
42

A Model-system Study of Catalysis: 
Decomposition of Methanol on Au 
Nanoclusters

Surface scientists used to conduct experiments on metal surfaces of single crystals in ultrahigh vacuum to 

model practical catalysis, as many commercially important catalysts are composed of catalytically active metals 

dispersed on oxide supports. They have attempted recently to bridge the materials gap between metal single 

crystals and real catalysts: they characterized catalytic processes on metal nanoclusters supported by well-defined 

oxides. In this report, we present an example of such studies: decomposition of methanol on Au nanoclusters on an 

ordered ultra-thin film of Al2O3/NiAl(100), by means of photoelectron spectra excited with synchrotron radiation and 

scanning tunnelling microscopy. The results show adsorption sites on the clusters of at least two types: one catalyses 

the decomposition of methanol via scission of the O-H bond into CO at a temperature as low as 120 K, whereas the 

other activates dehydrogenation only into methoxy. The CO from the decomposition remains on the surface up to 

250 K, and decomposes further into elemental carbon around 350 K. Regarding effects of size of the clusters on the 

reactivity, smaller Au clusters, of height 1-2 atomic layers, exhibit inactivity towards the decomposition of methanol.

Methanol has been investigated because of its potential 

as a logistic fuel and a feed for a fuel cell. Their diverse 

mechanisms of decomposition on various surfaces and 

involving stable surface intermediates make this molecule 

special for investigations in surface science. As part of various 

methanol conversions - steam reforming, partial oxidation 

etc. - the decomposition of methanol as a source of hydrogen 

attracts intensive researches. On the other hand, oxide-

supported Au nanoparticles were shown recently to have a 

greater catalytic activity for many reactions, encompassing 

oxidation of CO and hydrocarbons, water-gas shift and NO 

reduction. The potential of Au catalysts in fuel cells and 

related processing of hydrogen fuel has thus drawn attention; 

but little is known about the decomposition of methanol on 

Au catalysts. For detailed mechanisms, model systems are in 

great demand, to which our present work responds. 

Our work has focused on the adsorption and de-

composition of methanol on Au nanoclusters supported 

on an ordered Al2O3/NiAl(100) thin film. The morphology 

and structure of the surface and clusters were characterized 

with scanning tunnelling microscopy and reflection high 

energy-electron diffraction. The adsorption and temperature-

dependent decomposition of methanol were characterized 

by photoelectron spectroscopy with synchrotron radiation. 

To elucidate the effects of cluster size and structure on the 

methanol decomposition we grew the Au clusters (by vapour 

deposition) as a function of coverage (0.05-2.9 monolayer 

(ML)) and temperature (300-570 K) of the substrate. The 

methanol was adsorbed at 120 K; we investigated the 

temperature-dependence of methanol decomposition by 
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increasing the sample temperature in a stepwise manner and 

recording a photoelectron spectrum of the reaction mixture 

on the surface at each temperature step. The behaviour 

of methanol is reflected in the temporal variation of C 1s 

photoelectron spectra. 

Figure 1 shows a typical C 1s spectrum, acquired from 

methanol (1 L) adsorbed on the oxide-supported Au clusters 

(2.9 ML). At least two carbon species are evidently present 

on the surface, producing signals at 287.7 and 285.5 eV. The 

C 1s peak at 287.7 eV (peak A) is assigned to molecularly 

chemisorbed methanol. This binding energy (BE) is consistent 

with previous research on Au(311) and other transition-metal 

surfaces. Regarding the small C 1s signal at 285.5 eV (peak B), 

two competing pathways for methanol decomposition on 

transition metals exist. The dominant reaction involves scission 

of the O-H bond to form the methoxy (CH3O), which stepwise 

dehydrogenates via formaldehyde (CH2O) and formyl (CHO) 

to yield CO as a final product. Alternative evidence indicates 

that this decomposition occurs via scission of the C-O bond 

to form adsorbed carbon and CHx species. Because the typical 

C 1s BE of CHx species falls between 283 and 285 eV, the 

feature at 285.5 eV cannot be due to carbon or hydrocarbon 

species. Peak B is attributed to CO. To verify this assignment, 

we adsorbed 1 L CO on the same sample at 120 K, and found 

that the C 1s peak for CO is exactly at 285.5 eV, shown in the 

inset of Fig. 1. These observations indicate conclusively that, 

upon adsorption at 120 K, methanol dehydrogenated to CO 

to some extent. Quantity of the CO is independent of time of 

radiation exposure, so the dehydrogenation of methanol does 

not involve the synchrotron radiation or radiation-induced 

secondary electron. Peak A at 287.7 eV must stem primarily 

from molecularly adsorbed methanol, although a concurrent 

presence of few methoxy species cannot be excluded. This 

important conclusion requires adsorption sites of at least two 

kinds on the surface: one activates the decomposition at a 

temperature as low as 120 K (site B), but the other does not 

(site A). This reactivity contradicts with Au(111) and Au(110), 

where methanol is only molecularly adsorbed, and differ from 

Au(310), on which the reaction begins about 150-200 K. The 

temperature of decomposition to CO is also much lower than 

those on many transition metals, such as Pd(111) (250-300 K), 

Fe(110) (400 K), Ni(100) (240 K), W(111) (230 K), NiAl (400 K) and 

Pd nanoparticles (180-250 K), whereas is closer to those on Co 

(0001) (165 K), Pt (100) (170 K), Pt(111) (140 K) and Ru(0001) 

(130 K). Particularly, the behaviour of our active sites is more 

like that of Pt (100) and Pt(111), where adsorbed methanol 

decompose to CO without a detectable intermediate. At 

this coverage (2.9 ML), as the surface is nearly covered by Au 

clusters (more than 95 % of the surface area, inset of Fig. 1), 

these adsorption sites must be on the Au clusters. 

The temperature dependence of the reaction becomes 

evident through changes in the C 1s spectra. Fig. 2 displays 

C 1s spectra for methanol (1 L) adsorbed on Au clusters 

(2.9 ML) on the oxide support at 120 K and annealed to the 

specified temperature (for 1 min). All spectra were recorded 

with the sample at 120 K on cooling after annealing. The first 

spectrum was recorded directly after methanol exposure at 

120 K, showing clearly the large peak A at BE 287.7 eV due 

mainly to methanol and the peak B at BE 285.5 eV due to CO. 

With increased annealing temperature the intensity of peak 

A decreases continuously, and peak B begins to diminish also 

Fig. 1: C 1s spectrum obtained from methanol (1 L) adsorbed 
on oxide-supported Au nanoclusters (2.9 ML) at 120 K 
and fitted with two Gaussian-Lorentzian peaks centered 
at 287.7 and 285.5 eV respectively. The insets are the C 1s 
spectrum for 1 L CO adsorbed on the oxide-supported Au 
nanoclusters (2.9 ML) at 120 K and the STM image for the 2.9 
ML Au nanoclusters. The spectra were recorded at 120 K.

Fig. 2: typical C 1s spectra for methanol (1 L) adsorbed on oxide-
supported Au clusters (2.9 ML) at 120 K and annealed to 
specified temperatures (for 1 min). Each spectrum was 
recorded when the surface was cooled to 120 K after 
annealing to the indicated temperature.
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above 250 K. Above 450 K the lack of C 1s signal indicates no 

atomic carbon or carbon-related species to remain on the 

surface. In addition to the described desorption, apparent 

chemical shifts were observed. A significant shift (0.4-0.5 

eV) of peak A towards a smaller BE was observed at 250 K, 

indicating dehydrogenation of methanol to methoxy. No 

significant shift was observed for peak B before annealing 

above 300 K. The spectrum for 350 K shows a new feature 

developed near 284.5 eV, which is attributed to elemental 

carbon from dissociation of CO. 

The reactivity is also dependent on morphology of 

the cluster. Fig. 3 shows the integral intensity of C 1s for 

CO on clusters grown at 300, 450 and 570 K, as indicated 

in the figure. As the clusters at these coverages covered 

most surface area, the quantities of adsorbed methanol 

are comparable, but the corresponding CO quantities vary 

greatly. Much less CO is produced on clusters formed at 

570 K. Two major differences among these clusters formed 

at different temperatures are the structural ordering 

and the size distribution. The clusters formed at elevated 

temperatures are structurally more ordered according to our 

diffraction studies, with correspondingly decreased defect 

sites. The defects are expected to be active, but the greatly 

reduced CO signals should be primarily attributed to a more 

dominant factor. The bimodal growth at elevated temperature 

exhibits many smaller and lower clusters. About half of the 

clusters formed at 1.6 ML and 570 K are low clusters with 

heights equivalent to 1-2 atomic layers. These low clusters 

are non-metallic (based on their STM I-V curves and core-

level spectra), and can be inactive towards the methanol 

decomposition. As for 450 K, about 20-30 % of the clusters are 

the low clusters; consistently, the CO signals are greater than 

that at 570 K but smaller than that at 300 K. 

As a result of our measurements, we propose a possible 

scenario for the decomposition of methanol. Adsorption sites 

on the clusters are of two types, active and inert. Methanol 

chemisorbing on the active sites decomposes via scission of 

the O-H bond to form CO at a temperature as low as 120 K, 

demonstrating a reactivity significantly greater than its 

single-crystal counterpart. CO can remain on the surface up 

to 250 K and further decompose to elemental carbon near 

350 K. There is no evidence for another reaction pathway, 

such as scission of the C-O bond. In contrast, methanol 

adsorbing on inert sites either desorbs or dehydrogenates 

into methoxy with increasing sample temperature. The 

reactivity of the cluster is sensitive also to its morphology: 

clusters of height 1-2 atomic layers are inactive for the 

decomposition of methanol.  
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Fig. 3: Variation of integral intensity of peak B with annealing 
temperature for methanol (1 L) adsorbed on Au nanoclusters 
grown on an Al2O3/NiAl(100) thin film at 300, 450 and 570 K. 
The spectra were recorded when the surface was cooled 
to 120 K after annealing to the indicated temperature. The 
dash lines are drawn to indicate the trends and the errors 
bars indicate possible errors due to fitting. 


