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When deuterated methanol (CD
3
OH) and dioxygen mixtures are coadsorbed at Cu(110) surfaces at room temperature and

above, the main reaction product can be switched between formaldehyde and formate by changing the mixture composition. For

oxygen-rich mixtures formaldehyde is the major product but when methanol is in 5 : 1 excess only formate is produced. It is pro-

posed that the reactionmechanism is controlled by themicroscopic structure of the surface: when the reactants are adsorbed sequen-

tially, separate islands of oxygen and methoxy develop which inhibit further oxidation but when reactants are coadsorbed a

homogeneousmixture of adsorbates is produced creating a facile pathway to formate.
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1. Introduction

Surface science has had an enormous impact on our

understanding of the fundamental processes underlying

many catalytic reactions. However, detailed mechan-

isms have often been proposed on the basis of surface

science experiments performed under a very narrow

range of conditions. The oxidation of methanol at cop-

per surfaces, an important model system with consider-

able technological relevance, illustrates the dangers

inherent in this approach. We show here that the path-

way taken by the methanol oxidation reaction at copper

surfaces is very sensitive to the experimental conditions.

In particular, we establish that formate, which for many

years was believed not to be produced from this reaction,

is the only product under some conditions.
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The accepted mechanism for methanol oxidation at cop-

per surfaces, the main points of which are summarised in

steps (1)^(6), has only recently been updated to include

oxidation to formate (steps (5) and (6)). These steps were

added after XPS [1] and TPD [2^4] results showed that

formate is produced at Cu(110) surfaces from a mixed

methoxy and chemisorbed oxygen adlayer over a period

of an hour or more; the slow rate of reaction having pre-

vented the observation of formate in previous studies

[5,6].

We have suggested [3] that the oxidation of methoxy

species to formate is inhibited on Cu(110) by the forma-

tion of methoxy islands. Such adsorbate island growth

can be prevented by dosing reactants to the surface

simultaneously instead of sequentially, the reactive

``isolated'' chemisorbed species being removed before

they become incorporated into unreactive islands. This

approach can lead to unusually selective and efficient

reaction pathways; for example, OH(a) and NH(a) can

be formed exclusively and in near-monolayer concentra-

tions fromH
2
O=O

2
andNH

3
=O

2
mixtures at Cu(111) [7]

andCu(110) [8] surfaces respectively.

In the present paper we use the coadsorption strategy

to explore in more detail the role of methoxy and oxygen

islands in methanol oxidation at copper surfaces. The

results show that catalytic selectivity can be controlled

by changing the ratio of reactants in the gasmixture.

2. Experimental

The experimentswere carried out in a system equipped

with a Ledamass multiquad spectrometer which enables

up to seven masses to be recorded simultaneously. Data

was acquired by software written in house. The dimen-

sions of the sample were approximately 10 mm by 7 mm

with a thickness of approximately 1/2 mm, it was cut to

within 0:5
�

of the (110) plane and polished mechanically

down to 0.25 �m. Four holes approximately 0.5 mm in

Catalysis Letters 43 (1997) 261^266
261

* Towhom correspondence should be addressed.

Ä J.C. Baltzer AG, Science Publishers



diameter were spark-eroded in the corners and the sam-

ple suspended by two tungsten wires threaded through

the holes. The temperature of the sample was measured

with a chromel^alumel thermocouple secured by silver

epoxy resin in a notch cut into the back of the sample.

Cleaning involved cycles of Ar

�

sputtering (5 keV,

10 �A/cm
2

for 10min) and annealing 10^20min 1000K,

conditions that give consistently good results in other

spectrometers within our group. The sample cleanliness

was confirmed by TPD spectra which reproduced pre-

vious results. The sample was warmed by resistive heat-

ing of the tungsten support wires. A heating rate of 4K/s

was used in all the experiments in this study.

Gases were introduced to the sample via a glass capil-

lary that could be placed directly in front of the sample

face. During dosing the system pressure did not increase

above 10

ÿ8

Torr. This method of gas dosing gave very

reproducible results although exact exposures cannot be

calculated precisely. Gases could also be introduced to

the chamber by backfilling via a variable leak valve. In

the coadsorption experiments methanol vapour and

dioxygen gas were allowed to mix in a separate volume

for at least an hour before dosing and the mixture ratio

tested bymass spectrometer before and after each dose.

The deuterated methanol (CD
3
OH, Aldrich 99%)

was placed in a sample tube attached to the spectrom-

eter, dissolved gases were removed with several freeze^

pump^thaw cycles and the purity checked by mass spec-

trometry. As a further check the methanol was physi-

sorbed at the clean Cu(110) surface at 100 K and

desorbed in a TPD experiment. Only methanol was

observed desorbing from the sample during this experi-

ment, there was no evidence for contamination due to

formaldehyde (desorption temperature � 220 K), water

(desorption temperature �160K) or dioxygen.

3. Results

3.1. The reaction ofmethanol with preadsorbed oxygen

Fig. 1 shows a typical set of TPD spectra recorded

from a preoxidised Cu(110) sample (�
O
� 0:25) after

deuterated methanol adsorption at 290 K. The strongest

desorption signals observed are at m=e � 4, 30 and 44

and are due to the principal fragments of D
2
, D

2
CO and

CO
2
respectively. These desorbing species arise from the

decomposition of chemisorbed methoxy (CD
3
O(a)) and

of formate (DCO
2
(a)), the latter being observed in sig-

nificant quantities only when methanol is adsorbed at

room temperature or above. A much weaker signal is

also observed (between 340 and 375 K) at m=e � 36 due

to recombination and desorption of deuterated metha-

nol (CD
3
OD) but there is no desorption of deuterated

water (m=e � 20). Formaldehyde desorption occurs at

two temperatures, � 345 K and 370 K, indicating the

presence of at least two states of chemisorbed methoxy.

The more strongly chemisorbed state has been shown [4]

to be due to methoxy species stabilised by interactions

with chemisorbed oxygen. The principal peak in the D
2

desorption spectrum is at � 375 K but there is also a

small shoulder at 430 K coincident with the CO
2
desorp-

tion peak. Coincident D
2
and CO

2
desorption peaks are

a characteristic of adsorbed formate. The ratio of the

two D
2
desorption peaks gives an idea of the relative

importance of the formaldehyde and formate pathways

in methoxy decomposition. We estimate in the present

case that about 20% of the total methoxy is oxidised to

formate.

3.2. The reaction ofmethanol with coadsorbed oxygen

and the influence of themixture ratio

The TPD spectra in fig. 2 were recorded after a

Fig. 1. Temperature-programmed desorption spectra recorded simul-

taneously from a partially oxidised Cu(110) surface (240 s O
2
(g) at

290 K) immediately after exposure (300 s) to deuterated methanol

(CD
3
OH) at 290 K.We estimate [3] the oxygen precoverage to be close

to 0.25monolayers.
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Cu(110) surface was exposed to a 5 : 1 methanol/dioxy-

gen mixture at 300 K and show a number of notable

changes from the spectra in fig. 1. The formaldehyde

peak is only just apparent above the background

whereas the CO
2
signal, due to formate decomposition,

is at least five times stronger than themaximumCO
2
sig-

nal observed when oxygen is preadsorbed. The D
2
de-

sorption spectrum also reflects a very high surface

concentration of formate with the desorption peak at

430K having almost half the intensity of the 375K peak.

Since the formation of formate (between 300 and 370 K)

produces two atoms of deuteriumwhereas the decompo-

sition of formate at 430K releases only one,
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this confirms that formate is the only significant product

ofmethanol oxidation under coadsorption conditions.

It is important to recall at this point that TPD cannot

distinguish easily between a pure formate adlayer and a

mixed chemisorbed oxygen and methoxy adlayer that

converts to formate during the TPD heating ramp. It is

unlikely, however, that in the latter case a complete con-

version to formate could be achieved below 330^370 K

(the decomposition temperature of surface methoxy)

without considerable reaction occurring at 300 K.

Whether this is the case or not, it is abundantly clear that

when methanol and dioxygen are coadsorbed, a very

facile pathway to formate exists, one that is not available

when dioxygen is preadsorbed.

Fig. 3 shows m=e � 30, 44 and 4 desorption signals

for a selection of experiments which explore the influ-

ence of the methanol/dioxygen mixture ratio on the

products of the coadsorption reaction. For comparison

the TPD spectra of fig. 1 (oxygen preadsorption) are also

included in the diagram. For a 2 : 1 mixture the spectra

resemble those observed from the preoxidised surface

reasonably closely, the main difference being the unu-

sually sharp formaldehyde desorption peak at 345 K.

The latter suggests that there is little chemisorbed oxy-

gen remaining at the surface since the presence of chemi-

sorbed oxygen leads to a more strongly chemisorbed

methoxy species which desorbs at � 370 K [4]. As the

mixture is made richer in methanol there is a rapid

decrease in the area of the formaldehyde desorption

peak and a corresponding increase in that of the carbon

dioxide peak. For methanol/dioxygen mixture ratios of

about 5 to 1 very little formaldehyde desorbs from the

surface and, as noted above, formate is clearly the domi-

nant surface species. As the methanol component of the

mixture is increased further however, the surface con-

centration of formate is reduced and the area of the

formaldehyde desorption peak increases indicating

higher surface concentrations of methoxy. For a 20 : 1

mixture the formaldehyde desorption peak is again

strong despite the relatively low total exposure to oxy-

gen. Formate on the other hand is present only at a low

concentration. A more quantitative assessment of the

changes in the reaction products is presented in fig. 4,

which plots the ratio of them=e � 30 andm=e � 44 peak

areas against mixture composition. The chart confirms

the qualitative discussion above, showing a dramatic

change in the reaction pathway with mixture composi-

tion.

An interesting observation from these experiments is

that as themethanol/dioxygenmixture ratio is increased

the principal deuterium desorption peak shifts from

� 370 to� 330K.Hydrogen is known [9] to desorb from

clean copper surfaces at� 330 K but in the presence of a

mixed dioxygen/methoxy adlayer remains at the surface

until� 370K [3,10]. The reason for this is not known but

has been suggested [11] to be associated with the oxygen

induced reconstruction of the surface. The present

Fig. 2. Temperature-programmed desorption spectra recorded simul-

taneously from a clean Cu(110) surface immediately after exposure

(300 s) to a 5 : 1 deuterated methanol (CD
3
OH)/dioxygen mixture at

� 10

ÿ8

mbar and 300K.
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results would be consistent with that theory since the

rapid rate of oxygen removal at high methanol mixture

ratios would prevent reconstruction.

3.3. The effect of temperature

Fig. 5A shows the m=e � 44 desorption spectra

recorded after a preoxidised copper surface was

exposed to a fixed dose of methanol at three different

temperatures. There is a large increase in the concen-

tration of formate at higher temperatures. This

increase can be ascribed chiefly to an increase in the

rate constant for the reaction since the (2� 1) oxygen

islands are relatively stable at 400 K [12] and hence the

concentration of active sites will not be changed signif-

icantly at the higher temperatures. The activation

energy calculated from an Arrhenius plot of this data

is 20 kJ/mol. In contrast when methanol and dioxygen

are coadsorbed, fig. 5B, the quantity of formate pro-

duced is unaffected by the temperature of the sample.

This indicates that the oxidation of methoxy to for-

mate under these conditions is much more facile and

Fig. 3. The effect of mixture composition on the reaction of deuterated methanol (CD
3
OH)/dioxygen mixtures at a Cu(110) surface at 300 K.

Formaldehyde, carbon dioxide and deuterium desorption spectra were recorded simultaneously from a clean Cu(110) surface immediately after a

300 s exposure at a total pressure of ca. 10

ÿ8

mbar to mixtures with CD
3
OH/O

2
ratios of (ii) 2 : 1; (iii) 5 : 1; (iv) 7 : 1; (v) 9 : 1 and (vi) 20 : 1. For

comparison the spectra from fig. 1 are also included in the figure and labelled spectrum (i).
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provides an insight into the nature of the oxygen spe-

cies in the two experiments.

4.Discussion

The rate of formate formation from the reaction of

methanol with preadsorbed oxygen is slow at room tem-

perature. On the basis of TPD experiments at different

temperatures and a comparison between TPD and XPS

results we have argued [3,4] that the products observed

by TPD for this system are controlled principally by the

formation of islands of methoxy molecules and the rate

of transport of methoxy from the islands to the active

oxidation sites. Below room temperature extensive

methoxy island formation restricts access to the active

oxidation sites hence formate is not observed in TPD

experiments. At room temperature and above, a mobile

methoxy phase provides access to the active sites and

oxidation to formate becomes a significant pathway.

The principal observation from the present results is

that the coadsorption of mixtures of methanol and

dioxygen at a Cu(110) surface opens up a much more

facile pathway to formate than is available when oxygen

is preadsorbed. Furthermore different selectivities to

either formaldehyde or formate can be obtained by

changing the composition of the reaction mixture. For

dioxygen-richmixtures, formaldehyde desorption domi-

nates but as the dioxygen component of the mixture is

decreased there is an increase in the extent of oxidation

until, formethanol/oxygenmixture ratios of around 5 to

1, formate is virtually the only surface species produced

by the reaction. Decreasing the partial pressure of the

dioxygen component further, however, leads to a

decrease in the proportion of formate formed.

These results are consistent with the formation of for-

mate being controlled principally by the presence of che-

misorbed oxygen islands. In an oxygen-rich mixture,

chemisorbed oxygen island growth is favoured and for-

mate formation inhibited by the lack of reactive sites, the

majority of oxygen adatoms within the islands being

unreactive.As the dioxygen concentration in themixture

is decreased the average size of oxygen islands also

decreases, resulting in an increase in the availability of

sites for methanol and methoxy oxidation. For mixtures

with ratios of about 5 : 1, the number of sites is suffi-

ciently large that all of the methoxy species can be con-

verted to formate. Under these conditions the reaction

effectively creates its own reactive sites by maintaining

Fig. 4. The effect of mixture composition on the products of methanol

oxidation from coadsorbed deuterated methanol/dioxygen mixtures.

The ratio of formaldehyde peak area/carbon dioxide peak area is

plotted as a function of mixture ratio. Error bars are estimated from

the reproducibility of experimentalmeasurements.

Fig. 5. The effect of temperature on the surface concentration of for-

mate produced from the oxidation of methanol on Cu(110). (A)

PreoxidisedCu(110) (�
O
� 0:05) exposed to 300 s deuteratedmethanol;

(i) 290 K; (ii) 350 K; (iii) 370 K; (B) a 2 : 1 methanol/dioxygen mixture

coadsorbed (300 s) at (i) 300K; (ii) 370K.
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the oxygen concentration close to zero. If the mixtures

are made even richer in methanol however, the forma-

tion of formate is hindered by the low surface concentra-

tion of oxygen. In this case oxygen adatoms created at

the surface aremore likely to encounter adsorbedmetha-

nol molecules than methoxy species and hence methoxy

is (initially) themajor product.

In addition to controlling the availability of reaction

sites however, the coadsorption of methanol and dioxy-

gen also allows the participation of short-lived transients

such as molecular oxygen and the so-called ``hot'' oxy-

gen atoms [13]. Such species have been shown to play key

roles in reactions at magnesium [14], aluminium [15] and

zinc [16] surfaces and have been linked with highly effi-

cient processes on copper [7,8] and nickel [17]. There is

also evidence [18^21] that oxygen adatoms on an unre-

constructed surface are more reactive than their recon-

structed counterparts. The oxygen species involved in

methanol oxidation will depend upon the precise reac-

tion conditions. Therefore the effect of changing the

mixture ratio may be to select for different oxygen

states.

5. Conclusions

The selectivity of methanol oxidation at Cu(110) sur-

faces can be controlled and the main reaction product

switched from formaldehyde to formate. Methanol and

dioxygen mixtures with ratios of about 5 : 1 (methanol/

dioxygen) produce only formate whereas preadsorbed

oxygen, dioxygen-rich mixtures (1 : 1) and methanol-

rich mixtures (20 : 1) give formaldehyde as the major

product.

The change in reaction product with experimental

conditions can be attributed to the sensitivity of the

mechanism to the local atomic structure which is itself

controlled by the oxidation reaction. When oxygen is

preadsorbed or when it is the major component of a mix-

ture, separate islands of methoxy and chemisorbed oxy-

gen develop. These unreactive islands limit interaction

between the adsorbed species and hence favour the for-

mation of formaldehyde. If methanol is present in high

enough concentrations however, the rapid removal of

chemisorbed oxygen prevents the formation of unreac-

tive islands. This creates an intimate mixture of methoxy

and chemisorbed oxygen favouring the formation of for-

mate.

The present results not only provide a new insight into

the mechanism of the oxidation of methanol at copper

surfaces, they may also have a more general significance

for our understanding of selectivity in heterogeneous

catalysis.
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