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Abstract  
The surface and near-surface region of an active catalyst and the adjacent gas-phase reactants were investigated simultaneously under reaction 

conditions using in situ X-ray photoelectron spectroscopy (XPS).  This investigation of methanol oxidation on a copper catalyst showed that there 

was a linear correlation between the catalytic activity of the sample and the presence of a sub-surface oxygen species that can only be observed in 

situ.  The concentration profile of the sub-surface oxygen species within the first few nanometers below the surface was determined using photon 

energy-dependent depth-profiling.  The chemical composition of the surface and the near-surface region varied strongly with the oxygen-to-

methanol ratio in the reactant stream.  The experiments show that the pure metal is not an active catalyst for the methanol oxidation reaction, but 

that a certain amount of oxygen has to be present in the sub-surface region to activate the catalytic reaction.  Oxide formation was found to be 

detrimental to formaldehyde production.  Our results demonstrate also that for an understanding of heterogeneous catalysts a characterization of 

the surface alone may not be sufficient, and that sub-surface characterization is essential.  
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Introduction  
 

One of the foremost goals of catalytic research is to 

unravel the atomic level structure of the catalyst surface 

and the processes occurring during synthesis operation.  

Studies under high vacuum conditions have provided de-

tailed information about the adsorption and stoichiometric 

reaction of molecules on well-defined surfaces.[1]  How-

ever, the surface chemistry under those relatively static 

conditions might be very different from the dynamic sur-

face chemistry at higher pressures.[2] In the past the in situ 

investigation of catalyst surfaces was difficult, because the 

most surface sensitive imaging and spectroscopy tech-

niques were restricted to high vacuum conditions.[3,4] 

Recent instrumental developments however, have made 

possible the investigations at elevated pressures using im-

aging [5-10] and spectroscopic [11,12,13] methods, among 

them X-ray photoelectron spectroscopy (XPS) [14,15,16] 

that has been shown to be able to operate at pressures of up 

to 10 mbar. [17,18] Here we present the use of XPS at mil-

libar pressures to determine the chemical species near the 

surface of a catalyst, including the gas phase reaction prod-

ucts, in situ, i.e. while the reaction takes place. 
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Elemental copper can be used as an unsupported 

catalyst for the oxidative dehydrogenation of alcohols to 

their respective aldehydes.  In this work the oxidation of 

methanol is investigated as a model reaction.  There are 

two main reaction paths: partial oxidation to formaldehyde, 

and total oxidation, which is thermodynamically favored: 

 

CH3OH + 1/2O2 → CH2O + H2O (partial oxidation) 

 ∆H = -159 kJ/mol 

 

CH3OH + 3/2O2→ CO2 + 2H2O (total oxidation) 

 ∆H = -674 kJ/mol 

 

Room temperature UHV-XPS studies showed the 

presence of a methoxy (CH3O) intermediate at the copper 

surface.[19,20] It was found that methanol reacted with 

preadsorbed oxygen (Oads) on Cu(110) and polycrystalline 

Cu to methoxy.  The methoxy species then decomposes 

either to formaldehyde, which desorbs from the surface, or 

is oxidized to formate (CHOO) that is stable at room tem-

perature, but decomposes at 100 °C to CO2 and H2.[19] In 

situ near-edge X-ray absorption fine structure (NEXAFS) 

experiments at the Oxygen K-edge were performed at tem-

peratures up to 400 °C in different methanol-to-oxygen 

reactant streams at a total pressure of about 1 mbar.[12] 

These studies showed that the formaldehyde yield is corre-

lated to the presence of a suboxide species at the sample 

surface that could only be detected under in situ conditions.  

The NEXAFS results also showed that the catalytically 

active phase is metallic.  In a recent in situ XPS study of 

the methanol oxidation on polycrystalline Cu the authors 

found under reaction conditions a O1s peak at 531 eV, 

which they ascribed to the suboxide phase.[16] Contrary to 

the in situ NEXAFS experiments, however, where the for-

maldehyde yield correlated positively with the abundance 

of suboxide,[12] the abundance of the 531 eV species in the 

in situ XPS experiments decreased with increasing formal-

dehyde yield.  This discrepancy might be due to the fact 

that the in situ NEXAFS measurement in Ref. 12 were 

performed under steady-state conditions, while the in situ 

XPS data in Ref. 16 where measured during the heating of 

the sample (0.2 K/min), i.e. not under steady-state condi-

tions. 

In the experiments presented in this article we have 

used the advantages of synchrotron-based in situ XPS to 

quantitatively determine the depth-dependent composition 

of the surface and near-surface region, to a depth of a few 

nanometers, during the catalytic reaction. We have also 

investigated the presence of intermediates of the reaction at 

the catalytically active surface. From our measurements we 

will show that there is a correlation between the presence of 

a sub-surface oxygen species, and the formation of formal-

dehyde in the catalytic reaction. 

 

 

 

 

 

Experimental 
 

The experiments were performed at beamline U49/2-

PGM1 at BESSY in Berlin [21], and at beamline 9.3.2 at 

the Advanced Light Source in Berkeley [22]. The overall 

spectral resolution was 0.1 eV at the Oxygen K-edge. All 

spectra were normalized by the incident photon flux, which 

was measured using a photodiode with known quantum 

efficiency.  The methanol vapor and oxygen flows into the 

experimental cell were regulated using calibrated mass 

flow controllers. The combined methanol and oxygen pres-

sure in the experimental cell was 0.6 mbar at a total flow 

rate of ~10 sccm. The sample was a polycrystalline Cu foil 

(99.99% purity) mounted on a temperature-controlled heat-

ing stage.   

XPS experiments at elevated pressures are facing two 

obstacles: (a) the elastic and inelastic scattering of electrons 

by gas phase molecules, and (b) the need for high-vacuum 

conditions for the operation of electron detectors. We have 

overcome these problems in our experimental setup by 

using a combination of differential pumping and electro-

static focusing of the emitted photoelectrons.[17] The sam-

ple is mounted inside a high-pressure cell 2 mm away from 

a small aperture (1 mm diameter), which is the entrance to 

a differentially pumped electrostatic lens system (see 

Fig. 1). Electrons from the sample as well as gas phase 

molecules escape through this aperture into the first stage 

of an electrostatic lens system.  The electrons are then sub-

sequently focused onto two more apertures (diameters 2 

mm) that are separated by another electrostatic lens unit 

before they enter the hemispherical analyser [23]. The com-

bination of electrostatic lenses and differentially pumped 

apertures allows us to collect electrons with a similar effi-

ciency as a conventional hemispherical analyzer, while 

keeping a pressure differential of nine orders of magnitude 

between the high-pressure cell and the hemispherical ana-

lyzer.  

 

 
 

Figure 1: Close-up of the sample-first aperture-geometry.  

The incident X-rays irradiate the sample under an angle of 

55° from the surface normal.  The electrons are detected 

under normal emission.  The incident X-rays do not only 

irradiate the sample surface (photoelectrons es
-), but also 

part of the gas phase in front of the sample (photoelectrons 

eg
-), which gives rise to gas phase peaks in the in situ XPS 

spectra.  The aperture diameter was 1 mm, the sample-

aperture distance 2 mm.   
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Figure 2: (a) O1s photoelectron spectra of a copper sample at 400 °C in CH3OH:O2 reactant streams of 1:2, 1:1, 3:1, and 6:1.  

Raw data are shown as dots, the result of the fits as solid black lines.  The incident photon energy was 720 eV.  Gas phase peaks 

are found at BEs > 534 eV, the surface peaks are at BE < 534 eV.  In CH3OH:O2=1:2 and 1:1 the Cu2O peak dominates the sur-

face XPS spectrum.  The Cu2O peak is absent in the spectra that were taken under reducing conditions (CH3OH:O2=3:1, 6:1).  In 

those spectra the sub-surface oxygen peak is the strongest peak in the surface part of the spectrum.  (b)  Corresponding valence 

band spectra.  The spectrum taken in oxidizing conditions (CH3OH:O2=1:2) shows a typical shape for a Cu2O sample with a gap 

∆ at 0.9 eV BE, thus confirming the observation from the O1s spectrum in (a).  The spectrum taken in CH3OH:O2=1:1 shows that 

the surface consists of a mixture of metallic copper and Cu2O.  The spectra measured under reducing conditions (CH3OH:O2=3:1, 

6:1) exhibit the typical valence band spectrum for metallic Cu, which confirms the absence of a Cu2O peak in the O1s spectra in 

(a).  (c)  C1s spectra taken under the same conditions as in (a) and (b).  CO2, CH3OH and CH2O gas phase peaks are observed.  

There are no carbon-containing species at the surface, only for CH3OH:O2=6:1 a peak is visible at 284.7 eV, probably due to 

decomposition products of methanol that accumulate at the surface.  The peak at 294.3 eV is due to some potassium contamina-

tion. 

 

Table 1: Partial pressures of methanol, formaldehyde and carbon dioxide as a function of the mixing ratio of oxygen and metha-

nol at 400 °C.  The values are calculated from the gas phase peak areas measured using XPS.  The methanol conversion (=1-

(pCH3OH(T)/pCH3OH(25 °C)), formaldehyde yield (=pCH2O(T)/pCH3OH(25 °C)) and carbon dioxide yield (=pCO2(T)/pCH3OH(25 °C)) 

are also given. 

CH3OH:O2 

mixing ra-

tio 

CH3OH 

part. press.  

(mbar) 

CH2O 

part. press. 

(mbar) 

CO2 

part. press. 

(mbar) 

CH3OH 

conversion 

CH2O 

yield 

CO2 

yield 

1:2 0.053 0.075 0.072 0.73 0.37 0.36 

1:1 0.173 0.070 0.027 0.36 0.26 0.10 

3:1 0.167 0.179 0.103 0.63 0.40 0.23 

6:1 0.307 0.173 0.030 0.40 0.34 0.06 

 

 

Results and discussion 
 

We have recorded O1s, valence band, C1s, Cu3p, 

and Cu2p photoelectron spectra under different conditions: 

at a fixed methanol-to-oxygen mixing ratio of 3:1 at tem-

peratures from 25 to 450 ºC, and at a fixed temperature 

(400 ºC) in varying methanol-to-oxygen mixing ratios.  In 

this article we will present the data of the mixing ratio se-

ries. 

Figure 2a shows the O1s region of photoemission 

spectra of the Cu catalyst at an incident photon energy of 

720 eV. The four spectra correspond to methanol-to-

oxygen mixing ratios in the reactant stream of 1:2, 1:1, 3:1, 

and 6:1, and a sample temperature of 400 °C.  Since the 

incident X-ray beam does not only irradiate the sample 

surface but also the gas phase molecules in front of the 
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sample (see Fig. 1), the spectra show gas phase peaks 

alongside the surface peaks.  The binding energy (BE) scale 

in Fig. 2 is referenced to the Fermi level of the Cu sample, 

and therefore the apparent BEs of the gas phase peaks are 

shifted by the amount of the work function of the sample 

(~4.5 eV) relative to literature values, which are conven-

tionally referenced to the vacuum level.  In Fig. 2a peaks 

with a BE higher than 534 eV are due to gas phase species, 

whereas the peaks with a BE smaller than 534 eV are due 

to oxygen species at the surface. The spectra show a strong 

dependence on the chemical composition of the reactant 

stream.  Gas phase peaks of all reactants and products in 

the reactions (1) and (2) (see above) can be distinguished in 

the spectra.  The O2 gas phase peaks [24,25] are strongest 

for the O2-rich reaction mixture (CH3OH:O2=1:2), and 

weakest for the most methanol-rich mixture 

(CH3OH:O2=6:1).  The catalytic activity of the copper foil 

in the four different gas mixtures can be calculated from 

both the areas of the O1s and C1s peaks, as well as from 

mass spectrometry data.  The results are summarized in 

Table 1. The absolute amount of formaldehyde produced in 

the catalytic reaction is highest for the CH3OH:O2=3:1 

mixing ratio. 

The key question in catalysis is of course, how the 

catalytic reaction depends on the nature of the gas-solid 

interface, i.e. which species at the catalyst surface are re-

sponsible for the catalytic activity.  Under our reaction 

conditions we can distinguish three species at the surface or 

in the near-surface region under oxidizing (CH3OH:O2=1:2, 

1:1), and two species under reducing (CH3OH:O2=3:1, 6:1) 

conditions.  

In the CH3OH:O2=1:2 mixture a peak with a BE of 

530.3 eV (FWHM 1.0 eV) dominated the spectrum.  This 

peak is due to Cu2O, which was confirmed by comparison 

to the spectrum of a Cu2O reference sample that was pre-

pared in a separate experiment.  The BE of this peak was 

also in good agreement with literature values for Cu2O 

which vary from 530.2 to 530.5 eV (for a compilation of 

BE values for the copper oxides see Ref.[26]).  In addition, 

the valence band spectrum taken right after the O1s spec-

trum (Fig. 2b, at a photon energy of 262 eV, i.e. the same 

probing depth as for the O1s spectra) also shows a typical 

Cu2O spectrum, in agreement with literature spectra [26] 

and our Cu2O reference spectrum.  Two smaller peaks at 

BEs of 529.7 eV (FWHM 1.3 eV) and 531.2 eV (FWHM 

1.6 eV) were also present under oxidizing conditions. 

When the ratio of methanol to oxygen in the reactant 

stream was changed to 1:1, the relative intensity of the 

Cu2O peak decreased with respect to the two other peaks.  

The binding energies changed to 530.4 eV for the Cu2O 

peak, and 529.9 eV and 531.4 eV for the other two peaks.  

The valence band spectrum now shows that the surface is 

covered both by Cu2O and metallic areas.  This is evident 

from the gap ∆ at 0.9 eV BE which is characteristic for 

Cu2O, and the non-zero intensity at the Fermi edge which is 

characteristic for a metallic surface.  The shape of the spec-

trum also resembles a mixture of the pure metallic and the 

pure Cu2O spectrum.  

When the sample was measured under reducing con-

ditions (CH3OH:O2=3:1, 6:1), the valence band spectra 

showed clearly that the surface is metallic, since they ex-

hibited the characteristic spectrum for metallic copper.[27] 

In the O1s region two peaks with BEs of 530.4 eV and 

532.0 eV dominated the spectra.  Since the valence band 

spectra show that the surface is metallic, the peak at 530.4 

eV can not be due to Cu2O. 

We will now turn our attention to the C1s spectra in 

order to find out whether the peaks at 530.4 eV and 532.0 

eV in the CH3OH:O2=3:1 and 6:1 O1s spectra are caused 

by oxygen-carbon compounds.  Like the O1s spectra in Fig. 

2a the C1s spectra in Fig. 2c show the gas phase peaks of 

CO2, CH2O, and CH3OH.  We do not, however, observe 

any of the likely intermediates of the methanol oxidation 

reaction, like methoxy (BE 285.2 eV)[19] or formate (BE 

287.7 eV)[19].  We do also not observe any other surface 

carbon species (the BE of the C1s lines of C-H-O com-

pounds range from 284 to 293 eV).[28] Since the elemental 

detection limit in XPS is on the order of 2 % [29], we can 

conclude that, if intermediates are present at the surface, 

their concentration must be below that value.  Only under 

the most methanol-rich condition (CH3OH:O2=6:1) there is 

a peak at 284.7 eV with a smaller shoulder at 286.2 eV.  

Those peaks are probably caused by decomposition prod-

ucts of methanol on the hot copper surface. From the 

known O1s/C1s detection sensitivity in our experiment we 

can estimate that if the 284.7 eV peak would be due to a C-

O compound with a C:O ratio of 1, its O1s peak would 

have a peak area similar to the 530.4 eV peak in the 

CH3OH:O2=6:1 O1s spectrum.  Since there is no additional 

peak in the O1s spectrum at 6:1 when compared to the, e.g., 

3:1 spectrum, the C1s peaks in the 6:1 spectrum are not 

likely to be caused by a C-O compound, but rather by some 

CHx compound or pure carbon. 

In all C1s spectra in Fig. 2c some potassium con-

tamination at the surface can be observed (K2p3/2 at 

294.3 eV).  The influence of the K contamination on our 

results seems to be negligible, since we did not find a corre-

lation of the amount of K at the surface with the catalytic 

activity.  The maximum amount of potassium at the surface 

was estimated to be <5 % of the total amount of oxygen at 

all times. 

The nature of the O1s peaks at BE 530.4 eV and 

532.0 eV under reducing conditions (see Fig. 2a) was in-

vestigated using depth-profiling by variation of the incident 

photon energy.  Because the mean free path of an electron 

in a solid depends on its kinetic energy KE, the escape 

depth of the photoelectrons varies with the incident photon 

energy hν, since KE=hν-BE-Φ (where Φ is the work func-

tion).[30] We have recorded O1s spectra at four different 

incident photon energies: 720 eV, 890 eV, 1050 eV, and 

1300 eV (see Fig. 3a).  These photon energies correspond 

to mean free path lengths of 6 Å, 8 Å, 10 Å, and 13 Å, re-

spectively (assuming predominantly copper in the near-

surface region).[31]  
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Figure 3: (a)  O1s spectra as a function of incident photon 

energy in CH3OH:O2=3:1 at 400 ºC.  The incident photon 

energy is indicated for each spectrum.  In the fits of the 

peaks their relative BE position was kept constant, as well 

as the ratio of their FWHM.  The FWHM ratio was kept 

constant instead of the absolute values to account for the 

decrease of the spectral resolution with increasing incident 

photon energy, which leads to a broadening of the peaks.  

(b) Peak area ratio of the sub-surface oxygen (530.4 eV) 

and surface oxygen (532.0 eV) O1s peaks calculated from 

the peak areas in (a).  The relative increase of the spectral 

weight of the 530.4 eV peak with increasing inelastic mean 

free path indicates that this species is located below the 

532.0 eV species, in the sub-surface region.  The spacing 

between neighboring atomic layers in Cu in the [100] direc-

tion is 1.8 Å.  The solid line is a least squares fit of the data 

points using I530.4/I532.0=n530.4/n532.0·exp[-(z532.0-z530.4)/�], 

with I as integrated intensity of the peak, n the concentra-

tion in atom percent, z the average depth below the surface, 

and � the inelastic mean free path. The fit parameters are 

n530.4/n532.0=1.8, and z532.0-z530.4=4 Å.  

 

The depth-profiling measurements revealed that the 

532.0 eV peak intensity decreased with respect to the 530.4 

eV peak intensity with increasing mean free path length 

(see Fig. 3b).  This implies that the 532.0 eV species is 

located at the surface, while the 530.4 eV species extends 

into the sub-surface region.  The fit of the data points in 

Fig. 3b yields an average separation of 4 Å of the two spe-

cies in the direction perpendicular to the surface.  This av-

erage value does not give information about the actual 

depth distribution of the two species, but it confirms that 

the 530.4 eV species has to be located below, or at least be 

embedded in the surface.  The exact nature of the surface 

peak at 532.0 eV is not clear.  Its BE fits that of an OH- 

species [32], but it could as well be caused by oxygen 

bound by residual impurities at the copper surface.  It is 

noteworthy that this peak did not show any correlation to 

the catalytic activity of the sample, and could also be ob-

served under high-vacuum conditions.  A recent in situ 

XPS study of the methanol oxidation on copper did also 

find two peaks at the O1s edge under reaction conditions 

with BEs similar to our surface peaks.[16] The authors of 

this study assigned the low BE peak (529.8 eV) to adsorbed 

oxygen, and the peak at 531.2 eV to a suboxide species.  

This assignment can not be made for the peaks in Fig. 2a 

that are observed under reducing conditions, since the 

depth-profiling data in Fig. 3b show that the low-BE spe-

cies is located below the surface and can therefore not be 

assigned to adsorbed oxygen. 
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In the previous discussion we have shown that the 

peak at 530.4 eV under reducing conditions is due to sub-

surface oxygen, which could be in the form of a sub-oxide 

as discussed in Ref.[12], oxygen “rafts” below the surface 

as proposed for the case of Ru [33], or due to oxygen lo-

cated at grain boundaries in the polycrystalline copper 

sample.  The sub-surface oxygen peak could only be ob-

served in in situ measurements.  When the oxygen flow to 

the cell was stopped, the sub-surface oxygen peak vanished 

in less than one second.  We can estimate the average con-

centration of sub-surface oxygen as a function of depth 

from the surface.  To that end the O1s peak area of the sub-

surface oxygen peak measured at different photoelectron 

mean free path lengths was compared to the Cu3p peak 

area measured at the same mean free path lengths. The BE 

of Cu3p1/2 and Cu3p3/2 is 77.3 eV and 75.1 eV, respec-

tively.  Cu3p spectra were taken at incident beam energies 

of 262 eV, 432 eV, 582 eV, and 842 eV.[34]  The O:Cu 

stoichiometry was then calculated from the O1s and Cu3p 

peak areas at similar KE, after correcting for the energy-

dependent changes of the photoemission cross-sections for 

Cu3p and O1s.[35]  
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Figure 4: (a) Sub-surface O-to-Cu stoichiometry under 

reducing conditions as a function of the inelastic mean free 

path of the photoelectrons.  The concentration of sub-

surface oxygen close to the sample surface is higher for the 

oxygen-rich atmosphere (CH3OH:O2=3:1).  Deeper into the 

sample the concentration of sub-surface oxygen is similar 

for the two different atmospheres.  (b) Sub-surface oxygen-

to-Cu2O peak area ratio as a function of the inelastic mean 

free path of the photoelectrons under oxidizing conditions 

(CH3OH:O2=1:2).  Cu2O is predominantly located at the 

sample surface.  

 

The results for the active catalyst surface shown in 

Fig. 4a indicate that there is an oxygen concentration gradi-

ent perpendicular to the surface.  In both reducing gas at-

mospheres, the concentration of sub-surface oxygen is 

highest close to the surface, and decreases below the sur-

face, which is in agreement with the ∆z value from the fit 

in Fig. 3b.  At our largest probing depth of 15 Å the Cu:O 

stoichiometry is about 10, similar to the value found in in 
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situ NEXAFS experiments of the methanol oxidation on a 

Cu foil under the same reaction conditions.[36] Those 

NEXAFS experiments were performed in the total electron 

yield detection mode where the probing depth is estimated 

to be 20 Å, i.e. similar to the largest probing depth in our 

experiments.[37] 

It is also noteworthy that in the case of 

CH3OH:O2=3:1 the O:Cu stoichiometry close to the surface 

is similar to that of Cu2O.  The valence band spectra in Fig. 

2b, however, have shown that even at such an oxygen con-

centration the sample surface region has still a metallic 

character.  This is also in good agreement with the above 

mentioned in situ NEXAFS measurements where the O K 

edge and Cu L edge spectra of the catalytically active sur-

face under reducing conditions showed no resemblance to 

the spectra of either of the stoichiometric copper oxides 

Cu2O and CuO.[36]  

We have also performed depth-profiling on the cop-

per surface under oxidizing conditions (CH3OH:O2=1:2).  

In Fig. 4b the ratio of the peak areas of the peak at 529.7 

eV vs. the Cu2O peak are shown.  Fig 4b is consistent with 

a surface mostly covered by a Cu2O layer with the 529.7 

eV oxygen species below.  This indicates that the peak at 

529.7 eV under oxidizing conditions is most likely also 

caused by sub-surface oxygen, similar to the peak at 530.4 

eV under reducing conditions, even though the BEs of the 

two peaks are different.  In other in situ XPS experiments 

of the methanol oxidation on copper we have observed that 

the BE of the sub-surface species can vary between 529.7 

eV and 530.5 eV, depending on the exposure time of the 

Cu sample to the reaction mixture and the presence of other 

oxygen species at the surface.  Variations in the faceting of 

the polycrystalline Cu surface might contribute to the varia-

tions in the BE of the sub-surface species.  The BE of the 

high-BE surface species in Fig. 2a also shifts by about the 

same amount as the sub-surface oxygen peak.   

From Fig. 2a it is evident that the BEs of the gas 

phase peaks shift in the same direction as the BE of the 

surface peaks when going from oxidizing to reducing con-

ditions.  Unlike the shift of the surface peaks, the gas phase 

peak shifts are caused by a change of the work function of 

the sample surface upon reduction.  Changes of the sample 

work function have an influence on the gas phase peak 

positions, since the vacuum level of the gas phase mole-

cules depends on the work function of the surrounding 

surfaces.[38] When a clean metallic Cu surface is oxidized 

to Cu2O, its work function increases by about 0.3 

eV.[39,40] An increase in the sample work function in-

creases the kinetic energy of the gas phase photoelectrons, 

and therefore decreases their apparent BE when the BE 

scale is referenced to the Fermi energy of the sample, as it 

is done in our case.[41] The apparent shift of the BE of the 

gas phase species in the measurement of the oxidized and 

the metallic sample in Fig. 2a is +0.5 eV, i.e. on the order 

of the work function change measured during the oxidation 

of Cu to Cu2O.  

In order to find a relation between the catalytic activ-

ity of the sample and the state of its surface, we have to 

compare the abundance of the surface species with the for-

maldehyde yield.  Figure 5 shows the dependence of the 

CH2O partial pressure on the abundance of sub-surface 

oxygen in the sample (expressed in terms of its peak area) 

for the four CH3OH:O2 mixing ratios, and also for a sepa-

rate experiment were the CH3OH:O2 mixing ratio was kept 

constant at 3:1, but the temperature was varied in the range 

from 150 °C to 450 °C.  There is a linear correlation be-

tween the abundance of sub-surface oxygen and the yield 

of CH2O, in good agreement with in situ NEXAFS 

data.[46] Fig. 5 does also show that in the absence of sub-

surface oxygen, there is no catalytic activity towards the 

partial oxidation of methanol. 
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Figure 5: Partial pressure of formaldehyde as a function of 

the sub-surface oxygen peak area for the spectra in Fig. 1a 

(open circles), and for a different experiment (black 

squares) in which the temperature was varied in the range 

from 150 °C to 450 °C at a constant CH3OH:O2 mixing 

ratio of 3:1 (the same total pressure as for the spectra in Fig 

1a).  The partial pressure of formaldehyde is linearly corre-

lated to the abundance of sub-surface oxygen in the near-

surface region.  The dashed line is a linear fit of the data 

points.   

 

Having thus proved that the copper catalyst has to 

contain sub-surface oxygen to be active in the partial oxida-

tion of methanol it remains to be seen what role this species 

plays in the reaction.  Its role could be of a direct nature, 

for example by emerging to the surface in a favourable 

energetic state and geometry, similar to what has been ob-

served in the hydrogenation of ethylene (C2H4) on nickel 

surfaces, where ethylene reacts with sub-surface hydrogen 

to form ethane (C2H6).[2,42,43] Sub-surface oxygen could 

also be indirectly involved in the methanol oxidation, via 

modification of the copper electronic structure, as shown in 

recent studies of the methanol synthesis reaction on binary 

Cu/ZnO catalysts.[44] In these studies it is argued that 

strain in the copper surface leads to an increased catalytic 

activity, as was concluded from density functional calcula-

tions that show that strain causes an up-shift of the d-band 

center, which in turn leads to a higher substrate-adsorbate-

interaction.[45] The valence band spectra in our experi-
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ments do not show systematic variations of the d-band cen-

ter with the catalytic activity, but the changes that are pre-

dicted by the theory are rather small (on the order of 0.1 

eV) so that we can not exclude this explanation for the 

increased catalytic activity of the copper sample.  We pro-

pose that the sub-surface oxygen species that we find in our 

catalytically active Cu samples plays the role of a co-

catalyst.  It is not a reaction partner in the catalytic reaction 

(unlike Oads in the model discussed in Refs.[19] and [20]), 

but, together with the neighboring Cu atoms, forms the 

active center where the reaction takes place. 

 

 
Figure 6: Scanning electron microscopy images of a cop-

per foil that was exposed at 400 °C to (a) helium, and (b) a 

CH3OH:O2 =2:1 reactant stream.  Whereas the surface that 

was exposed to helium shows predominantly [112] orienta-

tion, the surface that was in the reactant stream exhibits 

both [112] and [111] domains.  Electron backscattering 

diffraction experiments revealed that the smooth areas in 

(b) have [111] orientation, while the rough ones are [112] 

oriented.  The granular objects are most likely copper oxide 

particles. 

 

The presence of oxygen species at and below the Cu 

surface (as found in our in situ XPS experiments using non-

destructive depth profiling) is also supported by scanning 

electron microscopy (SEM) investigations of the morphol-

ogy of Cu foils that were used in atmospheric pressure 

conversion experiments.  At 400 °C in stoichiometric feed 

(CH3OH:O2=2:1) the Cu foil reached a steady state per-

formance after 1 hour, with 68% CH3OH conversion and 

more than 88% selectivity to formaldehyde.  No hydrogen 

was found in the exit stream, in contrast to the Ag system 

that produces at higher temperatures a significant amount 

of hydrogen.  In Figure 6 characteristic SEM images of a 

Cu foil that was exposed to He at 400 °C (Fig. 6a), and a 

Cu foil that was exposed to stoichiometric metha-

nol/oxygen feed at 400 °C (Fig. 6b) are compared.  In both 

cases significant restructuring and roughening in the sub-

micron range has occurred.  Using electron backscattering 

diffraction (EBSD) it was possible to deduce that the pre-

ferred surface orientation in the inert gas is [112] (see Fig. 

6a), whereas it is clearly [111] in oxygen /He (not shown 

here) and a mixture of the two orientations with a strong 

predominance of [111] in the feed gas (see Fig. 6b).  The 

low voltage SEM image in Fig. 6b gives a clear impression 

of the surface roughness and anisotropy of the foil that was 

exposed to the feed gas, where at least two types of surface 

orientations coexist.  The grain boundaries between differ-

ently oriented grains in the untreated foil are retained as 

sharp boundaries between series of facets.  From compari-

son with the EBSD data it is concluded that the smooth 

parts of the surface have a [111] orientation, whereas the 

rough parts are [112] oriented.  The granular objects in Fig. 

6b are most likely copper oxides, since the presence of 

impurities (such as foreign heavy elements) could be ruled 

out from point energy dispersive X-ray analysis (EDX) 

measurements.  The presence of oxygen has thus a clear 

influence on mesoscopic restructuring.  From the amount of 

mass transport that is required to achieve the structuring in 

Fig. 6b it is highly probable that some bulk-dissolved oxy-

gen is involved in the change of the stability of the surface 

orientation.  It should be noted that the size of the small 

features in Fig. 6b is still two orders of magnitude larger 

than the depth of information in our XPS experiments. 

We now compare our in situ XPS results with the re-

sults of UHV-XPS measurements of the methanol oxida-

tion.[19,20] In the UHV-XPS experiments at room 

temperature different Cu surfaces [(110), (111), and poly-

crystalline Cu] were predosed with oxygen, which dissoci-

ated and adsorbed on the surface.  When the oxygen-

predosed surface was exposed to methanol, methoxy (the 

intermediate for formaldehyde formation) was formed on 

all three surfaces.  On Cu(110) and on polycrystalline Cu a 

subsequent reaction of methoxy to formate could be ob-

served, which is assumed to be the intermediate to the total 

oxidation to CO2.  The UHV experiments did also show 

that formate formation did not occur at Cu(111) surfaces.  

These findings are in agreement with early low-energy 

electron diffraction studies that showed that the (110) sur-

face showed a higher reactivity than the (111) sur-

face.[46,47] From the C1s spectra in Fig 2c it is apparent 

that the concentration of carbon-containing intermediates of 

the reaction under our reaction conditions (400 °C vs. 25° 

C in UHV-XPS studies) has to be below the detection limit 

of XPS, i.e. below ~2%.  This does not mean, however, that 

methoxy and formate are not possible intermediates under 

our reaction conditions; if the lifetime of the intermediates 

at our temperatures is shorter than at room temperature, the 

concentration of the intermediates at the surface is lower 

a 

b 
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compared to the situation in the room temperature UHV-

XPS investigations.   

In a recent microkinetical investigation of the metha-

nol oxidation on silver, the coverage of silver by methoxy, 

formate, and Oads was calculated.[48] For Ag at 400 °C in 

0.1 mbar of pure oxygen (comparable to the partial pressure 

of oxygen in our experiments) the authors found a coverage 

of ~2% of Oads on Ag, i.e. just at the detection limit of XPS.  

The authors have also calculated the coverage of Ag by 

Oads, formate, and methoxy in a gas mixture of 32% 

CH3OH, 4.5% O2, 11.6% CH2O, 1.3% CO2, 7.4% H2O, and 

6.5% H2 at a total pressure of 1 atm.  It was found that in 

the temperature range from 100 to 600 °C Oads is the domi-

nating species on the surface, and that its coverage is at 

least two orders of magnitude higher than that of methoxy 

and formate.  Even though our experiments were performed 

on Cu, and the total pressure was lower than that used in 

the calculations, the results of the theoretical modeling 

might explain the absence of methoxy and formate peaks in 

the C1s spectra in Fig. 2c.  Under our reaction conditions 

we do not observe Oads which has a BE of 529.8 eV on 

polycrystalline Cu.[19] The peak at 530.4 eV under reduc-

ing conditions, which would be the most likely candidate 

for Oads in our data, is due to sub-surface oxygen (see Fig. 

3).  Since Oads is the dominating species according to the 

microkinetical model calculations, it is unlikely that meth-

oxy or formate species are detected in our experiments. 

Our experimental results may further be compared to 

theoretical studies of the location of active oxygen species 

in various metals. The analogy of Cu to the well-studied 

silver system [49] has been used already much earlier.[50] 

The quantitative differences in the geometry of adsorbates 

are explained in these studies by the differences in the local 

chemical metal-oxygen bonding.  In a series of detailed 

studies of multiple Ag-O configurations [49,51,52] it is 

further argued that a general trend in metal oxygen systems 

exists.  When going from low temperatures and high oxy-

gen partial pressures to high temperatures and low oxygen 

partial pressures a series of transitions should occur, start-

ing from thick oxides over multiple sandwiches of oxygen-

metal-oxygen trilayers to a thin surface oxide with metal 

termination, and finally to a pure metal with surface adsor-

bates.  The relevance of bulk-dissolved or sub-surface oxy-

gen species for catalytic functions was ruled out on grounds 

of energy arguments. The extent to which such a scenario 

may be extrapolated between the well-studied systems Ag-

O and Ru-O [53,54] may be estimated from the thermody-

namic data of the respective heats of formation at the rele-

vant temperatures and at standard pressure (see Table 2). 

The data reveal, in agreement with the discussion in 

Ref.[49], that Ag does not form a “thick” oxide at catalyti-

cally relevant temperatures, whereas the other metals do, 

depending on the partial pressure of oxygen at a given rele-

vant temperature. We therefore assume that the reaction 

scenario deduced for Ag is also valid for Cu, taking into 

consideration that there will be always a tendency to have 

some oxide present in the system, which is found indeed in 

the present work.   

Table 2:Enthalpies of formation for solid phases of se-

lected oxides (in kJ/mol).  

∆Gf 300 K 500 K 700 K 

Ag2O -11 +2 ------ 

Cu2O -148 -132 -117 

CuO -128 -109 -92 

RuO2 -252 -217 -194 

 

 

The data in Figs. 2 and 3 imply an agreement with 

the general scenario, where the oxide-to-metal transition is 

achieved by the variation of the CH3OH:O2 ratio in the 

feed.  This transition is accompanied by a modification of 

the surface orientation, where a mixture of at least two 

different terminations with quite different surface structural 

properties will be present at the surface. Due to this com-

plication it is not possible to quantitatively compare theory 

and experiment, since the phase diagrams in the literature 

do not take into account the structure sensitivity of at least 

the adsorbate phases.  

In the case of silver the oxygen-poor phase after the 

oxide-to-metal transition is a trilayer with oxygen in the 

hollow sites of a metal terminating layer, and a layer of sub 

surface oxygen.[55] An arrangement of two trilayers that 

are stacked together would fill the depth of information that 

is accessible in our XPS experiments.  What is assigned in 

the present work as sub-surface oxygen may therefore be 

similar to an arrangement of trilayers in the terminology 

used in, e.g., Ref. [53]. The approximate stoichiometry of 

the sub-surface species that is found in our work (~Cu2O) 

would also be consistent with this assignment.  Recent in 

situ NEXAFS experiments [12] showed the same correla-

tion between formaldehyde yield and abundance of a sub-

surface oxygen species as in our experiments (see Fig. 5).  

From the NEXAFS results we can conclude that the oxygen 

in these trilayers would have to be differently bonded to 

copper than in Cu2O, with a reduced rehybridisation be-

tween oxygen and copper.  It remains speculative in the 

absence of a theoretical model of this system, if oxygen 

surrounded by metal atoms, or the local geometric variation 

of the metal-metal interaction caused by the presence of the 

oxygen are the cause for the catalytic activity of the Cu-O 

trilayer ensemble. 

The surface oxygen species in the present work 

would correlate to the surface adsorbates at undercoordi-

nated metal sites that were identified in the theoretical 

model of the Ag-O system.  This strongly interacting spe-

cies is not relevant for oxi-dehydrogenation in the Cu-O 

system (no correlation of its abundance to catalytic per-

formance in our experiments).  The grain boundaries be-

tween facets seen in Figure 6 would form typical locations 

for this species. 

From our in situ XPS experiments it follows that the 

sub-surface oxygen species forms with no detectable ki-

netic hindrance.  The oxygen is not desorbing but rather 
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transforming some Cu into oxide species [56], similar to 

the oxide grains in Fig. 6b. The shape of the oxygen pro-

files (see Fig. 4) further indicates that there is also a con-

stant abundance of oxygen deeper in the bulk. Such 

oxygen, deemed not relevant for catalysis in the theoretical 

models [49], may play a crucial role in the generation and 

stabilization of the necessary defects that enable a fast in-

terchange of sub-surface oxygen between trilayer, adsor-

bate, and oxide.  Its presence would further explain the 

variation of the peak position of the sub-surface species in 

XPS (see Fig. 2), which may be caused by a superposition 

of the signatures of sub-surface and bulk-dissolved species 

that both do not form strong covalent interactions with the 

copper d-band. 

The experimental observation that all Ag and Cu 

catalysts require activation under oxidizing conditions, and 

the extensive studies of the deactivation of silver due to an 

increase of the structural perfection of the metal [57] sup-

port the view that this metastable, bulk-dissolved oxygen 

has the role of an enabling species for the facile adaptation 

of the metal-oxygen system to the structures that are dic-

tated by thermodynamics.  In this view the observation that 

a very small average lattice expansion of Cu correlates well 

with the catalytic activity indicates the importance of lattice 

defects as “exchange sites” for the surface-to-subsurface 

migration of oxygen species.  Since this lattice expansion is 

below 0.2% [58] it would also explain why we do not ob-

serve a shift of the Cu d-band center in our experiments. 

 

 

Conclusions 
 

Our experiments have shown that the active catalyst 

surface is metallic copper that contains a sub-surface oxy-

gen species.  The incorporation of oxygen in the metallic 

surface will most likely lead to a strained Cu surface lattice.  

We have also determined that the abundance of sub-surface 

oxygen correlates with the amount of formaldehyde that is 

produced in the catalytic reaction, and that the pure copper 

surface would be catalytically inactive in the partial oxida-

tion of methanol to formaldehyde.  The truly active surface 

can only be observed in in situ experiments.  Under our 

experimental conditions (400 °C, ptotal = 0.6 mbar) we do 

not observe any intermediates of the reaction.  Our experi-

ments have shown that the catalytic activity of the copper 

sample is not only determined by its surface properties, but 

that the chemical composition of the sub-surface region 

determines the reactivity of the catalyst. 
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