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Abstract

The steady-state kinetics of methanol oxidation over Cu(110) have been studied in the 10−7 to 10−3 mbar range. H2, H2O, and CO2 are
found in addition to the main product formaldehyde. The reactive sticking coefficient of methanol reaches 0.2. A pronounced hy
observed when the temperature is cycled. Our data indicate the presence of two rate maxima, one at≈400–520 K and the other at≈900 K.
The amplitude of the low-temperature reactivity peak decreases with increasing total pressure, vanishing beyond 10−3 mbar. High oxygen
partial pressures led to a poisoning of the reaction, which was apparently caused by the inhibitory effect of high oxygen coverage on
adsorption.
 2004 Published by Elsevier Inc.

Keywords: Copper(110); Methanol oxidation; Formaldehyde; Stationary kinetics; Hysteresis; Pressure gap
s a
tant
syn
ing

ob-
r is

and
pub-
tion

tion
hox

e us
e

er

or-
ro-

es
ygen

ave
ption
ling

lly
os-
the

ates
ion
how
1. Introduction

The interaction of methanol with copper surfaces i
key mechanistic step in several technologically impor
catalytic processes, such as methanol synthesis from “
gas” over Cu/ZnO catalysts and methanol steam reform
over Al2O3-supported Cu/ZnO[1–4]. High yields with par-
tial oxidation of methanol to formaldehyde have been
tained with copper catalysts, although in industry silve
still mainly used for that purpose.

A significant number of both high-pressure studies
low-pressure single-crystal investigations have been
lished that focused on various aspects of methanol oxida
over copper surfaces. The main topics were (i) formula
of a reaction mechanism based on the presence of met
and formate intermediates[5–11], (ii) the identification of
the active surface phases and surface species with th
of in situ techniques[12–15], and (iii) establishing the rol
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of strain in determining the catalytic activity of copper und
the conditions of real catalysis[3].

For product formation the following reactions can be f
mulated, in which formaldehyde is produced via dehyd
genation(1) or oxidative dehydrogenation(2); alternatively,
total combustion to CO2 may occur(3) [16,17]

CH3OH → CH2O + H2, (1)

CH3OH + 1
2O2 → CH2O + H2O, (2)

CH3OH + 3
2O2 → CO2 + 2H2O. (3)

But reaction(1) is purely formal because this reaction do
not take place on a clean copper surface and requires ox
to proceed[15].

Single-crystal studies with Cu(110) as a catalyst h
been conducted with temperature-programmed desor
(TPD), molecular beam techniques, and scanning tunne
microscopy (STM)[5–11]. These techniques were typica
applied under nonstationary conditions with sequential d
ing and in temperature-programmed experiments. From
observation of ordered adlayers of reactive intermedi
with STM, a number of detailed insights into the react
mechanism could be obtained, but it remained unclear
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much these structures really determine the reactivity of
Cu(110) surface[7–11]. One way to attack this problem
to measure the reaction kinetics under stationary conditi
because any detailed mechanism must of course be co
tent with the macroscopic kinetics.

For this reason we study the steady-state kinetics of
reaction in the low-pressure range from 10−7 to 10−3 mbar.
Under these conditions the reaction is practically isother
and surface reaction steps rather than mass transport th
the gas phase limit the reaction. A second, more gen
goal is to establish a bridge between the low-pressure sin
crystal studies and the high-pressure kinetics. Therefore
systematically varied the total pressure up to 10−3 mbar,
which is our experimental limitation. In this paper w
present the results of the kinetics measurements. In a se
paper we try to establish a connection between the kine
and the adsorbate coverages on the Cu(110) surface[18].

2. Experimental

All experiments were conducted in a UHV syste
equipped with Auger electron spectroscopy (AES), lo
energy electron diffraction (LEED), photoelectron emiss
microscopy (PEEM), and differentially pumped quadrup
mass spectrometry (QMS) for temperature-programm
desorption (TPD) and temperature-programmed reac
(TPR) spectroscopy. The system was operated as a
tinuous-flow reactor in the pressure range of 10−7 mbar
to 10−3 mbar. The Cu(110) single crystal (1.5 mm thic
9×11 mm2) was held by two Ta wires which also served
resistive heating. The temperature was monitored by m
of a chromel–alumel thermocouple. The Cu(110) surf
was cleaned by repeated cycles of Ar+ ion bombardmen
followed by annealing to 800 K until no traces of S, C, or
were detected by AES and a sharp (1× 1) LEED pattern was
observed. In situ AES showed that no impurities other t
C- and O-containing adsorbates were present under th
action conditions[18]. The reproducibility of the hysteres
measurements without additional cleaning cycles betw
measurements ruled out the buildup of a significant amo
of coke deposits.

All gases were introduced via leak valves and a feedb
stabilized gas inlet system (MKS) that were also used to c
trol the gases in pressure-ramping experiments. Calibra
gases (H2, H2O, CO, formaldehyde, methanol, O2, CO2)
were applied in order to relate the QMS signal to par
pressures. For water and methanol the vapor pressure
the liquid phase proved to be sufficient; for formaldehyde
vapor pressure of solid para-formaldehyde was taken. O
gen of purity 5.0 and methanol of purity 2.8 were used.

From the detected masses (m/e = 2, 18, 28, 30, 31
32, 44) the true partial pressures were calculated with a
trix inversion technique. From the pumping rates for the
ferent gases, the flow rates also could be determined for
gas. Since the absolute partial pressures and the gas
-

h

d

-

-

r

s

were obtained, the H-, O-, and C-mass balances coul
checked for all TPR spectra presented here. Mass cons
tion for carbon checked by comparing the total consump
and total production was better than 5%; for oxygen and
drogen the corresponding numbers were below 20%.

For kinetic measurements the sample was moved clo
a cone, so that only gas molecules that were reflected
the sample could enter the cone and be detected by Q
We can therefore determine the reactive sticking coeffic
sreac in situ from the measured partial-pressure variation
methanol and oxygen. Denoting the signal of a gas with
reaction byI0, we calculate the reactive sticking coefficie
sreacas

sreac= I0 − I

I0
.

In our case we take the signal at 300 K forI0, since a reaction
rate of practically zero has been measured at this temp
ture.

3. Results and discussion

3.1. Temperature dependence

Fig. 1 shows a TPR spectrum obtained at a mixing
tio of p(CH3OH):p(O2) = 1:0.6 for p(CH3OH) = 1.0 ×
10−7 mbar. The TPR was recorded in a heating/cooling
cle in which a heating/cooling rate of 6 K/min was suffi-
ciently slow to ensure that the reaction was close to ste
state conditions.

The reaction ignites at≈400 K as the sample is heate
After passing a first peak, the reactivity drops and
proaches a second high temperature peak atT � 900 K.
Measurements with polycrystalline copper have shown th
maximum in reactivity is found at≈900 K, which is slightly
outside our accessible temperature range[16]. During cool-
ing the reactivity extends down to≈320 K. A pronounced
hysteresis is thus present in the low-temperature rang
the reaction below 500 K. The hysteresis is reproduce
a second cycle, which means that it cannot be caused b
reversible changes in the catalyst but rather has to be ca
by differences in the adsorbate coverages and surface s
ture.

The top panel shows the reactive sticking coefficie
sreac, of methanol as measured from the variation of the p
tial pressure of methanol. The reactive sticking coefficien
quite high, reaching 0.2 in the maxima of the catalytic
tivity. A similarly high sticking coefficient has been foun
by Bowker et al. in unstationary measurements[7,15]. The
other panels demonstrate that all of the products expe
from Eqs. (1)–(3) are seen in the experiment. The dom
nant product is formaldehyde, whose production acco
for �95% of the reacting methanol. Because of the h
selectivity of the reaction for formaldehyde, the react
sticking coefficient of methanol and the formaldehyde p
tial pressure are very similar in shape.
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Fig. 1. Temperature programmed reaction spectroscopy in the 10−7 mbar
range withp(CH3OH) = 1.0 × 10−7 mbar, p(CH3OH):p(O2) = 1:0.6.
Temperature up- and down ramping are indicated in each panel.
upper panel represents the reactive sticking coefficient of meth
sreac(CH3OH); the other panels indicate the production rates of the
ferent products during methanol oxidation.

It can be seen that the CO2 peak is present only durin
heating but not during the cooling part of the tempera
cycle. Although the heating rate of 6 K/min is quite low, at
10−7 mbar transients may still contribute to the measu
signal. This is the case for the CO2 peak measured durin
heating between 400 and 500 K. A comparison with a T
of a mixed(5× 2) + (2× 1) layer (not shown here)[19] re-
veals that the amount of CO2 produced in the CH3OH/O2
atmosphere is equal to the CO2 desorption signal from th
mixed overlayer. The CO2 peak can be attributed to th
decomposition and desorption of adsorbed formate; its
tensity corresponds to a total amount of about half a mo
layer. Therefore, we conclude that during the tempera
up-ramping experiment formate represents a slowly accu
lating adsorbate species that is not restored by the rea
once its decomposition and desorption of CO2 set in. This
interpretation is also supported by a separate experime
Fig. 2. Temperature programmed reaction spectroscopy in the 10−5 mbar
range withp(CH3OH) = 1.0 × 10−5 mbar, p(CH3OH):p(O2) = 1:0.8.
Temperature up- and down ramping are indicated in each panel.
upper panel represents the reactive sticking coefficient of meth
sreac(CH3OH); the other panels indicate the production rates of the
ferent products during methanol oxidation.

which the heating ramp was stopped at 460 K and the2
signal decayed to zero while the production rates for all o
products remained steady.

The TPRS obtained in the 10−5 mbar range is displaye
in Fig. 2. Note that they-scale in each panel has been sca
to the increase in methanol pressure by two orders of ma
tude compared with the experiment inFig. 1. With the excep-
tion of the CO2 peak, each of the low-temperature react
peaks of the heating cycle consists of two components
indicated by shoulders. In contrast to the 10−7 mbar range
at higher pressure all peak maxima of the products coinc
The CO2 signal around 480 K consists of a shoulder f
lowed by a single peak, which coincides with the highe
the double peaks of the other products. This indicates
the shoulder of the CO2 peak coincides with the ignitio
of the first component of the double peak of the other
acting species, whereas the CO2 production maximum an
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Fig. 3. Effect of the total pressure on the low temperature reactivity p
in temperature cycling experiments. The methanol to oxygen gas mi
was always kept atp(CH3OH):p(O2) = 1:0.8 with only the total pressure
being varied between 10−7 mbar and 10−3 mbar. The straight lines indicat
systematic shifts in the peak positions with increasing total pressure.

the higher reaction peak proceed in concert. In contras
the experiment in the 10−7 mbar range, the CO2 peak in the
10−5 mbar range represents a stationary production rate
not a transient.

The other main effect of the pressure increase is tha
of the low-temperature peaks between 300 and 500 K
shifted to higher temperatures and the separation of the
ferent peaks during heating and cooling becomes sm
with increasing pressure. This is demonstrated inFig. 3,
where the total pressure has been varied systematically
10−7 mbar to 10−3 mbar. The low-temperature reactivi
peak shifts to a higher temperature by roughly 20 K per o
of magnitude difference in pressure. With decreasing s
ration of the two reaction peaks, their amplitude becom
smaller until they completely vanish as they coalesce
yond 10−3 mbar. In agreement with the vanishing of t
low-temperature reactivity peak at higher pressure, no s
peak has been observed in studies at atmospheric pre
[20,21].

At the 10−5 mbar pressure range we can also se
clear structure in the H2 production curve forming thre
distinct regions of the reaction: a narrow low-temperat
peak, a broad maximum at intermediate temperatures
tween roughly 520 and 750 K, and a high-temperature re
where no H2 is produced.

Two competing reaction paths to formaldehyde format
via H2 formation and without H2 production can be formu
lated[7,15]:

4CH3OH + O2 → 4CH2O + 2H2 + 2H2O,
520 K< T < 750 K; (4)

2CH3OH + O2 → 2CH2O + 2H2O, T > 750 K. (5)

The different temperature ranges for each reaction path
be visualized with a plot of the ratio of CH3OH to O2 con-
sumption versus the temperature. These results are disp
in Fig. 4 for different total pressures. The stoichiometry
the reaction relates the ratio of CH2O to H2O and H2 to H2O
production, which are also shown. For comparison, the r
tive sticking coefficient of methanol, representing the s
of the two pathways, is included in the same figure. We n
that the peak positions in the TPRS vary strongly with
total pressure.

In the 10−5 mbar range the CH3OH/O2 consumption ratio
is initially ≈2, then rises to≈4, where it stays with som
variation over 150–200 K before it drops again to≈2. The
ratio thus reflects three regimes of H2 production. The three
different regimes are indicated by hatched areas in the
In the 10−7 mbar range the distinction between the differ
regimes is less pronounced but still exists. In this pres
range we also observe strong hysteresis effects, as indi
by Fig. 4.

Under stationary conditions, in agreement with Eq.(4),
the CH3OH/O2 consumption ratio of≈4 corresponds to
substantial hydrogen production in the intermediate tem
ature range from≈520 to≈750 K. In the low-temperatur
range from 400 to 500 K, the ratior(H2)/r(H2O) reaches 2
From Eq.(4) it is clear that this ratio should not exceed
This discrepancy, which amounts to a factor of 2, refle
the well-known fact that a reliable calibration of the H2 and
H2O signals is rather difficult. Reaction of water at the wa
of the QMS chamber and dissociation of water at the Q
filament might be the reason for detecting a too high amo
of H2 with respect to the H2O signal. It should be stresse
that since all other gases are well calibrated, the overall m
balance, even for H and for O, remains within∼20% error.

The observation of hydrogen production in an int
mediate-temperature regime, where chemisorbed oxy
was also present on the surface, was attributed by Bowke[7]
to two possible causes: (i) a high activation barrier for w
ter formation is present (referred to as an “energetic” rea
in Ref. [7] or (ii) the reactants are organized in spatia
separated regimes (referred to as a “structural” reaso
Ref.[7]). In our experiments we see a pronounced hyster
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f methanol

Fig. 4. Temperature dependence of the CH3OH:O2 consumption ratio and of the corresponding CH2O:H2O and H2:H2O production ratio in the 10−7 mbar
and in the 10−5 mbar range. Different regimes of the reaction stoichiometry are represented as grey areas in (b). The reactive sticking coefficient o
is displayed in the lower panels in order to relate the different regimes to the reactivity of the surface.
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that was several hundred Kelvin wide in product formati
including H2 formation. This fact definitely rules out th
explanation that the activation barrier is higher for wa
formation than for H2 desorption. Evidently the second e
planation (structural) holds, and island-forming proces
leading to a separation of the reaction partners are res
sible for the absence of water formation. This conclusio
corroborated by LEED/Auger data presented in the sec
part of this paper[18].

3.2. Dependence on the oxygen partial pressure

The dependence of the reaction rate on the oxygen
tial pressure is shown inFig. 5 for two temperatures, 48
-

and 850 K. In this experiment the methanol partial press
was kept fixed atp(CH3OH) = 1 × 10−5 mbar while the
oxygen partial pressure was slowly cycled. The reactio
first order with respect to oxygen up to≈6 × 10−6 mbar,
where the rate reaches a maximum. Beyond this poin
rate decreases with increasingp(O2), and at highp(O2)

the reactivity of the surface becomes quite small. Evide
high oxygen coverage inhibits the reaction. The position
the rate maximum varies only very little with the temp
ature, but the height increases from 480 to 850 K, and
inhibitory effect of oxygen is reduced in an intermedi
p(O2) range between the rate maximum andp(O2) = 1 ×
10−5 mbar. The observed inhibitory effect of oxygen su
ports the reaction mechanism suggested by Bowker[7,15],



L. Zhou et al. / Journal of Catalysis 230 (2005) 166–172 171

of
r

nt

gen

re-

-
the

the
be-

tter
, is
en

ver
low
a-
at

ndi-
ich
The

ure:
otal
ak
pro-
nge,
oxy-

rity
sys-
Fig. 5. Dependence of the reactive sticking coefficient
methanol, sreac(CH3OH) on the oxygen partial pressure fo
p(CH3OH) = 1.0 × 10−5 mbar. Shown are the data for two differe
temperatures, 480 and 850 K.

that only the edge oxygen adatoms of O-p(2 × 1) islands
are active sites for methoxy formation, whereas the oxy
adatoms in the chains of O-p(2× 1) islands are inactive.

The mixing ratio has a strong influence on the
action kinetics as demonstrated byFig. 6, which shows
heating/cooling cycles with different methanol/oxygen ra-
tios, p(CH3OH)/p(O2). The optimum ratio for the low
temperature conversion as judged from the height of
peak around 420 K is a 1:0.6 ratio in the 10−7 mbar range,
which shifts to a 1:0.8 ratio at 480 K with 10−5 mbar to-
tal pressure. With increasing oxygen content, ignition of
reaction shifts to higher temperature, but the conversion
comes low for too high oxygen partial pressures. This la
effect, which is particularly strong at high temperatures
apparently caused by the inhibitory effect of high oxyg
coverages.

4. Conclusion

The steady-state kinetics of methanol oxidation o
Cu(110) has been studied at low pressure. Already at
pressure we find a high selectivity for the partial oxid
tion product formaldehyde. The reactivity of the surface
low and intermediate oxygen coverage is quite high, as i
cated by a reactive sticking coefficient for methanol, wh
reaches 0.2. High oxygen coverage inhibits the reaction.
reactivity of the surface exhibits two peaks at low press
one around 400–520 K, which disappears when the t
pressure exceeds 10−3 mbar, and a high-temperature pe
around 900 K that persists at high pressure. Hydrogen
duction is observed in an intermediate temperature ra
reflecting the presence of a second pathway with less
gen consumption toward formaldehyde production.
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