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We report on an in situ surface X-ray diffraction study of the underpotential deposition (UPD) of mercury on
Au(111). We have observed three UPD phases present at potentials prior to bulk mercury deposition. These
phases consist of two well-ordered intermediate states and what appears to be either a fully discharged two-
dimensional liquid Hg layer or a monolayer of an amorphous-KBg alloy. Both ordered intermediate
phases have hexagonal structures with lattice vectors that are rotatiedrB@hose of the Au(111) substrate.

The first phase (phase 1), present at a potentia-6f68 V, was only observed on fresh flame-annealed
Au(111) electrodes and appears to be an open incommensurate structure with a lattice constant-of 3.86
0.03 A. This phase appears to be metastable since it changes to a second ordered phase (phase |l) after a
certain time at+0.68 V or after the potential is moved to more negative valued.§3 V). The second

phase has a more compact lattice vtk 3.344 0.01 A and appears to be a commensurat@ atructure

with /3 of the Hg atoms at threefold hollow sites akiglon atop sites. Similar to the first one, this phase is

also metastable and can be transformed to a final, fully discharged, state of a two-dimensional liquid Hg
layer or an amorphous HegAu alloy. The entire Hg UPD process, from Hgo the fully discharged metallic

Hg layer, agrees well with a multistep mechanism based on previous electrochemical kinetic studies on
polycrystalline Au electrodes. Our results also show that the UPD of Hg on Au(111) electrodes is quite
different from that of other metals such as Cu, Ag, Tl, and Pb.

1. Introduction electrochemical methods!2 It appears that mercury elec-
The undepotental dspositon (UPD) of ooy or suo- UXEPOSKen or pobersalnegnd secodes s some
monolayer amounts of metals onto foreign metal substrates is . P . -INg

presence of a mixture of Hg(0) and Hg(l) species (likely#iY

a fundamental electrochemical process which has attracted_l_h . di b v reduced full|
longstanding interest. The processes involved are also closely! "€S€ Intermediate states are subsequently reduced to a full layer

related to adsorption/desorption, charge transfer, nucleation anc®f metallic mercury. It has also been found that the mercury
growth, and electrocatalysis. Within the UPD regime, the Overlayer is stable in the UPD regime (i.e., at submonolayer
overlayer coverage and structure can be modulated and/orcoverage). Once the coverage exceeds one monolayer, the Hg
controlled by the electrode potential and the presence of atoms appear to diffuse into the bulk Au crystal to form an
coadsorbates, especially anions. The structures of UPD over-alloy (amalgam). However, this process is not well understood
layers have been found to depend strongly on specific crystal- because of the lack of detailed microscopic structural informa-
lographic planes and specific interactions. Much effort has beention.
placed on correlating microscopic structures with electrochemi-  gajigand Bartel#*-1¢ found that in perchloric acid solutions
cal reactivities in UPD systems. In recent years, S'g”'f'ca”t_containing Hg(l) or Hg(ll), the UPD of mercury involves a
progress has been made in understanding UPD processes, ifgnintegral partial charge transfer. Two different processes were
part qlue to the gdvent Of.'n situ st.ructural characterization yetecteq during the deposition of Hg(l) at polycrystalline Au
;etgmlc?ufi?égcﬁ?é?gsig%gnI(nA?Ftl\lj[r)m:rl:ggsrgkcgﬁlrs;t?gz ()S<TrRa/l33 electrodes in the underpotential range by potentiostatic measure-
scattering- : ments at a rotating rlng-dlsk electrdd@e!® and by impedance
In this paper, we report on three distinct phases of Hg spectroscopy? The first process was proposed fo be the
’ ) . adsorption of metal ions onto the gold substrate surface to form
monolayers underpotentially deposited on Au(111) observed by ="~ . . . .
in situ surface X-ray scattering measurements. This study an intermediate species with a partial charge OT about 0.53e
follows our recent report on a coadsorbed structure offHg per Hg atom. The second Process, whose klnetlgs appeared to
be substantially slower, was one in which the partially charged

and SQ?  at the initial stages of Hg UPD. These studies X .
present a very detailed picture of the microscopic processesHg ions were completely discharged to form a full overlayer of

involved in Hg UPD and agree well with previous electrochemi- Metallic Hg. The first process can be thought of as chemisorp-
cal kinetic studies. tion where the chemical bonds of adsorbed ions with the
The Hg UPD process is of particular importance due to the Substrate metal lattice and surrounding electrolyte species
special electrochemical properties of Hg surfaces and the determine the partial charge of the adsorbed ions. The second
formation of amalgams by Hg with a variety of metal substrates. Process would correspond to the completion of the full UPD
There have been extensive studies of the electrodeposition oflayer and the onset of alloy formation. Within the UPD regime,
Hg on Au, especially polycrystalline surfaces, by conventional measurements taken in Hg(ll) solutions were found to be
essentially the same as in Hg(l) solutions. Vicente-Beé&kett
€ Abstract published ilAdvance ACS Abstractddarch 1, 1997. also found, by potentiostatic measurements at a rotating gold
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ring-disk electrode, that the UPD of Hg in sulfuric acid solution by Gewirth et al® found a close-packed hexagonal overlayer
is similar to that in perchloric acid media. (with a = 2.9 to 3.1+ 0.3 A) in all four electrolytes. This
We report here direct in situ surface X-ray diffraction suggests that an ordered metallic Hg monolayer is indeed formed

evidence of two intermediate phases of UPD Hg layers during ©n Au(111) surfaces in all cases.
the electrodeposition process and propose a mechanism for the In this paper, we report on three additional phases present
entire process which is consistent with previous electrochemical during Hg UPD on Au(111) in sulfuric acid solutions. Two of
studies. these phases are ordered Hg adlayer structures which are present
There have been previous AFM and STM studies intended a@s intermediate states. The third and final state of Hg UPD
to derive the atomic structures of Hg UPD overlayers on just prior to bulk deposition represents a monolayer of two-
Au(111). Using AFM, Gewirth and co-workErinvestigated ~ dimensional liquid Hg or an amorphous H@u alloy. These
the structure of UPD Hg overlayers in four different supporting three phases were revealed by synchrotron-based surface X-ray
electrolytes and revealed a strong dependence of the Hgscattering studies. The paper is organized as follows. The
overlayer structure on the nature of the anions. They found experimental details (section 2) will be briefly discussed first
that, in sulfate, nitrate, and perchlorate electrolytes, the overlayerand then the electrochemical behavior of Hg UPD on Au(111)
presented the same open hexagonal lattice with a lattice constanglectrodes is presented in section 3.1. The grazing incidence
a=5.84 0.2 A at potentials just prior to bulk deposition and X-ray diffraction (GIXD) measurements of the two ordered Hg
a close-packed hexagonal lattice with an ateatom spacing UPD phases and corresponding in-plane real space structures
of a = 2.9+ 0.3 A just after bulk deposition. On the other Wil be presented next (section 3.2). Specular crystal truncation
hand, in acetate solutions, the Hg overlayer presented a close!od (CTR) measurements of both phases are presented in section
packed hexagonal lattice with = 3.1 4+ 0.2 A just prior to 3.3 to reveal the structure along the surface normal. In section
bulk deposition. At more positive potentials, they found two 4. we discuss the time dependence of these two Hg UPD phases
additional open structures. and correlate the structures with the deposition mechanism.

However, in recent in situ STM studies, Itaya and co- Conclusions are presented in section S.

workers® found that the structure of the Hg adlayer at the first . .
stage of UPD in sulfuric acid is different from that in perchloric 2~ Experimental Section

acid. In both cases, the Hg overlayers present commensurate The experimental setup and measurement conditions were
open rectangular lattices which are different from the hexagonal yescribed in detail in our previous repdrtA Au(111) single-
lattice reported by Gewirtl Although there is a clear crystal disk <9 mm in diameter ane-2 mm thick) was used
discrepanc_y in these results,_they both indicate a strong effectys the working electrode for both electrochemical and X-ray
of supporting electrolyte anions on the resulting Hg UPD gcatiering measurements. The crystal was chemically etched
structures. It is also clear that mercury appears to form orderedng flame-annealed before being placed in the X-ray scattering
adlayers when the deposition is within the monolayer regime. cg|| A Ag/AgCI (3 M KCI) reference electrode was used
The ambiguity in the specific Hg adlayer structure may actually yithout regard for the liquid junction. A coil of platinum wire

be due to anions adsorbed on .top of the Hg adlayer since bothyy5¢ employed as the counter electrode. High-purit$®4 (J.

AFM and STM are most sensitive to the topmost surface. The 1 Baker) and ultrapure water (Milli-Q) were used to prepare
strong tip-adsorbate interaction makes it difficult for STM and  gq|utions. Solutions containing R were prepared by dis-
AFM techniques to probe the real undisturbed overlayer solving HgO (Alfa, 99.998%) into appropriate solutions.
structure. Electrochemical experiments were carried out with a BAS CV-

On the other hand, synchrotron radiation based surface X-ray 27 potentiostat and recorded with a BAS X-Y recorder. In some
diffraction has the advantage over STM and AFM techniques cases, a PAR 283 potentiostat interfaced with Corrware software
in that X-ray photons penetrate down to the bulk substrate was employed.
without any disturbance to the overlayers. Thus X-ray scattering X-ray diffraction experiments were performed at the Exxon
measurements can probe the precise undisturbed multilayerx10B beamline at the National Synchrotron Light Source using
structure along the surface normal as well as the atomic 5 four-circle diffractometer. X-ray photons of 1.1287 A
arrangement within each layer. This is extremely valuable \yavelength were employed. The sample cell has a reflection
particularly for UPD processes which often involve the coad- geometry with the crystal at the center. X-ray photons penetrate
sorption of other electrolyte species. through a 2.5:m Mylar film (Chemplex) as well as a thin film

In a recent papetwe reported that there appears to be a of electrolyte (estimated to be30 um thick) covering the
highly ordered coadsorbed structure in the first stage of Hg UPD Au(111) crystal. During X-ray scattering measurements, the
on Au(111) (at+0.80 V < E < +0.88 V vs Ag/AgCI(3 M electrolyte was withdrawn to achieve a thin layer configuration
KCI)). This structure consists of a distorted honeycomb lattice in which the background and absorption were reduced. Each
of mercurous (Hgtt) ions (0.375 monolayer of H§") with time the potential was changed to a new value, the Mylar film
sulfate anions adsorbed in the hollow sites (0.375 monolayer) was inflated by adding more electrolyte and held in this
and above the plane of Hg(l). This study agreed well with condition for about 5 min to ensure equilibration. Typically, a
electrochemical dat@and explained the very sharp peaks in complete specular CTR measurement takes abetf 6.
the cyclic voltammogram at0.93 V. We believe that the large  However, the freshly deposited intermediate Hg phases were
open lattices observed by STM and AFM likely arise from the found to be stable only for-36 h. To ensure that we were
disturbed sulfate anions instead of Hg adlayers, as has beermmeasuring the same structure, we stripped and redeposited Hg
previously found for Cu UPD on Au(111)3 adlayers every 2 h.

However, there is still a lack of detailed information about In this paper, the X-ray reflections are referred to the
the additional stages of Hg UPD on Au(111) in sulfuric acid reciprocal lattice units of the hexagonal coordinates of the
solutions where a full monolayer of metallic Hg is formed just Au(111) substrate, witlas and bs along the nearest-neighbor
prior to bulk deposition. STM images are very difficult to  direction in the surface plana{= bs = 2.885 A) andcs (cs =
acquire at these potentials due to the electrochemical oxidation2.356 A) normal to the Au(111) plane. THQ vectors are
of mercury that takes place at the tip electrétieAFM studies described by two components wit®; = hag* + kbs* in the
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+0.50 +0.60 +0.70 +0.80 +0.50 +1.0 Figure 2. Reciprocal space map of the in-plane diffraction from Hg
Potential E (V vs. Ag/AgCl BM KCD) UPD phase | (solid circles) and Hg UPD phase Il (solid squares) relative
Figure 1. Cyclic voltammogram of a Au(111) electrode in 0.10 M  to that of Au(111) surface (open circles). The reflections from Au(111)
sulfuric acid containing 1.0 mM Hg at a scan rate of 2 mV/s. Inset:  surface are indexed ais K)s and those from Hg UPD phase | and phase
voltammetric profile over the range f1.05 to+0.70 V vs Ag/AgCl Il are indexed ashtk) and (,K)u, respectively.
(3 M KCl).

+0.60 V appears to correspond to the deposition of the first
surface plane an@, along the surface normal. GIXD measure- Hg monolayer and the sharp spike4a0.52 V likely indicates
ments were carried out in azimuth fixed mode where the incident the completion of the Hg monolayer and the onset of amalgam
and outgoing angles were kept small€ 8 ~ 3.5°, atL = 0.1 formation. The sharp feature #0.93 V is consistent with our
reciprocal lattice unit (rlu)) so as to reduce the background and previously reported coadsorption structure which is reversible
absorption by the Mylar film and electrolyte solution. A and has rapid kinetics. On the other hand, the broad diffusional-
complete CTR measurement consists of a series of rockinglike feature betweent0.50 and+0.70 V suggests a slow
curves atQ,’s from 0 to 2 rlu. Each of these rocking curves process. This might be accounted by the existence of interme-
was fitted to a Lorentzian line shape to derive the integrated diate states during the reduction of Hg(l) to Hg(0), as indicated

intensity which was subsequently used for fitting. in previous electrochemical studies on polycrystallineAd”
In this paper, we will focus on the structure and kinetics of Hg
3. Results UPD layers at potentials within this broad wave.

3.2. Grazing Incidence X-ray Diffraction Results. GIXD

3.1. Cyclic Voltammetry. Figure 1 shows the cyclic = measurements were taken at a series of potentials fr&r@5
voltammogram of a Au(11l) electrode in 0.10 My$O, to +0.50 V at 50 mV intervals. As we described in our previous
containing 1.0 mM Hg" at a scan rate of 2 mV/s, which is paper, an ordered coadsorbed structure of3@y was found
similar to that reported by Itaya and co-workétsThe inset at+0.80 V< E < + 0.88 V. When the potential was changed
shows the voltammogram when the potential is cycled betweento approximately+0.68 V (the onset of the broad reduction
+0.70 and+1.05 V, where one can observe two sets of very wave), we found an ordered hexagonal structure corresponding
sharp peaks arounti0.93 V. In addition, there are two much to a Hg UPD adlayer (referred to as UPD phase I). This
smaller and broader peaks#0.74 and+0.81 V, respectively. structure was transformed to the second ordered hexagonal
As discussed in our previous pagehe two sets of sharp peaks structure (referred to as UPD phase Il) when the potential was
around+0.93 V correspond to the desorption of preadsorbed moved to values belowt0.63 V but above that of bulk
sulfate anions and the deposition of 33¢». An ordered deposition (around-0.45 V).
coadsorbed structure of K80, was observed at potentials Figure 2 shows the experimentally observed in-plane dif-
+0.80=< E < +0.88 V. The sharpness of these features would fraction spots of Hg UPD phase | and phase Il relative to the
suggest that these processes are quite rapid. The nature of thAu(111) substrate. The open circles represent the reciprocal
small waves at+0.81 and+0.74 V is not clear at this time. lattice points of the Au(111) surface which are indexeddg«
Upon further scanning the potential to more negative values, a The solid circles are the measured diffraction spots from the
broad and diffusional-like reduction peak appears-at60 V, Hg UPD phase | (indexed a$,k)) and the solid squares are
as shown in the main panel of Figure 1. There is also a very from the Hg UPD phase Il (indexed askK),). Both of these
sharp spike a#0.52 V superimposed on the broad reduction Hg UPD phases have hexagonal lattices rotated By&ative
wave. However, no corresponding oxidation peak is observed to the Au(111) substrate orientation. The diffraction spots from
if the scan direction is reversed after it passes this spike. InsteadHg UPD phase Il fall on, within our experimental errerq.5%),
only a broad oxidation peak, corresponding to the broad the spots indexed with the substrate coordinaté k/2)s (with
reduction peak, appears. Once the electrode potential is scannetl, k as integers), indicating that the overlayer is likely com-
beyond the sharp spike &0.52 V, both the sharp double peaks mensurate with the Au(111) substrate. On the other hand, Hg
at +0.93 V and the single peak &t0.52 V are dramatically UPD phase | is clearly incommensurate with the substrate
broadened and diminished in amplitude in successive scans. Thisurface. For both structures, higher order reflections at
change is clearly evident when comparing the main panel with (1,—1),, (2,1), and (1;-1), (2,1), were also observed, which
the inset to Figure 1. However, if the scan direction is reversed unambiguously defined the hexagonal lattice of the Hg UPD
right on the sharp spike at0.52 V, a sharp oxidation spike  adlayers.
also appears on the anodic sweep and the change in the double From the size and geometry of the reciprocal lattice, we can
peaks at+0.93 V is greatly minimized. The broad peak at derive the hexagonal real space lattice of the Hg adlayers as



2910 J. Phys. Chem. B, Vol. 101, No. 15, 1997 Li and Abrura

YOO0000
0,90,

be superimposed on a commensuratex@@Pstructure, as shown
in Figure 4. In Figure 4a, one-third of the Hg atoms (dots filled
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&4 7 ircl it on atop sites while the other two-thirds of the H
O <0 ) circles) si p g
.‘%%(4»//}/)(,//‘)//)//"/{/@, atoms (hatched circles) sit at threefold hollow sites. The nearest
2;(//{/&/(///,;%/{//”/;/\ Hg—Hg distance in this structure is 3.3313 A which is within
/M//‘)_///a//‘)‘///"(}///*///‘ the error of our experimental results. The lattice expansion in
é?}/%(%/// W(/ﬁ)”’/ /////)A this case is probably due to the Hgubstrate interactions for
'/AZ///J%%',,%/Q&/“ forming a commensurate structure rather than to Coulombic
ééﬁ///'s/{// 7 ’///J»/j_//@" repulsion as in Hg UPD phase I. We can correlate this structure
) Aé/////)A'/;///g./(////, with an intermediate state with nearly zero charge as has been
'.\" '.'.' previously proposed based on electrochemical stidids.
>, However, experimentally, we did not observe any diffraction

corresponding to thex22 superlattice. This might be because
the small surface corrugation of the Au(111) gives rise to little
modulation to the heights of overlayer atoms to which grazing
incidence X-ray diffraction is not very sensitive. This has also
been the case for other UPD systems on Au(111) and Ag(111)
electrodeg! 2

With the in-plane diffraction data alone, we cannot unam-
biguously establish the exact registry of the Hg atoms on the
Au(111) surface. Figure 4b shows an alternate model which is
also consistent with the in-plane diffraction data. This one is
also a c(%2) commensurate structure with one-third of the Hg
atoms (dots filled circles) located at bridge sites and the other
two-thirds of the Hg atoms (hatched circles) located at quasi
threefold hollow sites. In principle, the two models shown in
Figure 4 could be distinguished by fitting the intensity profile
along L at nonspecular spots, i.e., nonspecular rod scans.
However, a detailed structural determination by this method
requires a large amount of data taken with a highly ordered
and stable system and has only been successfully demonstrated
in the model system of Cu UPD on Au(11%).In the present
case of Hg UPD, the metastable nature of the Hg UPD layers
prevented us from carrying out a reliable measurement of
nonspecular rods.

The in-plane radial scans across the first-order diffraction
spots (1,0)from the Au(111) surface, (1,0yom Hg UPD phase
I, and (1,0) from Hg UPD phase Il are shown in Figure 5, a,
b, and c, respectively. The diffraction from the Au(111) surface
is better fitted with a Lorentzian rather than a Gaussian
distribution. The fitted full width at half-maximum is 0.005 49
+ 0.000 36 A1 which is limited by the detector slit. However,
it establishes that the coherence length of the Au(111) surface
Figure 4. Schematics of two possible commensurate real space is at least 1144F 40 A.

structural models of Hg UPD phase Il. In-plane radial scans of both Hg UPD phases are better fitted

shown in Figures 3 and 4, respectively. Figure 3 shows the with Gaussians than Lorentzians. The scan of Hg UPD phase
incommensurate structure of Hg UPD phase | with lattice !in Figure 5b is slightly asymmetric due to the tail from a nearby
constantss= b = 3.86+ 0.03 A ando. = 60°. The error bar mosaic (within 0.1 in azimuth) picked up by the relaxed
is calculated from the standard deviation of measurements atdetector resolution. Therefore, it was fitted with an additional
different spots and with different samples. The open circles Gaussian to account for the small tail. The major peak was
represent substrate atoms of the Au(lll) Surface, and theﬂtted with a width of 0.0165+ 0.0016 kl which Corresponds
hatched circles are the Hg atoms (with a diameter of 3.01 A). to a coherence length of about 38037 A. The scan of Hg
If the first Hg atom is placed in a threefold hollow site, the UPD phase Il in Figure 5c can be fitted with one Gaussian.
other Hg atoms clearly do not fall on any specific sites, The width is 0.013% 0.000 36 A%, smaller than that of Hg
indicating that the overlayer is incommensurate with the UPD Phase I. This gives rise to a larger coherence length of
substrate. The lattice constant of this structure is 28.2% larger @bout 450+ 12 A.
than the nearest neighbor distance in bulk Hg (3.01 A). Both Hg UPD phases have coherence lengths much smaller
Considering that this structure might correspond to one of the than the Au(111) substrate, indicating that they are not limited
partially charged statés; 17 the expanded lattice can be readily by the substrate quality. It is likely that the Hg adlayers form
rationalized by the Coulombic repulsion between partially two-dimensional islands on the substrate surface rather than
charged Hg atoms. being homogeneously distributed. Since liquid Hg has a very
Hg UPD phase Il also has a hexagonal lattice with lattice large surface tension, it would not be surprising to observe the
parameters = b = 3.344 0.01 A anda. = 60°. The lattice formation of 2-D islands. On the other hand, azimuthal scans
constant of this structure is still 11% larger than the nearest (not shown) of both Hg UPD phases can be fitted with
Hg—Hg distance in frozen bulk Hg. However, this lattice can Lorentzians with a fwhm of 0.10+ 0.015, which is identical
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Figure 6. Potential dependence of the lattice parameter of Hg UPD
phase II.

present uniaxially commensurate rectangular structures which
were distorted from the bulk hexagonal structure. The incom-
mensurate lattice was also compressed with decreasing electrode
potential. Therefore, it appears that the adat@uatom
interactions in these systems are likely the most important while
0 N SN W R R R B the adatom/substrate, the anion/substrate, and the anion/adatom
interactions have little effect on the structure of the complete
UPD monolayerg!

In contrast, the two ordered Hg UPD phases that we observed
have expanded structures compared to frozen bulk Hg. Phase
| was only observed in a rather narrow potential rangé(

Intensity (a.u.)

0.1

0.08 mV). Within this range, we did not observe any clear potential
3 dependence of the lattice parameters. However, the statistical
8 error calculated from several samples deposited under different
i 0.06 conditions is rather large. This is likely due to the metastable
2 nature of this structure, which prevented us from carrying out
é 0.04 a careful potential dependence study of this structure. On the

other hand, Hg UPD phase Il is more stable and has much
smaller statistical errors. Figure 6 presents the potential
dependence of the lattice parameter of Hg UPD phase II. In

0.02 ——t——t——t——l— ' ' general, there is only a very small change, barely larger than
214 215 216 217 218 219 22 221 the error bars. If fitted with a linear function, the slope of the
Q, (A line is about 0.028 A/V, which is at least 1 order of magnitude

Figure 5. In-plane radial scans of (a) Au(111) substrate, (b) Hg UpD Smaller than the corresponding values of TI, Pb, and Bi UPD

phase |, and (c) Hg UPD phase Il. The Au(111) surface peak is fitted ON Au(111) and Au(100) surfac&s?2242¢ This provides an

by a Lorentzian while the Hg UPD peaks are fitted with Gaussians. additional and strong evidence that Hg UPD phase Il is a

commensurate phase as we proposed above.

to the Au(111) substrate. Therefore, no additional orientational 3.3. Specular CTR Results. It is important in our studies

disordering is introduced into the Hg adlayers. to relate the in-plane surface structure to the surface normal
The UPD of Hg on Au(111) is quite different from that of ~ structure. This can be done with the complementary information

the neighboring metal elements in the same row of the periodical derived from X-ray reflectivity studies, i.e., the measurement

table, such as TI, Pb, and Bi22 The nearest-neighbor distances 0f the intensity profiles of specular crystal truncation rods. In

in bulk solids of TI, Pb, and Bi are 3.46, 3.50, and 3.07 A, these studies, the weak scattering between L(p),@ragg

respectively. All of these values are much larger than the 2.885 reflections is very sensitive to the average density and arrange-

A nearest Au-Au distance in bulk gold. The UPD layers of ment of adsorbate layers.

Tl and Pb just prior to bulk deposition on Au(111) and Ag(111)  In the case of in situ electrochemical studies, the specular

have been found to have essentially identical structures to theirCTR curve of a Au(111) crystal covered with an overlayer can

vapor-deposited counterparts in vacuum environments. In bothbe calculated &8

cases, the UPD layers present incommensurate hexagonal lattices

rotated by 2—5° relative to the substrate orientation. The lattice 4 256712r02 ”
parameters were found to be compressed by only abut 3% from R(O,0L) = |T(Q))| — |S(0,0L)|“e QandQ, (1)
the bulk values and to decrease with decreasing electrode 3a,Q,

potential. On the other hand, the UPD layers of Bi on
Au(111)2* Tl on Au(100)2> and Ag(1003® were found to where the sum over atomic layers is
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In eq 1,T(Q,) is a factor that accounts for the enhancement at
the critical angle and exp(Qand Q) accounts for the absorption
by the polymer and electrolyte film with a constant thickness.
The first term in eq 2 corresponds to the sum of the scattering
amplitude over the bulk Au(111) layers. Each atomic layer is
described by three parameters: the coverage or depgity
(defined as the atomic ratio of the species in title layer to
that of Au atoms in a bulk Au(111) layer), the atomic root mean
square (rms) displacemenyt, and the interlayer distanck We 108
fixed these values atn = 1, o, = 0.085 A, andd = 2.3556 A
as reported for bulk Au(111) layef8. The second term
corresponds to the scattering from the top Au(111) layer and 10
the third term corresponds to that from the Hg UPD layer. The

ot
<
>

Reflectivity
[y
<

atomic scattering factors=a, and Fa4s were numerically ! c) ]
calculated from the empirical equations in the International 1010 o L L
Tables for Crystallographi?. The coverage of the top Au(111) 0 0.5 1 1.5 2 2.5
layer was fixed app = 1 and the other parameters, do, pads L (rlw)

Oags anddags Were left free to vary during fitting. Figure 7. CTR of the Au(111) electrode in 0.10 M;BO, containing

Figure 7 shows the CTR data of the Au(111) electrode in 0.10 mM Hg* measured aE = +1.00 V (a, solid circles);+0.68 V
0.10 M H,SQ, containing 0.10 mM HY at (a)E = +1.00 V (b, open squares), and0.63 V (c, open circles). The data #0.68
(solid circles), (b)+0.68 V (open squares), and (¢)0.63 V and+0.63 V_corre_spond to Hg UPD phases | and I, respecti\_/ely. Each
(opencirles).respectvely. The CTR dalarch anck0.63 55,1 e 5 S fown by L xtr O Pogiiut e o e
V correspond to Hg UPD phase | and I, respectively. Since CTR curves for an ideally truncated Au(111) crystal. The continuous
one complete set of CTR measurements can take more than §ipes are the fits to the experimental data with a multilayer model.

h, during which time the Hg UPD structure might be changed,

in-plane surface diffraction measurements were carried outenhanced from 0.085 A (bulk value) to 0.1840.012 A due
periodically to ensure that the Hg UPD structure was the same.to the strong chemical interaction of the adsorbed sulfate/
Data set at+0.68 and+0.63 V were shifted down by 1 and 2  bisulfate anions. The top layer to second layer distance was
orders of magnitude, respectively, in order to give a clearer view. only slightly expanded from 2.356 A to 2.4G6 0.004 A.

The dashed lines are the CTR curves for an ideally truncated As mentioned earlier, & = +0.68 V, we observed the in-
Au(111) surface and the continuous lines are the fits to the plane diffraction of Hg UPD phase I. The CTR curve (Figure
experimental data. The spikeslat= 1 and 2 correspond to  7b) at this potential is quite different from curve 7a with a deeper
the first- and second-order diffraction from the bulk Au(111) valley around (0, 0%/,) which is asymmetrically shifted to a
planes, respectively. Around the valleys< 0.5 and 1.5), the lower value ofL. In contrast to the two-layer coadsorbed
scattering from the substrate layers cancels out and thus thestructure at+0.80 V < E < +0.88 V in our previous paper,
specular CTR intensity is most sensitive to the surface structure.this set of CTR data can be fitted with a single Hg overlayer
Specifically, it provides the average electron density profile in on the relaxed Au(111) surface. The Au(111) surface rms
a direction normal to the surface. It is clear that, in all cases, displacement and the top to second layer distance are only
the data show deeper valleys than the ideal Au(111) surface.slightly smaller than those & = +1.00 V (Table 1). The Hg
This cannot be accounted for with just an enhanced rms overlayer is fitted with a density gfags= 0.332+ 0.014 and
displacement of Au(111) surface atoms. Instead, adsorbedan atomic rms displacementys= 0.44+ 0.06 A. However,
overlayers have to be incorporated onto the surface in order tothis density is much lower than the value of 0.56 calculated
fit the data. The scattering from adsorbates interferes with that from the hexagonal in-plane structure (with lattice constants
from the Au(111) substrate and thus gives rise to deeper valleys= b = 3.86 + 0.03 A). This suggests that the Hg UPD
in the CTR profiles. overlayer forms two-dimensional islands on the Au(111) surface.

The fitted parameters at the three potentials are listed in Table At this potential, the bare Au surface is likely covered with a
1. At E = +1.00 V, the CTR data are identical to those layer of water and some sulfate/bisulfate anions. The fitted Hg
measured in pure 0.10 MJ80, solution at the same potential.  overlayer to Au(111) surface layer distance is 2.558.022
The data can be fitted with a sulfate/bisulfate overlayer of A which is larger than the interlayer distance in bulk Au(111).
density pags = 0.371 + 0.02, as shown in Figure 7a. As Assuming that Hg and Au atoms are hard balls with diameters
discussed in our previous paper, this density is in agreementof 3.01 and 2.885 A, respectively, the Hg to Au(111) distance
with both a 0.40 monolayer of bisulfate and a 0.20 monolayer can be calculated as 2.570 A at bridge sites, 2.432 A at three-
of sulfate incorporating some water or hydronium ioa9{@ fold hollow sites, and 2.9475 A on atop sites. The fitted value
monolayer). The fitting was relatively insensitive to the is close to that at bridge sites and in between the other two
overlayer rms displacementqs Thus, it was fixed at 0.20 A extreme values, which is consistent with the averaged value over
during fitting. The distance between the overlayer and the first the incommensurate structure shown in Figure 3.
substrate layed.gs was found to be 2.082 0.038 A which is At E= +0.63 V, the in-plane surface diffraction measurement
also in agreement with the value obtained in pure 0.108® shows the formation of Hg UPD phase Il. However, the CTR
solution. The rms displacement of the Au(111) surface was profile (Figure 7c) has very similar features to that corresponding
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TABLE 1: Specular CTR Fitting Parameters at Different Potentials

E (V) adsorbate species  po oo (A) do (A) Oads Oads(A) Qags (A)
+1.00V SQ% 1 0.184+ 0.012 2.406t 0.004 0.37H0.02 0.2 2.082t 0.038
+0.68 V Hg 1 0.165+ 0.007 2.338t 0.0066 0.332+ 0.014 0.44+ 0.06 2.558+ 0.022
+0.63V Hg 1 0.178t 0.0079 2.349 0.0068 0.38:0.11 0.75+ 0.26 2.46+0.14

to Hg UPD phase | (Figure 7b). This set of data can also be 0001 p—"— T~ T T~ T "
fitted with a single Hg overlayer on the relaxed Au(111) surface. L
The fitted parameters agg = 1, 0o = 0.178+ 0.0079 A, and

do = 2.3494 0.0068 A for the top Au(111) layer, anghgs = 0.0001 g
0.384 0.11,04ds= 0.75+ 0.26 A, anddags= 2.46+ 0.14 A i
for the Hg UPD layer. The density of the Hg layer is slightly
higher than that corresponding to Hg UPD phase I, but much
lower than 0.751 as calculated from the in-plane structure.
Therefore, this Hg UPD overlayer also appears to be present as
two-dimensional islands on the Au(111) surface. The distance
from the Hg overlayer to the Au(111) surface is 2460.14

A, which is smaller than the average values of 2.604 and 2.657
A calculated from the two c(22) commensurate models shown

in Figure 4, a and b, respectively. This might be due to a strong
chemical bond between Hg and Au atoms. A similar phenom-
enon has been previously observed in TI UPD on Au(#21).
On the other hand, the rms displacement of Hg atoms of Hg
UPD phase Il (0.75 0.26 A) is much larger than that of Hg
UPD phase | (0.44+ 0.06 A). Of the two models shown in 3 E
Figure 4, model a would give an rms displacement much larger [ ~
than that of model b, suggesting that model a is likely the correct 1010 b

one. 0 0.5 1 1.5 2 2.5
L (rlw)
Figure 8. CTR corresponding to Hg UPD phase Il (open circles) on

In the previous sections, we have presented the structures ofthe Au(111) electrode and that measured after holding potentie).&8
two ordered Hg UPD phases at potentialstdf.68 and+0.63 V for 12 h (solid squares). The latter is shifted down by 2 orders of
V, respectively. Both of these phases are within the potential Magnitude for a better view. Dashed lines are the calculated CTR

. . - curves for an ideal Au(111) electrode and continuous lines are fits to
region of the broad reduction wave in Figure 1. The specular \na gata.
CTR data suggested that both phases are present as two-
dimensional islands. We found that these two phases exhibited Figure 8 shows the specular CTR data of a freshly deposited
strong kinetic effects which might account for the broad Hg UPD phase Il (open circles) along with that of the same
reduction wave in the cyclic voltammetric response. sample measured after the Hg overlayer had been deposited and

Hg UPD phase | was observed only when Hg was deposited held at+0.63 V for more than 12 h (filled squares; displaced
on a freshly flame-annealed Au(111) electrode and was stableby 2 orders of magnitude to give a clearer view). The data for
for about 3-4 h after being deposited. During CTR measure- the fresh Hg UPD phase Il was taken by stripping the Hg layer
ments of this phase, the Hg layer had to be strippettla00 at+1.00 V and redepositing it at0.63 V every 2 h. The other
V and redeposited at0.68 V every two hours to ensure that set of data was taken after 12 h without any other disturbance
we were studying the same structure. However, after abe8t 7  once the Hg had been deposited. In this case, there is a dramatic
h past the initial deposition, phase | disappeared and we werechange in intensity around the anti-Bragg points and the CTR
not able to recover it without reannealing the crystal. Instead, profile is close to that of an ideal Au(111) surface (dashed line).
the redeposited Hg UPD overlayer showed the structure of Hg ~ As mentioned before, the CTR data of Hg UPD phase Il could
UPD phase Il. This phase was more stable and could be be fitted with a single layer of Hg on the Au(111) surface. On
repeatedly stripped & > +0.90 V and redeposited &t0.50 the other hand, the CTR data after 12 h could be fitted, with
V < E = +0.70 V as long as the deposition was within the the same quality, by either a single Hg overlayer or a single
monolayer regime. Hg UPD phase | could also be converted water layer on the relaxed Au(111) surface. The fitted
to Hg UPD phase Il by changing the potential froh®.68 V parameters are listed in Table 2. When fitted with a Hg
(where Hg UPD phase | was observed)0.63 V. Clearly, overlayer, the parameters for the Au(111) surfacecare 1,

Hg UPD phase | is a metastable structure whose instability is oo = 0.1004+ 0.0069 A, anddy = 2.3544 0.002 A. Fitting
likely due, at least in part, to its partially charged chemical state. parameters for the Hg overlayer args = 0.89164 0.0089,

Hg UPD phase Il also shows some kinetic effects. This was gags= 0.09064 0.0093 A, anddags= 2.344+ 0.004 A. The
found during specular CTR measurements. Typically, a set of fitted coverage is consistent with a fully covered close-packed
specular CTR measurements consists of rocking curves at aHg layer (with a calculated coverage of 0.92). Both the rms
series ofQ,'s, which takes more thm8 h tocomplete. The displacement and the overlayer to substrate distance are close
same rocking curve around (0, 0, 0.5) repeatedr &th was to the values of bulk Au(111) (0.085 and 2.3556 A, respec-
found to have an intensity that was several times higher thantively).
before, suggesting that the structure of the Hg UPD changed If fitted with a monolayer of water, the parameters for the
during that time period. The intensity becomes constant again Au(111) surface layer are about the same as before, pyith
after the Hg UPD phase Il is deposited for more than 12 h, so 1, oo = 0.121+ 0.013 A, anddy, = 2.3544+ 0.006 A. The
we believe that it forms yet another structure. parameters for the water overlayer are fittechbag= 0.768+
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4. Discussion: The Kinetics of Hg UPD Phases
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TABLE 2: Specular CTR Fitting Parameters for a Sample Held at E = +0.63 V for More Than 12 h

adsorbate species  po oo (R) do (A) Pads Oags(R) Qags (A)
Hg 1 0.10044 0.0069 2.354+ 0.002 0.892+ 0.0089 0.09H- 0.0093 2.3442+ 0.0041
H,O 1 0.121+ 0.013 2.354+ 0.006 0.768+ 0.082 0.2 2.12£0.16
0.082, 0ags = 0.2 A, anddags = 2.12 4+ 0.16 A. The rms sor
displacement,gswas fixed at 0.20 A to prevent it from going

to zero. As mentioned before, the value of this parameter has 60
little, if any, effect on the other fitting parameters. The fitted
coverage of the water overlayer is a bit smaller than that for a
Au(111) electrode in 0.10 M $80O, at +0.70 V. This is
consistent with our previous result that the adsorbed water
molecules are desorbed from the Au(111l) surface when the
potential is moved from+-0.70 to+0.40 V7

Thus, the specular CTR results suggest two possible models.
In the first model, Hg deposition on the Au(11l) surface
continues when the potential is held -40.63 V and a full
monolayer of close-packed Hg is formed after about 12 h. This
is based on the assumption that the Hg atoms are stable on the 20
Au(111) surface without diffusing into the bulk if the deposition
is within one monolayer. However, Hg is known to have a

40

20

Current (LAmps)

relatively high diffusion coefficient in bulk Au crystals. If Hg -40 : ' ' ' '
atoms on the Au surface were to diffuse into the bulk crystal, +0.50 +0.70 +0.90
the Hg coverage would decrease with time rather than increase. Potential (V vs. Ag/AgClL(3M KC1))

After about 12 h, all the _depOSIted_Hg atoms would (_jl_sappear Figure 9. Cyclic voltammograms of a Au(111) electrode in 0.10 M
from the surface assuming there is no more deposition from sylfuric acid containing 0.10 mM Hg at a scan rate of 20 mV/s. Curve
bulk solution. The disturbance to the bulk Au crystal might A (thin line) was measured with a fresh flame-annealed Au(111) crystal
not be particularly dramatic since the total amount of Hg and curve B (thick line) was measured after depositing H§@&63 V
deposited would be less than one monolayer. Since the diametefor about 12 h.

of Hg atoms is 0.125 A larger than that of Au atoms, this will 4 e fylly discharged metallic mercury on the Au(111) surface.
induce only a small disturbance to the Au crystal. Thus, the The amount of mercury in this state is very small on a fresh

second model of a weakly adsorbed water layer on the Au(lll)Au(lll) surface but builds up slowly. We found that this

surface cannot be rigorously excluded. process is strongly dependent on the potential at which the

Based on the specular CTR data alone, it is difficult to electrode is held, the Hg concentration, and the types of anions
unambiguously determine which is the correct model. However, present in solution. Detailed electrochemical studies are
previous electrochemical studies have found that the Hg underway and will be published elsewhé?e.

overlayer might form an intermetallic compound with the Au  To further understand this kinetic process, we carried out both
substraté12 Since aIon formation would Ilkely change the rocking scans across (0, 0, 0.5) and in_p|ane radial scans
electrochemical properties of the Au electrode, one could, basedfollowing the deposition of Hg over a 12 h period. Figure 10a
on the electrochemical response prior to and after the formationshows the integrated intensity under the rocking curve vs time
of this structure, distinguish between these two models. Figure which reflects the change in the surface normal structure during
9 shows the cyclic voltammograms of a Au(111) electrode in the kinetic process. Clearly, there is a dramatic change after
0.10 M H,SQOy solution containing 0.10 mM Hg at a scan  apout 6 h. Between ®t5 h and 7 to 12 h, there appear two
rate of 20 mV/s. Curve A (thin line) was measured with a fresh plateaus. The two sets of data shown in Figure 8 were taken
flame-annealed Au(111) crystal and curve B (thick line) was in these two regions, respectively. The peak width of the in-
measured after depositing Hg-80.63 V for about 12 h. The  plane radial scan first decreased slightly and then increased after
fresh Au(111) sample shows a pair of sharp peaks aréth@0 6—8 h (see Figure 10b). This indicates that the domain size of
V similar to the features shown in Figure 1. The cathodic wave the Hg UPD layer first increases and then decreases. However,
was broadened due to the relatively low #gconcentration the change is small (about 20%). On the other hand, the
(0.10 mM). After holding the potential at0.63 V for 12 h, integrated intensity of the in-plane radial scan first increases
the pair of sharp peaks arour®.90 V is replaced by a pair of  and then decreases after abbih (see Figure 10c). Since this
broad peaks around-0.76 V. The peak position is shifted quantity is proportional to the total amount of Hg atoms in the
negatively by 140 mV, and the separation in peak potentials ordered surface layer, one can conclude that the ordered Hg
increased relative to a fresh Au(111) crystal. Clearly, after 12 UpD islands likely grow at first. After about 6 h, some of them
h, the Hg-surface interaction is weaker and more negative appear to change to a third phase which gives no in-plane surface
potentials are required for the Hg deposition. This change could diffraction. This phase could be either a liquid Hg overlayer
be due to the formation of a layer of an intermetallic compound or a layer of an amorphous HgAu intermetallic compound or
or a full Hg monolayer. On the other hand, it cannot be readily alloy. However, at this time, we do not have any direct
explained by the second model which should give rise to a cleanexperimental evidence to derive the details of this structure.
Au(111) surface. We can speculate that the formation of the third phase requires
Careful examination of Figure 9 also shows that a very small a certain critical size or coverage of the Hg overlayer. Once
wave at about+0.76 V is also present in the CV taken with a the islands grow over this size (after about 6 h), they may
fresh Au(111) electrode (curve A). This wave (to which we coalesce to form a 2-D liquid or an amorphous structure. This
alluded to earlier, section 3.1) is also present in the inset of was indicated by the specular CTR data in Figure 10a. The
Figure 1. ltis consistent with the assumption that it corresponds intensity at (0, 0, 0.5) shows a transition at ab®t consistent
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0.2 — T structures involved in Hg UPD. Further studies are in progress
( i to elucidate the effects of anions on the kinetics of Hg UPD on
a) A 1

u surfaces:

Our results can be compared with previous electrochemical
kinetic studies of Hg UPD on polycrystalline Au electrodes.
As mentioned before, Saliand Bartel¥*~16 proposed that
initially Hg(ll) is rapidly reduced to Hg(l) and then slowly
reduced to a fully discharged metallic layer through two
intermediate states. In our previous pape reported on the
formation of a HgSQOy layer (with mercury present as mercurous
dimers) at the initial stages of Hg UPD. Starting from this
potential (-0.80 V < E < +0.88 V) and scanning to more
negative values, we observed two ordered Hg UPD structures
0 —t— which are in excellent qualitative agreement with the mechanism
| (b) | proposed by Sdliand Bartels. They describe the underpotential
deposition of a metal according to a general theory of chemi-
_ sorption reactions with multiple step%.16

In the present case, the deposition process can be described
by egs 3-6.

0.15

LI B S B BN B S

0.1

Intensity (a.u.)

0.05

PR R N T H ST ST S AT ST T

0.022

0.02 Hg?*(soln)+ e~ = ((Hg,)SO,)(ads) 3)

0.018 | N ((Hg,)SO,)(ads)+ 0.47¢ = Hg/UPD-I (4)

Radial Scan Width (A-1)

Hg/UPD-1+ 0.53€ == Hg/UPD-I (5)

0.016

Hg/UPD-Il == Hg%UPD (6)
0.004
where Hg"(soln), (Hg)SOy)(ads), Hg/UPD-I, Hg/UPD-II, and
Hg%UPD represent, respectively, mercuric ions in solution,
adsorbed mercurous sulfate, UPD phases | and Il, and the
] metallic mercury overlayer. Potentiostatic measurements with
a polycrystalline Au ring-disk electrode and impedance spec-
troscopy on a polycrystalline Au electrode have been employed
. to determine the partial charge on the electrodeposited mercury
species® 16 Assuming similar values for single-crystal Au(111)
electrodes, we expect that the charge of each Hg atom is about
0.53e in Hg UPD phase | and close to zero in Hg UPD phase
Il. These values are consistent with the open structure of Hg
P T S TN SR SR S UPD phase | as being due to the Coulombic repulsion forces
0 2 4 6 8 10 12 14 between the partially charged Hg atoms. In Hg UPD phase I,
Time (hrs) the commensurate structure may be at a local free energy
Figure 10. X-ray scattering intensity changes during Hg UPEHat63 mg"{:‘;nr;j‘gg ;[‘(;’rf] WHog“'l‘j gg rgﬁ;?sjﬁbt'g iﬁi”fﬂﬁ‘;fj‘fs'chg'rgae'('jy
V: (a) integrated intensity of the rocking curve across specular CTR S ) .
at (0,0,0.5); (b) full width at half-maximum of the in-plane radial scan 2-D liquid Hg or amorphous alloy structure is also consistent
across (1,0) of Hg UPD phase II; (c) integrated intensity of the in-  With the last alloy formation step according to the studies by
plane radial scan across (1,0) Salieand Bartels.

0.003

0.002

Intensity (a.u.)

0.001

with the in-plane data. A 2-D island growth model would
predict a continuous increase in the overlayer density before
the sudden jump at abb h to form a 2-D liquid or an In summary, we report on two ordered intermediate Hg UPD
amorphous structure. However, a detailed understanding wouldphases and a fully discharged 2-D liquid Hg or an amorphous
require a series of time-resolved specular CTR data. Unfortu- Hg—Au alloy structure during the UPD of Hg on Au(111)
nately, it is not feasible in this case since it takes al®h to electrodes in 0.10 M B0, solution. These results, combined
complete the measurement of one set of specular CTR datawith our previous report on the first stage of Hg UPD on
Future experiments using time-resolved X-ray scattering tech- Au(111) electrodes, present a detailed understanding of the UPD
nigues would be most valuable in exploring the transition of Hg from Hg(ll) to a fully discharged metallic state. Both
processed and we are currently exploring such possibilities. ordered intermediate phases have hexagonal structures with
At this stage, it is not well understood why the kinetics of lattice vectors rotated 30relative to those of the Au(111)
reducing mercury ions to the fully discharged metallic state is substrate. The first phase was observed only on a fresh flame-
so slow. It could be due to anion-coadsorption effects, a annealed Au(111) electrode at an applied potentiat-6f68
disprotionation reaction involving the adsorbed intermediate- V. It is incommensurate with the Au(111) surface with lattice
(s), or slow nucleation processes. We have carried out bothconstants=b = 3.84+ 0.03 A. The open, incommensurate,
GIXD and specular CTR measurements in solutions containing structure is likely due to the Coulombic repulsion forces between
different anions such as S0, CIO,~, Cl-, and CHCOO™ and the partially charged Hg atoms. We found that this phase is a
the results clearly show a strong anion dependence of themetastable state which changes with time (on a time scale of

5. Conclusions
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3—4 h), as well as with potential (& < +0.63 V), to a second (3) Manne, S.; Hansma, P. K.; Massie, J.; Elings, V. B.; Gewirth, A.
phase. This is a more compact phase with lattice constants A- Sciencel99], 251, 183. . _ o .

— b= 3.328-- 0.01 A which are about 10.6% larger than the (%} A2\75; 5, ances n Chenie) Phystiiogine, | e
close packing distance in bulk Hg. Itis likely a commensurate 255,

c(2x2) structure with?/3 of the Hg atoms at threefold hollow (5) Toney, M.; McBreen, JElectrochemSoc 1993 2 (1), 22.

sites and'/s at on-top sites. By holding the potential Gt= (6) Toney, M. F.; Ocko, B. MSynchrotron RadialNews1993 6 (5),
+0.63 V f_or extended time periods, more Hg atoms appear to = (7) Li, J.; Abrufe, H. D.J. Phys Chem 1997, 101, 244.

be deposited onto the Au(111) surface and form larger two-  (g) [indstrom, T. R.; Johnson, D. @nal. Chem 1981 53, 1855.
dimensional islands. After about 12 h, the underpotentially (9) Schadewald, L. AJ. ElectrochemSoc 1984 131, 1583.
deposited Hg monolayer is transformed to either a monolayer (10) Sherwood, W. G.; Bruckenstein, B ElectrochemSoc 1978 125

of fully discharged liquid Hg or a monolayer of an amorphous 1098 . . _
Hg—Au intermetallic compound. The entire Hg UPD process, Soglg%hig"éogg;‘w G- Untereker, D. F.; Bruckenstein]. &lectrochem
from Hg(ll) to the fully discharged Hg on the Au(111) surface (12) Shay, M.; Bruckenstein, Sangmuir1989 5, 280.

in sulfuric acid, agrees well with the mechanism proposed by  (13) Salie G.; Bartels, K.J. Electroanal Chem 1988 245, 21.
Salieand Bartels based on their electrochemical kinetic studies.  (14) Batels, K.; SalieG. Z. Phys Chem 199Q 271, 739.

The UPD of Hg on Au(11l) electrodes shows a unique (15) Salie G.; Bartels, K.Electrochim Acta1994 39, 1057.

. . . (16) Salie G. J. Electroanal Chem 1989 259, 315.
mechanism quite different from UPD processes of other metals (17) Vicente-Beckett, V. AAust J. Chem 1989 42, 2107.

such as Cu, Ag, Tl, and Pb. (18) Chen, C.-H.; Gewirth, A. APhys Rev. Lett 1992 68 (10), 1571.
) ] (19) Inukai, J.; Sugita, S.; ltaya, K. Electroanal Chem 1996 403
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