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We report on the first in situ study of the electronic state and the structure of underpotentially depos-
ited submonolayers of Cu on Au(111) by x-ray-absorption spectroscopy. We found (i) various ordered
adlayer structures, dependent on coverage, time, and direction of the potential scan, and (ii) strong in-
teractions of Cu and oxygen and charge transfer from Cu to Au. During the deposition, the initial
(+/3%+/3) structure at 0.3 monolayer evolved to an equilibrium with the ¢(5x5). The latter and the
(1x1) phases were observed at 0.6 and 1 monolayer, respectively. The three structures are present at

0.6 monolayer during the stripping scan.

PACS numbers: 78.70.Dm, 68.45.Da, 82.45.+z

The lack of in situ structural and electronic informa-
tion has prevented the development of a coherent micro-
scopic model of the electrochemical interface, which is a
main step towards a better understanding of the elec-
trode reaction processes. The structure and properties of
the interfacial species, the charge distribution, the elec-
tronic and geometric structure of the adsorbate and of
the electrode surface, and their changes with the elec-
trode potential need to be described in their real media,
to prevent any perturbation due to the removal of the po-
tential control and of the electrochemical environment
inherent in any ex situ characterization technique. The
development of new surface sensitive techniques is open-
ing a wide field for in situ investigation of the structural
and electronic properties of the electrochemical inter-
face. As an example, the generation of second-harmonic
radiation at the metal-electrolyte interface appears as a
suitable tool to probe the potential dependence of the
surface electronic distribution' and the potential-induced
surface structural transition.?

Recently, structural information has become accessi-
ble from in situ scanning tunneling microscopy® and in
situ x-ray reflectivity, diffraction,*> and absorption spec-
troscopy (XAS).%” The latter technique combined with
a fluorescence detection mode is very well adapted to
study the local arrangement properties of adsorbate films
deposited on foreign substrate. Indeed, information on
the adsorbate electronic structure comes from the x-ray-
absorption near-edge structure (XANES) since the ener-
gy position of the edge is related to the effective charge
density of the absorber and its shape depends on the type
and symmetry of the ligands.® The structure of the ad-
sorbate can be obtained from the extended x-ray-

absorption fine structure (EXAFS), which allows the
determination of the nature, the numbers, and the bond
lengths of the near neighbors.

In this Letter we report on a XAS study of the elec-
tronic and geometric structure of submonolayers and a
monolayer of copper underpotentially deposited onto a
gold (111) electrode. We were able to record in situ
XANES and EXAFS spectra down to 0.3 monolayer
(ML), and thus to access the structure of the adsorbate
as a function of the coverage. The experiments were per-
formed at Laboratoire pour I'Utilisation du Rayonne-
ment Electromagnétique, Orsay, using the the synchro-
tron radiation from the DCI storage ring running at 1.85
GeV with a current of 300 mA and a lifetime of 45
h. The x rays were monochromatized by a Si(331)
channel-cut single crystal with a resolution of 1 eV at the
Cu K edge. The beam was polarized in the sample sur-
face plane and XAS spectra were obtained in the fluores-
cence mode® using an especially designed electrochemi-
cal cell which reproduces the data obtained with a stan-
dard three-electrode cell.” For each copper coverage,
fifteen XANES spectra have been collected with a step
of 0.5 eV (2.5 h) and fifteen EXAFS spectra over a
600-eV range with a step of 2 eV (5 h). The analysis of
the EXAFS oscillations involves a background subtrac-
tion. The various neighboring shells are sorted out by a
Fourier transformation (FT) of the EXAFS signal: The
peaks occur at R values that differ by a phase shift from
the real interatomic distances.'® By an inverse FT into k
space, the EXAFS oscillations corresponding to only one
neighbor shell are obtained. Comparison of the phase
and amplitude of model compounds (metallic copper,
Cu?t in aqueous solution, and Au3Cu) with those of the

© 1991 The American Physical Society 2235



VOLUME 66, NUMBER 17

PHYSICAL REVIEW LETTERS

29 APRIL 1991

sample yields the structural parameters.

The gold (111) single-crystal electrode was a disk of
8-mm diameter and 2-mm thickness, cut from a single-
crystal rod by electroerosion. It was mechanically and
electrochemically polished to a mirrorlike finish and
chemically cleaned. The electrolyte (0.5M Na,SO, +
10 ~* CuSO, adjusted to a pH of 3 with H,SO,4) was
made of high-purity reactants and triply distilled water
and was deoxygenated with 99.999% grade argon. Cu
deposition was studied by sequential XAS measurements
at stepwise more cathodic potentials up to a full mono-
layer, similar to the procedure used by Magnussen et al.
in their STM study of the same system,!! and at a cover-
age of 0.6 ML during the positive-potential scan.

The electronic characteristics of the Cu adlayer have
been deduced from XANES spectra measured at each
coverage and compared to the spectra of copper foil,
Cu,0, and CuCl; in aqueous solution. Similar features
are observed in all cases, the only difference being the
magnitude of the edge jump which depends on the
amount of deposited copper. We have indeed found a
good agreement between the Cu coverage given by the
charge of the stripping peak and the height of the edge-
jump absorption. As already discussed for a Cu mono-
layer on Au(100) and Au(111),” the energy position and

the shape of the edge of the adlayer is close to that of
Cu? in Cu,0, indicating an oxidation state of the copper
adatoms close to Cu™' and a large charge transfer from
the copper to the gold substrate. This conclusion is sup-
ported by results recently presented by McBreen ez al.'?
on underpotentially deposited copper on carbon-
supported platinum. XANES spectra recorded at both
Cu K and Pt Lyj edges indicate a Cu™' oxidation state
and a partial filling of the Pt d bands.

The k3-weighted FT of the EXAFS oscillations above
the Cu K edge are reported in Fig. 1(A) at various elec-
trode potentials corresponding to different copper cover-
ages. Curves a and b were obtained for 0.3 ML at
different times. They correspond, respectively, to a
“freshly” deposited Cu layer (1-h acquisition, curve a)
and to a steady state of the adlayer (curve b) reached
after 1 h in our experimental conditions. Curve ¢ was
obtained for 0.6 ML during the negative-potential scan,
curve d for 1 ML, and curve e for 0.6 ML during the
anodic-stripping-potential scan. The different shapes of
the FT are indicative of the very different structures of
the adlayer. In order to obtain a quantitative estimation
of the bond lengths, and the nature of the neighbors and
their numbers, we have fitted the inverse filtered FT of
each peak using the phase and the amplitude functions of
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FIG. 1. (A) Fourier transforms of the Cu k *-weighted EXAFS spectra and (B) corresponding model structures for Cu adlayers
on Au (111): a, “freshly” deposited 0.3 ML; b, 0.3 ML after 1 h; ¢, 0.6 ML during the deposition scan; d, 1 ML; and e, 0.6 ML dur-
ing the stripping scan. Labels 1,2,3 refer, respectively, to the (+/3x+/3), the c(5%5), and the (1x 1) hexagonal arrangements of the
adlayer. [(B) Open circles, Au atoms; solid circles, Cu atoms.]
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FIG. 2. Inverse Fourier transforms of the Cu K-edge EX-
AFS spectrum of a “freshly” deposited 0.3 ML: experimental
curve (solid line) and fit (dotted line) for the (a) first and the
(b) second peak of Fig. 1(B), model a.

TABLE 1. EXAFS parameters.

model compounds. An example of the fits is shown in
Fig. 2 for the freshly deposited 0.3 ML [from Fig. 1(A),
curve al. Results are summarized in Table I where we
have collected, for each state of the adlayer, the bond
lengths R, the effective coordination number N, the
Debye-Waller factor Ao, and the energy variation AE.

At all coverages, scattering from oxygen atoms is ob-
served from the fit of the first peak where the Cu-O dis-
tance is 0.195 nm and Ng is close to 4.5. These results
could be accounted for by a hexagonal structure of the
oxygen atoms with an angle of 30° between the vector
connecting the absorber and its oxygen neighbors and
the substrate surface. They confirm the strong interac-
tion between the adsorbed copper and the oxygen (com-
ing from the solvent or from the sulfate ions) deduced
from XANES data. This should influence the structure
of the adsorbed layer and could explain the large
charge-transfer processes.

The fits of the inverse filtered FT of the other peaks
reveal in all cases (i) the presence of Cu-Cu scattering
atoms with the same coordination number of 6 within an
accuracy of *+10%, and (ii) the formation of well-
ordered hexagonal structures. However, the Cu-Cu dis-
tances strongly depend on the coverage, the time at the
smallest coverage, and the direction of the potential scan
at medium coverage. It is then possible to get from the
Cu-Cu distance the structure of the adsorbate at each
stage corresponding to curves a-e in Fig. 1(A). For a
freshly deposited 0.3 ML [E=0.22 V per standard
calomel electrode (SCE)] the Cu-Cu distance of 0.488
nm, close to 0.289 x~/3 nm, where 0.289 nm is the gold-
gold spacing, leads straight to the (v/3x+/3) structure
[Fig. 1(B), model al identified in ex situ LEED (Ref.
13) and in situ STM (Ref. 11) works. However, the
XAS data clearly reveal that this structure is not stable
in the electrochemical environment since two Cu-Cu dis-
tances are observed in the FT between 1- and 5-h aquisi-
tion time [Fig. 1(A), curve b]: a Cu-Cu distance of
0.488 nm due to the (~/3x~/3) phase and a new Cu-Cu

Bond lengths R, effective coordination number Nen,

Debye-Waller factor Ao, and energy variation AE (accuracy: R, £0.003 nm; New, & 10%).

6 (ML) R (nm) Ner Ac (nm ™) AE (eV)
0.3(a)® Cu-O°" 0.195 4.5 0.01 0.12
Cu-Cu(1) © 0.488 5.9 0.015 0.13
0.3(b) Cu-Cu(2) 0.359 5.85 —0.01 0.24
Cu-Cu(3) 0.487 5.8 —0.01 0.25
0.6(c) Cu-Cu(2) 0.357 5.85 —0.02 0.15
1(d) Cu-Cu(3) 0.289 5.9 —0.01 0.12
0.6(e) Cu-Cu(3) 0.286 5.7 —0.025 0.1
Cu-Cu(4) 0.356 6.3 0.015 0.1
Cu-Cu(1) 0.496 5.8 0.02 0.15

“The a-e relate to the curves a-e in Fig. 1.

5The same Cu-O EXAFS parameters have been obtained for all Cu coverages.

°The 1,2,3 relate to the labeled peaks in Fig. 1.
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distance of 0.359 nm expected for a densely packed hex-
agonal ¢(5x5) structure [Fig. 1(B), model b]. Thus an
equilibrium between these two phases is reached in about
1 h and preserved during the 5 h of the EXAFS experi-
ment. After the potential has been stepped to 0.15 V
corresponding to 0.6 ML, only the ¢(5%5) phase struc-
ture is observed with a Cu-Cu distance equal to 0.357
nm [Fig. 1(B), model c]. When a full Cu ML is ad-
sorbed (E =0.08 V) the Cu-Cu distance of 0.289 nm
corresponds exactly to an (1x1) epitaxial arrangement
on an unreconstructed gold substrate, the copper atoms
sitting in a threefold hollow site [Fig. 1(B), model d], in
agreement with the results of Melroy &z al.®

Finally, the structure of the adlayer appears to be sen-
sitive not only to the coverage, but also to the direction
of the potential scan—as seen from the very different
shapes of the FT obtained for 0.6 ML during the scans
with the cathodic deposition (curve ¢) and the anodic
copper stripping (curve e) potentials. During the anodic
scan, we observe three different copper-copper distances
indicative of an equilibrium between the three above
identified phases [Fig. 1(B), model e]l. This observation
could be explained by an inhomogeneous process of
copper oxidation over the electrode surface. The strip-
ping rate is then higher in the area covered by the
(~/3%~/3) phase than in the area covered by the ¢(5%5)
phase and very weak in the surface region where the
(1x1) phase is present.

As far as the Cu-Cu distances are concerned our re-
sults are in perfect agreement with the in situ STM data
recently published by Magnussen et al.,'' who also ob-
served two phases at 0.3 ML and a decrease with time of
the strongly corrugated phase identified as a
(v/3%~/3)R30° superstructure and a concomitant expan-
sion of the weakly corrugated structure which was still
present at 0.64 ML. Thus, the agreement between both
sets of results clearly shows that the structures of the Cu
adlayers are a genuine structure of the electrochemical
interface and were not induced by the presence of the po-
larized tip in STM measurements. Further information
can be gained from the unique ability of XAS to deter-
mine the chemical nature of the neighbors. Hence our
results show the presence of Cu-O interactions at all cov-
erages. Thus both techniques appear to be very comple-
mentary since STM probes the geometry and the long-
range order while XAS accesses the oxidation state and
the local chemical and structural environment of the
adatoms.
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In summary, we have used for the first time in situ
XAS to determine the electronic and structural charac-
teristics of submonolayers and a monolayer of Cu under-
potentially deposited onto Au(111) in the electrochemi-
cal environment. Several ordered phases for Cu adlayers
were observed, depending on the coverage, the time, and
the direction of the potential scan. We have also found
strong interactions of the adsorbed Cu with O atoms
coming from the solvent or the sulfate ions and a charge
transfer from Cu to Au. These effects should influence
the structure of the adsorbate in the electrochemical in-
terface. They could also participate in the stabilization
of superstructures like the ¢(5%5), which has not been
observed in ex situ measurements. The oxidation state
of Cu, close to +1 in all cases, could also explain the
repulsive interaction between the closely spaced Cu ada-
toms reflected by their hexagonal arrangement.
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