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Surface X-ray scattering (SXS) and scanning tunneling microscope (STM) studies have been carried out to 
determine the structure of electrochemically deposited Bi monolayers on a Au( 1 1 1) electrode. Between 10 and 
190 mV (relative to bulk deposition), a uniaxially commensurate rectangular phase is formed in which the Bi 
coverage decreases from 0.646 to 0.616 relative to a gold monolayer. A 25% coverage (2x2) phase is stable 
between 200 and 280 mV. The structures determined by SXS and STM are in agreement with those determined 
previously by AFM. 

1. Introduction 

Atomic force microscopy (AFM),' scanning tunneling mi- 
croscopy (STM),Z and surface X-ray scattering (SXS)3 are rapidly 
becoming important tools for in situ studies of electrode surfaces. 
Significant insights into electrochemical processes have already 
been obtained. The STM and AFM techniques provide real space 
images of the local atomic structure, whereas SXS, a non-probe- 
based technique with a lateral resolution better than 10-3 nm, 
gives a Fourier transformed image of the atomic structure, 
averaged over macroscopic regions. 

We have previously utilized AFM to show that two distinct 
underpotentially deposited4 (upd) Bi adlattice structures exist on 
the Au( 11 1) electrode surface in acid ~olution.~ In Figure la, 
we show the real space structures on the Au( 11 1) surface. The 
first Bi adlattice structure, existing between 250 and 190 mV vs. 
E ~ i w o ,  appears as a commensurate 2x2 adlattice (Figure la,  
middle) exhibiting a 25% coverage. The second adlattice, found 
between 190 mV and the bulk deposition region (190 mV vs 
NHE in 0.1 M HC104), is best described by a rectangular- 
uniaxially incommensurate (pXd3) structure (Figure la, right). 
For this structure there are two Bi atoms in the cell defined by 
the orthogonal vectors Ut and UZ. Whereas lull = d 3  (a  = 
0.2885 nm is the Au-Au spacing on the Au(ll1) surface) is 
commensurate with the gold lattice, lU21 depends on potential 
and is incommensurate with the underlying Au. A similar 
structure has been reported for Bi on Ag(l1 1).6 The Bi on Au- 
(1 1 1) system is interesting not only becauseof its uniquecatalytic 
behavior' but also because it exhibits a phase transition between 
theopen adlattice structure and the more densely packed uniaxially 
commensurate monolayer. 

One of the concerns about information derived from AFM 
measurement arises from the poor understanding to date of the 
AFM imaging mechanism. In particular, calculations suggest 
that pressure exerted by the tip may deform the sample surface,8 
cause material transfer to the tip, and generate images which 
represent a Fourier synthesis deriving from the tip-sample 
interactions rather than the real surface. This last point is 
important with respect to our observation of open metal monolayer 
surface structures for Bi on Au( 11 l), and in other upd systems.9 
These structures, which are without precedent in the ultra high 
vacuum (UHV) environment, appear to be stabilized by inter- 
actions with anions and/or by partial charge retained on the 
adatom. It is extremely important to ascertain whether or not 
the AFM images represent real adatom surface structure. 
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Figure 1. (a) Left: Real space structure of the Au( 11 1) surface. The 
real space coordinate system on the surface is defined by the vectors I 
and b where W = la( = 2.885 A and y = 120O. Center: the (2XZ)-Bi 
adlayer structure. Right: (pxd3)-Bi adlayer structure on the Au( 11 1) 
surface. U1 and_U2 define the nonprimitive unit cell of the (pXd3) 
overlayer. The (1 1 ) direction is along U1 while the (1 1 ) direction is 
along U2. The relationshipbetween the adlayer phasesand theunderlying 
gold layers has not been inferred from the present data set. (b) Diffraction 
pattem for the Au( 11 1) surface projected onto the surface plane. The 
dark circles correspond to the diffraction pattern from the gold surface 
without adsorbates. InAe (2X2)-Bi adlayer phase, additional diffraction 
spotsareobservedat(l/2,1/2)and(1/2,1/2)asshownbythetriangles 
at E and B, respectively. The olwpcrved diffraction pattem in the 
rectaaular (pXd3) phase isshown by thcopcn squares at C (26,26), 
D (1/2 - 6,1/2 - a), E (1/2,1/2), F (1/2 + 6,1/2 + a), and G 
(1 + 26, 1 + 26). No diffraction is observed at A (6, 6) which indicates 
that the unit cell is centered along the (1 1) direction. 

In this report, we utilize SXS and STM to evaluate the Bi upd 
adlattice structures and compare them with those obtained by 
using AFM. The scattering mechanism of SXS is well established 
and is based on the Thomson cross section of the electron.la SXS 
has been applied to surfaces in vacuumlob and more recently to 
in situ electrochemical surface ~ tud ie s .~  The imaging mechanism 
of the STM is reasonably well understood in UHV environments,ll 
and the use of this technique has been extended to the electrified 
solid-liquid interface by several groups.2 
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2. Experimental Section 
Solution were prepared from reagent grade Bi203 (Aldrich), 

ultrapure HC104, and purifkd water (MilliporeQ, Millipore Inc.). 
The solutions contained 1 mM Bi3+ and 0.1 M HClOd, and were 
deoxygenated with either Ar or nitrogen prior to use. All of the 
potentials reported in this paper are relative to the onset of bulk 
Bi deposition which is 190 f 5 mV vs NHE in 0.1 M HC104. 

The X-ray scattering measurements reported in this paper were 
carried out with focused, monochromatic (A = 1 .%A) synchrotron 
radiation at the National Synchrotron Light Source beam line 
X22B at Brookhaven National Laboratory. Data is presented 
after subtraction of the diffuse background scattering which was 
obtained at 400 mV where no Bi is adsorbed. All of thediffraction 
data was acquired in reciprocal space using a hexagonal coordinate 
system (see Figure lb). The three-dimensional reciprocal space 
position is denoted by the vector (H,K,L) where the momentum 
transfer is (a*,b*,c*).(H,K,L). As shown in Figure 1, there is a 
30° rotation between the real space direction along a and the 
reciprocal space. direction (1 ,O). Likewise, there is a 30° rotation 
between the real space direction along b and the reciprocal space 
direction (0,l). For the Au(ll1) hexagonal lattice a* = b* = 
(4~/v '3a)  = 2.52 A-1, and c* = (2*/d6a) = 0.89 A-1. The 
transformation between the hexagonal and the cubic coordinates 
is given in ref 12. For convenience, we will refer to the reciprocal 
space position by the surface vector (H,K) since L was fixed at 
0.2 for all of the measurements. This corresponds to a grazing 
angle of 1.25'. A full description of the electrochemical SXS 
technique, including the single crystal preparation, is presented 
elsewhere.12 

STM measurements were carred out using a Nanoscope I1 
STM (Digital Instruments, Santa Barbara, CA) which was 
calibrated by imaging Au( 11 1) in air. A tungsten rod was etched 
in 1 M KOH to form the tunneling tip and coated with nail polish 
(Wet'n Wild no. 401) to insulate from the faradaic background. 
Reference and counter electrodes were formed from Pt and Au 
wires, respectively. While the Pt wire is not a true reference, the 
bulk Bi deposition potential exhibited only ca. 30 mV drift during 
the 2-h course of the experiment. The tip was maintained at a 
potential of -500 mV vs the Pt wire reference in order to minimize 
the faradaic background. Thus the potential between tip and 
sample varied depending on the potential of working electrode. 
The Au( 1 1 1) working electrode was formed by evaporating 120 
nm of Au onto V2 grade mica. 

3. Results 
Figure 2 shows the cyclic voltammetry (CV) on Au(ll1) 

obtained in an STM cell at a scan rate of 20 mV/s. The 
voltammetry was essentially identical with that found in the AFM 
cell. This CV exhibits two sharp peaks in both the adsorption 
and stripping processes and agrees well with previous studies.' 
The potentials of the deposition peaks are at 212 and 171 mV 
whereas the stripping peaks are at 249 and 183 mV. The CV 
exhibited no changes even after holding the potential in the upd 
region for more than four hours. 

3.1. SXS Measurements. In Figure 3a we display the diffracted 
intensity obtained at 240 mV after an excursion to 100 mV. Along 
the (1 1) direction, a single resolution-limited peak is observed 
exactly at (1 /2, 1 /2) as shown in Figure 3a. This corresponds 
to position B in Figure lb .  &this potential we also observe 
sharp diffraction peaks at (1 /2, 1 /2) (corresponding to E in 
Figure lb) as shown in the inset to the figure. Additional peaks 
are observed at (0, 1/2), at (1/2, 0), and at (1/2, 1). On the 
basis of all of the observed half-order reflections, we conclude 
that the unit cell is a primitive 2x2 structure, i.e., one Bi atom 
for every four underlying gold atoms as shown in the middle of 
Figure la.  In this potential region, the AFM images also showed 
a primitive (2X2)-Bi adlayers and the SXS measurement is in 
complete agreement with this structure. 
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Figure 2. Cyclic voltammogram of Bi electrodeposition on Au(ll1) 
obtained in 1 mM Bi3+ + 0.1 M HC104. The scan rate was 20 mV/s. 
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Figure 3. X-ray scattering profiles along the ( 1 1 ) direction in reciprocal 
space after background subtraction. The background data was taken at 
400 mV. (a) At 240 mV we observe a shavAffraction peak at (1/2, 
1/2). We also observe a diffraction peak at (1/2,1/2) as shown by the 
inset. This leads us to conclude that the unit cell is (2x2). (b) At 100 
mV we observe a sharp diffraction peak at (26, 26) where 26 = 0.634 
which is incommensurate with the Au(ll1) lattice. As discussed in the 
text, this peak and the other diffraction features shown in Figure lb  
provides the (pXd3) unit cell assignment. In the inset we plot the 
coverage, 8 = 26 = p-l obtained by measuring the peak position (26,26) 
versus the applied potential. 

When the potential is moved to 100 mV, a completely different 
set of diffraction spots is observed. In Figure 3b we display the 
diffracted intensity at 100 mV along the (1 1) direction after 
background subtraction. Since thediffraction peakat (1/2,1/2) 
is absent, the commensurate 2x2 adlattice which was found at 
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Figure 4. Unfiltered STM images of Bi upd on Au(ll1). (a) 5 X 5 nm image of Au( 11 1) obtained at  510 mV. &as = -530 mV; itip = 3.5 nA. (b) 
5 x 5  nm image of the (2X2)-Bi monolayer on Au( 1 1 1) obtained at  220 mV. Ebim = -165 mV; itip = 4.0 nA. (c) 5 X 5 nm STM image of the uniaxially 
commensurate monolayer of Bi on Au(ll1) obtained at  100 mV. Ebim = -96 mV; itip = 3.0 nA. (d) 10 X 10 nm STM image of the uniaxially 
commensurate Bi monolayer on Au( 1 1 1). The Moire pattern arising from interference between the Bi and Au is clearly seen and the stripes propagate 
along the U2 vector shown in Figure la. 

240 mV has vanished at 100 mV. However, along this same 
direction in reciprocal space, diffraction is observed at (26, 26) 
with 26 = 0.634. The inset to Figure 3b shows that 26 varies with 
potential which implies that the real space structure must be 
incommensurate with the underlying Au( 1 1 1) lattice. Diffraction 
peaks are also observed at (1/2 - 6, 1/2 - 6 ) ,  (a, 1/2), (a + 6,1/2 + 6 ) ,  and (1 + 26,l + 26) as is indicated in Figure 
lb. At (a, 1/2) (E in Figure lb) the diffracted intensity is 
about a factor of 3 weaker than in the 2x2 phase. The most 
intense reflections are observed at (3 - 6,1/2 - 6) and (a + 6, 1/2 + 6) and the second most intense reflection is 
at (26,26). No diffraction is observed at ( 6 , 6 ) .  Although there 
are three symmetric directions (rotated from each other by 1 20°) 
on the Au( 1 1 1) surface, for visual simplicity diffraction from 
only one of these is shown in Figure lb. 

Theobserved diffraction at 100 mV shown in Figure 1 bindicates 
that the structure of Bi on Au( 1 1 1) is the rectangular (pXd3) 
phase shown on the right of Figure la. Diffraction at (26,26) 
implies there are rows of atoms which are separated by a distance 
IUz( = up = a/(26). This relationship defines the dimensionless 
unit cell length,p, in termsof 26 which in turn depends on potential. 
The second Bi atom in the unit cell appears to be well centered 
along the U2 direction since diffraction at ( 6 , 6 )  is not observed. 
Diffraction at the positions (3 + n6, 1/2 + n6), where n is 

- 

an integer, implies that there isa Fourier component of theelectron 
density wave with a periodicity of d 3 .  This periodicity 
corresponds to two rows of atoms and is given by the vector U1 
as shown in Figure la. The diffraction pattern closely resembles 
that expected for a centered rectangular phase where the absence 
of every other diffraction spot implies that there are two atoms 
per unit cell. However, at someof the positions where thestructure 
factor should vanish for this centered-rectangular cell we observe 
weakdiffraction. Ifthesecond Bi atom in theunitcell isaccurately 
centered along the U1 direction, then the diffraction peak at (m, 1/2) would vanish. This is not the case and implies that 
the Bi rows must be paired. Toney and co-workers have reached 
a similar conclusion for Bi on Ag(ll1).6 The designation of the 
(pXd3) rectangular unit cell is consistent with previously reported 
AFM imagesS and with STM imagesdescribed in the next section. 
In addition, the unit cell repeat length pa = IU2( = 0.456 nm 
compares well with the 0.46 f 0.04 nm spacing deduced from 
AFM images. 

In the inset to the Figure 3b we show that 26, measured in the 
positive sweep, decreases linearly with potential. Diffraction data 
was acquired along the (1 1 ) direction every 20 mV (in both 
sweep directions) in order to measure 26 which is given by the 
center of the diffraction peak. The atomic coverage of Bi can be 
measured very accurately from the diffraction peaks since the 
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Figure 5. (a) Unfiltered 5 X 5 nm AFM image obtained at 200 mV vs. 
EBiWlO of the ( 2 x 2 )  hexagonal Bi adlattice on Au( 11 1). (b) Unfiltered 
5 X 5 nm AFM image at 100 mV of the ( p X d 3 )  rectangular Bi adlattice 
on Au( 11 1). 

coverage 8, relative to the underlying gold density, is equal to 26. 
In the negative sweep, the (pX43) phase is first observed with 
26 = 0.6 12 at 190 mV and the peak position decreases to 26 = 
0.646 at 10 mV. This corresponds to a decrease in the magnitude 
of U2 from 0.471 to 0.447 nm. 

3.2. STM Measurements. At 500 mV, positive of the first 
deposition peak in the CV shown in Figure 1, atomic resolution 
images reveal a hexagonal lattice with an atom-atom spacing of 
0.29 f 0.02 nm shown in Figure 4a. We associate this structure 
with the expected Au(ll1) lattice which should be observed at 
this potential. The reconstructed Au( 1 1 1) lattice should not be 
observed at +500 mV since this potential is positive of the potential 
of zero charge (pzc).12 

Cycling to potentials between 250 and 190 mV gives rise to the 
(2X2)-Bi adlattice (0.57-nm atom-atom spacing) which is clearly 
seen in Figure 4b. The atomic arrangement observed in this 
STM image is essentially identical to the corresponding arrange- 
ment in the AFM imageshown in Figure 5a. While stableimages 
could be obtained with tunneling currents as low as 1 nA, the best 
images were obtained between 3 and 4 nA. 

Cycling to between 170 and 0 mV gives rise to the uniaxially 
commensurate Bi adlattice (Figure 4c) exhibiting a 0.34 f 0.02 
nm atom-atom spacing (0.46 f 0.03 nm spacing along U2) which 
is identical to that seen by AFM in Figure 5b. Thus, there is 
essentially no significant difference in spacing or orientation 

between AFM, STM, and SXS results for this system. However, 
long-range scans of the Bi-covered Au( 1 1 1) surface reveal an 
apparent 0.02 f 0.01 nm modulation in height which propagates 
in the direction corresponding to U2 shown on the right in Figure 
la. This Moire pattern arises from the mismatch between the 
Bi overlayer and the underlying Au.13 That the height modulation 
1Tr seen in only one direction is strong evidence that the monolayer 
is incommensurate in only one lattice orientation, in agreement 
with the SXS measurements. The apparent 0.02 f 0.01 nm 
average height modulation represents the difference in height 
between Bi adatoms in or near atop sites on the Au surface and 
those that are in or near threefold hollow sites. The period of the 
height modulation along U2 is every four or five Bi atoms which 
is entirely consistent with the 0.46-nm Bi-Bi spacing found using 
SXS in this direction. Analysis of this pattern could provide 
high-resolution information about thedegree of mismatch between 
the Bi and Au. An analysis of this type has already been 
undertaken for Pb monolayers on Ag( 1 1 l).14 Finally, while the 
repeat distance spacing found with the STM should be potential 
dependent (as it was with SXS), drift in our Pt quasi-reference 
electrode precluded determination of this change. 

4. Discussion 

The structures provided by the SXS and STM measurements 
reported above are essentially identical with those we found 
previously by AFM. AFM images of the (2X2)-Bi and rect- 
angular (pX43) phases are shown in Figure 5 for completeness. 
This correspondence of results allows us to proceed with renewed 
confidence in the AFM measurement. These results are par- 
ticularly significant because two different structural types are 
represented in this system: the 2x2 lattice is hexagonal while the 
uniaxially commensurate monolayer is rectangular. That the 
AFM can image both correctly, in the same experiment, provides 
strong evidence that the AFM images are not representative of 
a multicomponent Fourier synthesis deriving from anomalous 
interactions between sample and tip. The AFM images are truly 
representative of the structures occurring on the electrode surface. 

In addition to confirming the AFM results, the SXS mea- 
surements provides a much better spatial determination of the Bi 
monolayer. While the AFM determination of the 2x2 adlattice 
is aided by the inherent lattice symmetry, the absence of a 
commensurate structure in the rectangular phase makes this task 
more difficult. In the SXS experiment we have measured the 
incommensurate lattice constant and the subsequent two- 
dimensional compressibility. Here the magnitude of UZ. changed 
from 0.471 to 0.447 nm. This spacing change is well below the 
AFM resolution limit and subsumed in the average spacing we 
observe of 0.46 f 0.03 nm. Whereas the SXS measurement 
shows that the rectangular (pX43) structure is not accurately 
centered, this structural detail cannot be ascertained by either 
the STM or the AFM. We note, however, that prior solution of 
the structure at low resolution by AFM simplified the search 
process during the SXS experiment which can be difficult due 
to the inherent high resolution. 

The lattice constants of gold and silver only differ by 0.25% 
and one might expect similar behavior for Bi deposition on these 
two substrates. Indeed, the results of this study in the (9x43)  
phase are in reasonable agreement with a study by Toney and 
co-workers for Bi on Ag( 11 1).6 First, we note that the most 
compressed incommensurate lattice constant for Bi equals 0.448 
f 0.001 nm on both (111) surfaces. This suggests that the 
formation of bulk Bi occurs at the same critical coverage in both 
cases. Second, the two-dimensional isothermal compressibility 
(K~D)  for Bi on Au( 1 1 l), measured from the slope of the lattice 
constant with potential, equals 1.15 f 0.05 A2/eV which is larger 
than the value of 0.79 A2/eV obtained for Bi on Ag(ll1). This 
is consistent with expected differences between Ag and Au 
systems.15 Finally, only one current peak is observed in the upd 
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voltammetry for Bi on Ag( 11 1). The absence of the second peak 
in the Ag( 11 1) system, observed at the Au( I 11) electrode (see 
Figure 2). is consistent with only a uniaxially co"ensurate- 
rectangular phase, Le., no (2X2)-Bi structure. 

We have utilized the three emerging in situ techniques which 
provide direct structural information at the solid-liquid interface. 
The congruence of all three measurements allows us to p r o c e d  
with further characterization of electrochemically formed mono- 
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