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Abstract

The reactivity of metallic and oxidized copper surfaces in methanol oxidation was studied in the 10−2 mbar range. Transitions between t
metallic surface and the two copper oxides, Cu2O and CuO, are being followed by the color changes of the sample and by ellipsometric me
ments. Compared with a metallic copper surface, a partially oxidized copper surface has higher reactivity toward production of form
whereas the deeply oxidized surface (CuO) shows a higher activity toward total oxidation to CO2. Oxidation and reduction of the Cu surface a
associated with a strong change in the degree of roughening and with spatial inhomogeneities, as demonstrated by photographic ima
ellipsometric microscopy.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The mechanism of methanol oxidation on copper surfa
has been studied extensively because of its relevance to th
dustrially important catalytic synthesis of formaldehyde[1,2].
Although in industrial processes silver is still used mainly
the partial oxidation of methanol to formaldehyde, high yie
have been obtained with copper catalysts under ultrah
vacuum (UHV) conditions. In addition, the interaction
methanol with copper surfaces is a key mechanistic ste
several technologically important catalytic processes, inc
ing methanol synthesis from “syngas” over Cu/ZnO cataly
and methanol steam reforming over Al2O3-supported Cu/ZnO
[3–7].

Numerous high-pressure studies[8–16] and low-pressure
single-crystal investigations[17–37]have been published in th
past two decades focusing on various aspects of this rea
system. In particular, identifying the active surface phases
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the relevant surface species has been the aim of various in
studies.

Single-crystal investigations have focused on the Cu(1
surface, applying temperature-programmed desorption (T
molecular beam techniques, and scanning tunnelling mic
copy (STM)[17–26]. It has been shown that both the oxyge
free surface and a surface fully covered with (2× 1)-O islands
(0.5 ML oxygen coverage) have very low reactivity for t
dissociative adsorption of methanol. In contrast, a surface
tially covered with (2× 1)-O islands (about 0.25 ML oxyge
coverage) exhibits a pronounced maximum in oxidation ac
ity. A reaction mechanism with methoxy and formate spec
as intermediates has been suggested[17–26]. In recent high-
pressure studies (p � 10 mbar) with polycrystalline coppe
samples, a novel suboxide species was detected using in
X-ray absorption spectroscopy (XAS) and X-ray photoel
tron spectroscopy (XPS)[9–14,16]. This new oxygen specie
which exists only under reaction conditions at high press
was found to be correlated with a high yield of formaldehy
Besides defining the active state of the catalyst, the reac
system also displayed interesting dynamic behavior. Rate o
lations associated with complex temporal variations of differ
reaction products were discovered at pressures>10−2 mbar.

http://www.elsevier.com/locate/jcat
mailto:imbihl@pci.uni-hannover.de
http://dx.doi.org/10.1016/j.jcat.2005.08.020
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These oscillations were connected with periodic transition
the sample surface between metallic copper and copper o
[8,15].

In this paper we compare the reactivities of metallic and
idized copper surfaces in methanol oxidation in the 10−2 mbar
range. During methanol oxidation, transitions of the catal
surface between deeply oxidized copper CuO, Cu2O, and
metallic copper were observed visually and by ellipsometr
in situ technique. Besides the conventional use in monito
layer growth, ellipsometry applied as microscopy can also
used to detect spatial inhomogeneities in the oxidation an
duction of copper surfaces.

2. Experimental

All experiments were carried out in a high-pressure reac
cell with a volume of about 0.1 L and a pumping rate of ab
0.4 L/s (Fig. 1). This cell was connected to an UHV cham
ber with a sample transfer system of about 8 L volume. R
measurements were performed with a differentially pum
quadrupole mass spectrometer (QMS, Hiden HALO201).
cause the reaction cell could not be closed gas-tight ag
the 8-L volume of the transfer system, we cannot give abso
numbers for the reaction rates but can give only the rela
rate; that is, we compare the reactivity. The high-pressure
action cell had been designed for the in situ application o
commercial ellipsometer (Optrel Multiskop). Two quartz w
dows for the ingoing and outgoing laser beam were used, gi
a reflection angle of 70◦ with respect to the surface normal.

In integrative ellipsometric measurements, the two an
characterizing the change in polarization,∆ andΨ , were de-
termined in a so-called “1/3-zone” scheme measuring the r
flected light intensity over a 1×2 mm2 illuminated sample are
using a photodiode as a detector. In the imaging mode o
lipsometry, a lens and a 1/2-inch monochromatic CCD came

Fig. 1. Schematic drawing of the high pressure reaction cell for in situ e
sometry.
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instead of the detector provides surface images with ellipso
ric contrast.

A Cu(110) single crystal (1.5 mm thick, 9× 11 mm2), was
used as catalyst. The originally flat and atomically well-orde
surface that had been used in previous UHV experiments
roughened considerably during the experiments at high p
sure, changing to a polycrystalline structure. The sample
firmly mounted on an SiC-coated BN button heater (Sintec)
abling temperature-programmed experiments in the 298–7
range.

Linear heating ramps were adjusted using a PID contro
(Eurotherm 2416), connected to a programmable power
ply (DELTA ES030-10) that feed the button heater. The sam
temperature was monitored by a chromel-alumel thermoco
attached to the edge of the sample.

All gases were introduced via mass flow controllers (M
1179) and reached the sample surface through a 3-mm i.d. s
less steel tube that faced the sample at a distance≈2 mm normal
to the sample surface. The gases impinged on the central p
the sample flowing away in radial direction, thus establishin
circular symmetry. At 10−2 mbar, the mean free path of gas
at 300 K is in the range of a few centimeters, meaning tha
molecules leaving the tube opening will impinge on the surfa
The gases were pumped out of the reactor through an ex
concentrically mounted around the gas inlet pipe (Fig. 1) and
then through an adjustable needle valve (Pfeiffer EVN116
the turbo molecular pump (60 L/s). Gas flows of 0.1–0.3 sccm
were adjusted. The pressure in the reaction cell was mea
by a Baratron pressure gauge (MKS 622A).

Calibration gases (H2, H2O, CO, formaldehyde, methano
O2, and CO2) were applied to relate the QMS signal to p
tial pressures in the reaction cell. For water and methanol
vapor pressure over the liquid phase proved sufficient, and
formaldehyde, the vapor pressure of solid para-formaldeh
was used. Oxygen of purity 5.0 (99.999%) and methano
purity 2.8 (99.8%) served as reactants. From backgro
corrected intensities of the detected masses (m/e = 2, 18, 28,
30, 31, 32, 44) and the total pressure in the reaction cell, the
partial pressures were calculated by a matrix inversion t
nique, which takes the fragmentation pattern of the diffe
molecules into account. From the absolute partial pressure
H-, O-, and C-mass balance could be checked for all TPR s
tra presented here. Mass conservation for carbon, checke
comparing the total consumption and total production for
C-containing molecules, is>5%.

3. Results

3.1. Reaction kinetics

Kinetic measurements were carried out over three dif
ently prepared Cu(110) sample surfaces: (a) a metallic
face obtained after the sample had been completely red
by methanol, yielding a yellow shining surface; (b) a partia
oxidized surface after the sample had been exposed to ox
(1 mbar, 423 K, 5 min) until a red sample with a Cu2O film
was formed; and (c) a deeply oxidized surface when the sa
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idized
ent with
Fig. 2. Temperature programmed reaction spectra in the 10−2 mbar range over three different sample surfaces: metallic copper surface (left), a partially ox
copper red surface with a Cu2O film (middle), and a deeply oxidized black copper surface with a CuO film (right). Shown is the heating part of the experim
a heating rate of 5 K/min. A CH3OH flow rate of 0.3 sccm (standard cubic centimeter per minute) and an O2 flow rate of 0.1 sccm were applied.
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had been oxidized by oxygen (1 mbar, 673 K, 30 min) unt
black CuO film was observed. Both oxidation processes ca
visible roughening of the initially flat Cu surface.

Fig. 2 compares the TPR spectra of the three surfaces
tained with a linear heating rate as slow as 5 K/min under
identical conditions. A methanol to oxygen mixing rate of 3
was chosen, with an oxygen flow of 0.1 sccm.

On the metallic copper surface, the reaction ignited
≈500 K, and the surface reactivity slowly increased with
creasing temperature. Methanol conversion reached a
imum of ≈25% at 750 K. Formaldehyde was always t
dominant product, whereas the contribution of the total
idation product, CO2, remained moderate even at eleva
temperatures. In low-pressure UHV studies, methanol ox
tion on a Cu(110) surface exhibited two rate maxima,
at ≈400–520 K and another at 900 K[38,39]. The reactive
sticking coefficient for methanol reached as high as≈0.25
for Cu(110)/CH3OH + O2 [38,39]. The amplitude of the low
temperature reactivity peak decreased with increasing
pressure, vanishing beyond 10−3 mbar. This low-T reactivity
peak thus should not exist at higher pressure, in agreement
the results inFig. 2. Recent in situ XPS of methanol oxidatio
over Cu(110) in the 0.1 mbar range showed that at low tem
atures the copper surface was covered by methoxy, adso
oxygen, and formate species, which block the surface[13,14].
Higher temperatures were required to slowly activate the
face.

Compared with the metallic copper surface, both oxidi
surfaces showed higher reactivity. The kinetics exhibited
rate maxima, as illustrated inFig. 2. On the Cu2O surface,
the reaction already started at 480 K. After passing a rela
maximum at 530 K, the reactivity increased further, reach
a second reactivity peak at≈700 K. The deeply oxidized sur
face exhibited the highest reactivity and an even lower in
reaction temperature (≈450 K). With higher reactivity, the par
tially oxidized surface maintained the fairly high selectivity
formaldehyde. Compared with the Cu2O surface, the deepl
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oxidized CuO sample showed more total oxidation to CO2, al-
though formaldehyde was still the predominant product.

It should be pointed out that the reaction was only on
metallic copper surface in a steady state, whereas the rea
rates of the oxidized surfaces were all nonstationary; that is
reaction rate changed with time under constant reaction
ditions. In separate experiments, when the heating ramp
stopped at 520 and 650 K, these surfaces slowly changed
and morphology, accompanied by a time-dependent varia
of the reaction rate. Apparently, a reduction occurred involv
not only the surface oxygen, but also the bulk oxygen. The t
scale of this process is on the order of 1 to several minutes

The color and roughness changes associated with the
mation of different Cu oxides make it easy to follow the surfa
changes in the TPR experiments with optical microscopy.Fig. 3
shows a set of photographic images of the sample in the
actor during a TPR, starting from a deeply oxidized cop
sample. The images were taken with a digital camera wi
fixed aperture and white balance, so that the true sample
was recorded. The related TPR spectrum is also shown in
figure. The arrows at the top part of the panel indicate the r
tivity corresponding to each displayed image. Here, the mix
ratio of methanol to oxygen was 2:1 and the oxygen flow
was 0.1 sccm.

At the beginning of the reaction, the deeply oxidized sam
exhibited a very rough black surface indicative of CuO. O
after ignition of the reaction atT ≈ 510 K did the surface sta
to change notably. Starting from the center of the sample
copper(II) oxide was converted to the red Cu2O oxide associ-
ated with a flattening of the surface roughness on a�100-µm
scale. As judged from the images, this process was comp
around 650 K. At this temperature, the reactivity exhibite
pronounced relative maximum only slightly below the first
activity peak located immediately after ignition of the reacti
Above 650 K, the slow change of the surface to a yellow sh
ing state indicates reduction of the copper(I) oxide to a met
surface. During several stages of the reaction, the sample
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e ex
onditions:
Fig. 3. Photographic images showing changes of the oxide phase during a TPR experiment over a deeply oxidized copper. Shown is the heating part of thperiment
with a heating rate of 5 K/min. The TPR spectra are included with arrows indicating where the corresponding photographic images were taken. Reaction c
CH3OH flow rate 0.2 sccm and O2 flow rate 0.1 sccm.
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completely opaque, indicative of extensive light scattering
to a high amount of surface roughness on a�1-µm scale.

Note that under nearly all conditions, formaldehyde is
preferred reaction product. Only directly after ignition on
CuO surface and for a short time was the total oxidation pro
CO2 of higher intensity than formaldehyde. With progress
reduction of the surface, the CO2 channel decayed rapidly i
intensity, finally approaching the low level characteristic o
metallic surface. The foregoing data show a more or less c
plete reduction of the deeply oxidized copper sample assoc
with a drastic change in surface morphology. To obtain m
information about the thickness of the oxide layers, we app
ellipsometry as in situ technique to study the surface chem
of the sample during the TPR experiments.

3.2. Ellipsometric measurements

Ellipsometry is a well-established technique for charac
izing thin films and surfaces that allows the determination
optical constants and thickness of layer systems[40]. Ellipsom-
etry uses the fact that the state of polarization of an incid
photon beam changes in reflection at a surface. The chan
the state of polarization can be described by two angles,∆ and
Ψ , obtained in a so-called “null-setting” experiment, which
turn are related to the optical properties of the film. From
measured∆ and Ψ values, the thickness of the surface la
ers can be extracted for a multilayer surface model, prov
that the chemical identity of the different layers has been de
e
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e
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t
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d
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mined and the optical constants for these layers are known
information depth of the ellipsometric measurement for a gi
geometry is limited by the penetration depth of light in the so
material. In our case with a wavelength of≈630 nm, a depth o
0.1–6 µm was obtained, with the small value referring to me
lic Cu and the large value belonging to Cu2O.

Fig. 4 shows∆ andΨ variation measured in situ during
TPR experiment on a deeply oxidized copper surface. The
responding TPR spectrum is included in the same diagram
variation in∆ andΨ reflects the slow conversion from a Cu
surface to Cu2O and finally to a metallic Cu surface.

For simulating the measured∆ and Ψ values, a realistic
sequence of model layers had to be found that explains
observed variation of∆ andΨ in a consistent way. In all simu
lations the incident beam angle was set to 70◦; the optical con-
stants for the gas phase, which must be included, were ch
asn = 1 (refractive index) andk = 0 (extinction coefficient);
whereas for the different Cu and Cu oxide phases of the s
ple, the values forn, k, and the resulting Brewster angle,ϕp, at
the light wavelength ofλ = 6328 Å are listed inTable 1 [41].

With more than one layer involved, no unique fit exi
for a measured single pair of∆ and Ψ angles. However, we
found only one layer sequence over which the entire temp
ture range could be fitted and that does not contradict chem
intuition and the literature data. The resulting sequence wa
follows. The initial deeply oxidized copper sample was m
eled by a layer of copper(II) oxide on top of metallic bulk C
(i.e., CuO/Cu bulk). At temperatures above 480 K, the s
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Fig. 4. Reaction rates combined with ellipsometric measurements showin
variation of∆ andΨ values during a TPR experiment over a deeply oxidiz
copper sample. Shown is the heating part of the experiment with a he
rate of 5 K/min. The∆ andΨ values simulated with a layer model are re
resented as triangular markers. Vertical lines separate different layer sequ
(see text). Reaction conditions: CH3OH flow rate 0.2 sccm and O2 flow rate
0.1 sccm.

ple was partially reduced, resulting in a more complicated
quence. Between 490 and 520 K, coexisting oxides with a
quence Cu2O/CuO/Cu2O/Cu bulk were formed, followed b
a Cu2O/Cu bulk layer between 530 and 600 K after the C
phase was consumed. Above 600 K, we assumed a thin m
lic copper layer on top of Cu2O (i.e., a Cu/Cu2O/Cu bulk se-
quence). Above 670 K, the entire sample approached a
metallic state. For the analysis, we do not explicitly consid
e

g

ces

-
-

al-

re

Table 1
The optical constantsn (refractive index),k (extinction coefficient) andϕp
(Brewster angle) for three different phases, Cu, Cu2O, and CuO at a wavelengt
λ = 6328 Å[41]

Phase n k ϕp
(refractive index) (extinction coefficient) (Brewster ang

Cu 0.237 −3.274 13.33◦
Cu2O 2.96 −0.12 71.33◦
CuO 2.68 −0.45 69.50◦

separate Cu3O2 layer, which is a defective Cu2O phase, becaus
the optical constants for this phase are not known[42–45].

The formulation of a Cu2O/CuO/Cu2O/Cu bulk sequence i
the range 490–520 K is consistent with previous results[15] and
it is also in agreement with thermodynamics. The assumptio
metallic Cu on top of Cu2O at>600 K is supported by the XP
study of Poulston et al.[46] showing that vacuum annealing
Cu2O at 770 K results in the formation of a thin metallic C
film on top of Cu2O.

The quality of the fit is demonstrated inFig. 4, and the cor-
responding layer thicknesses are summarized inTable 2. The
layer sequence, not the individual thickness values, shoul
considered the essential result of the fitting process. Prec
determining the layer thickness is difficult, however, for s
eral reasons. The simulations, which are based on the Fr
equations, assume strain-free and defect-free chemically h
geneous layers with sharp planar interfaces between them.
is clearly not the case here, as is evident from the image
Fig. 3 showing a strongly roughened surface. This roughen
not only complicates the analysis, but also constitutes an
perimental problem. Because the sample roughens dramat
during the reactions, subsequent realignment of the instrum
is difficult, thus introducing an additional systematic error.

Keeping the limitations of the model in mind, the valu
listed in Table 2describe the following process. As shown
Fig. 4, up to the ignition of the reaction, the∆ andΨ values
remain constant, corresponding to an approximately 1600
thick CuO film on the copper substrate. At around 650 K, th∆

andΨ values of metallic Cu are reached. Between 500 K
520 K, the∆ andΨ exhibit a pronounced dip and peak, resp
tively. To reproduce this dip/peak structure in the simulatio
we had to assume a layer sequence consisting of a thin (o
Table 2
Calculated layer sequences to simulate the observed values for∆ andΨ of the experiment displayed inFig. 4

T Layer thicknesses Simulation Measurement

∆ Ψ ∆ Ψ

303 K 1600 Å CuO/Cu-bulk 25.73 15.70 25.64 19.56
403 K 1600 Å CuO/Cu-bulk 25.73 15.70 25.42 19.26
503 K 2 Å Cu2O/1280 Å CuO/250 Å Cu2O/Cu-bulk 25.64 21.45 25.74 21.39
518 K 5 Å Cu2O/370 Å CuO/2200 Å Cu2O/Cu-bulk 14.95 27.93 14.92 27.02
521 K 10 Å Cu2O/220 Å CuO/2300 Å Cu2O/Cu-bulk 26.06 30.52 26.15 30.46
533 K 3600 Å Cu2O/Cu-bulk 40.37 27.02 40.03 22.30
573 K 3570 Å Cu2O/Cu-bulk 48.47 26.53 48.39 22.88
603 K 10 Å Cu/3500 Å Cu2O/Cu-bulk 76.03 26.35 75.95 27.00
623 K 20 Å Cu/2300 Å Cu2O/Cu-bulk 95.33 32.31 95.68 29.93
653 K 50 Å Cu/1100 Å Cu2O/Cu-bulk 108.9 38.72 108.9 32.74
723 K Cu-bulk 105.8 43.16 112.5 37.07
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ting ra
s above
Fig. 5. Ellipsometric images during a TPR experiment over a deeply oxidized copper sample. Shown is the heating part of the experiment with a heate of
5 K/min. Left: an image series of a 1× 1.8 mm2 large sample area recorded with ellipsometric contrast; right: the corresponding TPR spectrum. The arrow
the panel indicate the reactivity corresponding to each image. Reaction conditions: CH3OH flow rate 0.2 sccm and O2 flow rate 0.1 sccm.
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few Å) Cu2O film on top of a relatively thick CuO layer sep
arated from the metallic Cu substrate again by a Cu2O layer.
With progressive reduction, the CuO layer is transformed
Cu2O, and finally a thick (several thousand Å) Cu2O film re-
mains on top of the metallic Cu substrate. This CuO reduc
process is accompanied by a steep rise in reactivity. At the
maximum at 540 K, a relatively thick Cu2O film exists on the
Cu surface. Both∆ andΨ change very little in the subseque
T interval up to≈570 K. Apparently, in thisT window a sta-
ble and very reactive Cu2O film exists on top of the metalli
substrate.

We could model these changes in angles only by a dec
ing Cu2O thickness accompanied by the formation of a v
thin (a few Å) metallic Cu film on top of the Cu2O layer. Forma-
tion of the Cu film, terminating the sample surface, is associ
with a decrease in reactivity of roughly 50%. As the Cu2O layer
is reduced, a rough metallic Cu substrate results, which fla
with progressive annealing until finally, at≈720 K, a metallic
shining Cu surface is created.

The changes in∆ andΨ during the TPR experiment allow
us to image the surface with ellipsometric contrast. In the
croscope mode, the analyzer (A) and the polarizer (P) ca
adjusted to nullsetting, so that only the intensity changes
ative to this reference image are visible. Here nullsetting
done for the initial CuO phase. A significant problem ari
from the surface roughening because the stray light is no
larized, and thus a relatively bright background signal ex
that cannot be eliminated by nullsetting.
n
te

s-

d

s

-
e

l-
s

o-
s

Surprisingly, even with such a rough surface, we could
tain images with ellipsometric contrast, as shown inFig. 5,
displaying images of the sample during a TPR experiment
a deeply oxidized copper surface. The experiment thus is
similar to that depicted inFig. 3, but the contrast mechanism
the images is different and the images show a smaller se
(only 1× 1.8 mm2) compared with the photographic images
Fig. 3, which show the complete sample (roughly 9×11 mm2).
Due to the grazing incidence of the laser beam, the image
focused precisely in only a narrow stripe perpendicular to
reflection plane. A completely focused image was constru
by putting together a set of nine images, in which the focus
shifted stepwise from the top to the bottom of the correspo
ing image.

The images show the reduction process as a brightenin
the surface. The reduction starts in the center of the sa
as a front-like propagation. Above 600 K, the area surrou
ing the reduced part becomes more or less spatially unifo
bright. The large dark areas that persist in the images orig
from topographic contrast and represent shadows from pro
ing parts or deep troughs due to a macroscopic roughness
surface.

Note that the reactivity peak atT ≈ 650 K visible inFigs. 2
and 3are absent in the TPR spectra ofFigs. 4 and 5. This dif-
ference reflects the fact that it is difficult to reproduce a C
film with exactly the same thickness in the preparation of
initial surface. The values of∆ andΨ in Fig. 4 indicate that
the sample atT = 650 K is already close to a completely r
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duced metallic state. The lower reactivity of the metallic st
indicates that the most active state of the surface is not a c
pletely reduced copper surface, but rather a surface that
contains some oxygen.

4. Discussion

4.1. Activity of oxide phases versus metallic copper

The initial motivation for this study was to conduct e
periments in an intermediate pressure range between th
mospheric pressure and the low-pressure conditions of
UHV studies. The rise in pressure from the previously app
10−5 to 10−2 mbar involved a strong modification of the ori
inal single crystal Cu(110) sample; consequently, oxide for
tion and a strong visible roughening of the surface occur
Apparently, in the system investigated, the pressure gap p
lem cannot be really separated from the material gap prob
because a change in pressure automatically also modifie
substrate.

The kinetics that we measured here are qualitatively com
ible with the low-pressure data obtained with the same Cu(1
sample[38,39]. According to the previous results, the low
temperature reactivity peak around 500 K should vanish bey
10−3 mbar, and this was the case for the metallic copper
face, as shown inFig. 2.

A surprising result of this study was the high reactivity of t
oxidized surfaces. Over most of theT range, a high selectivity
toward formaldehyde was maintained despite the availabilit
a large oxygen reservoir. This high reactivity of the oxidiz
samples does not contradict the results of Schlögl et al.,
connected the active surface with a metallic state, becaus
experiments are transients, whereas in the steady-state c
tions under which the near edge X-ray absorption fine struc
(NEXAFS) and XPS experiments were carried out, the sur
oxides would not persist[9–14,16].

Nevertheless, our experiments seem to indicate that o
surfaces are more reactive than a metallic copper surfac
suggested by the correlation between the high rates and th
sual impression of a colored surface (seeFig. 3). However, we
must be aware that even if the first 10 or 100 layers of ox
were reduced to a metallic state before or during the igni
of the reaction, then the visual impression would still be t
of an oxidized sample. Ellipsometry is in principle a surfa
sensitive technique shown to be sensitive to adsorbates i
submonolayer range. But one must keep in mind that if
bulk properties were modified simultaneously, then the sig
variations would be dominated by these latter changes,
accordingly, surface modifications would be difficult to dete
The high reactivity seen in the black or red samples thus c
be due to a partially reduced surface on top of a thick ox
layer. This would be in line with the general observation t
perfect oxide surfaces are typically quite unreactive.

TPD experiments after methanol adsorption on Cu2O and
CuO powder samples gave a quite different product distribu
than what we observed here[46]. Both oxide surfaces yielde
CO2 and H2 as main products in the TPD experiments, a fact
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tributed to formation of formate as an intermediate species.
nealing the CuO powder at 800 K in vacuum produced a th
Cu2O outermost layer. The reduction toward Cu2O was pre-
vented when the annealing was done in an oxygen atmosp
On both CuO and Cu2O/CuO surfaces, primarily total oxidatio
was observed in the TPD experiments, with the total ox
tion more pronounced in the completely oxidized sample w
a CuO surface. Annealing the Cu2O powder sample in UHV a
770 K caused the formation of an outermost metallic Cu la
on top of Cu2O [46]. Therefore, it is not surprising that such
sample exhibited nearly the same reactivity as metallic Cu
faces in TPD experiments.

The thermal stability of the Cu oxides or Cu oxide film
depends to some extent on their preparation, that is, o
thickness, crystalline order, presence of impurities, and
tory [46–50]. The different preparation conditions mainly affe
the kinetics of the reduction process. Similar, but less w
pronounced, effects have been reported for the oxidation k
ics [51].

In particular, Lee et al.[47] reported that for fully oxidized
Cu films, CuO starts to decompose into Cu2O during anneal-
ing in vacuum at 473 K, in accordance with measurement
CuO powder samples[49]. This temperature is very similar t
the measured ignition temperature of the reaction in our ex
iments. In contrast, in another study[48], the transformation
of CuO into Cu2O was found to start at a considerably high
temperature (573 K). The CuO→ Cu2O transition appears t
be completed at 573–673 K[47,49]. The subsequent vacuu
decomposition of Cu2O to metallic copper does not start b
low T = 573 K [48]; onset temperatures for this process
between 673 and 700 K[47,49].

The decomposition temperatures have been shown to be
different on a partially oxidized Cu film, where no traces
CuO were found above 380 K. The complete reduction of Cu2O
to metallic copper was already completed above 573 K[47].

The decomposition of CuO can occur via the reaction Cu+
Cu→ Cu2O. This reaction is exergonic at 298 K[47] and be-
comes more exergonic at elevated temperatures, wherea
decomposition of CuO via the thermal desorption of O2 ac-
cording to CuO→ Cu+ 1

2O2 is highly endergonic and require
temperatures beyond the range of our experiments. In con
the reduction of CuO with methanol is highly exergonic (
oxygen being not too excessive in methanol/oxygen mixtur
Therefore, under our reaction conditions, the surface of C
will be reduced quite rapidly by methanol, whereas the fore
ing synproportionation to Cu2O will take place at the CuO/C
bulk interface. The CuO phase will thus be sandwiched betw
two Cu2O layers of different thickness, as was determined
perimentally in the temperature range 500–530 K.

4.2. The role of subsurface oxygen

Recent in situ NEXAFS spectroscopy and XPS experim
with polycrystalline Cu samples in the mbar range dem
strated that the surface of the copper catalyst is metallic i
active state[9–14,16]. However, the same NEXAFS study d
tected a new suboxide species in reaction conditions. NEX
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probes the outermost∼500 Å of a solid and thus in princi
ple provides a bulk characterization. To be surface sens
in situ high-pressure (mbar range) XPS was applied. With
technique, new oxygen adsorption states were identified an
signed to oxygen located in the subsurface region[13,14,16].

A point that should be considered more closely is the ass
ment of the O 1s state at 530.4 eV to subsurface oxygen[16].
Oxygen in Cu2O has the same binding energy, but based
the fact that the copper surface is still metallic and due to
photon variation experiments, this state was assigned to
surface oxygen. In the light of the finding of Poultson et
that a thin metallic Cu layer sits on top of Cu2O after anneal-
ing beyond 770 K in vacuum, a more heterogeneous sur
composition also should be considered. Moreover, a spat
nonuniform surface, consisting of metallic Cu and Cu2O, also
perhaps should be taken into account. Irrespective of the e
identification of the O state at 530.4 eV reported earlier[16],
a suboxide species seems to be necessary to optimize th
alytic activity of the copper surface.

Our measurements are not sensitive enough to confirm o
ject the participation of subsurface oxygen in the reaction. H
ever, if such a species exists, it should form at the metal/o
interfaces of the oxidized samples as a precursor to the ch
cal transformations that occur in our system. The high react
that we observe might be due at least partially to the pres
of this species. Clearly, further in situ studies with surfa
sensitive techniques are needed to clarify this point.

4.3. Morphological changes

Quite generally, surfaces are modified by a catalytic re
tion, with the extent depending on the reaction conditions
the reaction system. As shown inFig. 3, the case of selectiv
methanol oxidation demonstrates a quite dramatic effect.
oxidation of an originally flat surface causes a visible rou
ening on a≈100-µm scale as CuO is formed, but the surf
becomes flat again as the sample is reduced by methanol
ide formation on copper surfaces in a tarnishing process
classical problem in solid-state chemistry. The basic prob
to be solved is that of the mass transport of oxygen and cop
as outlined in some paradigmatic papers by Wagner[52,53]. On
a microscale, stepped Cu surfaces have been shown to un
faceting during exposure to oxygen[54].

The role of oxides in methanol oxidation over copper
been discussed not only because of their potential contribu
to the overall activity, but also because the oxide/Cu inter
has been made responsible for the strain in the metallic ph
which supposedly enhances the catalytic activity[55]. The mass
transport of Cu that occurs as the copper oxide is reduced m
generate unstable and reactive configurations, and if stress
is not fast enough, strain will build up, leading to a catalyst w
a different reactivity, as shown in recent quantum chemical
culations[56,57]. It can be speculated that this mass transp
of Cu is responsible for the reactivity peak slightly above 50
shown inFig. 3. Because a restructuring of the Cu surface w
facilitate penetration of oxygen into the Cu bulk region, the f
mation of subsurface oxygen is probably intertwined with
,
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morphological changes induced by the reaction on the cata
surface. Both processes are favored by oxide formation, so
ultimately various properties are probably more or less ins
rably connected.

5. Conclusions

We compared the reactivity of a metallic Cu sample w
strongly oxidized Cu samples in the 10−2 mbar range using in
situ ellipsometry to monitor changes in the chemical comp
tion in the near surface region. The kinetics that we measur
the TPR experiments are transients, because the oxidized
face is reduced during the TPR experiment, finally resultin
a metallic surface. Our main observations and results ca
summarized as follows:

1. The reactivity of the oxidized surfaces is higher than
of a metallic copper surface, whereas the fairly high
lectivity to formaldehyde is maintained over most of t
parameter range. We conclude that the chemical ch
from CuO over Cu2O to metallic Cu has a strong bene
cial effect on the reactivity of the sample.

2. A direct indication of what might stimulate the reactiv
of the surface is given by photographic images demons
ing a dramatic roughening/flattening of the surface d
ing the TPR experiment. Apparently, the restructuring
the surface during oxidation/reduction creates very reac
surface configurations that appear as transients of hig
activity in the rate measurements.

3. The ellipsometric data demonstrate that the reduction o
oxidized surfaces proceeds through sandwich structur
the chemical composition in which initially CuO and lat
Cu2O are sandwiched between more reduced phases
forming the interface to the Cu bulk and the other repres
ing the surface layer. Accordingly, at around 500 K, C
is sandwiched between two Cu2O layers, and at aroun
600 K, a Cu2O phase is sandwiched between metallic
on both sides.

Clearly, a detailed microscopic picture of the atomic con
urations responsible for the high reactivity cannot be given
the basis of our data; that is, whether it is strain or subsur
oxygen or a combination of both is not clear. This requires
ther in situ studies with suitable surface analytical tools. W
the data do convincingly demonstrate, however, is that the
namics of the reaction system are quite high at 10−2 mbar
and that the high reactivity that we observe is probably cau
largely by these dynamic changes in surface chemical com
sition and morphology.
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