxy (–O–CH3) (285.2 

eV)21 and C0 (284.4 eV), respectively. On the Zn/Cu surface, four species were observed: carbonate 

(289.3 eV), formate (287.3 eV), methoxy (285.2 eV) and C0 (284.4 eV).  The two new species, methoxy 

and formate, are due to the reaction of CO2 with H2O since they both contain hydrogen. 
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Figure 5. C 1s and O 1s XPS spectra of (a) pure Cu and (b) Zn/Cu (0.1 ML Zn) in the presence of 0.1 

torr CO2 + 0.1 torr H2O at room temperature. Two new carbonaceous species, formate and methoxy are 

shown to form on both surfaces. The activated CO2 and carbonate species present in pure CO2 (figure 3) 

remain visible on each surface. In addtion, molecularly adsorbed  H2O is also observed in both spectra. 
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In the O 1s region, in addition to the peaks observed in the presence of pure CO2, a new broad 

peak, with binding energy of 533.0 eV, is observed on both Cu and Zn/Cu surfaces. We assign this peak 

to adsorbed molecular H2O.18 Unfortunately, we are not able to resolve the O 1s peaks for methoxy and 

formate. According to the literature,21-23 the binding energy of O 1s for methoxy is between 530.2-530.9 

eV and that for formate is ~531.4 eV. These peaks therefore strongly overlap with those of other major 

species, i.e., OH and/or carbonate. 

In the highest binding energy peaks observed in the C and O 1s regions are due to gas phase CO2 

(294 eV and 537 eV) and H2O (536 eV). 

 

Discussion 

The formation of chemisorbed, negatively charged CO2
δ- on the Cu surface has been proposed and 

identified based on spectroscopic studies, such as surface enhanced Raman (SERS)10 and X-ray 

photoelectron spectroscopy (XPS).6,7 For example CO2
δ- on a cold deposited Cu film gives peaks at 767 

cm-1 (bending mode δ(OCO)) and 1182 cm-1 (symmetric stretch mode νs(OCO)) in the SER spectrum,10 

which is significantly different from the vibrational modes of neutral CO2 (644 and 1261 cm-1, 

correspondingly). Unfortunately there is a wide range of XPS binding energy values for C 1s and O 1s 

for CO2
δ- reported in the literature. In this study, we found that the binding energies of C 1s and O 1s for 

CO2
δ- are 288.4 and 531.4 eV, respectively, close to the values determined by Copperthwaite et al..6 

Dissociation of CO2 to CO and adsorbed oxygen on Cu is less likely under the current 

experimental conditions (at room temperature and at 0.1 torr CO2) although it has been shown to be a 

rate-limiting step for the reverse water gas shift reaction over Cu.14,24,25 According to the study of 

Nakamura et al.,14 dissociation of CO2 was observed on Cu(110) at high temperatures (400-600 K) and 

at high pressures (65-650 Torr) with dissociation probabilities of ~10-9-10-11 (per collision with the 

surface). This rules out the possibility that reactions such as CO2(g) → CO(g) + O(a) and CO2 + O(a) → 

CO3(a) take place with any significant rate on Cu, and indicates the existence of other reaction channels 

for forming carbonate and chemisorbed oxygen. 
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In fact, it has been suggested that the activation of CO2 to CO2
δ- is a crucial step since this 

activated species acts as a precursor for all reactions involving CO2 on Fe26-29 and Pd30,31 On the Cu 

surface, it has also been suggested that CO2
δ- can lead to carbonate formation via the reaction:6,7 

CO2
δ- + CO2 → CO3(a) + CO(g)                                                                          (1) 

The carbonate species observed on Cu in the presence of 0.1 torr CO2 at room temperature is thus 

potentially the result from such reaction. On clean Cu this reaction does not proceed to completion in 

our pressure and temperature conditions, as shown by the observed ratio of CO2
δ- to CO3 of 

approximately 4:1 (Figure 3). 

Addition of 0.1 ML Zn to the Cu surface leads to a substantial growth of carbonate and the 

concomitant depletion of CO2
δ-, in effect strongly shifting reaction (1) to the right side. Although the 

detailed mechanism is not clear our results show that Zn facilitates carbonate formation, perhaps acting 

as a catalyst in a similar way as observed for alkali metals such as Na,7 K,10 and Cs.32,33 

The carbonate can undergo further de-oxygenation or reduction:6,7 

CO3(a) → C(a) + 3O(a)                                                                                     (2) 

Indeed we observed a substantial C peak at 284.4 eV on either Cu or Zn/Cu in the presence of 

CO2, supporting the occurrence of reaction (2). The O(a) formed from the reaction (2) should contribute 

to the O 1s peak at 529.8 eV, which has distinct fates on Cu and Zn/Cu: in the case of Cu it remains as 

chemisorbed oxygen whereas on Zn/Cu it oxidizes Zn to form ZnO. 

Formation of CO2
δ- involves charge transfer from the copper substrate into the 2πu orbital of the 

molecule and thus the work function of the substrate will influence the activation of the adsorbate. 

Bartos et al. observed that CO2
δ- is formed on clean surfaces where the work function is below 5 eV.34 

Notably, the work function of Cu surface (polycrystalline) has been determined to be 4.46 ± 0.03 eV,35 

and therefore it should be capable of activating CO2. On the other hand, the work function of Cu2O is 

5.2 eV, consistent with the observation that Cu2O is originally inactive towards CO2. However, there is 

the possibility that photons or photoelectrons generated during the XPS data collection could assist 
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CO2
δ- formation. Such photoinduced carbonate formation is quite similar to the observation that x-ray 

induces CO2 activation to CO2
δ- on the unreactive Cu(100) at low temperatures.7 

It is clear that one of the roles of H2O is to provide hydrogen for the formation of methoxy and 

formate species. Formate could be formed by transfer of a hydrogen atom to CO2
δ- or by hydrogenation 

of the carbonate, whereas methoxy formation is more complicated, requiring multiple steps. 

In methanol synthesis, formate and methoxy have been suggested as intermediates on the Cu-Zn 

catalyst when a mixed feed of CO2 and H2 was used.36 It was discussed that the adsorbed CO2 is 

hydrogenated to formate species, which is further hydrogenated to methoxy.37,38 Clearly, we observed 

both formate and methoxy species on Cu and Zn/Cu when both CO2 and H2O are present in the gas 

phase with H2O (instead of H2) providing the hydrogen needed for the formation of hydrogenated 

species. While some of the surface species found in our room temperature study occur also in the 

methanol synthesis reaction, the present results should not be extrapolated without caution to the 

catalytic system where H2 is used instead of H2O and where the temperature is ~500 K. 

The present characterization of the chemical nature of Cu surfaces in the presence of CO2 and 

H2O at room temperature is relevant in the field of electric motors since Cu is a widely used material in 

both rotor and brush electrodes (sometimes also containing Zn), and because the motors operate often in 

environments containing CO2 and H2O. The oxide film, carbonate, activated CO2, formate and methoxy 

are all important surface species that might play a substantial role in the resistivity, corrosion and wear 

properties of Cu electric motors and thus deserve to be examined in detail to understand and improve 

their electrical and mechanical properties. In view of the chemical transformations induced by the x-rays 

described above, which most likely involve secondary electrons at very low energies, it is possible that 

similar reactions can take place in the electrode surfaces of the motors, due to the high electrical currents 

circulating across the interfaces. The formation of carbonates, formates and methoxy, can be strongly 

affected by the strength of the electric field and polarity across electrodes. Our results provide the first 

spectroscopic view of the rich chemistry that can occur at electrode surfaces and its connection to the 
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voltage drop and polarity across the electrodes. These and more extended studies can provide a better 

understanding of the complex chemistry and tribology of electrical contacts. 

 

Conclusions 

The surface chemistry of Cu2O, Cu and Zn/Cu system in the presence of CO2 at room temperature 

has been investigated in-situ using x-ray photoelectron spectroscopy near ambient conditions of 

temperature and pressure. We found Cu2O to be inactive towards CO2 adsorption at room temperature, 

while clean Cu is capable of activating CO2 to negatively charged CO2
δ- species, which can further 

convert to carbonate. Carbonate undergoes de-oxygenation or reduction, yielding C0(a) and chemisorbed 

oxygen on the surface. The presence of 0.1 ML Zn on Cu facilitates carbonate formation while depleting 

the concentration of CO2
δ- on the surface. In addition to the species observed in pure CO2, methoxy and 

formate are formed when H2O is coadsorbed, which then provides the hydrogen needed for the reaction. 
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