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Structure of Active Adlayers on Bimetallic Surfaces: Oxygen Reduction on Au(111) with Bi
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The structure of Bi adlayers on the Au(111) electrode surface during the coursgrefi@tion has been
investigated by in situ surface X-ray scattering. Under oxygen reduction conditions, both the low-coverage
(2 x 2)-Bi and the close-packeg  +/3)-2Bi adlayer structures are stable. We developed an electrochemical
drop cell that provides a more uniform potential distribution during high current conditions compared with
commonly used thin-layer cells. Our results clearly indicate distinctly different catalytic properties for the
two ordered bismuth adlayer phases. In the potential region corresponding tott®-®i phase, @reduction

is promoted to a four-electron reaction, albeit with relatively slow kinetics. The close-pazked/(3)-2Bi

phase, formed at more negative potentials, appears to have a limited number of sites available for four-
electron reduction, but the reaction kinetics on this adlayer is enhanced by an increased overpotential.

1. Introduction oxygen reduction occurred in the potential region where the
formation of an aligned incommensurate hexagonal phase
occurred in alkaline solutions (SXS) and patches of the @
phase formed in acid solutions (ST®l)However, in acid

Electrocatalytic oxygen reduction is of paramount importance
for electrochemical energy conversion in fuel cells and metal

air batteries and plays a major role in corrosion processes. Itsolutions, no ordered, low-coverage Tl phases were observed

continues to attract considerable attention because of its complexX 1hq X-ray scattering measurements. On the basis of the present
kinetics and the need for better electrocatalysts for more efficient study, where the role of the cell geom.etry on the phase behavior

fuel-cell cgthodgs. Recept gﬁorts to develop improved fuel cells ¢ explored, we suspect that the absence of the ordered TI
have _reV|ved Interest in improving electrocatqusts fof_ _O phases during the course of the reaction was due to a potential
reduction” Metal adlayers, formed by underpotential deposition gpigt hetween the sides and center of the crystal that occurred
(UPD), can havglpronou.nced catalytic effects c;rr@iuctlo.n in the thin-layer geometry. This potential drop originated from

on Au. They positively shift the half-wave@eduction potential the combined effects of the sheet resistance of the thin electrolyte

and, in some cases, change the reaction mechanism from atwofayer (10-20 um) and the high current from the oxygen
electron (2e) reduction to a four-electron (4e) reducti@ven reduction conditions

thpugh the potentiql range onCDeducti_on on these surfaces We have carried out a comprehensive X-ray scattering study
might not be attractive for fuel-cell applications, an understand- of the structural phase behavior of Bi UPD adlayers on the

ing of t_he rel_alt_ionship betwe_e_n the adlayer structure a_nd su_rfaceAu(lll) surface during ©reduction. The “drop X-ray cell”
catalytic activity and the origin of the adlayer cgtaly‘uc action sed in the present study eliminated the complications of
can provide guidance for designing new @duction electro- nonuniform current distributions inherent in conventional thin-
catqusts. ) » . . layer X-ray cells. Both the low-coverage §£2)-Bi and close-

It is now possmlg to rel_ate_trad!tlonal electrochemical s'guo_lles packed p x +/3)-2Bi phases were found to be stable under O
of oxygen reduction with in situ structural characteristics requction conditions. Here, we report a direct comparison of
obtained from surface X-ray scattering (SXS) and atomic force he structural behavior of Bi adlayers and their catalytic

microscopy (AFM) techniques. For instance, the reduction nroperties, determined from rotating disk electrode measure-
kinetics of G® and HO,** have been related to specific atomic-  ments, as a function of the applied potential.

level features of the surface. The present study of oxygen
reduction on Bi adlayers is closely related to previous studies 2. Experimental Section
on Tl adlayers. The close-packed rotated-hexagonal Tl adlayer,
which forms on the Au(111) surface as determined from SXS
studies, supports the 2e reduction of Bowever, it was noted

A Au(111) single crystal, 10 mm in diameter and 3 mm thick,
was oriented to better than 0.4nd electropolished. The crystal
that the in-plane diffraction intensity from the TI adlayer surface was prepared by flame annealing immediately prior to
decreased considerably with decreasing potential, suggesting £2°" Pilectrochemlcatljol; SX? mea?urement. Qﬂer arfmealtljng, the
possible increased level of disorder with decreasing potéhtial. crystal was protected by a drop of water and transferred to an
At higher potentials, where the Tl rotated-hexagonal phase electrochemical cell. The reference electrode was Ag/AgCI (3

vanished, electrochemical measurements suggested that the 4y NaCl), and the counter electrode was a Au wire. Solutions
were prepared from reagent-grade@y (Aldrich), ultrapure

* Author to whom correspondence should be addressed. HCIOy, and purified .Water (Millipore). . . .
t Department of Physics. Two electrochemical cells were used in the in situ SXS

* Materials Science Department. measurements. A thin-layer cell, which utilized a thin electrolyte
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solution layer (16-20 um thick) sandwiched between the front ; 0
crystal face and a thin plastic film, is described in a previous 2 -100 ¢t 1
publication? The X-ray path length through the electrolyte, for S o0
a grazing incident angle of 1.25vas approximately 12 mm. _300+ i
Whereas the thin-layer electrolyte minimized the X-ray path
length through the electrolyte, a large IR voltage drop was —400
generated between the edge and center of the crystal under =500 | . ‘ O
reaction conditions. 01 02 03 04 05 06 07
For the present studies, carried out during the course of E/ V vs. Ag/AgCl

electrocatalytic reactions, we primarily utilized the “drop-cell”  Figure 2. Voltammetry curves for (a) the UPD of Bi on a Au(111)
geometry. In the drop geometry, the counter and referenceelectrodem 1 M HCIO, with 5 mM Bi** and (b) oxygen reduction on

electrodes are placed directly above the crystal, withi@ fInm a Au(111) surface with Bi adlayers in the same solution. Sweep rate
of the crystal surface, to minimize the IR potential drop. The =10 mV s™.

concept behind this design is similar to that behind the
transmission cells used by You and N&grmstrong and co-

. slit within the scattering plane, were measured using a Nal
workers? Robinson and O’Gradi® and Brossard and co- gp 9

. . detector. The phase behavior was determined either by using
1
workers! where the X-ray path length is determined by the ocin qcal.space scans at closely spaced potentials or by

width of the solgtion Iayer rather than by its thickngss. In.this measuring the diffracted intensity versus potential at a constant
geometry, the diffracted signal-to-background ratio is relatively (peak) position in reciprocal space. We note that the integrated

independent of the drop size as long as the wavelength-jqiansiny “a more accurate measure of the “order parameter”,
dependent X-ray penetration length through water is greater thandil‘fers from the peak intensity when the shape (width) of the
the length O.f the drop. Th's Is clearly the case at 32 keV, where diffraction profile changes with potential. Because the peak
the abs_orpﬂon length is about 35? mm. At 10 keV, Where the intensities are much easier to collect, and because the peak
absorption length through water is only 2 mm, the diffracted  ;qihg change little with potential, the peak intensities provide

signal-to-diffuse background ratio is reduced compared to that a sufficiently accurate measure of the phase behavior
at higher energy. However, 10 keV is ideal for studies in the '

thin-layer geometry. In the drop cell, shown in Figure 1, an
electrolyte drop about 4 mm in diameter is confined between
the Au(111) crystal at the bottom and the reference and counter 3.1. Voltammetry and Rotating Disk Electrode Studies.
electrodes at the top by capillary forces. The drop is stable for Figure 2 shows typical voltammetry curves for Au(111) in 1
both horizontal and vertical orientations of the crystal. The M HCIO4 solution containing 5 mM Bi" both (a) without and
Au(111) crystal, electrolyte drop, and ancillary electrodes are (b) with O,. In the absence of fthe curves in the cathodic
surrounded by an outer chamber, which permits control of the and anodic scans are approximately symmetrical, with three
environment around the drop. Nitrogen or oxygen gas, saturateddistinct regions of the Bi UPD. The number and distribution of
with water vapor, is slowly circulated through the outer chamber. soluble Bi species is highly dependent on the solution*pH,
In the case of the thin-layer cell, oxygen and nitrogen are also which affects the UPD process and the shape of the voltammetry
circulated through an outer chamber, and these gases easilurves. For the present measurements, we dsel HCIO, to
permeate the thin plastic membrane that contains the electrolytereduce the concentration of Biions in complex forms. At
X-ray measurements were carried out at either 10 keV (1.197 about 0.4 V, a broad predeposition peak is observed, followed
A) or 32 keV (0.386 A) at X22A at the National Synchrotron by a large shoulder with a superimposed sharp peak at 0.285 V
Light Source using a vertical-scanning, four-circle diffracto- and a small additional deposition associated with a weak peak
meter. Whereas the X-ray intensity at 32 keV was about 100 at 0.15 V. Previous X-ray diffraction studiésalong with the
times less than that at 10 keV, the reduced absorption at 32present work (vide infra), identified three phases in the Bi UPD
keV offset the loss in signal. Further, the reduced absorption region: a disordered adlayer; the ¢ 2)-Bi commensurate
also minimized the effects of X-ray-induced changes to the adlayer; and the incommensurate, close-packed (/3)-2Bi
electrolyte. The drop-cell geometry also permitted simultaneous adlayer.
voltammetry measurements during the course of the X-ray The voltammetry curve in the presence of (Figure 2b)

3. Results and Discussions

measurements on the crystal face of interest. shows a large cathodic current superimposed on the character-
For Au(111), reciprocal spacing is conveniently described by istic Bi UPD pattern. This large cathodic current is due to O

a hexagonal coordinate system in whigh= (a*, b*, c*)-(H, reduction, which is catalyzed by the Bi adlayers. In the cathodic

K, L), wherea* = b* = 4x/+/3a= 2.25 A1, ¢t = 27//6a= scan, the onset of Oreduction coincides with the initial

0.89 A1 anda = 2.884 A. The in-plane diffraction measure- adsorption of Bi. The sharp cathodic current peak at around
ments were carried out in thél(K) plane withL = 0.2. The 0.29 V is more than 3 times larger in current than the Bi UPD
scattered X-ray intensities, analyzed with a 0.0f%hm Soller peak current in the absence of oxygen. This is due to the
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7 T 0, + 2H" + 2e” — H,0, (3)
O . .
and
_‘| —
T H,O, + 2H" + 2e” — 2H,0 4)
S rpm
T -2 400 In this case, the measured valuencE 3.0+ 0.1 suggests that
~ a complete 4e reduction occurs on only part of the surface. One
2 3 »525 possible scenario is that only three-quarters of the area is active
5 for the 4e reduction process, with the remaining area being
- 900 completely inactive. Alternatively, half of the area might be
g -4 225 : active to a 4e process, with the other half active only to the 2e
= ] process. Intermediate scenarios are also possible.
s _1600 0 10 20 30 40 50 | Despite the lower overpotential, the cathodic currents at 0.22
2025 W/2 / pm!/2 V, for low rotating rates, are larger than those at 0.1 V (Figure
3). The former result indicates that more active sites are available
-5 L 1L |

' : . ' for a 4e reduction process at 0.22 V than at 0.1 V. The latter
01 02 OE'B/ v0'4 A O/: o 0.6 07 08 shows that the currents are partially kinetics-limited at the higher
vs: A977°9 rotating rates used in the measurements. For electrode processes

Figure 3. Rotating disk electrode measurements (anodic sweep) of with slow kinetics, the current density can be expressed as
O; reduction on a Au(111) surface with Bi adlayersi M HCIO,

with 5 mM Bi®*. Sweep rate= 10 mV s'%. The inset shows the variation PR Sy — ; 1,
of the current density wit'/2 at 0.10 and 0.22 V. Best fits are shown J =il +ifip) = /(1 + j/0.040 2) ()
by the dashed and solid lines using eq 2 witkr 3 and eq 5 witm

= 4 andjx = 17 mA cnT2, respectively. The solid line in the inset to Figure 3 shows the best fit to this

form. Two parametergk, the kinetics-limited current, and
were allowed to vary in the fitting, resulting g = 17 mA
additional Q reduction current, indicating a large enhancement c¢m-2 andn = 4.0+ 0.2. Note that eq 5 reducesijte- jp when
of the catalytic activity upon formation of the 2 2)-Bi adlayer. ~j, > jp, which is the case for the data at 0.1 V, implying that
It is well-known that Bi adatoms have a considerable catalytic the kinetic current is much higher at 0.10 V than at 0.22 V.
effect on Q reduction on AW particularly in alkaline solu-  This is not surprising as the reaction kinetics increase with
tions'> The half-wave potential for ©reduction on a bare increasing overpotential. It is interesting, however, that the
Au(111) surface in perchloric acid solutions is ¢a0.05 V, number of active sites for 4e oxygen reduction is highest at
i.e., the reaction occurs at a potential approximately 0.35 V. more jntermediate potentials, where the low-coverage Bi adlayer
negative than that on the Au(111) surface with Bi adlayers.  forms, than at the most negative potential, where a close-packed
Rotating disk electrode measurements of r@duction on Bi adlayer forms.
Au(111) with Bi adlayers are shown in Figure 3. The currents 3.2, Surface X-ray Diffraction. As previously reported?
are not significantly affected by the superimposed UPD current the Bi adlayer structure can be determined by the X-ray
as they are much smaller than the @duction currents under  diffraction pattern in reciprocal space. For the {2 2)-Bi
enhanced mass transport at the rotating disk electrode. Analysisadlayer, additional X-ray diffraction peaks are observed at half-
of the current as a function of the rotation speed was carried order diffraction positions, e.g.m(2, n/2, L), wherem andn
out for the data at 0.10 and 0.22 V, where tpex( +/3)-2Bi are integers. For thep(x +/3)-2Bi phase, peaks are observed

and (2x 2)-Bi phases, respectively, exist. at (—m/2 + nd/2, m2 + nd/2), whered is a measure of the
As shown in the inset in Figure 3, the linearity of rew? incommensurability and the peaks are strongest when the sum
p|0t for 0.1 V indicates diffusion-controlled behavior at this of the integersm +n, is even. Note that the incommensurate
potential, which can be analyzed using Levich’s equafion unit cell dimension is given bp = (20)1 and the coverage is
equal to 2. In the present study, we measured the potential-
jp = 0.6FD, w2, (1) dependent X-ray scattered intensity at low-order in-plane

positions and along the specular axis, both with and without
wherejp is the diffusion-limited current density,is the number oxygen, to ascertain the phase behavior of the Bi phases.
of electrons exchanged in the, @duction,F is the Faraday 3.2.1. Bi Adlayers in the Absence of Oxygenthe absence
constant,Do is the Q diffusion coefficient,w is the rotation of large oxygen reduction currents, X-ray measurements carried
rate,v is the kinematic viscosity, andy is the bulk concentration  out using either the thin-layer cell or the drop cell show the

of Oy. Using the literature data for olubility (1.38 x 1076 same structural phase behavior as a function of potential.

mol cm3), the diffusion coefficient (1.9x 1075 cm2 s7%), Because the signal-to-background ratio is significantly higher

and the kinematic viscosity (9.9¢ 10°° cn? s),'7 eq 1 can in the thin-layer cell than in the drop cell, the former is preferred

be rewritten for oxygen reduction as when the IR drop is not a limiting factor, especially for
measuring weak diffraction peaks. The results ¥ HCIO,

ip= 0.04w'? (2) solution obtained in this study are similar to those found for

0.1 M HCIQy solution reported earliéf

Fitting the data at 0.1 V to eq 2 yields= 3.0+ 0.1. In alkaline Figure 4a shows the real-space models of thex(2)-Bi

solution, it has been shown that metal adatoms (Tl, Pb, and Bi) adlayer. Because the area of this primary unit cell is 4 times of
induce a four-electron reduction reaction, which involves a two- that of the substrate, the Bi coverage relative to the atomic
electron exchange of Qo hydrogen peroxide, followed by the  density of the Au(111) substrate is 0.25. The more densely
exchange of another two electrons to QHIn acid solution, packed p x +/3)-2Bi phase (see Figure 4b) has a rectangular
the two series reactions are unit cell, with one atom slightly displaced from the centered
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Figure 5. Bi coverages calculated from (a) the measured peak position 0.1 02 03 04 05
and (b) the integrated intensity for the ¥ +/3)-2Bi phase as a function E/ V vs. Ag/AgCl
of potential in the absence of;@r two sweep directions obtained in  Figure 7. X-ray scattered intensity at thé/{ ¥, 0.2) position as a
a thin-layer cell. function of potential in the presence of Obtained in thin-layer and
drop cellsA = 0.386 A; sweep rates 2 mV s2; solution composition
position along the commensurai3 direction. The potential-  as in Figure 2.

dependent Bi coverage in this uniaxially incommensurate phase

was obtained by measuring potential-dependent peak positionswidths. In either case, these differences do not alter our ability
from the Bi adlayer. As shown in Figure 5a, the coverage varies to identify the phase transitions. Our results, obtained in the
linearly with potential and increases from 0.613 at 0.19 V to drop cell, clearly show that the formation and disappearance of
0.632 at 0.09 V. Further, there is hysteresis between the twothe (2x 2)-Bi phase are practically unaffected by @duction.
sweep directions. The coverage is close to the value of 0.55The transition potential between the £22)-Bi phase and the
obtained from integrating the charge in the voltammetry curve. disordered Bi phase occurs at 0.3 V, independent of the sweep
Figure 5b also shows the integrated scattering intensity as adirection. On the other hand, the transition potential between
function of potential. The rapid increase in the intensity at 0.19 the (2x 2)-Bi phase andy x +/3)-2Bi phase depends strongly

V results from the first-order phase transition from thex2 on the sweep direction.

2)-Bi to the p x +/3)-2Bi phase. We also compared the potential dependence of the -

3.2.2 The (2x 2)-Bi Phase on Au(111) during Oxygen Biphase for the two electrochemical cells. In Figure 7, we show
Reduction.Figure 6 shows the potential dependence of the the scattered intensity (peak intensity) &b,(Y/,, 0.2) in the
scattered intensity (peak intensity) db,(%>, 0.2) inthe presence  presence of @in the drop and thin-layer cells for the same
of O, or N2 gas in the outer chamber and, hence, with or without solution. The phase transition potentials are shifted negatively
a large oxygen reduction current. This intensity at this reciprocal- by about 0.1 V relative to those obtained in the drop cell. This
space position is a direct measure of the presence of the (2 can be attributed to the IR voltage drop across the crystal
2)-Bi phase. We note that the intensities are slightly larger in surface. When the current is cathodic, an IR voltage drop causes
the positive potential sweep than in the negative sweep. a positive potential offset; therefore, the phase transitions are
Although the scattered intensities are the same foa@ N observed at more negative potentials. In addition, the potential
in the positive sweep, in the negative sweep, the data are slightlyregion of the phase transition is broadened because of the uneven
higher for the oxygen-saturated electrolyte. These differencesIR potential drop over the sampling area. These results
might originate from the fraction of the surface covered with demonstrate the importance of the cell geometry for in situ
the (2 x 2)-Bi phase or from slight changes in the diffraction structural studies under reaction conditions.
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Figure 8. Normalized scattered intensity as a function of potential at two positions along the specular reflectivity rod (a and b) in the absence of
O, and (c and d) in the presence of @Gbtained in a drop cell. Squares and circles are for the anodic and cathodic scans, respectively; sweep rate
=2mVsl

The X-ray scattered intensity at specular positions is sensitive -'E_AB'-E L t\/alu(ejSé)fIR?ﬂte_ctivity (%) Obtained by
to the surface normal structure, e.g., layer coverage, layer Xperiments and t-ajculations

spacing, and surface roughness, and is not sensitive to the lateral experimental

surface structure of the adlayer. At small valued.pfwhere coverage (monolayer) L2 N> (o calculation
Debye-Waller royghness e.ffects are small, the potential- 0.25 04 77 79 81
dependent reflectivities provide a rather direct measure of the 0.8 36 36 42
bismuth coverage in the limit that the layer spacing is 0.63 0.4 75 76 78
independent of coverage. This coverage information comple- 0.8 40 36 37

ments that provided by the in-plane structure measurements. 2In units ofc*.
An exact expression for this dependence can be obtained by
considering the relative scattering amplitudes from the Auand ~ 3.2.3. The Bi (px +/3)-2Bi Phase on Au(111) during Oxygen
Bi atoms in this case. ReductionTo address the issue of whether tipex +/3)-2Bi

In Figure 8, we show the scattered intensities versus potentialphase is stable during oxygen reduction, we carried out
at (0, 0, 0.4) and (0, 0, 0.8) obtained in the drop cell. No changes additional measurements in both the drop and thin-layer cells.
in the scattering widths were observed with potential. In both In the drop cell, these measurements are complicated by the
sweep directions, the scattered intensity undergoes a sharpveak scattered intensity from the incommensuratex (v/3)-
change at around 0.3 V. This change is clearly correlated with 2Bi phase compared to the diffuse scattered intensity. As a
the sharp current peaks observed in the voltammetry curveresult, it is difficult to acquire an accurate measure of the
(Figure 1). Neither the phase transition potential nor the incommensurability in this geometry. However, the presence
intensities at potentials below 0.3 V are affected by the presenceof the @ x +/3)-2Bi phase could be verified by the scattered
of oxygen. These observations further confirm the stability of intensity at (0%/, 0.2), which is nonzero in both the & +/3)-
the Bi adlayer during the course of oxygen reduction. 2Bi and (2 x 2)-Bi phases, although it is a factor of 4 times

It can be seen, however, that there is no change correspondingveaker in the former phase. The potential dependence at this
to the phase transition between the two ordered phases in Figurgosition (not shown) clearly indicates that the % +/3)-2Bi
8, despite their significantly different coverages. Calculations phase is virtually unaffected by the presence of the oxygen
of the reflectivity at the above two positions, using a semi- reduction current.
infinite sum over the atomic layers, were made for both the (2 An additional measure of the structure of thex +/3)-2Bi
x 2) Bi adlayer with 0.25 monolayer coverage and thex( phase during the course of oxygen reduction can be obtained
V/3) phase with an average coverage of 0.63 monolayer. Theby measuring the incommensurate wave vector as a function
results are listed in Table 1, together with the measured values.of potential in the thin-layer geometry. For these measurements,
The good agreement between the calculated and measuredxygen gas is circulated in the outer chamber of the cell. To
values support the structure model derived from the in-plane minimize the current-induced potential shift, the X-ray beam is
diffraction study. Despite the small change in reflectivity for displaced from the center of the cell. The diffraction peak from
these two coverages, this is a peculiarity of the coverages ofthe (@ x +/3)-2Bi phase is observed over nearly the same 100-
the ordered phases. For instance, at coverages close to 0.5, muamV potential region as in the absence of @©he Bi coverage,
larger changes in the reflectivity would be expected. The model determined from the measured reciprocal-space peak position
also predicts a small difference in the value of the reflectivity as a function of potential, shown in Figure 9, is slightly
for the two different ordered phases, despite the very large decreased in the presence of oxygen. This apparent coverage
difference in coverage, and supports our finding that this decrease is attributed to a positive potential offset due to the
transition is not readily identifiable in the data. IR drop in the thin-layer cell and not to affect of oxygen
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' ' ' ' ' ' techniques using both electrochemical drop and thin-layer cells.
06351 1 These measurements are complemented by electrochemical

= N
0.630 | o Og | measurements, including those with a rotating disk electrode.
’ \ These results indicate that the stability and phase transition
0.625 . behavior of the (2x 2)-Bi and p x +/3)-2Bi phases are not

significantly affected by @reduction. These data are the first

Coverage / monolayer

0.620 1 direct observation of an active adlayer phase that is not affected
by an electrocatalytic reaction. Oxygen reduction at Au(111)
0.615 1 with the (2x 2)-Bi adlayer is shifted by 0.35 V to more positive
. . . . . potentials and proceeds with an exchange of four electrons,
0‘618.08 0.‘10 0.12 014 016 0.18 0.20 0.22 albeit with relatively slow kinetics. The close-pack@dq \/3)-

E / V vs. Ag/AgCl 2Bi phase, formed at more negative potentials, appears to have
Figure 9. Bi coverage calculated from the measured peak position limited sites available for the four-electron reduction but to result
for the o x +/3)-2Bi phase as a function of potential using a thin- N enhancgd reaction kinetics as a result of the increased
layer cell in the presence and in the absence,0f&- 0.386 A; solution overpotential.
composition as in Figure 2.
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