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The kinetics of Bi monolayer electrodeposition (underpotential deposition) on the Au(111) electrode was
investigated using surface X-ray scattering and electrochemical methods. The current and X-ray intensity
transients were measured simultaneously using a low-resistance drop cell that has a potential response time
less than 5Q«s. Three independent measurements of the Bi coverage transients were obtained, which are
related to (1) the integrated charge, (2) the adsorbed Bi, irrespective of the adsorption site, and (3) the adsorbed
Bi with a well-defined (2 2) structure. The zero-coveragecommensurate (22)-Bi phase transition occurs

on the millisecond time scale, 3 orders of magnitude more rapidly than tk&){Bi < high-coverage
incommensurate (p+/3)-2Bi phase transition. Nucleation and growth kinetics was observed for both transi-
tions involving Bi desorption. Langmuir adsorption kinetics was observed for both transitions involving Bi
adsorption. Comparison of the total coverage with that measured by in-plane diffraction intensity suggests
fast coarsening of islands for the transition for the zero-coveragemmensurate (22)-Bi phase transition.

1. Introduction distribution and deposition below the tip can be impaired.
) ) ) Despite this, changes in the structure can be observed on time
During the past decade, our atomic level understanding of gcajes as fast as 0.01 s when the scanned region is lifited.
electrode surfaces has greatly expanded due to the developmensTi has been used to probe the transient kinetics of surface
of in situ scanning probe and surface X-ray scattering tech- reconstruction in a Au single crystall the electrodeposition
niques. It is now possible to directly investigate the structure o pq on Au single crystd and the desorption of self-
of electrc_)de surfaqe_s versus the a_pplled potential under a variety,ssembled monolayé?.
of chemical conditions and to directly correlate the features g face X-ray scattering (SXS), which is sensitive to the
observed in electroc'hemical measurements with spepific Struc-ayerage structure over the macroscopic region illuminated by
tural changes.Despite these advances, much less is known the peam, has the potential to measure detailed structural
about the structure of electrode surfaces under high currentintormation during electrochemical processes. This technique
COﬂdI'[IOI’lS. due to the dlﬁlg:ulty in reducing potential drop OVEr' has been employed to measure the Ag(100). Here a macroscopic
the sampling area in a thin-layer cell or under the STM tip. e, typically in a few m#is probed. In these measurements,
Potential step methods have been used to investigate a varietyand for those of the formation of the reconstructed Au(111)
of metal deposition phenomena and have helped in providing asurface'® changes in the diffraction profiles could be observed
thermodynamic description of their kineti¢sA well-defined on the 1 s time scale, thus providing direct information on the
current peak following the potential step at a characteristic time slow process if island coarsening.
is suggestive of nucleation and growth kinetics, either progres-  Conventionalthin-layer electrochemical cells employed in
sive or instantaneouid.ikewise, exponential transients typically  SXS measuremenifsl’consist of a thin-layer electrolyte, which
imply Langmuir adsorption where the probability of adsorption has a high solution resistance, i.e., high RC constant; thus they
depends on the number of available sifeand not on the  are not ideal for fast kinetics measurements. Recently, we have
circumference of the growing islands. Structural details on the developed an electrochemical cell @6p cell”) that provides
nature of the growth after adsorption process, such as the domaina much faster response to a step change of potential than a thin
distribution, cannot be ascertained from these current measure{ayer cell. This is achieved through the minimization of the
ments alone. solution resistance by placing the counter and reference
A longstanding goal of researchers in the electrochemical electrodes very close to the working electré@&he essential
kinetics growth community has been to develop a structural basisfeature of the cell, as the name implies, is an electrolyte drop
for the proposed transient growth models. Scanning probe constrained by the working electrode as a base, and the counter
microscopy and X-ray scattering (SXS) are the techniques of and reference electrodes above it, all withih@2mm of each
choice for achieving this goal; however, geometrical constraints other. The potential response time of the cell using 1 M
provide practical limitations on the time resolution. With STM  electrolyte is less than 5@s. The drop is slightly smaller than
transient measurements, the time resolution is limited by the the 1 cm capillary length of water (the maximum stable drop
scan rate of the STM tip and the area under investigation. size), and the cell can be held nearly vertically during X-ray
Furthermore, the geometry of the tip can affect the potential measurements. With a high energy X-ray beam, we demonstrate
here that for the first time the in-plane X-ray diffraction intensity
* Department of Physics. transients can be used to follow the structural phase transitions
* Materials Science Department. on a millisecond time scale.
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The unusual electrocatalytic behavior of Bi thin films has (a) ' ’
fascinated researchers since the 1970s and these systems have
been intensively investigated using electrocherfcal and
optical method$? Since the advent of SXS and STM, and AFM,
in the early 1990s, detailed structural aspects of Bi UPD along
with the related the catalytic activity have been the subject of
investigation by the Illinois and Brookhaven groudgs?’ In ‘
previous studies, two ordered Bi monolayer phases were { p—
identified using SXS and AFM%24the commensurate {2)-

Bi phase with a quarter monolayer coverage and the close-

packed (px+/3)-2Bi phase with the coverage varying with

potential between 0.61 and 0.67 monolayer. More recently, we b

have explored the surface structure during the course of (b) RE CE
electrocatalytic @ reduction using SXS with a drop céfl. Electrolyte drop

In the present study, we focus on the kinetics of the structural X-ray
phase transitions of Bi monolayers. Current and the scattered
X-rays transients were measured, the latter at two different
reciprocal lattice positions using identical configurations. We
show that it is possible to convert the X-ray intensity transients
into an effective atomic coverage, thus providing a direct Figure 1. (a) Photographlc and (b) schematlc cross sectional view of
comparison with the coverage obtained from charge transienta drop cell for X-ray diffraction/electrochemical measurements.
measurements. Whereas at one of the X-ray positions the signal
is sensitive to the total Bi coverage, the other intensity is
sensitive to the domain distribution of the ordered phase. A
comparison of the two measurements provides information on
the lateral diffusion and the growth mechanism of the ordered
phases. For the transitions from the low-coverage phase to the
ordered (X%2) phase we find that the adsorption follows the
exponential behavior expected from random, Langmuir adsorp-
tion, followed by the rapid lateral diffusion to form ordered
domains. The opposite process, a desorption of tk&)phase,
proceeds through the nucleation and growth of holes. These
holes do not coalesce/coarsen during the desorption process.
For the second transitions, between the 2p-Bi and (p<+/3)-
2Bi phase, reliable X-ray data were only possible at one
reciprocal space position. With this limited data set, the
functional form of the effective coverage suggests a Langmuir
growth process for the formation of thexp/3)-2Bi phase and
a nucleation and growth process for the reverse transition.

Electrolyte drop

Au disk

Figure 2. Real space models for the X2)-Bi (a) and px+/3)-2Bi
(b) adlayers on Au(111).

matic beam/] = 0.386 A (32 keV), was focused to a 0.4 mm
by 0.4 mm spot at the sample using a bent Si(333) monochro-
mator. At 32 keV energy, the 34 mm X-ray attenuation length
of water is about 5 times longer than the drop size; therefore,
the drop only attenuates the beam by about 20%. A hexagonal
coordinate system in whic® = (a*,b*,c*)-(H,K,L), wherea*
= b* = 4n/v/3a = 2.25 AL, ¢* = 2z/v/6a = 0.89 AL, and
a = 2.884 A was used. The scattered X-rays were collimated
using 0.058 (fwhm) Soller slits and the intensity was measured
The Au(111) single crystal, 10 mm in diameter and 3 mm with a Nal detector.
thick, oriented to better than 0,dlwas mechanically polished The temporal dependent scattering intensity was measured
with 1 «um alumina powder and subsequently electropolished. during the course of a periodic potential cycle by summing the
The final crystal surface was prepared prior to each electro- signal from at least several thousand cycles. The data were
chemical or SXS measurement by flame annealing for several collected using a standard multichannel scaler (MCS) whereby
minutes. After cooling in an air atmosphere, the crystal was the signal from the different cycles (several thousand cycles) is
protected by a drop of electrolyte and transferred to the automatically binned. The current transients utilized the same
electrochemical cell. Ag/AgCI (3 M NaCl) was used as the MCS setup, except for the addition of a current to frequency
reference electrode, and a Au wire was used as the counterconverter prior to the MCS. Measurements were carried out for
electrode. Solutions were prepared from reagent grag@sBi  the zero-coverage~ (2x2) and (22) < (px+/3) phase
(Aldrich), ultrapure HCIQ, and purified water (Millipore). transition and the frequency of the potential step was respec-
In the SXS measurements a drop cell (Figure 1) was used. Ittively 10 or 0.02 Hz. The measured potential response of the
consists of an electrolyte drog (= 7—8 mm) and two other  cell was less than 0.05 ms for the potential pulses used in this
electrodes, which are positioned about2 mm above the  study.
working electrode. Further details are given in ref 18. To
deoxygenate content in the electrolyte, the crystal and electrolyteg pasuits and Discussions
drop were surrounded by an environment of flowing dés,
which was saturated with water. The latter minimizes the  3.1. Cyclic Voltammetry and Potential Dependence of Bi
evaporation of the drop during the course of the X-ray Structure. The atomic structures of the two ordered Bi
experiment. monolayers determined by previous SXS and STM measure-
The SXS measurements were carried out at the National ments are illustrated in Figure 2. In the commensurate2(2
Synchrotron Light Source at beamling22A using a four-circle phase, the Bi coverage is 0.25 monolayer with respect to the
diffractometer in a vertical scattering geometry. The monochro- atomic density of the Au(11l) surface. The close-packed

2. Experimental Section
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?‘E 20 —] the corresponding cathodic current peak at 0.27 V. Apparently,
S (a) the phase transitions between these two ordered phases have
I 10t disorder . more hysteresis than the phase transitions between the zero-
: coverage—> (2x2) phases. Nevertheless, the same potential gap
G 0 of 0.01 V can be used because the diffraction intensities
S _q0 disorder corresponding to the ¢pv/3) and (2<2) phases have reached
g the saturated values at 0.17 and 0.27 V, respectively. The
§ -20¢p average value of these two potentials, 0.22 V, also corresponds
0.175 well with the average potential for the cathodic and anodic
501501 current peaks. Thus, this pair of phase transitions was also
s 0125+ studied by using an equal and small overpotential for both
> 0.100¢ directions.
'g 8:8;8 | 3.2. Potential Step ExperimentsThe kinetics of the zero-
00251 coverage= (2x2) and the (X2)-Bi < (px+/3)-2Bi phase
ol transitions were studied by simultaneously measuring the current
30f and X-ray scattering intensity after a step change in the potential.
5 925 To achieve improved time resolution, an electrochemical drop
s 90l cell was used to reduce the solution phase electrical resistance
>~ 15 compared to the conventional thin layer configuration. The
=z 1'0 I longer X-ray path length compared to the thin layer cell was
é 0'5 compensated for by the use of higher energy X-rays (32 keV),
= 'O which reduced the X-ray absorption to about 20% of the incident
L signal.

0.10 0.15 0.20 0.25 0.30 0.35 0.40

E / 'V vs. Ag/AqCl The data presented below demonstrates that the transients

] ) associated with electrochemical structural phase transitions can
Figure 3. Voltammetry curve (a), diffractogram observed at thg (e resolved on millisecond time scales. In the X-ray measure-
145, 0.2) position (b), and |nteg_r_ated intensity for the dlf'f_ractlon peak ts. th K si | . ti Ising bet W
at the Y2+, Y2+, 0.2) position (c) for the UPD of Bi on a Au-  'MENtS, (€ weak signalrequires contnuous pulsing between two
(111) electroderi 1 M HCIO, with 5 mM Bi®*. Sweep rate 2 mV/s for potentials so that the signal from multiple pulses could be
(a) and (b). averaged. This rapid pulsing eventually modifies the surface

topography from that of a smooth surface and changes the

(px+/3)-2Bi phase can be uniaxially compressed by decreasing characteristics of the voltammogranisthe case of a Pt counter
the potential, with the Bi coverage increasing from 0.61 to 0.67 electrode, used in preliminary measurements, we found Pt
monolayer:®24 At potentials more positive of the UPD current  deposits on the Au(111) surface, in the vicinity of the counter
peaks, the specular reflectivity suggests no adsorbed Bi, thusglectrode, which appeared to grow with the number of potential
we refer to this potential region as the zero-coverage phase. pylses. Because the potential of the counter electrode is not

Our kinetic measurements were carried autliM HCIO, regulated, it undergoes a high potential transient during every
solution containing 5 mM Bi'. A typical voltammetry curve  cycle, thus dissolving platinum, which eventually electroplates
obtained in such a solution at 2 mV/s sweep rate is shown in op the Au(111) surface. Subsequent measurements were carried
Figure 3a. With the same sweep rate, the formation and loss of 5 ;¢ \ith a gold counter electrode, which also dissolves and
the (2<2) phase were monitored by measuring the X-ray gjectroplates onto the Au(111) surface. In this case, the surface
diffraction intensity at the (5, Y2, 0.2) position. For the o uhens with potential pulses cycles but remains as gold.
Incommensurate (*).*/3)'28' phase, the X-ray intensity near Repetitive potential cycling is well-known to change the
the in-plane o_llffractlon pegk is integrated and shown in Figure topology of surfaces. In the study of Cu UPD on Au(111) and
scasa funptlon of potential. . . Ag UPD on Pt(111), Mishima and co-workers have found that

At potentials around 0.28 V the sharp Cz.ithOd'C and anodic repetitive pulsing leads to the formation of terraces, oriented
current peaks are accompanied by a big jump and a sudde erpendicular to the initial steps. Thus, the fast pulsing limited

drop of the (x2) d|ffract|or1'|nten5|ty, respectively. Thgse_ data the useful lifetime of the crystal surface to about 10 000 potential
show that fast phase transitions occur near 0.28 V, which involve cycles

the formation and loss of the ¥2)-Bi monolayer by Bi . »
electrodeposition and electrodesorption, respectively. The kinetic  3-2-1. (2x 2)-Bi— Zero-Caerage Phase TransitioCurrent

measurements for these transitions were thus carried out byand X-ray intensity transients for the phase transitions between
repetitive potential steps between 0.23 and 0.33 V, given anthe (2<2) and the zero-coverage phases were measured by

equal and small overpotential for both phase transitions. stepping the potential between 0.23 and 0.33 V with a duration
At more negative potentials, the drop of thex@ diffraction of 36 ms at each potential. Figure 4 shows the results for the
intensity coincides with the rise of the £p/3)-2Bi diffraction  Positive potential step, corresponding to electrodesorption of

intensity in a negative potential sweep. This indicates that the the (2x2)-Bi phase. At the (0, 0, 0.4) position, the in-plane wave
disappearance of the ¥2) phase is caused by the additional Vector is zero and thus the X-ray intensity is related to the
Bi deposition resulting in the formation of a more densely change of the Bi coverage regardless of their lateral positions.
packed phase. The major change occurs over the potential regiorin contrast, the intensity transient measured at the'(z, 0.2)
where the voltammetry curve shows a broad cathodic currentin-plane position is sensitive only to thex2) ordered domains.
peak. In the positive potential sweep, thex@3)-2Bi phase Thus, the former provides information on the total coverage,
vanishes at slightly more positive potential than the onset of its whereas the latter measures the “in-plane” coverage, which
formation in the negative potential sweep. Yet, it is still slightly accounts only the Bi adatoms in thex(2) ordered domains
more negative than the onset of thex@) phase formation and  with large enough size. Both intensity transient curves, as shown
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shown in Figure 4. (a) Total coverage converted from the (0, 0, 0.4)
intensity transient (circles) and from the charges by integrating the

] ) ) ) measured current (dashed line) and the current represented by the best
Figure 4. Current (a) and X-ray intensity transients (b) and (c) for the it with the slow exponential decay component subtracted (solid line).
(2x2) — zero-coverage phase transition upon the potential step shown(p) “In-plane” coverage obtained from the intensity at the in-plane

in (c). The dashed line in (a) shows the best fit to the data (triangles) diffraction position, ¥, %2, 0.2), using the linear approximation (open

by using eq 1, which is obtained with= 3, 7; = 0.25,7, = 6.2, 73 squares) and the square root approximation (filled squares). The solid
= 11 ms, andk = 76, ko = 1.66,ks = 15.2 mA/cni. The solid and line in (a) is reproduced in (b) to facilitate the comparison between the
dotted lines display the current components represented by the first«jn_pjane” coverage and the total coverage.

two terms and the third term in eq 1, respectively. The dashed lines in

(b) and (c) are generated by an exponential function to show the . . . .
measured transients (squares and circles) exhibit nonexponentialthe X-ray intensity transients show the phase transition com-

behavior. pletes within 10 ms whereas the slow exponential decay extends
over 20 ms, the slow exponential component (shown by the
in Figure 4b,c, deviate from a simple exponential function. At dotted line) is probably not directly related to the change of Bi
both positions, there is a rapid change in scattered intensity coverage. This current appears to be caused by the so-called
during the first 2 ms, a slower rate of change during the next 2 pseudocapacitance, often observed in electrodeposition of mul-
ms, and a second region of rapid change extending between 4ivalent cations. It arises because an equilibrium is established
and 6 ms. These are consistent with the nonexponential behaviobetween the intermediate Bi species, which can be partially
observed in the current transient, indicating the phase transitiondischarged, and the Bi adatom. The potential change may cause
is a nucleation and growth type desorption. a change in equilibrium and may not affect the total Bi
The current transient, shown in Figure 4a, exhibits a well- coveragé?8 By excluding this component, the integrated charge
defined peak at about 6 ms after the step change in the potential(under the solid line) is reduced to 1g&/cn?.
This peak is reminiscent of the behavior expected for a  Furthermore, the Bi coverage calculated from a linear
nucleation and growth process, which can be described by therelationship to the integrated charge is compared with that
second term in the following equatién? converted from the X-ray intensity transient at the (0, 0, 0.4)
position. The open circles in Figure 5a show the time-dependent
i =k, exp(—t/t)) + kzt"_1 exp(—(t/t,)") + kg exp(—t/ty) Bi coverage converted from the (0, 0, 0.4) intensity transient
(1) using the relationshifgi = 0.25x [1 - (l(0,0,0.4y— 0.78)/0.22],
which is an approximation of a simple kinematical model of
wherek; - sare the amplitudes and - sare time constants. The ~ the scattering intensity where the absorbed Bi interferes
first and third terms are needed to account for the initial current destructively with the underlying Au(111) substrétenithin
spike that decays rapidly and the slopping background that the context of this model, the relative intensity at (0, 0, 0.4)
extends beyond 12 ms, respectively. The integeexpresses scales nearly linearly with Bi coverage between zero and 0.25
the type of nucleation and growth process. With progressive monolayer8 The dashed line shows the coverage, obtained from
growth,n = 3, the nucleation sites are constantly being created integration of the transient current shown in Figure 4a., which
whereas for instantaneous growth= 2, all nucleation sites is in reasonable agreement with the coverage obtained from the
are created at the instant when the potential is stepped. Thespecular reflectivity for small times but deviations are apparent
best fit was obtained with = 3 and other parameters given in at larger times. By excluding the current from the slow
the figure caption. exponential decay in Figure 4a, the calculated coverage (solid
It is noticed that the total charge from integration of the line) is reduced at larger times. With this modification, the
measured current transient is 313/cn¥, which is significantly coverage is in better agreement with the coverage obtained from
greater than the expected charge of 1&5cn? based on the  the specular reflectivity. The initial sharp change within the first
transfer of 3 electrons per Bi atom, a Bi coverage change of a millisecond cannot be attributed to the much faster 0.05 ms cell
0.25 monolayers, and an estimated area of 0.5 &rcause response associated with recharging the double layer.

Time / msec
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. . Figure 7. Bi coverage as a function of time deduced from the data
-5 0 . 5 10 15 20 shown in Figure 6. (a) Total coverage converted from the (0, 0, 0.4)
Time / msec intensity transient (circles), and from the charges by integrating the
Figure 6. Current (a) and X-ray intensity transients (b) and (c) for the measured current (dashed line) and the current represented by the first
zero-coverage- (2x 2) phase transition upon the potential step shown fast exponential term (solid line). (b) “In-plane” coverage obtained from
in (c). The dashed line in (a) shows the fit to the data (triangles) by the intensity at the in-plane diffraction positio#(*/, 0.2), using the
using eq 1 withn = 3, 7; = 1.9,7, = 6.6, 73 = 5.0 ms, anck;, = 25, linear approximation (open squares) and the square root approximation
k. = 0.29,ks = 23 mA/cn?. Current components represented by the (filled circles). The solid line in (a) is reproduced in (b) to facilitate
first, second, and third terms in eq 1 are shown by the solid,dash the comparison between the “in-plane” coverage and the total coverage.
dot, and dotted lines, respectively. In (b) and (c), the solid lines are
the best fits to the data (squares and circles) by using eq 2,7with 0.4), as for the reverse transition discussed in the previous
1.8 ms for both cases. subsection. Both profiles, shown in Figure 6b,c, can be well

described by an exponential form.
In Figure 5b the Bi coverage in the X2) superstructure is

compared with the total coverage. Here the intensity/atY(, I(t) = ky + k, exp(—t/7) (2)

0.2) has been converted to an effective “in-plane” coverage

assuming that the diffraction widths are independent of coverage.wherel(t) is the normalized X-ray intensity at the peakis

This is indeed the case when there is fast coarsening where thehe time constankg is the background, and is the amplitude.
small, shrinking Bi domains would coalesce to form larger The best fits, shown as solid lines in Figure 6b,c give the same
islands. These larger islands are likely to be resolution limited time constant of 1.8 ms. Because the Bi coverage scales linearly
and in this case the peak intensity is a measure of the integratedvith the intensity at (0, 0, 0.4), albeit with a negative slope, the
intensity and both quantities depend linearly on the Bi coverage. total Bi coverage, calculated from the intensity transient at (O,
However, the much faster decrease of the effective in-plane 0, 0.4) shown in Figure 7, increases in an exponential manner
coverage compared to the other two measures of the coveragevith time. This exponential behavior is consistent with a
suggests that the peak intensity is not a good measure of theLangmuir type adsorption model where the adsorption is
integrated intensity. For instance, small Bi islands, which shrink uniform across the entire surface.

during the desorption process would give rise to a difference  The current transient, shown in Figure 6a, exhibits a near
between the peak and integrated intensities. The correspondingexponential behavior, which can be fitted to eq 1 with- 3.
line-shape broadening associated with these shrinking islandsOther parameters are given in the figure caption. The solid line
is very difficult to observe due to the high background shows the component represented by the first exponential term
originating from the electrolyte diffuse scattering signal. The in eq 1, which has a time constant 1.9 ms, close to that measured
formation of antiphase domains (shifts by half an overlayer by X-ray intensity transients (1.8 ms). The components repre-
lattice constant of the (22) Bi monolayer) is similar to sented by the second and third terms are also shown by the
coarsening in reverse, and this phenomenon would also givedot—dash and dotted lines, respectively. In Figure 7a, the total
rise to line shape broadening. These antiphase domain defectgoverage obtained by converting the measured current (dashed
are expected to appear at potentials where the attractive lateraline) and the current component represented by the fast
interactions no longer favor a stable orderegt 22 phase, asis  exponential term (solid line) are compared to that obtained from
the case after the potential is stepped positively. Regardlessthe (0, 0, 0.4) intensity transient (circles). The good agreement
our data clearly indicate that the desorption-induced loss of the of the solid line with the circles suggests that the other two
(2x2) phase can be well described by a classic nucleation andcurrent components are not directly related to the change of Bi

growth process. coverage.

3.2.2. Zero-Coerage — (2 x 2)-Bi Phase TransitionIn The integrated charge for the current components represented
Figure 6 we show the results of current transient and X-ray by the first, second, and the third terms are 49, 28, and 115
scattering measurements for the zero-coveragé2x2)-Bi uClcn?, respectively. The sum of the charges for the two

phase transition. The X-ray intensity transients were measuredexponential components (the first and the third) is Z64cn?,
at the same reciprocal space positiods, {/,, 0.2) and (0, 0, nearly identical to the calculated value, which is also the charge



Kinetics of Monolayer Bi Electrodeposition on Au(111) J. Phys. Chem. B, Vol. 108, No. 6, 2004997

from this measurement. With only a single measure of the
coverage, it is not possible to arrive at an unambiguous measure
of the transition kinetics. However, on the basis of the functional
form of the intensity dependence aty(1/,, 0.2) we speculate
that the adsorption appears Langmuir like whereas the opposite
transition appears to follow nucleation and growth behavior. In
the following analysis we have made the assumption that the
domains are resolution limited.

For the (2¢2) to (px+/3)-2Bi phase transition, the transient
data shown by the squares in Figure 8 can be reasonably well
described by an exponential decay with a time constant of 4.4
s, suggesting a Langmuir adsorption process. For the reversed
phase transition, the data (circles) exhibit nonexponential
behavior. According to the Avrami theorem, a general expres-
sion for nucleation and growth is given by

1(1/2,1/2,0.2)

-5 0 5 10 15 20 25
Time / sec

Figure 8. X-ray intensity transients measured ab,(Y/2, 0.2) with
potential steps from 0.17 to 0.27 V (circles) and from 0.27 to 0.17 V
(squares). Solid lines are the best fits obtained by using eq 5 for the 0=1—exp(—0,,) ©)
formation of the (%2) phase (circles) witlh = 1 andr = 1.7 s, and P ex

by using a simple exponential function, eq 2, for the loss of the2(j2 . ) .
phase withr = 4.4 s. where 6 is the extended coverage, which can be written as

represented by the solid line in Figure 4a for the reversed phase 6., = a[(t/r)? — 2t/t + 2 — 2 exp(—t/7)] 4)
transition. The excess charge represented by the second term
may result from oxygen reduction due to a small, initial amount The prefactoro. = 7N.(ky/knp)?, depends on both the rate of
of dissolved oxygen exist in the solution dr&pThis current nucleationky and the rate of growthk;, whereas the time
rises first as the catalytic activity for oxygen reduction increases constantz, equals to My.? The time dependence of th&
with the formation of the active (22)-Bi phase and eventually ~ /2, 0.2) intensity can be described by combining egs 3 and 4,
decreases due to the lack of a continuous oxygen supply.

How does the formation of an ordered phase follow the initial | =1— exp{—a[(t/r)* — 2t/r + 2 — 2 exp(-t/7)]} (5)
uniform adsorption? We consider three different scenarios. If
the ordered phase only appears after a critical coverage is

achieved, as is the case for Br adsorption on Ag(100), then the o Y
shown by the solid line in Figure 8. Our results suggest that

intensity at ¥/, 1/,, 0.2) would lag behind the intensity at (0, 0, Y ) /3)-Bi "
0.4). Because both intensities show the same temporal behaviorth€ transition from the (22) Bi to (px v 3)-Bi phase transition

we can rule out this scenario. For the case of slow lateral 'S Langmuir-like whereas the reverse transition follows a
diffusion after the initial adsorption, coarsening occurs and the nucleation and growth model.
peak width at {2, Y/, 0.2) would sharpen with time. Under
this scenario the intensity at'4, /,, 0.2) would also lag behind
the intensity at (0, 0, 0.4). The absence of a lag in the data also The kinetics of Bi monolayer electrodeposition and the
rules out the scenario. Further, we can also rule out the associated phase transitions on the Au(111) electrode has been
appearance of antiphase domains in the coarsening processneasured using surface X-ray diffraction and electrochemical
because this would also broaden the peak and give rise to amethods. The high energy, 32 keV X-rays utilized for this study
discrepancy between the two intensities. The good agreementallowed the use of a transmission cell, which provided a cell
in the scattering intensities at both positions supports fast response time in the submillisecond range. Three independent
coarsening, on a time scale faster than 1 ms. measures of the Bi coverage transients were obtained, which
3.2.3. (2x 2)-Bi < (p x +/3)-2Bi Phase TransitionThe are related to (1) the integrated charge, (2) the adsorbed Bi,
transition to the (x+/3)-2Bi phase from the (22)-Bi phase irrespective of the adsorption site, and (3) the adsorbed Bi with
corresponds to an increase in the Bi coverage from 0.25to 0.61.a well-defined (%2) structure. The zero-coverage com-
Whereas the low-coverage phase is commensurate, the highemensurate (2 2)-Bi phase transition occurs on the millisecond
coverage phase is uniaxially incommensurate. In Figure 8 we time scale, 3 orders of magnitude faster than the22Bi <
show the time dependent X-ray scattering intensitytat ¥/-, high-coverage incommensuratex(p/3)-2Bi phase transition.
0.2) after a potential step from 0.17 to 0.27 V (circles) and vice Classical nucleation and growth kinetics were observed for the
versa (squares). The potentials were chosen to have an equal2x 2)-Bi desorption transition in both the electrochemical and
and small overpotential for both directions, as discussed in X-ray measurements. Further, the different time constants for
section 3.1, and the duration at each potential was 40 s. Notethe two different X-ray determined coverages suggests slow
that the time scale in the Figure 8 is seconds. Therefore, the(relative to the nucleation time) coarsening behavior, as expected
transition is about a factor of 1000 slower than the transitions for the case of nucleation and growth kinetics. However, changes
reported in the previous two sections. A slower phase transitionin the X-ray profiles, expected for the coarsening process were
is also suggested by the broader current peaks in the voltam-beyond our resolving limit; a consequence of the strong
metry compared to those at high potentials. The correspondingelectrolyte background scattering. For the reverse transition,
current transient is very slow and difficult to measure due to corresponding to the adsorption of Bi to form thex@) phase,
the small current, thus the X-ray measurements provide our only Langmuir-like adsorption kinetics was observed. In this case,
measure of the kinetics of this transition. Further, because thethe X-ray and electrochemical measurements exhibit classical
specular intensity at (0, 0, 0.4) does not depend strongly on theexponential profiles. The close agreement between the two X-ray
coverage in the range between 0.25 and @%it,was not measures of coverage suggests fast coarsening, on the submil-
possible to provide a complementary measure of the coveragelisecond time scale, which is faster than the nucleation time.

The parametersy andz, are strongly correlated in the fits and
we have fixeda = 1, which givest =1.7 s for the best fit, as

4. Summary and Conclusions
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These results suggest that the surface diffusion, which is what  (5) Holzle, M. H.; Zwing, V.; Kolb, D. M.Electrochim. Actal995
determines the rate of the coarsening process, is very different?0 1237.

for the adsorption and desorption processes. Measurements Wer%he(r?]). éﬁ?sébgd; Zlgggf’ L; Magnussen, O. M.; Behm, RRhys. Chem.

also carried out for the (p+/3)-2Bi to (2x2)-Bi phase transition, (7) Edens, G. J.; Gao, X.; Weaver, M.Surf. Sci.1994 302, L275.
a transition that occurs on the second time scale. The intensity  (8) Gao, X.; Edens, G. J.; Hamelin, A.; Weaver, MSiurf. Sci.1993
at (0, 0, 0.4) cannot be readily related to the coverage and296 333.
without two independent measures of the coverage it is difficult ~ (9) Gao, X.; Weaver, M. 1. Phys. Chem1993 97, 8685.
to ascertain the coarsening. On the basis of the functional form 37élg)1lea°' X.; Edens, G. J.; Weaver, M.J) Electroanal. Cheml 994
of the intensity dependence af,( /2, 0.2), we speculate that ;1) Naohara, H.; Ye, S.; Uosaki, . Electroanal. Chem.999 473
the adsorption appears Langmuir-like whereas the opposite2.
transition appears to follows nucleation and growth behavior.  (12) Wano, H.; Uosaki, KLangmuir2001, 17, 8224.
Despite the absence of observable changes in the scatterin b%ﬁza FkiinnsfSO%}]Ad?e-:mBuslfggl&Jl.;lgii?%%%d, K. L.; Brock, J. D.;
profiles, e).(peCted for coarsgnlng phenomena, thl.s study S_,hOW (14) ’Finnefrock, A. C,; Ringland,’ K. L.; Brock, J. D.; Buller, L. J,;
that combined electrochemical and X-ray scattering transients, apryna, H. D.Phys. Re. Lett. 1998 81, 3459.
at different reciprocal space positions, can provide detailed (15) Devilbiss, J. E.; Wang, J. X.; Ocko, B. M.; Tamura, K.; Adzic, R.
information on the nature of electrochemical transitions on the R.; Vartanyants, I. A.; Robinson, I. KElectrochim. Act&2002 47, 3057.
millisecond time scale. (16) Wang, J.; Ocko, B. MPhys. Re. B 1992 46, 10321.

(17) Samant, M. G.; Toney, M. F.; Borges, G. L.; Blum, L.; Melroy, O.

. . . . R.J. Phys. Chem1988 92, 220.
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