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Tl submonolayers were deposited from an agueous electrolyte on a
Cu(l1l1) surface. The electrodea were studled inside and outside the elec-
trolyte with standing x-ray wave fields. These measurements allow to
determine the fraction and the positlon of Tl atoms which occupy adsorption
sites coherently relative to the bulk diffraction planes. The resulta show
that the method can be applied to ex-situ as well as in-situ structure

studies of the asolid/liquid interface. The influence of oxygen on immersed

and emersed Cu electrodes is discussed in detail.

to be published in Ber. Bunsenges.

Introduction

The determination of the atomic structure of an electrochemical
" interface poses an almost unsurmountable problem to methods such as elec-
tron ecattering (LEED, RHEED, etc.), lon scattering, and scanning tunneling
microscopy. The high sensitivity of particle probes, which make them on one
hand an ideal tocl for studies of surfaces, becomes a strong drawback if
such surfaces are covered by a solid or liquid layer. Such a thin cover of
the interface, however, is transparent for high energy x_-my photons which
axhibit a comparatively low interaction with matter. Strong photon sources
are therefore needed to gain a large enough signal from the interface atoms
in order to be able to carry out a structure determination. Sources of

sufficent brilliance are nowadays available as electron/positron storage

rings which emit highly intense synchrotron radiation.

In addition to the powerful source a proper experimental method has to
be designed to determine the geometric structure of the atomic arrangement
in the interface. One poesibility ls to use coherent x-ray interference
flelds, described by the dynamical theory of x-ray diffraction [1,2]. Such
x-ray standing waves (XSW) were usad for the first time in 1980 [3] to
determine the distance of a chemisorbed Br layer normal to a Si{110) sur-
face. The application for the study of emersed Cu electrodes was reported
in 1985 (4] and the first in-situ investigation has meanwhile also been
finished successfully [5). A brief review of the most recent applications

of XSW using synchrotron radiation ia given in [G]).

The principle of the method for in-situ studies of electrodes is

illustrated in Fig. 1. & wave

nearly plane like x-ray beam

(ggexp(Zuigovg—iwl) impinges through the liquid electrolyte layer onto a H

= (111) oriented surface of a perfect Cu single crystal, H being the
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reciprocal lattice wvector. When the angle 8 between the incident wave
vector l_<0 and the diffraction planes is tuned to fulfill the Laue condition
K, +H4-= K,. & strong Bragg reflected beam [E,(r.9,t) = _8_:exp{2ui_lgﬂ
*r-iwt) ] with wave vector K, is excited. In the region where both wavee are
coexisting, an interference field is formed with nodal and antinodal planes
lying parallel to the H diffraction planes and with the spatial periodicity
d, = 1/ jd] . The antinodal planes of the electrical field intensity
“Bmt(i'“lz = | _150(5,0) + gH(E,ﬂ'z} move inward with lncreasing
reflection angle 8 In the -H diraction from being out of phase with the H
Fourier component of the elastically scattering electron density to being

in phase with the diffraction planes.

Since the photosffect for lnner core electrons is, in the dipole
approximation, proportional to the E-field intensity at the center of the
atom, this movement of the standing-wave field can be used to determine
atomic positions relative to the diffraction planes by measuring
simultaneously with the wave fleld shift, emission signals such ae fluores-
cence photons which can also penetrate the liquid layer. Fig. 2 shows
reflectivity [|E,|*/|E,|?1 and fluorescence yield data and theoretical fits
from an XSW measurement on a Cu{l1l) single crystal, which was removed at a
fixed potential from an aqueous Nu2s04 solution after deposition of a Cd
layer. The Cu L emission originates from the topmost about 150 A thick
region of the substrate. Cd was intentionally deposited via the potential
control. Sulfur originates from the anSO‘ and Cl from the calomel
reference electrode. The fluorescence measurement with an energy dispersive
si{Li) sclid state detector reveals thia coexistence of different atomic
‘species simultaneously and the chemical as well as structural composition
can be determined, From the different shapes of the cd, C1, S and Cu fluo-

rescence yield curves in Fig. 2 it is obvious that they are coexisting in

different adsorption geowetries. While th2 Cu occuples as expected
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substitutional sitea, the Cl atoma are incoherently distributed and Cd, S
show coherent adsorption which can be evaluated in detail. However, this

attempt goes beyond the scope of thie article.

Experiment

The XSW measurements were done at the ROEMO station of the Hamburg
Synchrotron Radiation Laboratory HASYLAB. The experimental arrangement is
shown schematically in Fig. 3. 8ynchrotron radiation emitted from the
storage ring DORIS was monochromatized by a double crystal arrangement
[7,8) which consisted of a eymmetric Ge(220)(X1) and an asymmetric
8i(220)(¥2) crystal. This combination of crystals allowed the proper photon
energy to be selected (15.3 keV for the ex-situ and 12.8 keV for the
in-eitu study). In addition, the use of an asymmetric Si crystal reduced
the monochromator angular emittance to about one tenth of the Cu{lll)
reflection curve, thereby better approximating the plane wave case for the
beam incident on the sample crystal. The ion chambers were used to keep the
monochromator aligned (I1), and to monitor (I2) the flux incident on the
sample (XS). The ex-situ situation is shown as sample environment in Fig.
3. For the in-situ study, a epecially developed thin film cell (see below}
was used to maintaln a liquid film of constant thickness at controlled

potential conditions.

Collimators were used to reduce the radiation background {S1, 82) and
to choose a proper sample area (S3). The Nal (Tl} detector measured the Cu
reflectivity as a function of sample reflection angle & (ex-situ) or inci-
dent wavelength A (in-situ}. In the latter case, both menochromator
crystals were rocked simultaneously to change the wavelength. As discussed
for the case of ultrahigh vacuum XSW studies, the energy dispersive mode

has to be used if sample environments require that the sample cannot be



rocked throughout a measurement. The S1({Li) golid state detector recorded
the scattered photons at 16 or 32 different angular/wavelength settings. An
aluminium absorber (A) of properly chogen thickness in front of the Si(Li)
avoided overloading of the detector system from the strong Cu K substrate

Fluorescence. The XSW instrument is described in detail elsewhere |4,8-10].

Analysis

The analysis of XSW measurements has been discussed in detail in
[4,7,11) and we will here only give a qualitative description as far as it
i{s needed to understand the implications of the two parameters which sare
determined from an XSW analysis: the coherent fraction fc,H and the positi-
an oH which are the amplitude and the phase of the H Fourier component of
the adsorbate density distribution function, respectively. Fig. d4a) shous
adsorbed atoms which only occupy one position dnda = °Hdﬂ' and OH gives
therefore the atomic pomition in the direction H in unite of the bulk

diffraction plane spacing dH' If all adsorbate atoms occupy Just one

position, f 1. Fig. 4b) depicts a case in which two positions are

c,H
occupied. At each position of the B standing wave only a fraction of atoms
will be in phase with the wave field. The results will then be fc,ll < 1 and
a weighted average value for 2. As also indicated in Fig. 4b, the choice
of a different diffraction plane H* will change this situation and glve

additional information to fully describe this distribution function.

For the present study we have carried out measurements of Tl an
Cu(111) with § = {111). For the analysis we have assumed a Tl distribution
model in which fc Tl atoms occupy sites ’111 as determined from the
measured Tl L fluorescence yield and the Cu{111) reflectivity, and (]-fc)

atoms are distributed randomly in the direction H.

Ex-gitu Study

XSW measuremente on Cu electrodes which were removed from the electro-
lyte are in length discussed in ref. 4. The underpotential deposition of
metal ions was performed in an electrochemical cell {insert in Fig. 5) with
a Pt counterelectrode (C), a saturated calomel electrode (SCE) as refere.nce
electrode (R), and with the Cu electrode (X) dipping into the 0.5 M NﬂZSCJ‘l

and 10-—]

M TIHD3 electrolyte. The potential was controlled by a potentio-
stat (Pot.) and the current potential curve was recorded with an X-Y
recorder (Rec). Current potential curvea which are characteristic for two
different kinds of preparationa are shown in Fig. 5. Curve (a) was recorded
with nitrogen flowing through the electrolyte to reduce the oxygen partial
presasure. In this case the N2 left the electrochemical cell through a small
open hole in the cover. Curve {(b) was recorded when the gas outlet was
closed such that “2 was flowing at the outlet through a vapour lock to
prevent any oxygen from diffusing back into the electrochemical cell. The
influence of oxygen in the =olution 18 clearly visible in the current
potential curve (b). After the scan was stopped, the electrods was removed
from the solution and the electrolyte was carefully peeled off the surface
before the XSW measurement was done under normal atmospheric conditions.

Fig. 6a) shows for several different preparations the measured position

T1

911

of the T1 atoms as a function of coverage eTl and part h) shows the
corresponding coherent fraction f:l. 8ince the phase value 0’1‘1 is
dotermined in units of the bulk diffraction plane spacing, the d'i'h value

gives the Tl distance Erom the topmost Cu diffraction plane.

The decrease of le with increasing e,n can be explained by adsorption
of Tl at disordered parts of the Cu substrate surface. An increase of
surface roughness from electrochemical polishing has also been observed

with electron microscopy [12]. Rinsing the sample with water right after
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the removal from the electrolyts increased f:l (full circles and full
rectangles in Fig. 6) because the additional incoherently adsorbed Tl was
flushed off. A coherent adsorption at other sites can be excluded from our

measurement, because the position dTl

11 {Fig. 6a) doas not show a

significant depéndenca on 6, .
Clearly visible in part a), however, are twe different groups of
reaults for adsorption in an electrolyte with and without oxygen. Averaging

T1

over preparations with and without oxygen gives for (dlll> results of (2.27

+ 0.04)A and (2.67 + 0.02)8, respectively.

In Situ-Study

Since perfect Cu crystals are very sensitive to mechanical strains, a
special electrochemical cell, seen In ¥ig. 7. had to be canstructed for XSW
measurements on Cu single crystale covered with a thin liquid electrolyte
film. This cell replaced the sampla shown in Fig. 3. The body of the cell
was made from PTFE and a 4 jm thick Mylar foil was used as window for the
x-ray photons. This foil limited the layer thickness on one side and kept
by capillary action the fluid from running down between the Cu crystal and
the softly sealing Teflon lipa. The thickness of the layer can be adjusted
form about 20 to 50 wm by carefully pumping on the electrolyte. The pump
also serves for exchange of the electrolyte and to establish a contact to
the reference and counter electrodes. Therefore, a Tl layer of about 1 ML
can be depomited on the Cu surface and the electrolyte can be cleaned from

surplus Tl after that by exchange with pure 0.5 M Hazs solution. The T1

15

04
concentration was chosen such that it contanied about 10'° T1 ions/cm?
within the thin layer ontop of the Cu crystal., The whole cell, tubing and
electrolyte reservairs were placed inside a containment filled with nitro-

gen because of the high sensitivity of the electrochemical process to

oxygen. Fig. 8 shows two current potential curves typical for electrolytes
with (a) and without oxygen (b) influence. As in the ex-situ case (Fig. 5)

a clear difference is visible.

The difference between corresponding curves in Figs. S and 8 is mostly
caused by the different T1 concentrations which are present during tLhe
sweep. For ‘the in-situ measurement, the surplus T1 in the outer layer
between the Cu and the window has to be removed to lower the fluorescence
background from Tl ions in the solution such that the signal from the
adsorbed TL layer can be clearly discriminated. Therefore, the cycle time
for tha diagrams in Flg. 8 is too short to enable bulk deposition of the Tl

in the solution.

The XSW results from two measurements at constant potential (top
curve: -0.71 V¥ vs SCE; bottom curve: -1.00 V vg SCE) are shown in Fig. 9.
Already the comparison of the shape of the fluorescence curves displays a
difference in adsorption geometry. The detailed analysis showed that
results for dfil ranged from (2.28 + 0.1)A on the small distance side to
(2.64 » 0.05)A on the large distance side. Derivation of a mean value <dIi{
for preparations without oxygen give (2.58 + 0.02)A which has to be

compared with the corresponding ex-gitu value (2.67 + 0.02)A.

No significant dependence of the measured adsorption eite on the
applied potential was found, but other measured distances between the above
limits are characteristic of mixtures of surface areas where Tl is directly
adsorbed to the Cu atom and others in which the Cu surface layer has been
changed by the presence of oxygen prior to T1 adsorption. As discussed in
detail for the ex-situ case [4] the smaller distance of the T1 relative to
the topmost Cu diffraction plane can be explained by the incorporation of

oxygen into the Cu topmost surface layer.



Discuspion

The difference of 0.09 R between the mean values <d.gl> of the ex-situ
and in-situ measurements of the clean surface can be a hint towards an
effect on the adsorbate caused by the sudden potential change wupon
extraction of the crystal from the solution. It can be ruled out from the
potential current curves, that the sclution contained in all in-situ cases
more oxygen than the corresponding electrolyte used for the ex-situ
measurement. While the ex-situ value la consistent with a wodel in which Tl
adsorption takes place at two-fold sites together with a contraction of the
T1 radius (1.73 &) by 3%, the in-situ value (2.58 + 0.02)A can be explained

by adsorption at three~fold sites coupled with a 3% Tl contraction. Adsorp-

tion at the one-fold site can be excluded in both cases.

The effect of oxygen on the poaition of the topmost Cu layer is con-
troversal. An inward shift of the Cu layer by about 0.3 A was deduced from
ion scattering data [13]. Theoretical calculations for O on Ni [14] indi-
cate that O is bullt in below the top layer, thereby pushing the Cu atoms
out of the surface and opening a larger three-fold hole for the Tl atom
binding, taking place at a reduced distance as shown in Fig. 10. A detailed
discussion of this model and a comparison to sewiempirical values for the

0O-Cu bondlength at the surface [15] is given elsewhere [5].

Sunmar!

It has been demonstrated that the structure of the solid/electrolyte
interface can be studied successfully with x-ray standing-wave fields. The
flirst comparison of ex-situ and in-situ measurements of the Tl adsorption
on Cu{l1ll)} has given new results on this system under normal atmospheric

conditions as well as in the electrolyte. Further Fourier components af the

10

Tl density distribution function are needed to fully characterize the

structure alsc in the lateral in-plane arrangement.
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Figure Captions

Figure 1
Schematic of the solidfelectrolyte interface with x-ray beam path and

standing-wave fleld.

Figure 2

Measured and calculated reflectivity (@, ...) and Cu-L fluorescence yiald
{(a. -) of a (111) Cu crystal together with fluorescence ylelds of aimul-
taneously measured co-adsorbed Cl1 (A&, ---}, § (e, -+-) &and Cd (o, --}

atoms.

Figure 3

Experimental XSW set-up {(for details see text).

Figure 4
Illustration of XSW measurement with reflections H, H* and one position (a)

and two position (b) adsorbate density distributions.

Figure 5

Current-potential curvea for Cu(11l) in 0.5 M Na2804 + 1 mM TlNOz,

containing a trace amount of oxygen (a) and without oxygen contamination
(b). The inset shows the electrochemical set-up (see text). Immersed Cu

surface areas: (a) 1.13 cmz, {b) 0.8 clll2

s !, (b) 100 mv 571,

. Potential sweep rate: (a) 200 mV
Figure 6

Position {a) and coherent fraction (b) results from several XSW measure-
ments (different symbole} as function of total Tl coverage 6’1‘1'¢ and 4 are

from measurements without oxygen present ia the electrolyte,

12

Figure 7

Thin film cell for in-situ studies.

Figure 8
Current-potential curves for Cu{11l) recorded i1 the in-situ cell with an
electrolyte contalning a trace amount of oxygen (a) and without oxygen

contamination (b}.

Figure 9
Measured and calculated reflectivity (+, ---) and fluorescence yield curves

from in-situ measurements with oxygen (4], -) and without oxygen (+, ~e=}),

Figure 10
Model for Tl adsorption on a Cu{111) surface with incorporated oxygen. AdR

is the outward Cu relaxation caused by the embedded O.
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