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Electrochemical Deposition of Copper on a Gold Electrode in Sulfuric Acid: Resolution of the
Interfacial Structure
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The structure of electrochemically deposited submonolayer Cu on Au(111) in sulfuric acid has been
extensively investigated but is still poorly known. We report an x-ray scattering determination of this
structure that explains existing data. The Cu adatoms form a honeycomb lattice and are adsorbed
on threefold hollow sites, while sulfate anions occupy the honeycomb centers. Three oxygens of each
sulfate bond to Cu atoms. This stabilizes the structure and illustrates that anion effects can be important
in electrodeposited structures. Our results indicate that previous scanning tunneling and atomic force
microscopy measurements imaged the sulfate molecules not the Cu atoms.

PACS numbers: 68.45.—v, 68.55.Jk, 61.10.—i, 82.45.+z

The molecular level structure at electrode-electrolyte
interfaces plays a crucial role in interfacial electro-
chemical processes, such as electrodeposition, corrosion,
electrocatalysis, and charge transfer. However, it is only
recently that this structure has been accessible to ex-
perimental measurement in situ, due to the advent of
methods such as surface extended x-ray absorption fine
structure (EXAFS) [1,2], surface x-ray scattering [3],
scanning tunneling microscopy (STM) [4—7], and atomic
force microscopy (AFM) [8]. As these methods are
brought to bear on increasingly complicated interfaces,
it is important to understand these tools, and their limi-
tations and strengths, when applied in situ to electrode-
electrolyte interfaces. One actively studied area of
interfacial electrochemistry where these tools provide
significant insight is the electrodeposition of monolayers
and submonolayers of metals on foreign metal substrates
[9] because of the importance of these layers in ad-
sorption, charge transfer, nucleation and growth, and
electrocatalysis.

An archetype of such deposition (known as underpoten-
tial deposition or UPD) is Cu on the (111)face of Au in
sulfuric acid. The UPD of Cu occurs in two distinct stages,
where there is good agreement that the second-stage ad-
sorbed layer forms a full monolayer [1,2,4, 10,11]. There
is no agreement on the atomic structure of the first stage (or
submonolayer) of Cu on Au(111), despite investigations by
in situ EXAFS [2], STM [4,5,7], AFM [8], ex situ surface
science methods [12],and other techniques [10,11,13—15].
Two intriguing aspects of UPD Cu/Au(111) make struc-
ture determination, and indeed knowledge of the Cu cov-
erage, difficult. One is that, on adsorption, the Cu + ion
is not fully discharged to neutral Cu, but carries a charge
[2,10,14,15] whose magnitude is not known. Another is
that sulfate (SO4 2) or perhaps bisulphate (HSO4 ) is
coadsorbed with Cu [10—15], and markedly affects the de-
position kinetics, and presumably, the structure. Although

it is not known if the adsorbed species is sulfate or bisul-
phate, we refer to it as sulfate.

Fx situ electron diffraction and Auger spectroscopy of
first state Cu/Au(111) lead to the proposal of a (~3 X
~3)R30 lattice with Cu atoms forming a honeycomb
structure [Cu coverage of 2/3 monolayer (ML)] [12], but
no surface crystallographic measurements were conducted
to support this. Although ex situ experiments are suscep-
tible to changes in the electrode-electrolyte interface upon
removal from solution, this model has been supported re-
cently by microbalance measurements that show most of
the Cu monolayer is deposited in the first deposition stage
[11] and by chronocoulometric experiments that indicate
the Cu and sulfate coverages are about 2/3 and 1/3 ML,
respectively [10,13]. In contrast to this, in situ STM. and
AFM images show high contrast features 0.5 nm apart
and aligned 30 from the Au lattice [4,5,7,8]. Based on
this, a (~3 X ~3)R30' structure was proposed where the
Cu atoms form a simple triangular lattice (0.5 nm Cu-Cu
spacing and 1/3 ML Cu coverage).

In this Letter we report in situ x-ray scattering measure-
ments that allow a detailed determination of the first stage
interfacial structure: a honeycomb lattice of Cu atoms
(2/3 ML coverage) with sulfate molecules adsorbed in the
centers (1/3 ML coverage) above the plane of Cu atoms.
Three oxygen atoms of each sulfate molecule are chemi-
cally bonded to Cu atoms, and one points away from the
surface. This structure explains existing data, lends in-
sight into STM and AFM imaging mechanisms in an elec-
trolyte, and provides an understanding of the stabilization
of this structure.

Our experiments were performed in situ [16] with the
electrode potential at 0.12 V (vs Cu/Cu +), correspond-
ing to the first deposition stage. Data were obtained in two
experiments at the National Synchrotron Light Source, one
on X20A and the other on X20C. The incident x-ray en-
ergies were about 10 keV, and the diffracted beam was
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analyzed with 1 mrad Soller slits. The electrolyte was
0.1M H2SO4 containing 2.5mM CuSO4 and was pre-
pared from ultrapure reagents (Johnson-Mathey) and high-
pressure liquid chromatography deionized water. Au(111)
single crystals were prepared by successive mechanical
polishing to a grit size of 0.3 p, m, followed by anneal-
ing at 700 to 800 C for several days. Just prior to
use, the Au(111) surface was treated by either (i) an-
nealing in the oxidizing flame of a propane torch [17] or
(ii) electropolishing [18] with a final cleaning in ozone.
In both cases, characteristic current-voltage curves for
Cu/Au(111) [5,7, 10—12] were obtained prior to the x-ray
experiments.

Figure 1(a) shows the in-plane diffraction pattern for
Cu/Au(111). The solid symbols represent Bragg diffrac-
tion rods [3,19] that we measured, while the open symbols
are symmetry related rods. The squares are fractional or-
der rods, which are due only to the Cu adlayer, while the
circles are integral order rods and have intensities that de-
pend on the adlayer and substrate structures. The diffrac-
tion pattern shown that the adlayer has (~3 X ~3)R30'
periodicity, consistent with the previous observations. We

never observed a (5 X 5) structure, which is reportedly sta-
bilized by chloride contamination [5]. The atomic struc-
ture is determined from the diffracted intensities measured
along the Bragg rods. Figures 1(b)—1(d) and 2 show inte-
grated intensity profiles of the fractional and integral rods,
respectively. They have been corrected for instrumental
effects [20], and the fractional order rod data [Figs. 1(b)—
1(d)] have been converted into absolute (electron) units.
Data are plotted as a function of g„the component of the
scattering vector normal to the Au(111) surface.

From these data we can immediately rule out the trian-
gular (~3 X ~3)R30 structure proposed in the STM and
AFM experiments. Such a Oat adsorbed layer would have
fractional order profiles that are about three times as in-
tense as the data in Figs. 1(b)—1(d) and that fall off slowly
with Q„due to a decreasing Debye-Wailer factor and Cu
atomic form factor. Since the intensity of the fractional
order rods do not monotonically decrease with Q„the ad-
layer structure must consist of atoms of different heights
above the Au(111) surface. From this and the likely
coadsorption of sulfate molecules, we considered models
with both ordered Cu and sulfates. In addition, the small
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FIG. 1. Diffraction data for Cu/Au(111) at the first deposition stage. (a) In-plane diffraction pattern. The solid symbols represent
Bragg rods that were measured, while the open symbols are symmetry related rods that were not. The squares are fractional order
rods, while the circles are integral order rods. (b) Structure factors for the (1/3 1/3) and (4/34/3) rods, open and closed squares,
respectively. The abscissa is in reciprocal lattice units (1 rlu = 8.9 nm '). (c) Structure factors for the (—2/34/3) and (2/3 5/3)
rods, open and closed squares, respectively. (d) Structure factor for the (4/31/3) rod. These data have been converted into
absolute units (to an accuracy of about 20%). In the diffraction (@) scans used to calculate these integrated intensities, the peak
intensities are small, and the backgrounds are large and vary with P. As a result the backgrounds cannot be accurately determined,
and the error bars are large. In (b) —(d) the lines are the best fit to the data using the structure shown in Fig. 3. To fit these and
the data in Fig. 2, we allowed the following to vary: Cu-Au plane spacing, Cu-S spacing, spacing between sulfur and outward
pointing oxygen, spacing between sulfur and inward pointing oxygens, occupancy of sulfates, and one (constrained) scale factor.
All Debye-Wailer factors were fixed at 0.01 —0.02 nm, but varying these does not affect our results.
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FIG. 3. Interfacial structure of Cu/Au(111) at the first depo-
sition stage. (a) Top view. (b) Side view. The large light
gray, medium gray, small light gray, and filled spheres repre-
sent gold, copper, sulfur, and oxygen atoms, respectively.

FIG. 2. Structure factors for the (10) and (01) Bragg rods, (a)
and (b), respectively. The open squares are for Cu/Au(111) at
the first deposition stage (V = 0.12 V), while the filled circles
are for a clean Au(111) surface (V = 0.60 V, where no ordered
Cu or sulfate is adsorbed). The data have been approximately
converted into absolute units (within a factor of about 10). The
solid line is the best fit to the 0.12 V data using the interfacial
structure shown in Fig. 3, while the dashed line is the best fit to
the 0.60 V data. The scale factor and surface roughness [19,20]
were obtained from this latter fit.

intensities for the (1/3 1/3) and (—2/3 4/3) rods at Q, =
0 points to a structure containing two Cu atoms and one

'

sulfate molecule with each spaced about one Au surface
lattice constant apart. This is because in such an adsorbed
layer structure the scattering amplitude of these rods at

Q, = 0 is proportional to that of a Cu atom minus that
of a sulfate molecule, and for these scattering vectors, the
amplitudes are approximately equal and subtract to zero.
Thus, we considered models based on this motif.

In the quantitative determination of the adlayer structure,
both the fractional and integral rod intensities [Figs. 1(b)—
1(d) and 2] were fit simultaneously by structural models
using a least-squares method. This allows a determina-
tion of the adlayer structure and its registry with the sub-
strate. We note that for the integral rods (Fig. 2) the scale
factor and surface roughness [19,20] were obtained from
an independent fit to the data at 0.60 V [dashed lines in
Fig. 2(b)], where no adsorbed Cu layer is formed. The
model giving the best fit is shown in Fig. 3 and has a good-
ness of fit g = 2.0. The Cu atoms form a honeycomb
lattice (2/3 ML coverage), and sulfate molecules are ad-
sorbed in the honeycomb centers above the Cu atoms and
have (85 ~ 15)% occupancy. Both Cu atoms and sulfate
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molecules occupy face-centered cubic (fcc) threefold hol-
low sites on the Au(111) surface. Three oxygen atoms
of each sulfate molecule are bonded to Cu atoms, and
the remaining oxygen points away from the surface. This
structure will be discussed below, but we first consider the
reliability of our structure determination. First, we tried to
fit the data by models having different degrees of sulfate
rotational disorder. Adequate fits could not be obtained
for either isotropic free rotation or free rotation about the
surface normal with one oxygen pointing either away from
or into the surface (in all cases, y ) 8). In addition, the
bonding configuration shown in Fig. 3, oxygens pointing
between Cu atoms and above the surface Au atoms, was
the only one capable of providing a suitable description
of the data (i.e., g ( 3). Since the Cu atoms are not in
symmetric sites, we also considered the possibility of slight
displacement of these from fcc hollows, i.e., pairing of Cu
atoms toward or away from the bonding oxygens atoms.
Such pairing did not produce significantly better fits to the
data, and we conclude that any displacements are less than
0.02 nm. Finally, we considered other adsorption sites for
the adsorbed Cu and sulfates (e.g. , hexagonal close packed
hollows, bridge sites, and atop sites), but all produced un-
acceptable fits (g ~ 20).

From the structural model (Fig. 3), several bond lengths
and plane spacings are calculated and shown in Table I.
The bond length between the Cu adatoms and the inward-
pointing 0 atoms (0.215 nm) is typical of Cu-0 bond
lengths in inorganic compounds [21,22]. This provides
the first clear evidence that the sulfate molecules are chem-
ically bonded to the Cu adatoms. This bond likely stabi-
lizes the partial charge on the Cu adatoms and the open
structure shown in Fig. 3. Such a structure is not found in
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TABLE I. Structural parameters for Cu/Au(111).

Cu-0 bond length
Cu-S plane spacing
Au-S plane spacing
Au-Cu plane spacing
Au-Cu atomic spacing
S04 occupancy
S-0 bond length, top 0
S-0 bond length, 0 bonded to Cu
S-0 bond length in SO4

0.215 ~ 0.02 nm
0.149 ~ 0.01 nm
0.376 ~ 0.01 nm
0.227 ~ 0.005 nm
0.281 ~ 0.005 nm
0.85 ~ 0.15

0.155 ~ 0.02 nm
0.14 ~ 0.02 nm

0.145 nm

vacuum deposition of Cu on Au(111) [23] nor in electrode-
position of Cu on Au(111) in perchlorate, a nonadsorbing
electrolyte [8,12]. Thus, the anion is a crucial participant
in the adlayer structure and its formation, as has been seen
for several other electrochemically deposited adlayers [24].
The best fit yields an (85 ~ 15)% occupancy of the sulfate
molecules. This less than complete occupancy is quali-
tatively consistent with chronocoulometric data [10) and
with STM data, which show antiphase domain boundaries
and sulfate point vacancies [4,7]. The expected spacing
between the Cu adatoms and surface Au(111) atoms is the
sum of the average metallic radii of Au and Cu, 0.272 nm.
The observed 0.281 nm Cu-Au spacing is larger than this,
which may result from the sulfate coadsorption or the
partial charge on the Cu adatoms. Finally, we note that
our structural model is consistent with the model assumed
by Huckaby and Blum [25] in their theoretical study of
metal UPD.

Our model permits an interpretation of the STM and
AFM data that is consistent with other information on
this system. Recall that STM and AFM imaged high
contrast features 0.5 nm apart and aligned 30' from the
Au lattice, leading to the proposal of a triangular g3 X
~3)R30 structure with 1/3 ML Cu coverage [4,5,7,8].
The sulfate ions in our model have the same periodicity as
the features in the STM/AFM images and protrude well
above the plane of Cu adatoms. Thus, it is these molecules
that are images, not the Cu adatoms. This conclusion is
surprising, since one expects sulfate molecules to conduct
more poorly than Cu atoms and to be weakly bonded to
the surface and hence mobile. That sulfate is "attached"
to the surface strongly enough to be imaged supports
our conclusion that it is bonded to the Cu adatoms.
Recently, STM images of sulfate molecules on Au(111)
have been reported in the absence of Cu [6,26], and
although the exact structure is controversial, this further
strengthens our interpretation that the STM images sulfate
for Cu/Au(l 1 I). Our results highlight the caution that
must be exercised in the interpretation of the STM and
AFM images in an electrolyte.
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