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Abstract 

Intense research efforts are directed towards Cu and Cu2O based catalysts as they are viewed as 

potential replacements for noble metal catalysts. However, applications are complicated by 

deactivation, e.g. through complete oxidation to CuO. Despite the importance of the redox 

processes for Cu2O catalysts a molecular level understanding of the deactivation process is still 

lacking. Therefore we study the initial stages of oxidization of well-defined Cu2O bulk single 

crystals of (100) and (111) termination by means of synchrotron radiation X-ray photoemission 

spectroscopy (XPS) and scanning tunneling microscopy (STM). Exposure of the (100) surface to 

1 mbar O2 at 25 ℃ result in formation of a 1.0 monolayers (ML) CuO surface oxide. The surface 

is also covered by 0.7 ML OH groups from unavoidable trace moisture in reaction gas. In 

contrast, neither hydroxylation nor oxidation was observed on the (111) surface under similar 

exposure conditions. On (111) the formation of CuO did only commence after annealing to 400 ℃ 

in 1 mbar O2, highlighting the different character of the two surfaces. Annealing of the (100) 

surface, under ultrahigh vacuum conditions, to temperatures up to 225 ℃ resulted in removal of 

the OH groups (0.46 ML decrease) at a rate similar to a detected increase in CuO coverage (0.45 

ML increase), suggesting the reaction path 2OHadsorbed + Cu2Osolid → H2Ogas + 2CuOsolid. STM 

was used to correlate the observed changes in surface chemistry with surface morphology, 

confirming the surface hydroxylation and CuO formation. The STM analysis showed dramatic 

changes in surface morphology demonstrating a high mobility of the active species under 

reaction conditions.  
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1. Introduction 

Copper and copper oxide based catalysts show promise for application in several catalytic 

reactions, such as CO oxidation,1-4 the water gas shift reaction,5-6 selective oxidation of 

propylene,7-8 methanol dehydrogenation9-10, NO reduction11 and photocatalytic water splitting.12-

13 Efficient noble metal based catalysts are available for several of these reactions, but scarcity 

and rising costs make substitution by cheaper and more abundant materials highly attractive.14-16  

Since copper is both relatively affordable and abundant it constitutes a prime candidate for future 

replacement of noble metal catalysts.17-18 19 However, the deactivation of copper based catalyst  

through oxidation has hindered its development. Under ambient atmosphere the oxidation of 

copper proceeds through an initial formation of a thin film of cuprous oxide (Cu2O). Upon 

further exposure copper will eventually become fully oxidized (CuO).20-21 The formation of CuO 

results in loss of catalytically active Cu+ centers and therefore is determining the oxidation and 

reduction properties of cuprous oxide critical for the understand the deactivation processes of 

copper catalyst.  

The application of single crystal model systems for studies using a combination of surface 

sensitive techniques, such as X-ray photoelectron spectroscopy (XPS), low-energy electron 

diffraction (LEED), and scanning tunneling microscopy (STM), have an impressive track record 

for determining the relationship between atomic structure and reactivity of catalytic surfaces.22-23  

For Cu2O, the interaction of single crystals with reaction gases has been the focus of several 

studies resulting in an understanding, at the atomic level, of how the surface is modified by 

adsorbates.24-26 Under ambient conditions the oxidation and corrosion of copper surfaces is 

influenced by gas phase stimulators that accelerate the process, including H2O,27-29 CO2,
30 CO,31-

32 H2,
33 O2,

24, 34-35 H2S,36 SO2,
27 NOx,37 and organic molecules.10, 38 However, O2 and H2O are the 

most important for the fundamental oxidation process. In pioneering studies, Schulz et al. 

exposed Cu2O(100) surfaces to high doses of O2 and showed that the reported (3√2 × √2)R45o 

reconstruction of the ultrahigh vacuum (UHV) prepared surface was modified to a (1 × 1) 

periodicity. Annealing the surface to above 227 ℃ restored the surface to its original 

reconstructed state.24 Another study by Bowker et al. showed formation of CuO on both thick 

films and bulk Cu2O by annealing at 600 ℃ in 1 × 10-4 mbar O2.
35 Further, first principle 

simulations have determined dissociative adsorption of O2 as favorable over molecular 
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adsorption on several Cu2O surfaces,39-40 and the presence of oxygen vacancies on Cu2O(111) 

enhance the activity for O2 dissociation.34 

Under ambient conditions water is a ubiquitous reactant both as humidity in the gas phase and as 

thin films covering all exposed surfaces. The presence of H2O greatly influences surface 

chemistry and is regarded as the most important corrosion stimulant for the corrosion of 

copper.41-42 Cox and Schulz reported in a study of single crystal Cu2O that H2O exposure at 110 

K resulted in both dissociative and molecular adsorption, while at 300 K only dissociative 

adsorption was observed. In temperature programmed desorption (TPD) analysis H2O was 

exclusively detected as desorption product,29 which is consistent with water desorption studies 

on other oxide systems.43-46 Nygren et al. investigated H2O adsorption on the Cu2O(100) surface 

and found that dissociative adsorption is energetically favorable.47 Deng et al. prepared Cu2O 

thin films through in situ oxidation of a copper foil and suggested the importance of oxygen 

vacancies and other surface defects for promotion of water dissociation.28 Stenlid et al. studied 

the H2O interaction with well-defined Cu2O(100) surfaces by a combination of DFT and XPS 

and determined adsorption sites and stability of different coverage of hydrogen, hydroxyl groups, 

and water.48 R. Zhang et al. showed, through DFT simulations, dissociative adsorption of water 

on oxygen pre-covered Cu2O(111) surfaces.49  Although, several studies have focused on the 

water adsorption process on single crystal Cu2O surfaces, the corresponding desorption process 

is not as well understood.   

In order to determine the influence of surface termination and the processes involved in the 

initial surface oxidation of Cu2O, single crystals of (100) and (111) terminations were 

investigated by means of atomic resolution STM and near ambient pressure X-ray photoemission 

spectroscopy (NAPXPS). The O2 exposures covered pressures from 1×10-3 mbar to 10 mbar. 

CuO formation and hydroxylation was observed on the Cu2O(100) surface already at room 

temperature, while Cu2O(111) required annealing to 400℃ in 1 mbar O2 before CuO formation 

commence. The oxidized surfaces were subsequently reduced by annealing under UHV 

conditions and the surface composition was followed as a function of temperature. In parallel 

experiments using STM the surface structure and morphology was investigated under similar 

exposure conditions. Together the analysis provides a comprehensive description of changes in 

surface morphology and the oxidation/reduction reactions taking place on Cu2O surfaces.  
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2. Experimental 

The Cu2O (100) and Cu2O (111) single crystals used in the present research were purchased from 

Surface Preparation Laboratory, the Netherlands. Clean and well-ordered surfaces were prepared 

by cycles of argon ion sputtering (0.5 kV) and annealing in oxygen at 2 × 10-6 mbar followed by 

annealing in UHV.  Both the O2 and UHV annealing was performed at 550-650 C for a duration 

of at least 10 min. The preparation procedure resulted in well-ordered (3,0;1,1) and 

(√3 × √3)R30° reconstructions on the (100) and (111) surfaces, respectively. The cleanliness and 

surface order was confirmed by LEED and STM directly, or by LEED and XPS wide scans and 

at common contamination regions, e.g. potassium and carbon. 

The surface of Cu2O(100) was analyzed using the NAPXPS endstation at beamline 24 (CIRCE) 

at ALBA.50 The photon energy range at CIRCE is 100 − 2000 eV and the end station is equipped 

with a Phoibos NAP 150 electron energy analyzer. Sample preparation was performed in a 

preparation chamber in direct connection with the analysis chamber. All the gas doing was 

performed using high-precision leak valves. The Cu2O(111) surface was analyzed using the 

NAPXPS endstation of the HIPPIE beamline at the MAX IV laboratory in Lund, Sweden. The 

endstation consists of an analysis chamber equipped with a Scienta-Omicron HiPP-3 electron 

energy analyzer. An ambient pressure cell (AP Cell) was docked to the analyzer for the near 

ambient pressure experiments. All gas was dosed using a computer controlled gas handling 

system. Sample preparation was performed in a separate preparation chamber in connection with 

the analysis chamber. 

The STM was carried out using an Omicron VT-STM operated in constant current imaging mode 

with electrochemically etched tungsten tips. The STM-chamber is attached to a preparation 

chamber equipped with an argon ion sputter gun, leak-valves, and a LEED-apparatus. A high-

pressure reaction cell mounted on the preparation chamber was used for exposure to mbar 

pressures of oxygen gas. The sample manipulation system allows for direct transfer between the 

high pressure cell, the preparation, and the STM chambers. 

3. Results  

Carefully prepared crystal surfaces exhibiting sharp a (3,0;1,1) LEED pattern for Cu2O(100) and 

a similarly sharp (√3 × √3)R30° pattern for Cu2O(111) were positioned in position for NAPXPS 
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analysis.10, 25 Figure 1 show in situ O 1s spectra from the two terminations under A) increasing 

O2 pressure at 25 ℃ for Cu2O(100) and B) increasing pressure and temperature for Cu2O(111). 

The clean surface of the Cu2O must be described with a minimum of two components. The main 

peak for Cu2O(100) is positioned at a binding energy of 530.3 eV. This peak is assigned to 

oxygen atoms in bulk lattice positions in the Cu2O crystal.51 A low binding energy shoulder to 

the bulk oxygen component is evident at 529.5 eV. This peak has previously been assigned to 

under-coordinated surface oxygen atoms taking part in the (3,0;1,1) reconstruction.48 The 

position of the main peak of Cu2O(111) is located at 530.1 eV and the shoulder attributed to 

under-coordinated oxygen atoms at the surface is at a binding energy of 529.2 eV.27 Figure 1 

includes spectra collected in the oxygen pressure range from 1 × 10-3 to 1 mbar O2. For the 

Cu2O(100) surface, Figure 1A, an additional peak on the high binding energy side of the bulk 

component emerge already at 10-3 mbar O2. The component, positioned at 531.4 eV, is assigned 

to formation of hydroxyl groups on the surface. The rapid hydroxylation from trace levels of 

water in the reaction gas reflects the high affinity of the (100) surface to dissociative H2O 

adsorption.28-29, 47, 52 Simultaneous to the hydroxyl formation, the peak on the low binding energy 

side of the component assigned to oxygen atoms in bulk lattice positions is shifted to about 529.3 

eV. This shift reflects the formation of a surface oxide of CuO composition. CuO exhibit a 

similar binding energy position as the under-coordinated oxygen atoms.35, 48, 51 The coverage of 

the different components was estimated using the photoelectron mean free path and the intensity 

of the fitted components of the O 1s (Figure S2). The resulting coverage was normalized to the 

number of copper sites on the Cu2O surface.27, 48 As shown in Figure 2, with increasing O2 

pressure follows an increase in coverage of both CuO and OH on the Cu2O (100) surface. 
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Figure 1: XPS spectra from the O 1s core level under near ambient pressures of O2. (A) 

Cu2O(100) isotherm experiment at 25 ℃ with increasing O2 pressure from 1 × 10-3 to 1 mbar (B) 

Cu2O(111) at an increasing pressure and temperature. Red dashed lines are results of the fitting 

and the black lines experimental data. The clean surface was collected before exposing to O2. All 

spectra were collected at a photon energy of 750 eV.  
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In the pressure range from 1 × 10-3 to 1 × 10-2 mbar O2 only a modest increase in surface CuO is 

observed, with surface coverages around 0.16 ML. However, a dramatic increase in CuO 

concentration was observed when increasing the O2 pressure further. At 0.1 mbar the coverage of 

CuO increased to 0.3 ML and at 1 mbar O2 the CuO coverage reached 0.98 ML. We also observe 

an increase in coverage of interface hydroxyls with increasing O2 pressure. Thus simultaneous 

oxidation and hydroxylation processes occur on the Cu2O(100) surface.  

 

Figure 2. Coverage of surface OH and CuO on Cu2O(100) as a function of oxygen partial 

pressure.  

 

In contrast to the results shown for the (100) surface, no clear oxidation or hydroxylation was 

observed under similar exposure conditions for the Cu2O(111) surface (Figure 1B). Not even 

under 1 mbar O2. In order to initiate the CuO formation, the sample was therefore annealed to 

400 ℃ in 1 mbar O2 when a distinct CuO surface oxide component appeared at the binding 

energy position 529.2 eV. Prior to CuO formation no apparent hydroxylation was observed on 

the surface, reflecting the strikingly different character of the two Cu2O terminations. A slight 

shift in position, towards lower binding energy, of the main component assigned to oxygen 

atoms in bulk lattice positions was observed at 25 ℃ and elevated pressures of O2. The chemical 

shift between the bulk oxygen lattice peak and the under-coordinated sites remained constant at 

around 0.91 eV (see Table S1). We interpret the shift of the spectrum as due to adsorbate 
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induced band bending. In line with this interpretation is the observation that the relative intensity 

of the under coordinated O 1s component at 1 mbar O2 decreased to approximately 1/3 of the 

corresponding intensity on the clean surface. This decrease indicates adsorbate interaction with 

surface sites, tentatively low coverage of adsorbed oxygen or OH. After annealing to 325 ℃ the 

binding energy positions in the O 1s spectrum was restored to the position of the clean surface, 

indicating that the adsorbates had desorbed from the surface at this temperature. Additional O 1s 

results are shown in Figure S1. 

 

  
Figure 3. Cu 2p photoemission spectra of (A) Cu2O(100) under different near-ambient oxygen 

pressures and (B) Cu2O (111) under 1 mbar O2 at an increasing high temperature. All spectra 

were collected at a photon energy of 1100 eV.  

 

To corroborate the analysis from the O 1s we also studied the Cu 2p core level under the same 

conditions (Figure 3). The clean Cu2O surface exhibit a Cu 2p3/2 line position at 932.4 eV, 

corresponding to Cu+ sites in the lattice.35, 51 During the initial oxygen exposure of the (100) 

surface the Cu 2p core level showed no distinct signs of oxidation, however when the oxygen 

pressure was increased to 0.1 mbar a shoulder appeared on the high binding energy side of the 

2p3/2 peak. The position of the shoulder is indicated by the red dashed line in Figure 3A at a 

binding energy position in good agreement with that of CuO at 933.6 eV.35 Simultaneous to the 

appearance of the CuO assigned shoulder, we observe peaks at positions corresponding to the 

shake-up of Cu2+ at around 942 eV. In Figure 3B, the corresponding spectra from the Cu2O(111) 

surface is shown. Under 1 mbar O2 the oxidation proceeds only slowly until a temperature of 

400 ℃ is reached, when rapid formation of CuO is observed (in agreement with the O 1s 
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spectra). From the core level analysis under near ambient pressures of oxygen we can conclude 

that the Cu2O(100) surface is rapidly oxidized and hydroxylated already at room temperature 

while at the Cu2O(111) CuO formation require annealing to approximately 400 ℃ and if 

hydroxylation occurs it is only at very low levels.  

 

 

Figure 4. UHV annealing of the at 1 mbar O2 pre-oxidized Cu2O(100) surface. (A) O 1s spectra 

collected during the annealing process show desorption of hydroxyl groups and the reduction of 

the CuO surface oxide; (B) Coverages of OH and CuO on the Cu2O(100) surface as a function of 

temperature.  

 

Following the exposure of the Cu2O(100) surface to 1 mbar O2, the analysis chamber was 

evacuated and photoemission of spectra was collected in UHV as a function of temperature 

(Figure 4A). The hydroxyl groups were gradually removed from the surface as the temperature 

increased from 25 ℃ to 500 ℃. In a quantitative analysis, all spectra collected was deconvoluted 

into its components and the relative peak areas as percentage of the total O 1s intensity is shown 

in Figures S3 and S4. In Figure 4B the peak intensities were calculated into surface coverage by 

using the mean free path of the photoelectrons. For reasons of clarity the analysis of the 

temperature resolved results are divided into two parts, below and above 225 ℃ (as indicated 

by the vertical black dashed line in figure 4B). Below 225 ℃, an approximately linear decrease 

in OH coverage is observed, from 0.82 ML at room temperature to 0.36 ML at 225 ℃. 

Simultaneous to the decrease in OH, the coverage of CuO increase from 0.99 ML to 1.44 ML. 

The decrease in OH coverage (0.46 ML decrease) is close to the increase in coverage of surface 

CuO (0.45 ML increase). After room temperature exposure to the reaction gas, the Cu2O(100) 
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surface exhibit a high hydroxyl coverage (> 0.5 ML) that has previously been shown to crowd 

out the hydrogen atoms from the dissociatively adsorbed H2O, resulting in recombinative 

desorption of H2 before commencing the heat treatment.48 Taken together, the results indicate 

that OH desorb from the surface through the reaction 2OHsurface + Cu2Osolid → H2Ogas + 2CuOsolid. 

The oxygen atom from the two recombining hydroxyl groups that does not leave the surface as 

H2O reacts with the Cu2O substrate to form a surface layer of CuO. At temperatures above 

225 ℃, we observe a sharp decrease in CuO coverage with increasing temperature. This can be 

explained by a reduction of CuO at a combined elevated temperature and low oxygen partial 

pressure and is consistent with other reports in the literature.24, 35   

 

 

Figure 5. UHV annealing of the Cu2O (111) surface following oxidation in at 1 mbar O2 and 

400℃. (A) O 1s spectra collected during the annealing process show desorption of hydroxyl 

groups and reduction of the CuO surface oxide; (B) Coverages of OH and CuO on the 

Cu2O(111) surface as a function of temperature.  

 

We continue to describe the reduction of the oxidized Cu2O(111) surface. After the formation of 

a CuO surface oxide at 1 mbar O2 and 400 ℃, the sample temperature was slowly reduced 

under 1 mbar O2. At 25 ℃ the AP Cell was evacuated and XPS spectra was collected in UHV as 

a function of temperature. The O 1s spectra in Figure 5A show that at 84 ℃ the (111) surface 

exhibit a close to completely oxidized surface with the main peak at a 529.2 eV binding energy, 

corresponding to the peak position of CuO.35, 51 In the same spectrum we also observe a peak 

located at higher binding energy, 531.2 eV, which is assigned to hydroxyl groups. The presence 

of hydroxyl groups after oxidation show that OH groups will more readily be formed on the CuO 
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surface oxide than on the clean Cu2O(111) surface where no OH groups were detected. The OH 

groups are completely removed after annealing to 482 ℃ and the surface is mostly restored 

Cu2O(111), but some traces of CuO remains. In Figure 5B we show the coverage of CuO and 

OH as a function of temperature, as determined using the photoelectron mean free path. In 

contrast to the reduction of oxidized Cu2O(100) both OH and CuO coverage decrease steadily 

with temperature up to approximately 250 ℃. At this temperature the coverage of CuO has 

decreased by approximately 1 ML and the coverage of OH by 0.5 ML. In the temperature range 

between approximately 250 ℃ and 400 ℃ the dehydration slows down as a function of 

temperature and we observe a slight increase in CuO coverage. Tentatively the same reaction as 

reported for Cu2O(100), 2OHsurface + Cu2Osolid → H2Ogas + 2CuOsolid, may occur in this 

temperature range. Close to 400 ℃ the surface is almost completely dehydrated and a rapid 

reduction of CuO commence. The corresponding Cu 2p spectra (Figure S7) corroborate the 

analysis from the O 1s.  

STM was used to study changes in atomic structure and morphology taking place on the Cu2O 

surfaces during the redox processes. Specifically the (100) surface was exposed to O2 at similar 

pressure and temperature as in the APXPS study to correlate changes in chemical state with 

surface morphology and atomic structure. Oxidation under near ambient O2 pressures was 

conducted in an ambient pressure cell in direct connection with the STM analysis chamber. 
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Figure 6. Selected STM images of the Cu2O(100) surfaces after different oxidation steps at near-

ambient pressures and 25 ℃. (A) the clean (100) surface as prepared in UHV (STM scanning 

parameters: 2.2 V, 0.18 nA); (B) After 2 min oxidation at 2×10-3 mbar O2 (2.2 V, 0.14 nA); (C) 1 

min oxidation at 1×10-2 mbar O2 (2.6 V 0.19 nA); (D) 1 min oxidation at 0.1 mbar O2 (2.2 V, 

0.12 nA); (E) 2 min oxidation at 1 mbar O2 (2.1 V, 0.14 nA); (F) 2 min oxidation at 10 mbar O2 

(1.8 V, 0.1 nA). Inserts: LEED patterns from respective surface collected at 25 eV. 

 

Figure 6 shows how exposure of oxygen gas at increasing pressure influence the surface 

structure and morphology, as probed by STM and LEED, of the clean (3,0;1,1) reconstructed 

Cu2O(100) surface.25 Exposures up to 10-2 mbar O2 (Figure 6B at 2×10-3 mbar and 6C at 10-2 

mbar) results in decreased intensity and blurring of the LEED spots associated with the surface 

reconstruction. With increasing dose an increasing coverage of protrusion is observed with STM. 

In the areas between the protrusions the characteristic rows of the clean surface can still be 

observed. Taken together, the XPS and STM results suggests that the oxidation of the surface is 

only proceeding slowly at these oxygen pressures and the protrusions are probably dominated the 
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formation of surface OH groups from trace water in the reaction gas dissociating on the surface. 

At further increased pressures (Figure 6 D at 0.1 mbar), the surface order increase. The ordering 

is observed both in LEED, as sharper spots, and in STM that show a surface with protrusions 

aligned in the principal directions of the reconstructed substrate. Approximately one protrusion 

per (3,0;1,1) unit cell is detected and in contrast to the clean reconstructed surface the rows of 

protrusions are often discontinuous and bent. The recovery of the LEED pattern and relatively 

well-ordered rows in STM pictures indicate that the OH groups adsorb in sites with the same 

periodicity of the (3,0;1,1) surface with a saturation coverage close to 1 OH group per unit cell. 

At even higher oxygen gas pressures the surface order decrease. Figure 6E show a surface after 1 

mbar O2 2 min, where the rows of protrusion begin to break up and formation of additional 

layers of protrusions is evident (additional STM images can be found in Figure S8). After 

10 mbar O2 exposure, the surface is entirely covered by large protrusions suggesting formation of 

a disordered and hydroxylated surface oxide. The corresponding LEED pattern exhibit the (1×1) 

periodicity of the bulk Cu2O with a high background. The results from STM are consistent with 

the conclusions from XPS and show that the oxidation of the Cu2O(100) proceeds through and 

initial hydroxylation at low oxygen partial pressures (< 0.1 mbar) followed by formation of a 

hydroxylated CuO  at around 1 mbar O2 pressure.   

 

Figure 7. STM images after UHV annealing of a Cu2O(100) surface pre-oxidized at 10 mbar O2. 

(A) Annealing to 220 ℃ for 3min, 2.3 V and 0.15 nA; (B) Annealing to 280 ℃ for 3 min, 2.5 V 

and 0.12 nA. 
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After exposure to 10 mbar O2 the (100) surface was annealed under ultra-high vacuum 

conditions to investigate the reduction process of the surface oxide. Figure 7A show the surface 

after an initial annealing step to 220 ℃. The LEED pattern still exhibits a (1×1) periodicity with 

only minor changes in background compared to the, at room temperature, oxidized sample. In 

STM the surface also resembles the oxidized surface. According to the XPS analysis presented 

above, a large fraction of the OH groups is removed from the surface through H2O desorption 

and oxygen atoms remaining at the surface form additional CuO. The STM results show that the 

oxidation of the Cu2O(100) surface predominantly proceeds through  formation of CuO particles 

and no ordered CuO surface oxide is formed under the present reaction conditions. At increasing 

annealing temperatures (Figure 7B, 280 ℃), the LEED show a recovery of the reconstructed 

(3, 0; 1, 1) surface, although the diffraction spots are not quite as intense and sharp as for the 

UHV prepared clean surface. STM confirms the recovery of the (3, 0; 1, 1) surface, thus 

annealing in UHV can reduce the formed CuO during oxidation and restore the Cu2O(100) 

surface, in good agreement with the XPS results for the UHV reduction. The STM further reveal 

details on the dynamics of the surface morphology during reduction. Figure 7B show the 

formation of numerous Cu2O islands on the (100) terraces, blue circles (additional STM images 

are shown in figure S9). The formation of ad-island indicates high mobility of the surface atoms 

taking place in the redox reaction process.  

4. Discussion 

The redox properties of well-characterized Cu2O(100) and (111) surfaces was studied by means 

of LEED, STM, and in-situ XPS. Hydroxylation, from inevitable trace water vapor in the 

reaction gas, proved to play an important role in the reactions over the (100) surface, both in the 

initial oxidation process as well as during reducing conditions. The Cu2O(100) surface become 

hydroxylated, by trace impurities in the reaction gas, before significant CuO formation 

commence. Monolayer coverages of CuO is formed on Cu2O(100) at mbar O2 pressures and 

room temperature. The CuO formation was accompanied by a an increase in OH coverage, 

tentatively due to the increased surface area of the CuO as compared to the smooth Cu2O(100) 

surface. Cu2O(111) exhibit strikingly different oxidation properties in comparison to the (100) 

surface. The Cu2O(111) surface do not show any significant CuO or hydroxyl formation during 

exposure to near-ambient oxygen pressures at up to 1 mbar O2 and room temperature. CuO 
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formation commence only after increasing the surface temperature to 400 ℃ at 1 mbar O2. 

After CuO have been formed on the surface and the temperature is reduced to below 100 ℃, still 

under O2 ambient, hydroxylation of the surface is observed. This demonstrates the affinity for 

dissociative H2O adsorption on the CuO.  

Subsequent to the oxidation process the samples were annealed under reducing UHV conditions 

to deduce the mechanisms of the reduction process. Annealing of Cu2O(100) at temperatures up 

to 225 ℃ showed an increase in CuO coverage (0.45 ML increase) correlated with a decrease in 

OH coverage (0.46 ML decrease) indicative of the reaction path: 2OH + Cu2O → H2O + 2CuO. 

The recombinative desorption of two OH groups leaves an oxygen atom on the surface that bind 

to a substrate Cu2O unit resulting in the formation of two CuO units at the surface. At 

temperatures exceeding 225 ℃ the CuO reduction commence and the reduction is almost 

complete at 300 ℃ when the (100) surface is restored to its as prepared (3, 0; 1, 1) 

reconstruction. The reduction of the oxidized Cu2O(111) follow a different rout than the 

reduction of the oxidized Cu2O(100). The surface OH groups and CuO simultaneously decrease 

in the temperature range below 250 ℃. We observe no evidence of surface atomic oxygen, 

from recombinative desorption of hydroxyl groups, forming bonds with the Cu2O substrate. This 

indicates that both O2 and H2O desorption pathways are likely to be beneficial. The full reduction 

of CuO is observed at more than 100 ℃ higher temperature than on the oxidized (100) surface. 

This is an indication of that, once formed, the CuO phase is stabilized on the (111) facet.  

5. Conclusions  

In the present work we employ in-situ XPS and STM to study the redox properties of two facets 

of Cu2O, the (100) and the (111) surfaces, under near-ambient oxygen pressures. The Cu2O(100) 

readily hydroxylates by trace impurities in the reaction gas and complete oxidation to CuO occur 

already at room temperature. For Cu2O(111), hydroxylation is not detected on the clean surface 

and CuO formation only occur after oxidation at 400 ℃ in 1 mbar O2. After CuO is formed, the 

surface readily hydroxylate at temperatures below 100 ℃. These results demonstrate the 

importance in considering the atomic structure of the terminating surfaces when studying the 

oxidation and hydroxylation properties.   
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In the reduction of the hydroxylated CuO phase formed on Cu2O(100) we observe a gradual 

removal of hydroxyl groups below 250 ℃. The removal of OH groups is directly coupled to 

additional formation of CuO at the surface through bonding of residual atomic oxygen from the 

recombinative H2O desorption process with the substrate. The result shows the importance of 

including corrosion stimulants such as H2O, which is present under realistic reaction conditions, 

in the analysis. Above 250 ℃ a rapid reduction of CuO is observed resulting in formation of a (3, 

0; 1, 1) reconstructed Cu2O(100) at approximately 300 ℃.  For the reduction of the oxidized 

Cu2O(111) surface we do not observe OH driven CuO formation. Instead both OH and CuO 

coverage decrease simultaneously, indicating that both O2 and H2O desorption pathways are 

favorable processes. Complete reduction of CuO is only observed close to 500 ℃, more than 100 ℃ 

higher temperature than on the oxidized (100) surface. This is an indication of that, once formed, 

the CuO phase is stabilized on the (111) facet.  
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