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- Nous présentons les études, par la dispersion de rayons-X d‘'incidence rasde, de
1‘évolution da couches de plomb sur argent (1ll1) déposées électrochimiquement en
fonction du potentiel électrochimique. Les mesures ont était faites avec des couches
adsorbées en contact avec la solution dans une celluls échantillon spécialement
preparés. Les structures de plomb observées sont en fonction du potentiel et domaine
appliqué d'une couchs monomeléculaire disproportionnéd resultant d'un dépdt sous-
potentiel i un snsemble polycristallin de plomb orienté au hasard résultant des
potentisls de dépdt plus bas. Ces premidres experimentations démecntrent 1'abilité des
mesures de la diffractions des rayons-X in situ de determiner les structures résultant
du dépdt électrochimique.

Abatract - Grazing-incidence x-ray scattering studies of the #volution of
slectrochemically deposited layers of lead on silver (111) as a function of applied
slectrochemical potential are presented. Measursments wers made with the adsorbed
layers in contact with solution in a specially designed sample cell. The observed lead
structures are a function of the applied potential and range from an incommensurate
monolayer, resulting from undarpetential deposition, to randomly oriented
polycrystalline bulk lead, resulting from lower deposition potentials. These early
experiments demonstrate the ability of In situ x-ray diffraction measurements to
determine structures associated with electrocheamical deposition.

1 - INIRODUCTION

The electrochemical deposition of Pb on Ag (lll) (and related systems like Tl and Bi on Ag)
occurs in two distinct stages, as illustrated in Fig. 1. Iasad ions from the electrolyte
adsork on a Ag electrode at potentials positive of the Nernst potential at which Pb?* ions are
reduced to form bulk P /1/. The terms underpotential deposition (UPD) and bulk deposition
refer to these two stages of Pb deposition, respectively. A variety of ex situ and in situ
techniques have been used to draw inferences about the nature of structures resulting from UPD
of Pb on Ag (111) (see ref. /2/). From these studies it was thought that UPD resulted in
formation of a close-packed hexagonal monolayer of Pb on the Ag electrode. Until racently,
however, no direct structural measurements had been made of long range order in the ovsrlayer,
or its orientation with respect to the substrate. Grazing-incidence x-ray scattering (GIS)
techniques allovw these measurements to be made. This paper summarizes results of an initial
series of GIS experiments following the electrochemical deposition of Pb on Ag (lll) as a
function of applied potential /2-5/. The collective results of these experiments reveal how
the initial stages of electrochemical growth of this system procesd. Details of background,
experimental procedures, and discussion not presented here can be found in refs. /2-5/.

2 - EXPERIMENTAL METHODS

Flat, single crystal Ag substrate electrodes were formed by evaporation onto mica. The
electrolyte used for the experiments described here was 0.5 M sodium acetats, 0.1 M acetic
acid end 5.0 x 10™ M lead acecats. Electrochemical potentials are referenced to a Ag/AgCl
electrode.

A sample cell was designed to allow electrochemical depositions to be made with the sample
installed and aligned on the diffractometer, and X-ray seasuremsnts to be made with the
deposited layers in contact with the electrolyte. The cell is shown in Fig. 2. The body of
the cell is made of Kel-F®, which, together with a 13 x polypropylene window, encloses the
slectrolytic solution. Various electrode and solution ports are made in the body of the cell.
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Figure 1. Voltammogram (b) and adsorption isothera (a) for the electrochemical deposition of
Pb on Ag (111) show two distinct stages of deposition. An UPD monolayer of Pb results from
deposition at roughly -0.4 V potential, while bulk Pb deposition proceeds for potentials lass
than roughly -0.55 V.

The Ag substrate electrods is positioned above iche body of the cell to allow grazing-incidence
x-ray measurements of the Ag-electrolyte interface. Changes in the electrochemical potential
(to deposit or remove Pb) were mads vith the elsctrolyte undsr encugh hydrostatic pressure to
stretch the polypropylene vindow and allow a relatively large bath of electrolyte to surround
the electroda. Then, withdrawal of much electrolyte from the cell caused the window to
conform to the electrods surface, thus minimizing absorption losses and measurement of
unvanted scattering from the electrolyte. In this configuration capillary action provides a
thin (1-10 x) layer of electrolyte between the electrode and window so that the freshly
deposited Pb remains in contact with solution during diffraction measursments.

X-ray mesasurements were mads on sevaral different occasions at the Stanford Synchrotron
Radiation Laboratory using a conventional Huber &4-circle diffractomster at two different
besmlines, each with a Si1 (111) doubls crystal monochromator. Radiation from the 8-pole
wiggler beamline 7-2 vwas monochromatized to provide 3.048 keV radiation, while that from the
S4-pole wiggler beamline 6-2 vas monochromatized to provide 10.000 keV radiation. After
aligning the Ag substrate normal parallel to the ¢ axis of the diffractometer and
determination of the substrate orientation, three types of scans were performed to collect
data; rod scans, radial scans, and rocking scans.

3 - RESULIS AND DISCUSSION

Diffraction from three distinct structures was observed in these experiments. These different
intensity features are discussed in turm, starting from the substrate.

Diffracted intensity from the Ag (l11) substrate in the wet electrochemical cell reveals
expected Ag peaks in expected positions. Observed substrate diffraction features are shown as
open circles in Fig. 3, and consist of the bulk in-plane (302) and symmetry-related
reflections. Also seen from the Ag substrate is the crystal truncation rod labeled 1/3(&22)
and symmetry-related features. Each of these sets of features exhibits 6-fold symmetry, and
their positions are in agreement with the accepted value of the Ag lattice constant.

Lead overlayer structures deposited in the UPD range exhibit sharp in-plane diffraction péaks
consisting of two equivalent sets of 6-fold features symmetrically disposed about the Ag
features as indicated in Fig. 3. This pattern is interpreted as resulting from & monolayer
coverage of hexagonal close-packed Pb atoms vhich are incommensurate with the Ag (1l1l)
substrate. This 2-dimensional Pb overlayer consists of 2 sets of equivalent domains, each

2



Figure 2. [Electrochemical cell: (A) Ag (1ll) electrods, (B) Ag/AgCl reference electrode, (C)
Pt counter electrode, (D) polypropylens window, (E) O-ring holding polypropylens to cell, (F)
external electrical connection to the working electrods, (G) electrolyte inlet, (H)
slectrolyte outlet. The inset defines the angles used in the grazing-incidence scattering
experiments: a and § are grazing incident and take-off angles with respect to the sample
surface, 2# the scattering angle, and ¢ the sample azimuthal angle.

rotated 4.5° about the 6-fold axis of the Ag substrats. Figure & shows an a scan along a (10)
rod of the Pb monolayer as well as ¢ and #-2¢ scans through this feature. Using 2-
dimensional indexing, both Pb (10) and (11) features were observed. #-2# scans of these Pb
spots provides a lower limit on the domain size of these Mb domains of 150 A. The significant
background intensity results from Compton and diffuse elastic scattering from the
polypropylens window and electrolyte.

In the UPD monolayer, the Pb-Pb nearest-neighbor distance is smaller than in bulk Pb, and this
distance dspends sensitively on the applied electrochemical potential at which the UPD {s held
after deposition. All UPD depositions were made at -0.4 V, and the potential was then
decreased. Potentials between roughly -0.4 V and -0.55 V result in a linearly decreasing
nesarest-neighbor distance with potential. This behavior corresponds to increasing compression
of the Pb monolayer vith potential, with values of compression ranging from 1.4 & to 2.8 &%
compared to the nearest-neighbor distance in bulk FMb. Because the Pb adatoms are in
squilibrium with Pt in solution, the isothermal 2-dimensional compressibility of the monolayer
can be calculated and is 0.9 A3/eV /4/. TFor potentials more negative than about -0.55 V,
deposition of additional Pb onto the UPD monolayer occurs. The ordered UPD monolayer remains
unchanged during the initial stages of bulk Pb deposition since the chemical potantial is
planed at the bulk valus. The rotated domsin structure of the UPD monolayer, including the
rotation angle, are independent of the potential.

To study the growth of subsequantly deposited Pb, bulk Pb wvas deposited at constant potential
following the initial deposition of the UPD monolayer /5/. The amount of Pb deposited was
daternined from the integral of the electrochemical current and is given in equivalant
monolayers, i.e. the amount vhich would exist in one uniform close-packed monolayer.
Subsequent growth does not occur epitaxially onto the UPD layer because of the largs
compression. After deposition of about 5 equivalent monolayers, the initial UPD monolayer
features disappesar as enough bulk Pb is present to induce reconstruction of the UPD layer.
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Figure 3. Observed Ag (open circles) and Pb (closed circles) intensity projected onte a plane
through the origin of reciprocal space parallel to the Ag (111) substrate surfaca.
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Figure 4. Intensity from a Pb monolayer deposited in the underpotential deposition regime.

(a) shows a rod scan along the Pb (10), while (b) and (c) show rocking and radial scans

through this feature.



No discernable signal from bulk Pb was observed until roughly 100 equivalent monolayers were
deposited, at which time the (220) reflection of Pb was observed at the expected position for
unstrained Pb. ¢ scans revealed no preferred orientation of this bulk Pb with respect to
direction in the Ag substrate plane.

4 - SMARY

These results show that grazing-incidence x-ray scattering techniques can follow in situ
growth of electrochemically deposited overlayers on single crystal substrates. For the case
of Pb on Ag (111) reported here, the first monolayer of lead shows well-ordered,
incommensurate domsins of close-packed Pb atoms with a specific rotation angle with respect to
the substrate and a potential-dependent compression. These phenomsna are not specific to the
Pb on Ag electrochemical system reported on here; experiments are underway which show that
they are exhibited by other systems, e¢.g. Pb on Au (1ll) and Tl on Ag (11l1l) /6/. The study of
well-ordered overlayers on well-ordered substrates is facilitated by easily observed Bragg
features. Electrochemical growth which proceeds via less well-ordered structures will be more
difficult to study with this technique because of the significant background scattering froa
the electrochemical cell.
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