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Abstract

The adsorbate species present during partial oxidation of methanol on a Cu(110) surface have been investigated in the 10 mbar range with in
situ x-ray photoelectron spectroscopy (XPS) and rate measurements. Two reaction intermediates were identified, methoxy with a C 1s binding
energy (BE) of 285.4 eV and formate with a C 1s BE of 287.7 eV. The ¢(2x2) overlayer formed under reaction conditions is assigned to formate.
Two states of adsorbed oxygen were found characterized by O 1s BE’s of 529.6 and 528.9 eV, respectively. On the inactive surface present at
low T around 300 — 350 K formate dominates while methoxy is almost absent. Ignition of the reaction correlates with a decreasing formate cov-
erage. A large hysteresis of ~ 200 K width occurs in T-cycling experiments whose correlation with adsorbate species was studied with varying
oxygen and methanol partial pressures. The two branches of the hysteresis differ mainly in the amount of adsorbed oxygen, the methoxy species
and a carbonaceous species. Methoxy covers only a minor part of the catalytic surface reaching at most 20%. Above 650 K the surface is largely

adsorbate free.

1. Introduction

The catalytically important partial oxidation of
methanol to formaldehyde over copper surfaces is linked to
key mechanistic steps in several technologically processes
as the methanol synthesis from “syngas” over Cu/ZnO
catalysts, and methanol steam reforming over Al,O; sup-
ported Cu/ZnO."® Although high formaldehyde yields can
be obtained using copper as catalyst, silver is still mainly
used in industry.

Low pressure single crystal studies focussed on char-
acterizing the role of methoxy and formate intermediates
during the catalytic reaction.”'¢ Different in situ techniques
were applied in order to identify the active surface phases
on polycrystalline Cu at higher pressure (mbar range).'”*
Cu(110) surfaces were investigated with temperature-
programmed desorption (TPD), molecular beam tech-
niques, low energy electron diffraction (LEED), x-ray pho-
toelectron spectroscopy (XPS) and scanning tunnelling
microscopy (STM)."810-1215:2730 These techniques were
typically applied under non-stationary conditions using
sequential dosing and temperature-programmed experi-

ments. Despite the characterization of ordered adlayers of
reactive intermediates , the (5x2)-methoxy and a c(2x2)
with STM and LEED, it remained unclear to what extent
these structures really determine the reactivity of the
Cu(110) surface.'™'>*? Furthermore, the assignment of
the ¢(2x2) to an adsorbate, i. e. the question whether it is a
methoxy or a formate structure has been discussed contro-
versially in the literature.'>*"*** In a recent study of the
stationary reaction kinetics on Cu(110) we showed that
below 10 mbar range a pronounced low temperature reac-
tion peak occurs between 400 and 500 K. A second about
equally high reactivity maximum occurs at T > 800 K. In
the whole temperature regime the CO, formation rate is
very low, about 100 times smaller than the formaldehyde
production rate. A rate hysteresis is found upon cyclic tem-
perature variation associated with different adsorbate cov-
erages on the two branches.*

The aim of the present in situ XPS study was to char-
acterize and quantify the adsorbate layer on Cu(110) sur-
face during stationary reaction conditions in order to relate
the different adsorbates and ordered overlayers to the reac-
tivity of the Cu(110) surface.
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2. Experimental

The experiments were performed at the undulator
beamline U49/2-PGM1 at the synchrotron radiation facility
BESSY in Berlin in a specially designed differentially
pumped XPS system. In this setup X-rays are admitted to
the experimental cell through a 100 nm thick SiN, window,
where they illuminate the sample surface. The emitted pho-
toelectrons enter a differentially pumped electrostatic lens
system and are focused on the entrance slit of a standard
electron energy analyser, where high vacuum conditions
are maintained by a further pumping stage. The setup al-
lows tuning the total pressure in the reaction cell between
107 mbar and 1 mbar. The reaction products were moni-
tored with the help of a differentially pumped quadrupole
mass spectrometer (QMS). In agreement with our recent
experiments® formaldehyde is always the major product.
The CO, formation rate is always ~ 100 times lower than
the formaldehyde production. In this study, the cracking
patterns of the different gases of importance were not re-
corded and the QMS signal intensity was not calibrated to a
true particle flux as in ref.”, but the intensity of mass 30,
indicative for formaldehyde in the gas phase, was moni-
tored applying identical measurement conditions so that the
formaldehyde production rate within the performed ex-
periments can be compared relatively on a scale of arbitrary
units.

The sample temperature was varied with the help of
an infrared laser heating system in the range between 300 K
and 800 K. Typical heating ramps of 5 K/min were used. A
Cu(110) single crystal was used as catalyst. It was mounted
onto a temperature-controlled sample stage in the experi-
mental cell. The partial pressures were adjusted using leak
valves.

Since the UHV system was also operated as a flow
reactor up to a pressure of 1 mbar only a base pressure of
10 mbar was reached typically, because the system was
not baked between high pressure applications. Therefore,
water from the chamber walls as the main residual gas
component prevented a lower base pressure. A clean
Cu(110) surface was obtained by sputtering and annealing
to 870 K. The surface could be kept C-free applying p(O,)
> 107 mbar at T > 470 K. In order to calibrate the adsorbate
coverage the Cu surface was exposed to oxygen at T > 520
K. The oxygen pressure was increased until the O 1s inten-
sity saturated at a typical pressure up to p(O,) ~ 5x107
mbar. The dramatic drop of the O-sticking coefficient when
increasing the O-coverage from 0.5 ML of the O-(2x1)
adlayer to the 0.67 ML of the O-c(6x2) adlayer should re-
sult in the observed oxygen saturation effect.*® Therefore,
we use the O 1s saturation intensity level as the reference
for 0.5 ML. The reproducibility was tested by following the
O 1s: Cu 3p intensity ratio obtained in different calibration
experiments. This ratio stayed constant within an error of
17 %. We want to point out that we cannot calculate a do-
sage, because the adjusted oxygen pressure fed a clean-off
reaction on the Cu(110) surface of unknown rate.

The C 1s spectra were calibrated by making use of
the fact that formate and methoxy contain both, C and O
atoms. Assuming that the photoelectron yield per O atom in
the corresponding molecule equals the one of O,q, the cov-
erage of formate and methoxy was calculated by comparing
the O 1s peak intensities. Finally, referring to the measured
C 1s intensity to this calibration led to a proportionality of
the C 1s intensity and the corresponding coverage of C
containing molecules, which was also used to calculate the
coverage of the (O-free) CH, species evidenced on the Cu-
surface. This calibration is accurate within ~ 20% as evi-
denced by comparing the results of different measurements.
A systematical error due to eventual photoelectron diffrac-
tion effects cannot be excluded, but seems to be small,
because - as will be seen further below - applying the de-
scribed analysis to an inactive, fully adsorbate covered
surface always yielded a total coverage of ~ 1 ML. The C
1s and O 1s peak shapes were fitted by Doniach Sunjic
functions. For O 1s a Lorentzian width of 0.1 eV and an
asymmetry of 0.12, for the C 1s peak a Lorentzian width of
0.1 eV and an asymmetry of 0.1 were used. The energy
resolution of the experiment was ~ 0.30 eV at a photon
energy of 465 eV (used for the detection of C 1s) and ~
0.45 eV at a photon energy of 710 eV (used for the detec-
tion of O 1s).

Apart from the already discussed adsorbates a small
amount of Si and S accumulated on the Cu(110) surface
within a day or two during reaction conditions, visible by a
Si 2p and a S 2p intensity just above detection limit. Paral-
lel to the occurrence of the Si 2p peak an O 1s component
at 531.0-531.8 eV binding energy was distinguishable in
the spectra and could be fitted as a separate component.
The corresponding coverage was determined by using the
above outlined O 1s calibration. We attribute the Si 2p and
the corresponding O 1s component to a SiOx contamina-
tion, which fits well to the determined O 1s binding ener-
gy.>"*® The SiO, and the sulfur contamination were readily
removed by sputtering every one or two days. The SiOx
coverage never exceeded 0.08 ML. On the time scale of the
experiments (< 3 hours) the SiOx coverage remained con-
stant. It is still unclear, where the Si contamination resulted
from. Eventual segregation from the bulk of the Cu sample
is a possible process. On the other hand, it has been found
that the Si contamination increased dramatically when the
total pressure was raised into the mbar range. Whether the
pressure increase enhanced segregation or initiated Si mass
transport through the gas phase could not be clarified.
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3. Results
3.1. Identification of adsorbates in XPS
3.1.1. Oxygen adsorption

Figure 1 shows the O 1s calibration spectra for 0.5
ML oxygen coverage generated by exposing the Cu(110)
sample to p(O,) = 5x107 mbar at T = 520 K and 770 K.
Each O 1s spectrum consists of two components, the main
component, Oy 4, at 529.6 eV and a smaller one, Oy p, at
528.9 eV binding energy. O 1s spectra at different tempera-
tures reveal that the low binding energy component in-
creases at higher temperature at the expense of the high
binding energy species. The existence of the described
components is evident when comparing the original data as
visible in the upper panel of Fig. 1. We assign the O, ,
component to O-atoms inside the (2x1)-O adlayer, where
they are bonded to two Cu atoms in the [001]-oriented O-
Cu-O chains of the added row reconstruction. The Ogq
species might be associated with oxygen at defect sites, a
disordered oxygen phase or with differently coordinated
oxygen atoms in the (2x1)-O layer as it is the case for oxy-
gen at the perimeter of the (2x1)-O islands. The finding that
the intensity of the O,q4 , species increases with temperature
supports the latter possibilities (see below).

The assignment of different O 1s binding energies to
different oxygen species is still controversial in the litera-
ture. Bluhm et al. found in in situ XPS experiments at = 1
mbar two O s states on polycrystalline Cu, one at 532.0
eV and a second one at 530.4 ¢V.** Based on a depth-
profiling experiment by variation of the photon energy they
assigned the lower-lying oxygen state to subsurface oxy-
gen. In an similar XPS study Buktiyarov et al. attributed the
state at 529.8 eV to chemisorbed oxygen and the peak at
531.2 eV to a Cu suboxide.”** The term suboxide refers to
the Cu/O stochiometry and thus comprises subsurface oxy-
gen. Due to the smallness of the signal intensity of the O,
component found in our experiment, we did not attempt to
analyze its intensity change with varying photon energy.

3.1.2. Reaction intermediates and characterization
in XPS

In the partial oxidation of methanol over copper a
methoxy, CH;0,4, and a formate intermediate, HCOO,,,
have been identified. Coadsorption of methanol and oxygen
at 300 K and 10”7 mbar was found to lead to a (5x2) or-
dered ad-structure of methoxy on Cu(110).>2%** Depending
on the mixing ratio and on the adsorption time either a pure
(5x2) pattern or a (5x2) layer coexisting with an (2x1)-O
structure develops. Increasing the total pressure to 107
mbar causes the transformation into a ¢(2x2) structure. One
aim of this study was to characterize the adsorbate layer
under co-dosing conditions, in order to decide the lasting
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Fig. 1: Characterization of the oxygen species under reaction con-
ditions by in situ photoelectron spectroscopy of the O 1s core level.
Top: O Is spectra obtained by O, adsorption at T=520 K and T=
770 K with p(0,)=5x10" mbar. Middle and bottom: O 1s peak fits
of the top spectra containing an O,q , component at 529.6 eV and a
smaller one, Oy b, at 528.9 eV.

debate, whether the c(2x2) is due to a formate or a methoxy
species, 12273032

The two lower panels a) and b) of Fig. 2 show the O
Is and C 1s spectra obtained under stationary conditions
close to room temperature, where no formaldehyde produc-
tion occurs. (A reaction rate is detectable at T > 390
K).Two different methanol partial pressures p(CH;0H), at
5x10° mbar and 2x10° mbar were applied, keeping the
mixing ratio (MR) p(O,):p(CH;0H) constant at ~0.3:1.
Apparently different adsorption species are dominant on
the surface depending on the total pressure. Formate, me-
thoxy and O,4 species as well as two C-species which could
not be assigned to any of the known intermediates can be
identified. We attribute these C-species to CH,(x=0-3)
adsorbates, because their corresponding C 1s intensity does
not correlate to any of the observed O 1s components and
because of the fact that the corresponding C 1s components
can even be found on the surface while almost no O 1s
intensity is recorded. In the following, we will call them
CH,_, and CH, . They may be formed as side products of
the reaction but they might also comprise contaminants
originating from the residual gas. tThe combined coverage
of these two C-species could be held below 0.5 ML even on
the non-reacting surface. At 320 K, p(CH;OH)= 2x10
mbar and a MR of p(O,):p(CH;0H) ~0.3:1, a mixture of
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Fig. 2:Characterization of the adsorbate species on Cu(110) by in situ photoelectron spectroscopy of the O 1s and C 1s core levels. Spectra (a)
and (b) represent a stationary state of the surface. Spectra (¢ — ¢) were recorded while the reaction conditions were varied and therefore these
spectra are transients. The separation into two sets of experiments is marked by a horizontal bar in the figure.

a,b) Effect of total pressure on the adsorbate distribution under stationary reaction conditions at low temperature. A fixed MR = p(O,):p(CH;OH)
~ 03:lwas wused: a) T = 320 K, p(CH;OH= 2x10° mbar b) T = 350 K, p(CH;OH)= 5x10° mbar.
c-¢) Development of the adsorbate distribution of an O,q covered Cu(110) surface in a methanol rich gas atmosphere with p(CH;OH) = 1.4x10™®
mbar and MR = p(0,):p(CH;0H) = 0.14:1 before and after short annealing to 450 K: c) at 350 K before annealing the O, covered Cu(110)
surface, (d) at T=410 K during cooling down after annealing and (¢) during cooling down at T= 350 K.

Table 1: XPS binding energies (BE) for O,q, formate and methoxy found on Cu(110).

formate: methoxy O, Ref.
BE [eV] BE [eV] BE [eV]
O 1s Cls O ls Cls O 1s
Cu(110) 530.8 286.2 530.0 (£0.2) i
Cu(110) 531.6 288 530.9 285.5 529.8 8
Cu(110) 531.4 288.1 530 8
Cu(110) 530.4 287.9 530.7: O-(2x1) ®
529.5: O-c(6x2)

Cu(poly) 531.5 287.7 530.1 285.2 529.7 z
Cu(110) 531.0 287.7 530.2 285.4 529.6 (a), 528.9 (b) This study*

* In addition, two CH, (X=0-3)species were found: CHj , at 284.2 eV and CHj , at 283.3 eV.
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0,4, formate and methoxy adsorbates is present on the sur-
face as demonstrated by Fig.2a. The determined binding
energies of the different adsorbate species are summarized
in Table 1, where literature data are included for compari-
son. As evidenced by the reaction rate the Cu(110) surface
of Fig. 2a is not reactive.

Upon increasing p(CH;0H) to 5x10° mbar with a
fixed MR = p(O,):p(CH30H) = 0.3:1 at T = 350 K the for-
mate coverage increased on cost of methoxy as shown by
Fig. 2b. At 350 K the Cu(110) surface is still inactive as
judged from the reaction rate. Since LEED shows that a
c(2x2) is generated under these conditions this c¢(2x2) evi-
dently represents an ordered formate phase.’* This assign-

31-33,39

ment agrees with refs. and is in contradiction to the

conclusions of refs.'>?’, where a methoxy species has been
proposed as building unit of the ¢(2x2). The reason for this
discrepancy can be sought in the fact that STM probes a
small area and therefore STM images showing a methoxy
phase with c¢(2x2) symmetry might represent a minority
phase. Furthermore, the contradictive data in the literature
might originate from the sensitivity to the total pressure
which determines whether a c(2x2)-formate or a (5x2)-
methoxy layer is formed on the Cu(110) surface. A c(2x2)-
adlayer was observed during co-dosing only at p > 10
mbar, with the same gas mixing ratio but at lower total
pressure a (5x2) overlayer develops.**

In order to improve the quality of the O 1s and C 1s
fits a high methoxy coverage was required since the corres-
ponding peak usually was masked by the O,y , and the
CH, , peak respectively. Therefore, the following proce-
dure was used characterized by the transient XPS data in
Fig. 2c-e. An oxygen pre-covered surface was annealed to
450 K and subsequently cooled down in a methanol rich
atmosphere (p(CH;0H) = 1.4x10° mbar and a MR =
0.14:1). The corresponding C 1s and O 1s spectra repro-
duced in the top three panels of Fig.2 show that initially the
0,4 layer (Fig. 2c) was reactively removed by methanol
(Fig. 2d). After some time during cooling down, a signifi-
cant amount of formate and methoxy species developed
resulting in well separated peaks at 350 K as demonstrated
by the corresponding C 1s and O 1s spectra in Fig. 2e. The
different reaction intermediates on the surface are thus well
characterized.

3.2. Surface reactivity and adsorbate coverages

Figure 3 displays the formaldehyde production rate
(top panel) together with the adsorbate coverages (lower
two panels) as determined from in situ XPS during a TPR
experiment. A methanol partial pressure of p(CH;OH) =
5x10" mbar was chosen with a mixing ratio MR = 0.6:1.
Besides the adsorbates O,4, methoxy and formate also the
species CHy ,, CH, , and SiO,.were monitored. The cove-
rages in Figure 3 are absolute coverages of molecules per
surface atom calculated in monolayers (ML), where 1 ML
corresponds to the number of Cu surface atoms on the non-
reconstructed Cu(110) plane. The surface area covered by

an adsorbate differs from the coverage, since the adsorbate
layers have different densities. The (5x2)-methoxy layer is
thought to have an adsorbate coverage of 0.4 ML,'’ whe-
reas the (2x1)-O layer ideally hosts an oxygen coverage of
0.5 ML.***! Similarly, the c(2x2)-formate also corresponds
to 0.5 ML.*”

The fact that a total coverage of slightly below 1 ML
is reached requires that at least some adsorbates must coad-
sorb in the same area, i. e. they have to occupy different
adsorption sites. One can suspect that some of the CH,
species adsorb inside the ordered oxygen and methoxy
phases. Since each formate molecule is bonded to two Cu
surface atoms coadsorption within the formate covered area
appears unlikely. If we assume that irrespective of the de-
gree of ordering the adsorbate density remains approx-
imately the same, we can calculate the fraction of the
surface, which is covered by the different ad-species from
the known densities of the ordered overlayers. The result-
ing diagram is displayed in the lowest panel of Figure 3.
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Fig. 3: Relation between adsorbate coverages and reactivity during
heating up. Top: formaldehyde production rate. Middle: adsorbate
coverages in ML. Bottom: fraction of the surface covered by the
different adsorbates (see text).

Experimental conditions: p(CH;OH) = 5x10° mbar, MR =
p(O2):p(CH;0H) = 0.6:1. A heating rate of 5 K/min was used.

A striking fact of Figure 3 is that even with methanol
being in excess almost no methoxy is found on the unreac-
tive surface present below 390 K. Instead, the subsequent
oxidation product, formate, is the dominant adsorbate spe-
cies. A similar situation was already reached applying even
a more methanol rich gas mixture with a MR = 0.3:1 at a
methanol pressure of 5x10° mbar as demonstrated in Fig.
2a. Upon ignition of the reaction at & 400 K the formate
concentration on the surface drops, and the formaldehyde
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production rate accelerates to its low temperature peak.
One can suspect that it is the liberation of vacant sites pro-
vided by formate decomposition which is responsible for
the rise in catalytic activity. At slightly higher temperature
some of the free surface is covered by methoxy but most of
it is filled by O,4 and the reaction is blocked. Temperatures
above 500 K are required to ignite again the reaction.

The reason why the surface becomes deactivated in
the intermediate temperature range of 430 - 490 K is that
the surface is filled with chemisorbed oxygen, which at
high coverage inhibits the reaction. At these temperatures
no formate is present any more on the surface, whereas the
methoxy species is detectable up to 650 K. Over the rela-
tively broad temperature range from 410 — 650 K methoxy
and O,q coexist. Above 650 K only oxygen is present on
the surface, but now the O,q p species dominates.

One particular feature visible in Fig. 3 should be ex-
plained, which originates from an experimental artefact. At
530 K a drop in the formaldehyde production takes place
accompanied by an increase of C species. At this tempera-
ture the ramp was stopped for 40 min in order to wait for
the following injection at the beamline. During this time the
oxygen partial pressure dropped slightly (< 10 %), which
resulted in an increase of the CH, , and CH,_j, species.

The above results can be summarized as follows:

1) At 300 K the Cu(110) surface is inactive and com-
pletely covered by adsorbates.

2) Formate is the most prominent carbon containing ad-
sorbate of methanol oxidation on this inactive surface.

3) Ignition of the reaction at = 400 K correlates with a
decay of the formate concentration.

4) The deactivation of the surface between 430 K and
490 K is caused by surface poisoning with a high cov-
erage of adsorbed oxygen.

5) The methoxy species always covers only a minor frac-
tion of the surface. This species is detectable at tem-
peratures between =~ 410 K and 650 K.

3.3. Hysteresis Effects

Figure 4 displays the coverages and the formalde-
hyde production rate during a temperature cycle under sta-
tionary reaction conditions. The associated LEED patterns
determined in a separate experiment under similar condi-
tions are included in the plot. As noted before in rate, Au-
ger and PEEM intensity measurements a wide hysteresis
exists in the reaction rates associated with a corresponding
hysteresis in the adsorbate coverages.** While the data in
ref.* allowed no precise identification of the adsorbates
now qualitative and quantitative information is available.

Qualitatively the course of the rate hysteresis remains
similar to ref.** which shows that the influence of the addi-
tional carbon species CHy , and CH, j is of minor impor-
tance. The main difference between the heating and the
cooling branch is that the adsorbate coverage on the heating
branch is much higher than on the cooling branch. In par-

ticular, chemisorbed oxygen and the methoxy species reach
a substantial coverage only during heating up. The amount
of the formate species which dominates at low temperature
does not exhibit a large difference between heating and
cooling. When we take a look at the coverages in the dip of
the reactivity during heating up, we see that a large oxygen
coverage is present in this dip which does not exist on the
reactive cooling branch. Apparently a large oxygen cover-
age has a poisonous effect on the reaction.
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Fig. 4: Connection between the hysteresis in the reaction rate and
the adsorbate coverage. The hysteresis in the formaldehyde pro-
duction observed upon T-cycling is displayed in the third panel
from top. The panels above and below represent the adsorbate
coverages associated with the heating and cooling branch, respec-
tively. The top panel summarizes the LEED observations during a
T-cycle.

Experimental conditions: p(CH;OH) = 5x10° mbar, MR =
p(0,):p(CH;0H) = 0.6:1. The heating and the cooling ramp were
performed applying a constant temperature variation of 5 K/min.

LEED evidences a sharp (2x1) pattern during the
cooling branch of the TPR experiment, while only weak
(2x1) spots are visible during up-ramping.** From the oxy-
gen coverages one would intuitively just expect the oppo-
site correlation, i.e. the sharp (2x1) pattern during heating
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Fig. 5: Influence of the mixing ratio on the adsorbate coverages and reactivity of the surface. The top panel represents the formaldehyde produc-

tion for different mixing ratios; the lower panel displays the adsorbate coverages on the cooling branch of the hysteresis. Note that a higher cool-

ing rate of an estimated 100 K/min at temperatures above ~ 500 K was applied. Experimental conditions: p(CH;O0H) = 5x10° mbar, MR =

p(0,):p(CH;0H) as indicated.

up. We therefore have to conclude that during heating che-
misorbed oxygen is either mostly disordered or ordered in
quite small O-(2x1) islands. During cooling the oxygen
coverage is much smaller but the oxygen is well ordered in
large (2x1)-O islands. We also note that at intermediate
temperatures the oxygen species belonging to O,q., is near-
ly only present during heating up while this species is al-
most extinguished during cooling down. At first sight this
is consistent with the different size of the oxygen islands
during heating/cooling if we associate the O, species
with oxygen at the perimeter of the (2x1)-O islands or a
disordered oxygen phase.

In a separate experiment, we repeated the experiment
of Fig. 4, with the cooling speed increased to roughly 100
K/min for temperatures above ~500 K. The distribution of
coverages remained almost the same with the exception of
0,4, Where the coverage between 490 K and 560 K was
about twice as high as with the slow cooling. We attribute
this to the fact that large O-(2x1) islands develop at high
temperature which contain only a relative small portion of
active oxygen atoms at the perimeter and therefore survive
as metastable structures during cooling down.

Figure 5 displays the coverages for all ad-species and
the formaldehyde production rate during temperature
down-ramping for varying ratios of p(O,):p(CH3OH). The
methanol partial pressure in these experiments was kept
fixed at p(CH;OH) = 5x10° mbar while only the oxygen
content was varied. A significantly higher cooling rate than
5 K/min (up to 100 K/min) was applied at temperatures

above ~ 500 K. To a certain degree the measured coverages
in this part are therefore transient but qualitatively, the
influence of the different ratios p(O,):p(CH;O0H) is never-
theless well visible. Clearly, a high oxygen coverage corre-
lates with a low catalytic activity but also a very low
oxygen content causes a loss in activity so that a certain
optimum mixing ratio exists which, according to Fig. 5 is
around p(O,):p(CH30H) = 0.6:1. Furthermore, the decay of
the activity at low temperature is, in all cases, accompanied
by the development of formate on the surface. Even when
the oxygen content is very high, at p(O,):p(CH;0H) = 1.7:1
a tiny amount of formate can be observed at 380 K.

Figure 6 displays the hysteresis in reaction rate and cove-
rages for methanol-rich gas with a mixing ratio
p(0,):p(CH;0H) = 0.3:1. Again, between 800 K and 480
K, temperature down-ramping was performed with a fast
rate of = 100 K/min. Therefore, the corresponding part of
the curves does not represent a true steady state. Compared
to the oxygen rich mixtures the oxygen coverage is now
rather small and the amount of carbon species CHy , and
CH, ;, accordingly quite high. As before, we note a broad
hysteresis but the low-T reactivity peak during heating up
is now largely suppressed and the reactivity of the cooling
branch is generally larger than on the heating branch. On
the heating branch we observe a substantial amount of me-
thoxy up to 600 K, while this species is nearly completely
absent on the cooling branch. The general trend is the same
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Fig. 6: Hysteresis with a methanol rich gas mixture. The formalde-
hyde production is displayed in the middle panel. The panels above
and below represent the adsorbate coverages associated with the
heating and cooling branch, respectively.

Experimental conditions: p(CH;OH) = 5x10° mbar, MR =
p(02):p(CH;0H) = 0.3:1. Heating rate during annealing: 5 K/min,
during cooling: ~ 100 K/min for T > 500 K.

as before. We observe a broad hysteresis that is associated
with different total coverages but the adsorbate now con-
sists mostly of carbon containing species and very little
oxygen.

For an oxygen rich gas mixture adsorbate coverages
together with the reactivity are displayed in Fig. 7, showing
a T-cycle for a methanol partial pressure of 5x10 mbar
and a mixing ratio p(O,):p(CH;0H) = 1:1. As expected, the
oxygen coverage is now substantial on both branches of the
T-cycle. As in the experiments displayed in Figs. 5 and 6,
the cooling was performed at a higher rate. The broad hys-
teresis occurs associated with a different adsorbate distribu-
tion on the heating and cooling branch. Due to a slight
increase of the oxygen partial pressure between heating and
cooling, the oxygen coverage at the beginning of the cool-
ing experiment is enlarged compared to the coverage at the
end of the heating branch. This is probably the reason for
the reduced reactivity during cooling. After formate de-
composition ignites the surface reaction upon heating, a
pronounced oxygen poisoning follows. As before, the me-
thoxy species is only a minority species as long as formate
is present. However, on the heating branch the methoxy
species survives the formate becoming the only interme-
diate above 470 K where it is detectable up to 560 K.
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@ formate
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coverage [ML]
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@

8
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Fig. 7: Hysteresis with an oxygen rich gas mixture. The formalde-
hyde production is displayed in the middle panel. The panels above
and below represent the adsorbate coverages associated with the
heating and cooling branch, respectively.

Experimental conditions: p(CH;OH) = 5x10° mbar, MR =
p(0,):p(CH;0H) = 1:1. Heating rate during annealing: 5 K/min,
during cooling: ~ 100 K/min for T > 500 K.

4. Results

4. 1. Mechanism

Two competing reaction channels to formaldehyde
formation via H, formation and without H, production can
be formulated

@) 4 CH;0H + O, — 4 CH,0 + 2 H,+2 H,0,
520K<T<750K
2) 2 CH;0H + O, — 2 CH,0 + 2 H,0, T>750K.

In order to account for the two experimentally de-
termined intermediates, methoxy and formate, the follow-
ing skeleton mechanism has been suggested, e.g. *:

(R1) CH;0H,4 + O, = CH30,4+ OHyq
(R2) CH;0,4 > H,CO,y+ Hyy > H,CO+ Hyy

(R3a)  CH;Ou+ O, — HCOO,q + 2H,g
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(R3b) H,CO,q+ O, > HCOO,4 + Hyy

(R4)  HCOO, —> CO, + Hy

Formate via reaction partway (R3b) is unlikely due
to the low adsorption energy of CH,O which causes a prac-
tically immediate desorption of this species. Quantum
chemical calculations yield a value of ~ 0.63 ¢V.* All hy-
drogen abstracting steps can in principle formulated as
dehydrogenation or as oxidation through direct interaction
with chemisorbed oxygen or an OH species. At low tem-
perature (T < 400 K) the intermediates form two ordered
overlayers, (5x2)-methoxy and a c(2x2) whose assignment
has not been clear but which on the basis of the present
results can clearly be attributed to formate. This assignment
of the c(2x2) phase to formate has been already discussed
in section 3.1.2. The result was that the debate in the litera-
ture on whether this ordered adlayer represents a methoxy
of formate species has been resolved.

The formate species dominates on the inactive sur-
face at low T but the formate route plays only a minor role
on the active surface under stationary conditions since it
leads to the total oxidation product CO, which in our expe-
riments does not exceed 1% of the formaldehyde produc-
tion rate. We propose that the formate species is produced
at a low rate and decomposes at a very low rate. Because its
decomposition to CO, via R4 is switched off at low tem-
perature it accumulates on the surface.

At higher temperature the methoxy pathway to for-
maldehyde production becomes dominant and we have to
explain why this is the case. The equilibrium CH30,y <=>
H,CO,q4 + Hyy shifts to the product side when the product
formaldehyde can leave the surface through desorption.
Bowker et al. suggested that methoxy decomposition to
formaldehyde can only take place on the free Cu sur-
face.'”*? The observed hysteresis in total coverage, which
is associated with a hysteresis of accumulated methoxy
species supports in fact such an explanation. As a result a
negative correlation between total coverage and catalytic
activity is found in the XPS data.

The low rate of formate generation explains some of
the seemingly contradictive results in the literature, whether
or not formate is present on a catalytic Cu(110) surface. In
order to accumulate formate on the Cu surface, either ele-
vated pressures are required, which are usually avoided in
UHYV studies or the sample has to be left for a very long
time in vacuum after dosing the gases until formate devel-
ops as reported by Carley et al.. ® As well our TPD experi-
ments support the existence of a very slow formate
generation under the conditions of our experiments. TPD
spectra from a c¢(2x2) layer showed a large CO, peak as
expected for adsorbed formate (see e.g. Ref. **). On the
other hand, the CO, peak obtained from a (5x2) methoxy
layer was significantly lower but still substantial, which
indicates formate formation either during the temperature
ramp of the TPD experiment itself or during the time be-
tween the preparation of the adsorption layer and the analy-

sis. The latter takes place at least to some degree, because
the observed CO, peak height varied with the waiting time
between the preparation of the (5x2) adlayer and the TPD
analysis.*’

Although the formate production rate is very low, it
is responsible for the low temperature reactivity of the
Cu(110) surface at experiments in the 10 mbar range,
since the catalytic reactivity sets in when the temperature of
formate decomposition at T~ 400 K is passed as evidenced
by the XPS data. If the formate decomposition rate is fur-
ther increased by raising the temperature beyond 400 K, the
surface accumulates oxygen which poisons the surface and
eventually completely suppresses the catalytic reaction.

4.2. Role of oxygen

The experiments in this paper and previous ones
have demonstrated that high oxygen coverages inhibit the
reaction.”*>* Even at coverages below that of the high
coverage phases, i. e. at the 6 =0.5 of a (2x1)-0 structure
the reactivity is already strongly reduced. A straightforward
explanation was provided by STM experiments showing
that only the terminal oxygen atoms of the O-Cu-O chains
forming the (2x1)-O are reactive towards adsorbed metha-
nol. Upon reaction they convert the methanol into a me-
thoxy species and the terminal O-atom into OH.

In the XPS experiments two O s signals were seen.
Species A can be attributed to oxygen in the (2x1)-O phase.
Species B was tentatively assigned either to disordered
oxygen and oxygen at defects or chemisorbed oxygen at the
perimeter of the (2x1)-O islands. Given that only the edge
atoms are reactive a strict correlation should exist between
the catalytic activity and the O 1s signal of species B if
species B was in fact due to oxygen at the perimeter of the
(2x1)-0 islands. At high temperature the data show in fact
a certain correlation but at low temperature, i. e. below 500
K no such connection can be found (see e. g. Fig. 3). This
observation does not necessarily rule out this assignment
because other adsorbates such as formate or carbonaceous
species surrounding the (2x1)-O islands might render edge
oxygen atoms unreactive.

It has to be pointed out that oxygen poisoning can
completely suppress the low temperature surface reactivity.
In that case much higher temperatures are required to ignite
the reaction again. Oxygen poisoning is very sensitive to
the oxygen partial pressure in the feed as evidenced by XPS
data. We conclude that at temperatures well above the onset
of formate decomposition the oxygen adsorption rate is
higher than the formate production rate, which leads to the
observed increase of the oxygen coverage on the surface
and to the poisoning of the catalytic reaction. We propose
that this mechanism accounts for the absence of a low tem-
perature reactivity at total pressures above 10”2 mbar.

In the low temperature reactivity window formate
decomposition is balanced by formate production thus pre-
venting oxygen poisoning. At high total pressure, this tem-
perature window shifts to higher values while its
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temperature interval shrinks as observed experimentally.35
Therefore, at high pressure the Cu(110) surface is formate
covered and the surface is non-reactive at temperatures
below the onset of formate decomposition. Slightly above
this temperature the surface becomes oxygen poisoned and
turns unreactive again. Significantly higher temperatures
are required to overcome the oxygen poisoning and to ig-
nite the reaction.

A pressure gap in the partial oxidation of methanol
over Cu(110) exists because the low temperature reactivity
peak around 400 - 500 K vanishes as the total pressure is
increased beyond 10 mbar. Furthermore, at low total pres-
sure (p < 10" mbar) and low temperature the active state of
the Cu(110) catalyst ris determined by the coverages of
methoxy, formate, and oxygen species and eventually by
the number of free Cu sites. On the other hand, when the
total pressure is increased above 10 mbar, a reactive sur-
face is obtained only when the poisoning through adsorbed
oxygen is overcome. Under these “high pressure” condi-
tions processes like oxide and suboxide formation play an
important role and they will determine the reactivity of the
surface while the reaction intermediates become less im-
portant..

5. Conclusions

From in situ photoelectron spectroscopy we can cor-
relate the catalytic activ ity of Cu(110) with adsorbate co-
verages. In particular, we established a connection between
the rate hysteresis and the adsorbate coverages for varying
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