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CO oxidation on gold surfaces studied on the atomic scale

T. Bard, T. Visart de Bocarm® B.E. Nieuwenhuy® and N. Krusé*

@ Chemical Physics of Materials, Université Libre de Bruxelles, Campus Plaing, CP 243, 1050 Brussels, Belgium
E-mail: nkruse@ulb.ac.be
b Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden University, PO Box 9502, 2300 RA Leiden, The Netherlands

Received 13 February 2001; accepted 26 April 2001

The interaction of small gold crystal tips with oxygen gas and COg@s mixtures was studied by means of field ion microscopy
(FIM). High-resolution FIM-images of clean tips were obtained with hydrogen and neon as imaging gas. At temperatures between 300 and
450 K the exposure of a clean Au sample tpgas at 100-1000 mbar, in the absence of an electric field, led to oxygen chemisorption and
formation of a “surface oxide”. The presence of an electric field of 12-15 V/nm was found to enhance the oxidation process. Exposure
to CO gas at 300 K led to the removal of the surface oxide. This was associated with the occurrence of a wave front which started in the
apex centre and extended to the outskirts of the tip sample. The build-up of the surface oxide and its titration by carbon monoxide was
completely reversible. Our results strongly suggest that pure gold crystals are active catalysts for the CO oxidation at 300 K.

KEY WORDS: field ion microscopy (FIM); gold; carbon monoxide; chemisorption; surface chemical reaction; oxidation

1. Introduction 2. Experimental

For many years, gold was considered to be little reac- A detailed description of the experimental setup can be
tive and, therefore, non-interesting for applications in hefound elsewhere [7]. The field ion microscope is part of
erogeneous catalysis. However, a number of recent studisall-metal UHV system with residual gas pressures in the
by different research groups [1] have shown that supporté@ % mbar range. The system consists of several chambers
gold-based catalysts can have high activity and selectivihd @ magnetically driven rod allows samples to be trans-
for a variety of reactions. For example, such catalysts hafgéred back and forth without exposing them to air. In one
proven to be highly active in the low-temperature oxidatioghamber, reaction studies can be performed with purified
of CO (for a recent review see [2]). On the other hand, eg#ases at pressures up to 1 bar. The analysis chamber contains
lier basic studies have shown that clean, low-index Au singfechannel plateq = 3 inch) image intensifier mounted on a
crystal surfaces are inactive towards adsorption pj@s at movable rod to adjust imaging distances. Standard field ion
300 K [3]. Assuming the reaction to proceed according to'gicrographs can be taken by a high resolution CCD-camera
Langmuir-Hinshelwood mechanism betweeng&nd Qg (512 x 512 pixels, 18 bit dynamic resolution). A closed cy-
the absence of dissociative adsorption of oxygen leads to@f He refrigeration system allows for sample cooling with
apparent contradiction. In order to solve the problem, difewest achievable temperatures©80 K. Both hydrogen
ferent scenarios were discussed based on spillover effe2f§l neon (99.999% purity) can be (and have been) used as
(followed by reaction on either support or Au particles) ofnaging gases. .
reaction in the interface region of Au metal and promoter Reaction studies were monitored by means of a moon-

or support [4]. In addition, as discussed in [1,5,6], the siZ@ht video camera with a time resolution of 20 ms, and
of the supported Au particles plays an important role in cdiggistered on videotape. Subsequently, selected sequences

alytic performance. In summary, however, it is fair to saff the tape were digitised to produce snapshots. Oxygen

that the mechanism responsible of the C@f@action on and carbon monoxide gas of commercial purity (99.998 and
Au-based catalysts is not clear at present. 99.997%, respectively) were used for the reaction experi-

This letter reports on the reactivity of small Au particles€nts: Due to the large dlfferer;ce in the partial pressure
in the absence of any oxidic support. We resort to field iopf e reactantsyco/po, ~ 107°) CO was dosedia a
microscopy (FIM) since the apex of a metal field emitter rer_osmon—caI|brat(_ed leak valve. During the measurements ion
resents an excellent model of a single catalyst grain exposﬂl%f'ges were switched off. . .
different kinds of planes and sites. Results will be presented Gold tips were prepared by elec'troc.hemlcally etchllng a
that prove that oxygen can be activated on stepped surfalés (@ = 0127 mm, 99.99% purity) in a 20% solution

of an Au tip and subsequently react with CO at ambient terf- CN in distilled water. Both (111)- and (001)-oriented
perature. samples were obtained in this manner. However, the former

orientation proved to be more common and more stable in
* To whom correspondence should be addressed. the presence of high electric fields (10-30 V/nm). The sam-

1011-372X/01/0700-0127$19.50/02001 Plenum Publishing Corporation



128 T. Bér et al. / CO oxidation on gold surfaces

Figure 1. Field ion micrograph of a clean (111)-oriented Au sample imaged in neon at a sample temperature of 55 K. Some planes are indexed in Miller
notation.

ples were usually cleaned by repeated cycles of heatingnmosphere. Several experiments with pressures ranging from
UHV and sputtering in neon. 100 to 1000 mbar during 20 min at temperatures between
300 and 450 K were performed. Subsequently, the gas was
removed from the chamber and the specimen transferred
3. Resultsand discussion back to the analysis chamber for imaging. Figure 2 shows
an Au micrograph imaged in Ne at 55 K after exposure to
Figure 1 shows a field ion micrograph of a clean (111)1 bar oxygen for 20 min at 450 K. Quite obviously, as
oriented Au tip prepared according to the procedure deempared to figure 1, changes have occurred due to the inter-
scribed above. The image was taken in neon gas at a sangg#on with oxygen. Layer edges of (111) and {100} planes
temperature of 55 K and a field of 35 V/nm. Gold samseem to be decorated by oxygen atoms. PossiblyQju
ples proved to be rather unstable in such high fields ardusters of a “surface oxide” have formed as indicated by
consequently, hydrogen gas was used in later stages of #inemws. It must be noted that the number of bright spots ap-
preparation procedure. By counting the number of netplanesaring in the initial stages of imaging is much higher than
between the (111) and the {110} planes the radius of curvar figure 2. Obviously, field evaporationg., the ionic re-
ture of the Au sample was estimated to be 25 nm. Early FIMoval of surface atoms or compounds due to the presence of
studies of gold metal have shown that lowering the samptlee electric field, enters in competition and prohibits imaging
temperature helps stabilising tips to increase the image qualthout destruction. Surface oxides are most fastly removed
ity [8]. Some planes in figure 1 are marked by their Millein rough surface planes due to their small size and the high
indices. Due to the high contrast in the initial micrograph cal fields encountered in these regions.
filter of the software was applied which took the logarithm In a second type of experiment we studied the interaction
of each individual pixel in order to balance the color valuesf oxygen and @CO gas mixtures with gold surfaces un-
and adjust them for printing. This procedure could not baerin situ conditions using video techniques. Accordingly,
applied to studies using video-FIM since the dynamic resan initially clean Au specimen was exposed to gngas at-
lution of the video camera was not high enough. mosphere of D x 10~4 mbar in the presence of an electric
In a first type of experiment, a clean sample was tranBeld of 12—15 V/nm at 300 K. While dosing, the tip was im-
ferred to the reaction chamber and exposed to ag&3 at- aged with relatively uniform moderate brightness. Previous
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Figure 2. Same tip as in figure 1 after exposure to 1 bag&s at 450 K for 20 min. Arrows indicate the presence of a “surface oxide”.

FIM work on CO oxidation over Pt metal has demonstratezkide layer” are several orders of magnitude lower in the
that oxygen serves as imaging gas [9]. No information aboprtesence of the imaging field. This interpretation is consis-
the tip symmetry could be gained from respective micrdaent with atom-probe measurements recently performed to
graphs for which reason they are not shown here. Howanalyse the chemical nature of adsorbed species in selected
ever, in the course of the experiment bright spots appeamdface regions. Focussing the probe hole~@0 sites in

on the surface which increased in number and intensity withe region of the (111) Au plane allowed us to detect AuO
increasing time of exposure (up to 10 min). An example isnic species by field pulse desorption, in the presence of a
shown in figure 3(a) which also serves as zero-time refererstatic electric field, while exposing the gold sample tp O
for further experiments. Interestingly, these spots vanishgds. A more detailed description of this work will be re-
within a few seconds upon introduction of CO gas at 1 tported elsewhere. In a recent FIM study [10] Medvedev
2 x 107 mbar. This was associated with a considerabk al. found a similar behavior for the case of rhodium. In
reduction of the image brightness and led to FIM patteriiseir experiments the authors also observed the appearance
similar to those observed during the early stages of imagin§ a bright granular structure upon interaction of small Rh

in pure oxygen gas (figure 3(b)). crystals with oxygen gas which was attributed to the forma-

Upon continuous exposure to the/00 gas mixture tion of Rh.O, clusters. The presence of an electric field
(1.0x 10~* mbar and 2 x 10~ mbar, respectively) a bright of ~15 V/nm was found to strongly enhance the oxidation
reaction front appeared in the apex centre (see arrow in figrocess. By adding CO it was possible to completely re-
ure 3(c)). On the time scale of about 60 s this front spreaice the surface oxide which led back to the initial state of a
in nearly concentric circles towards the outskirts of the samlean tip. The behavior observed in the present experiments
ple thereby further darkening the central part of the tip ap@x gold can be interpreted in a similar manner. Accord-
(figure 3 (d)—(f)). The process is reversibie, the video ingly, bright spots in figure 3(a) possibly represent. Sy
sequence leading to the series of images in figure 3 couldsters. Obviously, just as in the field-free case, local en-
be reproduced by closing the CO inlet valve and openingrithment of Qq and cluster formation is favored over large
after a time period of several minutes. island growth.

Obviously, the presence of an electric field sfl2— The bright reaction front propagating across the surface
15 V/nm significantly enhances the oxidation process on figure 3 (c)—(f) is interpreted as being due to the removal
small gold tips. As compared to the field-free case, oxypy CO of the surface oxide. Thus, titration offalong
gen pressures necessary for the production of a “surfagigh CO, formation takes place. Areas in whichy§is
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Figure 3. Sequence of images showing the reaction of surface oxygen with CO (a) and (b), and the propagation of a chemical wave due to the titration by
CO (c) and (d). Experimental conditions: = 300 K, po, = 1.0 x 10~4 mbar andpco ~ 2 x 10~7 mbar (b)—(d).
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replaced by Cgy are imaged with much lower brightnessclusters in edges and kinks. The clusters react with CO at
This is understandable in view of results obtained in adsom@wom temperature.

tion experiments using field electron microscopy (FEM) at

55 K. While the image brightness decreased durinca®

sorption on Au samples the opposite behavior was foufiFknowledgement

during CO adsorption. Thus, the work function increases
in the first case but decreases in the latter. Using the sim
ple electron tunnelling model of FIMc = (Ip — ¢) /e Fioc,
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