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Cyclic voltammetry for Cu UPD on Pd(110) in H2S04, HC104 and in Cl containing
solutions has been studied in comparion with Cu UPD on a Pt(l 10) surface. The structural
properties of Pd(110) and Pt(110) after Cu UPD in different electrolyte solutions were

investigated by LEED. RHEED and Auger electron spectroscopy. Structural models for
Pd(110) covered by 1 and 2 ML Cu, derived from the coulometric charge, AES measure-

ments and the diffraction data are presented.
Specific adsorption of S04~/HS04 anions causes the formation of ordered c(2X4)

and c(2x2) structures on Pt(110) and Pd(1l0) respectively. In the presence of chloride
ions, specific adsorption of Cl on the Cu/Pd(l10) surface gives rise to a pronounced
change in the voltammogram and results in two ordered superstructures, while on Pt(l 10)
no specific adsorption of Cl takes place.

1. Introduction
The underpotential deposition of Cu on a Au(lll) surface has been exten-

sively studied [1—4]. Cyclic voltammetry for Cu UPD onto Au(lll)
showed the deposition in two distinct adsorption states [3, 5] which has
been previously investigated by ex situ LEED/RHEED studies [3] : In the
first stage, correponding to the more positive Cu deposition peak (2/3 ML
Cu coverage), the Cu adatoms form a (73 X 73)R30° superstructure and in
the second stage it forms a commensurate (1X1) monolayer after 1 ML Cu
deposition which has been confirmed by both in situ STM [6, 7] and in situ
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EXAFS studies [8]. In the past Cu on Pt(lll) was not studied as extensively
as Cu on Au(lll). The cyclic voltammetry for Cu UPD on Pt(lll) only
showed one pronounced peak corresponding to a commensurate Cu (1 X 1)
monolayer on the Pt(lll) surface [9, 10]. Recently, the Cu UPD onto
Pt(lll) in the presence of chloride ions has also been extensively studied
[9-12]. The CU ions had a dramatic effect on the UPD of Cu on Pt(lll),
giving rise to two very sharp voltammetric features. The Cl adlayer structure
deduced from the ex situ LEED observations [9, 10] is in agreement with
those obtained by in situ STM [13] and X-ray scattering measurements [11],
even though there is some controversy as to the determination of Cu cover-

age at the potential between the two voltammetric peaks. These results dem-
onstrate that the emersion process does not disrupt the adlayer structures on

the electrode surface of Au(lll) [3, 6] and Pt(lll) [7, 9, 13].
The Pd(l 10) surface is of importance for electrocatalysis. To our knowl-

edge, unfortunately, there is no report for Cu electrodeposition on a well-
characterized Pd(110) surface. This may be due to the problems related to
the preparation and handling of the clean electrode surface in an electro-
chemical environment. So it is interesting to investigate the structural
properties of Pd(110) after Cu deposition as well as the voltammogram in
comparison with the results reported recently for Cu UPD on Pt(110) [14,
16].

In the following we present the results of Cu UPD on Pd(110) in com-

parison with the Cu deposition on Pt(110) in sulfuric and in Cl" containing
solutions. The Pd(110) and Pt(110) electrode surfaces were prepared in
UHV and the surface structure investigated by ex situ LEED/RHEED before
and after the electrochemical experiments. The Cu underpotential deposition
on Pd(110) also showed two distinct stages similar to that observed for Cu
UPD on Pt(110) and Au(lll). A structural model is proposed based on the
coulometric charge, AES measurements and diffraction data.

2. Experimental
The experimental set-up, including a UHV system with LEED, RHEED
(Reflection High Energy Electron Diffraction) and AES, electrochemical
cell and a closed sample transfer, has been described previously [17]. The
electrode, a single crystal disc of 8 mm diameter and 2 mm thickness, was

mounted between tungsten wires which also served for resistive heating of
the sample. The electrode surface was prepared by cycles of sputtering
(AC, 30 min, 5 X IO"5 mbar, 600°C), until AES and LEED/RHEED indi-
cated the formation of clean and ordered surfaces. This treatment was re-

peated after each electrochemical experiment. The electrolyte solutions,
0.01 M H2S04, 1 mM CuS04, 0.01 M HC104 and HCl (E. Merck, suprapur)
were made with triply distilled water. All potentials are referred to a

Ag/AgCl reference electrode.
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Fig. 1. Cyclic current-potential curves for the underpotential deposition (UPD) of Cu on

Pt(110) electrode, a) in 0.01 M H2S04 + 1 mM CuS04, scan rate 10 mV/s. b) in 0.01 M
H2S04 + 1 mM CuS04 + 0.1 mM HCl.

3. Results and discussion
Copper adsorption on Pt(110)-(lx2)
The cyclic voltammogram for Cu UPD on Pt(110)-(1 X2) in sulfuric acid
solution (Fig. la) clearly shows that the full coverage of Cu on Pt surface
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Fig. 2. LEED patterns for Pt(l 10) electrode emersed from 0.01 M ELS04 + 1 mM CuS04
+ 0.1 mM HCl solution a) at +0.4 V between two dissolution peaks, showing weaker
intensity for the half-order reflection (72 eV), b) at +0.2 V, showing a (1 X2) structure
with nearly equal spot intensity for (0,1) and (0,1/2) beams (52 eV).

is formed in two energetically well-separated steps which is similar to pre-
vious reports by Kolb et al. [14] and Aberdam et al. [15], who also observed
two voltammetric peaks. From the coulometric charge and the Auger meas-

urements for the Cu deposit, it was concluded that each current peak is
associated with 1 ML Cu coverage on the reconstructed Pt(110) surface.
This is also supported by the structure analysis [16]: the expected LEED
patterns are in good agreement with the experimentally observed LEED
patterns which are identical to those obtained in Cl containing solution as

shown in Fig. 2. It reveals no spot-broadening neither in (110) nor in (100)
directions, suggesting that the Cu adatoms are sitting at preferred adsites
along the (110) troughs and that the coherent 2a spaced rows of Cu adatoms
are not randomly distributed along (110) troughs (a is the Pt lattice con-

stant). The resulting structure would be identical to that of a (1 X2) surface,
except for every trough of the surface Pt atoms being covered by 2 rows of
Cu atoms. Also no spot-broadening of the integer-order beams for the
Pt(110) electrode emersion at +0.2 V has been observed where the elec-
trode was completely covered by Cu adatoms (2 ML). A drawing of the
proposed structure for these diffraction patterns is shown in a previous paper
[16]. If the 2a spaced rows of Cu adatoms are randomly shifted in the (110)
direction, a diffuse streak perpendicular to the (110) direction should be
observed at (0,1/2) spot. It has been confirmed by the investigations for Na
adsorption on Ni(l 10) with a (3 X 3) structure: the triple-spaced rows of Na
adatoms are randomly shifted in the (110) direction on Ni(110), producing
a streak at (0,1/3) diffraction spot in the (001) direction [18].
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Fig. 3. (1X1) LEED pattern (61 eV) from the Pd(llO) surface after preparation by
sputtering and annealing in the UHV chamber.

In the presence of CC ions, the voltammetric peaks became broader and
the stripping peak at more positive potential shifted 120 mV negatively,
while the stripping peak at more negative potential and the charge associ-
ated with each current peak remained unchanged as shown in Fig. lb. The
(1 X2) structure (Fig. 2) was observed after electrode emersion at potentials
indicated by the arrows in Fig. lb, showing that the reconstruction is stable
against chloride anion adsorption and Cu deposition since after stripping
and emersion at +0.6 V the Pt electrode still revealed a (1 X2) structure in
agreement with the LEED investigations by Kolb et al. [14]. These results
are surprising: The reconstructed Pt(110) surface is not only stable against
hydrogen, sulfate [14] and chloride adsorption but also against Cu deposi-
tion. This is in contrast to the reconstructed Au(110) surface which has been
shown to be stable only in Perchlorate solution [14], while sulfate, or chlo-
ride adsorption [19] or small amount of Cu deposit removes the (1X2)
reconstruction [20].

Copper adsorption on Pd(110)
The clean Pd(110) surface shows a (1 X 1) structure (Fig. 3), indicating that
the topmost Pd(110) layer is not reconstructed after the cleaning process.
The cyclic voltammetry for Cu UPD on Pd(110) electrodes in sulfuric acid
and in Perchlorate solutions are almost identical (see Figs. 4a and 4b), also
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Fig. 4. Cyclic current-potential curves for Cu UPD on Pd(llO) electrode, a) in 0.01 M
H2S04 + 1 mM CuS04. b) in 0.01 M HC104 + 1 mM CuS04. c) in 0.01 M H,S04 +
1 mM CuS04 + 10"5 M HCl. Scan rate 10 mV/s.

showing two well-separated Cu UPD peaks similar to those observed for
Cu UPD on Pt(110) (Fig. 1). The coulometric charge for each current peak
is close to 300 pC/cm2 corresponding to 1 monolayer of Cu coverage. This
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Table 1. Comparison of AES peak ratios and corresponding Cu coverages with the coulo-
metric data.

System Emersion
potential

Q  
(pC/cm2) (ML)

W/M ®AES Electrolyte
(ML)

Cu/Pt(110)

Cu/Pd(110)

+ 0.45 V
+0.2 V

+0.3 V

+0.1 V
+0.28 V

+0.15 V

300
600

295

585
285

572

1.95
0.96

1.91

0.46

0.86
0.5

1.0

0.9

1.9
1

23

1 mM CuS04
+ 0.01 M
H2S04
+ 0.01 M
HC104

+0.01 M
H2S04

Cu/Pd(110) + 0.21 V

+0.11

0.45

1

0.9

2.3

+0.01 M
H2S04
+ 10"5M HCl

Cu/Pd(100) +0.18 V 355 0.83-0.9 0.6 1 +0.01 M
H2S04

conclusion is in agreement with the AES estimation for Cu deposit which
was derived by the Auger peak ratio Wlpd calibrating with 1 ML Cu de-
posited on Pd(100) surface (see Table 1). The Cu bulk deposition takes
place at 0.025 V (Nernst reversible potential) as indicated by  in Fig. 4,
where the Cu thickness is in tm manner to the deposition time. LEED
patterns show a c(2x2) structure for the Pd(110) electrodes emersed at
+0.1 and +0.3 V where the Pd electrode was covered by 2 and 1 ML Cu
respectively. The adsorption of sulfate ions causes a c(2 X 2) superstructure
to form, while the Cu adatoms form a pseudomorphic adlayer on Pd(110)
which will be discussed below.

The LEED pattern (Fig. 5a) from Pd(110) shows a (1 X 1) periodicity
after deposition of 1 ML Cu in Perchlorate solution, in which the electrode
was emersed at +0.3 V between the two current peaks. Except for diffuse
background due to the electrolyte adsórbate, there is no discernible spot-
broadening in the LEED pattern which suggests that one-dimensional paral-
lel Cu rows are not randomly distributed and are composed by atoms
periodically spaced by a distance of 2.75 A along the (110) troughs, being
commensurate with the Pd substrate surface. The a spaced (110) rows of
Cu adatoms cover regularly a flat Pd(110) surface as demonstrated by the
reflection streaks in RHEED pattern (Fig. 5a). A structural model for one

monolayer Cu coverage on Pd(110)-(1 X 1) electrode is shown in Fig. 6a
which was derived from the charge, AES measurements for Cu deposit and
the diffraction patterns. The resulting structure is identical to that of a bare
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Fig. 5. LEED/RHEED «110» patterns for Pd(HO) electrodes emersed from 0.01 M
HC104 + 1 mM CuS04 solution, a) at +0.26 V. b) at +0.11 V, showing a (1  1) struc-
ture.

(1 X 1) Pd surface, except for every trough of Pd along (110) direction being
filled by a row of Cu atoms. After emersion at +0.1 V, LEED patterns from
the Pd(110) electrode also show a sharp (1 X 1) structure (Fig. 5b), where
the AES peak ratio Cu/Pd is about 0.9-1.0 corresponding to 2 ML Cu. This
may indicate that the second Cu monolayer is also formed by one-dimen-
sional parallel rows which are coherently spaced by a distance equal to the
Pd lattice constant. Thus the Cu adatoms form commensurate (1 X 1) rows

on the Pd substrate in the (110) direction. The electrode surface is now

completely covered by Cu adatoms resulting in no Pd atoms being exposed
to the electrolyte. The proposed structural model is shown in Fig. 6b. The
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b

Fig. 5 (continued).

same is true for the case of Cu deposition onto Pd(110) in sulfuric acid
solution, except for an additional superstructure c(2 X 2) due to sulfate ions
on the Cu overlayer. The underpotential deposition of Cu on Pd(110) and
Pt(110) shows that the complete Cu coverage consists of two distinct stages
like in the case of Cu UPD on Au(lll). However, the charge associated
with the current peaks differs from that obtained from CuUPD on Au(lll),
where the Cu coverage of the first stage was 2/3 ML [5] and the charge
ratio peak I/peak II was 2.

In the presence of Cl, a pronounced change in voltammetry for Cu
UPD on Pd(110) can be seen in Fig. 4c, where two energetically well-
separated current peaks, corresponding to the two Cu binding energies of
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Fig. 6. Structure models (a) for 1 ML Cu deposited on the Pd(110)-(1 X 1) surface, b) for
2 ML Cu deposited on the Pd(tl0)-(1 X 1) surface.

3.71 and 4.09 eV, are no longer dissolved like that obtained from CF-free
solution (Figs. 4a and 4b). Now, it shows several broad peaks overlapping
each other, so a clear assignment of the voltammetric peak with respet to
the binding energy and the Cu coverage is no longer possible as was done
in the CC-free solution. This clearly indicates a very strong interaction
between the Cu adatoms and the Cl coadsorbates on the Pd(110) surface.
This is in contrast to the observation of the influence of Cl on the UPD
of Cu on Pt(110) which shows only slight effects on the I-E curve (see
Fig. lb).

An interesting comparative feature between metal adsorption on single
crystal surfaces under UHV conditions and electrodeposition on a single
crystal surface is that the metal deposited overlayer generally requires heat-
ing to produce good ordering, while the electrodeposited Cu adlayer on

Pt and Pd surfaces are already very well ordered at room temperature as

demonstrated by the diffraction patterns for Cu on Pt(110) and Pd(110) as
well as Cu UPD on Au(lll) [3, 6, 7] and Pt(lll) [9, 10]. This is obviously
due to the influence of the anion coadsorption as has been confirmed by in
situ EXAFS and X-ray scattering study for the adsorption of HSO4/SO3
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Fig. 7. c(2 X 2) LEED pattern (63 eV) for Pd(l 10) electrode emersed from 0.01 M H2SO„
+ 1 mM CuS04 solution at +0.35 V i.e., between two dissolution peaks, showing a spot-
splitting at (1/2,1/2).

on Cu/Au(lll) [8] and Cl on Cu/Pt(lll) [12] and in situ STM study for
sulfate and chloride on Cu/Pt(lll) [7, 13]. The adlayer seems to be stabi-
lized by strong attractive interactions between copper and coadsorbate.

Superstructures formed by specific adsorption of anions on Pt(110) and
Pd(110) after Cu deposition were analyzed. The LEED pattern of a Pt(110)
electrode shows a c(2 X 4) superstructure after dissolution of the second ML
Cu, when the electrode was emersed from the sulfuric acid solution at
+0.45 V, i.e., between the two current peaks. The c(2X4) superstructure is
no longer visible after rinsing with tri-distilled water. In other potential
regions, it does not form this c(2X4) structure. In addition, in Cl" contain-
ing solutions, this superstructure did not appear except for a (1 X 2) structure
due to the reconstructed Pt(110) substrate. Hence we interpret the c(2X4)
superstructure as an ordered adlayer of SO4 /HSO4 anions on the Cu de-
posited Pt(110) surface. On the other hand, a c(2X2) superstructure was
observed for Pd(110) after deposition of one or two ML of Cu in the sulfuric
acid solution, while in the Perchlorate solution it always showed a (1 X 1)
structure. This may suggest that the c(2X2) superstructure is due to the
adsorption of SO2" anions on Cu covered Pd(110) surface. It is worth to
note that Pt(110) and Pd(110) electrodes show a (1 X2) and (1 X 1) struc-
tures, respectively after stripping and emersion at 0.5 V, where the elee-
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Fig. 8. (a) LEED (70 eV) and RHEED patterns from Pd(HO) electrode emersed
from 0.01 M H2S04 + 1 mM CuS04 + 10 5 M HCl solution at +0.28 V, showing si

1 0.41
and s2 superstructures, (b) structure models for the ordered si = | ) and

2/3 , adlayers formed by Cl adatoms.s2
-2/3

0.59

trodes were free from the copper deposit. This demonstrates that copper
adsorption on Pt(UO) and Pd(llO) electrodes promotes coadsorption of
sulfate anions, giving rise to ordered c(2X4) and c(2X2) structures, re-

spectively. Further, a spot-splitting at (1/2,1/2) in the LEED pattern (Fig. 7)
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<110>

<001>

was observed from the Pd electrode emersed at 0.35V, i.e., between the two
dissolution peaks, from the sulfuric acid solution. The spot-splitting in (100)
direction can be explained by scattering of the antiphase domains of the
c(2X2) adlayer [21] with a mean domain size of 16 A estimated from the
separation of the spots of the fractional-order beam [22, 23]. However, the
integral-order spots (Fig. 7) remain sharp, indicating that the domain-sepa-
ration (antiphase boundaries) must be integral multiples of the fundamental
spacing. The formation of antiphase domains may be explained by the re-

arrangement of the c(2 X 2) adlayer after dissolution of the one monolayer
Cu deposit: When the electrode potential was cathodically cycled to 0.1 V,
the Pd electrode was covered by 2 ML Cu. After the potential was cycled
up to 0.35 V, one monolayer of Cu deposit with some of sulfate coadsorbate
was stripped from the Pd electrode. The LEED pattern for the Pd electrode
emersed at 0.35 V shows a spot-splitting at (1/2,1/2). It is obvious that the
remaining sulfate adsórbate rearranges again to form a c(2 X 2) on the par-
tially Cu covered Pd electrode surface (50% Pd electrode is covered by Cu),
leading to antiphase domains induced presumably by the surface defects
[24].

In the presence of chloride ions, the LEED pattern from the Pd(110)
electrode emersed at +0.19 V shows a si superstructure, while it shows si
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and s2 superstructures superimposed as shown in Fig. 8a for the electrode
emersed at +0.3 V. The (h0) beams of s2- reciproal lattice can be clearly
seen in the RHEED pattern and its 4th-order beam coincided exactly with
the (23) substrate reflection. Thus the assignment of the 2D-reciprocal lat-
tice of s2 by LEED is proven by the RHEED pattern (Fig. 8a). The struc-
tural models for si and s2 are presented in Fig. 8b. The si and s2 super-
structures are attributed to the ordered Cl adlayer whose coverages (0.75

—

1 ML) are close to the value of 0.8—1.1 ML obtained from AES measure-

ments for Cl (calibrated from the AES peak ratio Cl/Pd of a c(2 X 2)-Cl
structure on Pd(100) surface (  , = 0.5 ML)). It is of interest that the
interatomic distances of the Cl adlayer on Pd(110) for si structure are 3.3
and 3.89 A, while the Cl—Cl distance of s2 is 3.86 A, corresponding to the
value obtained from Cl adlayer on Cu(lll) under UHV conditions [25]
which is slightly larger than 3.7 A found for the Cl adlayer on the Cu/
Pt(lll) surface [9], obviously caused by the surface morphology. In contrast
to Pd(110), no superstructure due to Cl adsórbate was observed from
Pt(110) electrode surfaces.

4. Summary
The cyclic voltammogram of Cu UPD on Pd(110) demonstrates that com-

plete Cu coverage is formed by two energetically well-separated steps, each
associated with one monolayer Cu deposition which is identical to Cu UPD
onto Pt(110) surface. However, in the presence of chloride ions, a pro-
nounced change in the voltammogram for Cu UPD on Pd(110) was ob-
served. The well-separated voltammetric peaks as found for the Cl"-free
solution are transformed to several broad peaks. It was clearly caused by
the specific adsorption of chloride anions as proven by the formation of
ordered CI adlayers (si and s2). On Pt(110) only slight change in voltam-
metric features was found, indicating no specific adsorption of Cl~ ions on

Cu/Pt(110) as demonstrated by the diffraction patterns and the AES meas-

urements for Cl adsórbate [16].
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