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can apparently account for 1.3 kcal/mol of this decrease (Figure 
2).2' Similar medium effects may modulate the stability of planar 
peptide bonds during the folding,1-2 function,30 or lysis28 of proteins. 
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We present in situ atomic force microscope (AFM) images of 
two different structures of Bi underpotentially deposited1 (upd) 
on Au( 111). The two different structures are correlated with the 
activity of this surface toward the electroreduction of H2O2 to 
H2O in acid electrolyte. 

The upd of Bi on Au(111) has been well studied because the 
Bi overlayer acts as a catalyst for electroreduction processes.2"4 

The electrocatalytic activity of this surface is known to be de
pendent on the coverage of Bi. Three distinct stages in reactivity 
as a function of potential (and hence Bi coverage) have been 
observed.3 Electrodes with intermediate coverage of Bi are sig
nificantly more active toward reduction of H2O2 than either the 
full monolayer-covered surface or the bare Au(111). The Bi on 
Au system has been intensively studied, and general voltammetric 
response,3,5"7 electrosorption valency,""" correlation between charge 
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Figure 1. AFM images (5X5 nm) of Bi upd on Au(111) in 0.1 M 
HClO4. (a) Au( 111) surface found positive of Bi upd peaks. Atom-atom 
distance is 0.29 nm. (b) (2 x 2)-Bi adlattice found at 200 mV vs EKs*it. 
Atom-atom distance is 0.57 ± 0.02 nm. (c) Uniaxially commensurate, 
rectangular Bi adlattice found at 100 mV. Atom-atom distance is 0.34 
± 0.02 nm. (d) Schematic of Bi structures: left, rectangular lattice 
where P and U are primitive and nonprimitive unit cell vectors, respec
tively; right, (2 X 2)-Bi adlattice showing open Au and Bi sites. The Bi 
adatoms are larger than Au; they arc shown smaller here for clarity. 

and structure,1213 desorption kinetics,14" surface conductivity,16 

and specular reflectivity9-17 have all been examined. However, 
there is no direct insight available into the structures present on 
the surface, nor to the structural changes responsible for the 
changes in electrocatalytic activity. In order to understand the 
catalytic process, detailed in situ studies of the upd structures are 
necessary. 

Figure la shows the AFM image obtained in 1 mM Bi3+ + 0.1 
M HClO4 at potentials positive of the first Bi upd peak, which 
occurs at 360 mV.'8 This lattice exhibits a hexagonal orientation 
and 0.29 ± 0.02 nm atom-atom spacing which corresponds to the 
bare Au(111) surface. When the potential is moved to between 
250 and 190 mV, an overlayer of Bi atoms forms (Figure lb). 
This upd overlayer is an open, hexagonal structure with an 
atom-atom spacing of 0.57 ± 0.02 nm, which is 2 times the Au 
spacing. This lattice exhibits <5° rotation relative to the Au lattice 
and is thus equivalent to a (2 X 2)-Bi commensurate structure. 
The right side of Figure Id shows one arrangement of this (2 X 
2)-Bi lattice; other arrangements with the Bi in 3-fold hollow or 
bridging sites are also possible. 
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Cycling the potential negative of 190 mV causes the (2 X 2)-Bi 
lattice to disappear and a new ordered rectangular Bi structure 
to form (Figure Ic). The left side of Figure Id illustrates the 
relative positions of the Bi adatoms and the Au(111) substrate. 
The average spacing between two neighboring Bi adatoms is 0.34 
± 0.02 nm. On the upper left corner of Figure Id, P1 and P2 are 
vectors forming the primitive unit cell of this lattice. The measured 
angle between P1 and P2 is 94 ± 4°. On the lower left corner 
of Figure Id we introduce a nonprimitive unit cell deduced from 
the spacings and angles in the primitive unit cell as well as the 
orientation of the overlayer relative to the underlying Au. The 
nonprimitive cell, given by vectors U1 and U2, shows a 0.49 ± 0.03 
nm spacing in the direction of U1 which is V3 the Au distance. 
The rotation of U1 relative to the Au is 30 ± 3°. In consequence, 
vector U1 is commensurate with the [2,1] direction of Au(111). 
In the U2 direction, however, a 0.46 ± 0.04 nm spacing is found 
which is not commensurate with the Au(IIl) lattice. The Bi 
structure is then best described as uniaxially commensurate with 
Au(111). This Bi full monolayer is consistent with the proposed 
full monolayer structure of Bi on Ag( 111) found in a recent X-ray 
scattering study;19 however, the Ag(111)/Bi upd system does not 
exhibit the (2 X 2) open structure. 

We observed these structures during both deposition and 
stripping in the corresponding potential regions and also in so
lutions containing H2O2. We also found the same images and 
voltammetry in 0.1 M H2SO4 and 0.1 M HNO3 electrolytes, a 
result which stands in contrast to previous studies of Cu2021 and 
Ag22 upd on Au(111). This lack of sensitivity toward electrolyte 
most likely arises from the influence of the considerable partial 
charge remaining on the Bi adatom in the upd potential region.9"11 

A similar result was found for upd of Hg on Au(111).23 

The (2 X 2)-Bi structure is observed at the same potentials at 
which maximum activity for H2O2 reduction is found, while both 
the bare Au(IIl) and the rectangular lattice are found at po
tentials where electroreduction activity is substantially less. We 
thus consider the structural differences between the two inactive 
lattices and the (2 X 2)-Bi structure. The bare Au surface of 
course contains no Bi. The rectangular lattice exhibits Bi adatoms, 
but the packing density of Bi here is substantially greater than 
that of the 2 X 2 adlattice (64% vs 25% coverage). The (2 X 2)-Bi 
structure exhibits both open Au and Bi sites, while the rectangular 
lattice contains almost no open gold sites. Hence, both Au and 
Bi are required to effect the catalytic reduction of H2O2. 

The above observation leads to two possible origins of the 
electrocatalytic activity of the (2 X 2)-Bi lattice. First, H2O2 is 
thought to bind end-on to bare Au24 giving an Au-O-O inter
mediate. The end-on binding of H2O2 to Au could be enhanced 
by the presence of Bi, possibly through steric or electronic in
teractions. Second, the (2 X 2)-Bi lattice could enable the for
mation of an intermediate wherein H2O2 adsorbs on one Au and 
one Bi atom with a heterobimetallic bridge (Au-O-O-Bi). The 
peroxide bond length (0.148 nm) is too short to bridge Bi adatoms 
alone in either the (2 X 2) or rectangular structures. On the 
surface with the full Bi monolayer, there is not enough open Au 
fo peroxide to form a bimetallic bridge. A heterobimetallic bound 
peroxide would polarize the O-O bond and enhance its cleavage, 
leading to formation of H2O. 

We have shown that two different Bi adlattice structures form 
during upd of Bi onto Au(111) in acid electrolytes. The (2 X 2)-Bi 
adlattice exhibits enhanced reactivity toward H2O2 reduction 
relative to the rectangular adlattice because the first structure 
exhibits both open Bi and Au sites. A heterobimetallic bridge 
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model for H2O2 on this surface could explain the enhanced re
activity. 
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The fact that rate constants for Diels-Alder (DA) reactions 
in water are dramatically larger than those in organic solvents1"11 

contradicts with common notion that DA reactions are rather 
insensitive to solvent effects.1213 For example, second-order rate 
constants for DA reactions10 of cyclopentadiene (CPD) with 
methyl vinyl ketone (MVK) and ethyl vinyl ketone (EVK) are 
enhanced (relative to «-hexane) by a factor of ca. 400. The 
corresponding reaction with naphthoquinones is ca. 6800 times 
faster.10 These intriguing solvent effects14"19 evoked discussions 
about the molecular origin of this phenomenon. Explanations were 
sought in terms of high internal solvent pressure,3,14,15 micellar 
catalysis,2a,b catalysis by hydrogen bonding,20,21 solvent polarity 
or solvophobicity effects,4,6,11 and hydrophobic association. 1^4,6,1' 
Some of these explanations are fallacious. First, the internal 
solvent pressure of water is extremely low13 and cannot be held 
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