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Gold, the archetypal noble metal, is usually associated with an inhibition
of surface reactivity by site blocking. In this paper however, we
show that on Cu(100) surfaces a gold adlayer can actually increase
the extent of reaction with the substrate.

The surface structure and topography of gold adsorbed on copper
surfaces and of gold-copper alloys has received considerable
attention due to the miscibility of the two metals over all
concentration ranges and the importance of gold-copper alloys
in both the theoretical understanding and practical applications
of alloy systems."™ Copper has been used to modify the catalytic
activity of gold nanoparticles for several oxidation reactions
including CO,” propene® and benzyl alcohol to yield benzalde-
hyde.” Surprisingly, despite the increasing importance of Cu-Au
alloys in catalysis there have been no fundamental investigations
into chemisorption and reaction at these alloy surfaces. Our aim
in this work was to investigate how gold modified the reactivity of
copper towards an aggressive molecule such as HCl. We have
explored a range of gold concentrations on both Cu(111) and
Cu(100) surfaces and these will be described in a more lengthy
and detailed publication in the near future; we report here on
the dramatic effect of high gold concentrations on the adsorp-
tion of HCI at Cu(100) surfaces.

There is a substantial body of literature on the surface
chemistry of bimetallics®® and specifically the structural and
electronic effects*™ of gold deposited on copper surfaces. There is
agreement between the various authors®''* that Au evaporated
onto the Cu(100) surface undergoes a place exchange with the Cu
atoms in the terraces forming domains of ¢(2 x 2) Au-Cu alloy. At
this stage the Au is largely confined to the uppermost layer. With
increasing coverage stress develops in the alloy layer since the Au-Cu
lattice parameter is ~4% larger than that of the copper and
this is relieved by the development of nanometer scale defects.
At 0.6 monolayers (1 mL = 1.54 x 10" atoms cm™?) there is
evidence for Au in the 2nd and 3rd layers'! but at ~1 mono-
layer dealloying occurs with the development of a hexagonal
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pure gold adlayer and the removal of most of the Au from the
underlying layers.

XPS & STM studies of the reaction of HCl with clean Cu(100)
surfaces show the chemisorption of Cl adatoms with a limiting
coverage of ~7.1 x 10" cm™? reached after ~200 L and the
formation of a ¢(2 x 2) surface adlayer. During adsorption there
is considerable movement of step edges and at low coverages
STM resolution is very poor because of the relatively mobile
Cl(a) adlayer. The Cl(2p) binding energy of Cl(a) on Cu(100) is
at ~198.0 eV and invariant with coverage. This is consistent
with previous studies of low exposures of Cl, at this surface but
unlike HCI, high exposures of Cl, lead to further adsorption
and the formation of a state with a similar binding energy to
CuCl at ~199 ev.'>™

With a noble metal such as gold, adsorption at a Cu(100)
surface might have been predicted to result in a simple site
blocking model such as that seen for Cu(111)-Au-O, for
example,'” but in the case of HCI this is not the case. The XP
spectra in Fig. 1 show that despite the presence of 7.8 x 10'* Au
atoms cm 2, slightly in excess of the quantity required for the
¢(2 x 2) monolayer, reaction with HCI is just as rapid and
extensive as in the absence of gold; an exposure of 200 L results
in a Cl(a) concentration of 7.4 x 10" ¢cm 2. In fact, even the
presence of a gold concentration well in excess of a monolayer
(1.7 x 10" ecm™?), which is known to result in a hexagonal pure
Au(111) uppermost adlayer," does not stop the HCI reaction.
Indeed, it seems to facilitate reaction with an exposure of ~200 L
giving a Cl(a) concentration of 9.9 x 10, 30% more than the
limiting concentration of Cl(a) when the clean surface is
exposed to HCL.

Interestingly, in both cases the Cl(2p) binding energy is
~199 eV, 1 eV higher than Cl on clean Cu(100) and 1.7 eV
higher than that expected for Cl(a) on gold." It is also noteworthy
that the apparent Au concentration is significantly lower after
exposure to the HCI and a second Au state is now evident from the
broadening of the 4f peaks. Curve fitting of the spectra in Fig. 1(a)
show the two components: one with a Au 4f;,, peak at the same
binding energy of 84.3 eV as the clean alloy the other at a much
higher binding energy of 85.2 eV. The higher binding energy
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Fig. 1 Au(4f) and Cl(2p) XP spectra showing the effect the presence of gold at a
Cu(100) surface has on the chemisorption of HCl at room temperature. Surface
concentrations of Au and Cl (calculated from the XP peak areas''®) are indicated
on the relevant sets of spectra. (a) Clean surface; (b) Cl(2p) spectrum after
exposure of a clean surface in the absence of gold to 230 L HCl. (c) Au(4f)
spectrum for Au evaporated onto the clean Cu(100) surface, (d) Au(4f) and Cl(2p)
spectra after exposure of surface in (c) to 200 L HCl; (e) Au(4f) spectrum for a
higher concentration of Au at the clean Cu(100) surface; (f) Au(4f) and CI(2p)
spectra after exposure of surface in (e) to 200 L HCI.

species cannot be assigned to a gold chloride since the Cl(2p)
binding energy is considerably higher than that associated with
Cl on Au surfaces."® However, the relatively high binding energy
may be due to the formation of smaller pure gold nanoparticles
after reaction with HCI has removed all the copper, the Au 4f
binding energy having been shown to be sensitive to particle
size and alloy composition.**®

STM images were recorded during the two experiments described
above. In both cases, before exposure to HCI the surfaces consist of
small terraces separated by steps of ~0.19 nm most containing
rounded islands of the same height (Fig. 2(a) and (e)). It is known
that for coverages up to approximately 7 x 10'* cm™ 2 the majority of
Au is adsorbed into the uppermost copper layer forming a ¢(2 x 2)
ordered alloy, but for coverages in excess of a monolayer, the gold
de-alloys from the copper to form an upper layer consisting of a pure
hexagonal Au(111) adlayer."® During the exposure to HC there was
considerable movement of both step edges and islands for both
concentrations of gold, but very different STM images were obtained
for the two gold concentrations after the ~200 L dose of HCL. In the
case of the lower gold concentration, areas of terrace were covered in
small domains (~ 25 nm?) of a regular square structure with a lattice
parameter of ~0.51 nm.

This is consistent with the formation of a ¢(2 x 2) Cl
adlayer and in light of the marked decrease in the Au 4f signal
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Fig. 2 STM images showing topographical effects of HCl adsorption at Cu(100)
surfaces with two different concentrations of Au adsorbed: 6, =7.8 x 10" cm~2
images (a)-(d). (@) Cu-Au alloy islands before HCl exposure, (b) during exposure
to HCl at 1 x 1078 mbar, the islands have disintegrated as Cu is extracted by
reaction with HCl. (c) and (d) Images recorded after ~200 L CI showing the
square lattice consistent with a c(2 x 2) Cl(a) adlayer. oaq = 1.7 x 10'® cm™2
images (e)-(h). (e) and (f) Before and after exposure to HCl showing large scale
island sintering and step movement. (g) and (h) Close up images showing atomic
resolution of the hexagonal lattice consistent with a Au(111) surface.

(Fig. 1(c) and (d)) suggests the formation of a CuCl adlayer over
the Cu-Au alloy (Fig. 3(a)). The high Au coverage surface gives a
slightly different result; again there appears to have been significant
step edge movement and sintering of the islands on the terraces
but also, where atomic resolution can be obtained after reaction a
hexagonal lattice is observed with a lattice parameter of 0.3 nm
consistent with the Au(111) surface present before HCI exposure.
The very high Cl concentration and Cl(2p) binding energy indicate
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Fig. 3 Models for the adsorption of HCl on Cu(100) surfaces in the presence of
(a) monolayer and (b) multi-monolayer coverages of Au. In both cases the XP
spectra (Fig. 1) suggest a CuCl state and a buried Cu-Au alloy.

the formation of a CuCl state and again a reduction in Au(4f)
intensity suggests a buried layer of Cu-Au alloy, Fig. 3(b).

Our models for the reaction of HCl with the Cu(100)-Au
surfaces with different Au coverages are summarised in Fig. 3;
in both cases HCI reacts with the copper giving rise to a copper
chloride that develops on top of the Au—Cu alloy. However, what
we wish to draw attention to in this experiment is the unusual
effect of gold acting as a facilitator of the reaction of HCI with the
copper. Furthermore it is evident from the high Cl(2p) binding
energy and the very high Cl concentrations achieved that the
chloride phase created is closer to a CuCl or CuCl, state than a
simple chemisorbed Cl adlayer. Previously this state has only
been obtained with extensive exposure to Cl, or, from HCl in the
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presence of surface oxygen. The latter has been attributed'” to
the thermodynamic advantage provided when the HCI reacts
with a copper surface already reconstructed by the oxygen. It
appears that gold may be able to effect the same facile reaction.
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