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New insights on the Cd UPD on Au(111)

M. C. del Barrio, S. G. Garcia, C. E. Mayer and D. R. Salinas*

The Cd underpotential deposition (UPD) process on Au(111) was analyzed by means of combined electrochemical measurements
and in situ scanning tunneling microscopy (STM). In the underpotential range 300 < AE (mV) <400, 2D Cd islands are formed
on the fcc regions of the Au(111)-(./3 x 22) reconstructed surface without lifting the reconstruction. At lower underpotentials,
the 2D Cd islands grow and, simultaneously, new 2D islands nucleate and coalesce with the previous ones forming a complete
condensed Cd monolayer (ML). STM images and long time polarization experiments performed at AE = 70 mV demonstrate
the formation of an Au-Cd surface alloy. At AE = 10 mV, the formation of the complete Cd ML is accompanied by a significant
Au-Cd surface alloying and the kinetic results reveal two different solid-state diffusion processes. The first one, with a diffusion
coefficient D; = 4 x 1077 ecm?s™', could be ascribed to the mutual diffusion of Au and Cd atoms through a highly distorted
(vacancy-rich) Au-Cd alloy layer. The second and faster diffusion process (D, = 7 x 107" cm? s~ ") is associated with the
appearance of an additional peak in the anodic stripping curves and could be attributed to the formation of another Cd,Auy

alloy phase. Copyright (©) 2008 John Wiley & Sons, Ltd.
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Introduction

The underpotential deposition (UPD) is an electrochemical
phenomenon in which a metal can be deposited on a foreign
substrate at a potential range that is more positive than the
equilibrium Nernst potential of the 3D metal phase, and is
produced by a strong interaction energy between the deposited
metal and the substrate. The theoretical and experimental aspects
of the UPD process were the subject of different reviews!' -8 and
theformation of low dimensional metal phases, iD Me (withi = 0,1,
2), during the UPD process has been intensively analyzed.['># The
formation of these iD Me phases is strongly influenced by surface
defects like kinks, vacancies, chemical impurities, monatomic
steps, stacking faults, etc.. In addition, in many UPD systems
the strong metal-substrate interaction induces place exchange
processes favoring surface alloying, which is more pronounced
in systems exhibiting sufficient miscibility between the substrate
and the deposited metal.["!

Cdis known to produce intermetallic phases on Au during long-
term polarization experiments in the UPD region.””! Particularly,
this UPD system has been the subject of several studies,
some of them with contrasting results. By means of scanning
tunneling microscopy (STM) and quartz crystal microbalance
techniques,'%'"! the formation of different ordered adlattices
during the Cd UPD in the system Au(111)/Cd*T, SO42~ and the
specific sulfate anion adsorption with underpotentially deposited
Cd adatoms have been shown. Nevertheless, no information
with regard to the surface alloy formation during the course
of these experiments was indicated. The specific adsorption
of sulfate anions during the Cd UPD on Au(111) was also
suggested on account of specular X-ray reflectivity results.'? It
was demonstrated that the coverage of the Cd UPD layer increases
with increasing sulfate anion solution concentration, but from
these experiments the involved surface alloying was not clear. A
surface alloy formation process was observed!'3~1% in the system
Au(100)/Cd?*, SO42~ and it was concluded that, in this case,
the Au-Cd surface alloy is formed during the UPD phenomenon
probably by a turnover process between the adsorbed Cd atoms

and the underlying Au atoms, with a subsequent solid-state
diffusion of these atoms through the alloyed phase. The same
mechanism was also proposed for the surface alloying observed
during the Cd UPD on polycrystalline gold.'"”? More recently,
different authors!'®-23 have determined that the Cd UPD is also
possible on the reconstructed surface of Au(111) without lifting
the reconstruction. They have also observed that Cd UPD results
in some Cd atoms alloying with the Au atoms of the surface at
potentials close to the reversible potential of the 3D Cd metal
phase.

In this work new results of the Cd UPD in the system
Au(111)/Cd**, SO4%~ are presented, focusing on the Au-Cd alloy
formation during this process.

Experimental

The experiments were carried out in the systems Au(111)/5 mm
H,S04 4+ 0.1 M NaySO4 and Au(111)/1 mm CdSO4 + 5 mm H,SO4 +
0.1 MNaySO, at a temperature T = 298K. The electrolytic
solutions were prepared from suprapure chemicals (Merck,
Darmstadt) and fourfold quartz-distilled water. Prior to each
experiment, the solutions were deaerated by nitrogen bubbling.
The working electrode was an Au(111) single crystal with a
diameter of 0.4 cm. The surface was first mechanically polished
with diamond paste of decreasing grain size down to 0.25 um
and subsequently electrochemically polished in a cyanide bath
according to a standard procedure.*¥ Electrochemical studies
were performed in a standard three-electrode electrochemical cell
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at room temperature. A platinum sheet (1 cm?) was used as a
counter electrode and a Hg/Hg,50,/K,50, saturated electrode
(SSE) served as a reference electrode. The actual electrode
potential, E, is referred to the SSE, whereas the underpotential, AE,
is related to the Nernst equilibrium potential of the 3D Cd phase
by AE = E — E3pcq, With E3pcg = —1150 mV for ccq®>™ = 1 mm. The
measurements were carried out with a potentiostat—galvanostat
EG&G Princeton Applied Research Model 273A.

The insitu STM images were recorded with a standard
Nanoscope Ill equipment (Digital-Veeco, Santa Barbara, CA, USA)
using Apiezon insulated Pt-Ir tips (Digital-Veeco, Santa Barbara,
CA, USA). Pt wires were used as counter- and quasi-reference
electrodes. The potentials of the gold substrate and the STM tip
were controlled independently by a Nanoscope lll-bipotentiostat
optimized for the STM setup used. The tip potential was held
constant at a value of minimum faradaic current and the tip
current varied in the range 2 < lyn (nA) < 20. The experimental
setup for the insitu STM technique has been checked by cyclic
voltammetric measurements and the results were identical to
those obtained in the conventional electrochemical cell.

Results and Discussion

Figure 1(a) displays atypical cyclic voltammogram obtained for the
Au(111)surfacein 5 mmH;504-+0.1 M Na,SO4 solution. The anodic
peak, A;, observedatE = —130 mV corresponds to the lifting of the
Au(111)-(4/3 x 22) surface reconstruction. This structure is stable
in the potential range £ < —130 mV.?%! In this potential range the
STM images of the gold surface show flat terraces with the typical
corrugation lines corresponding to fcc and hcp domains of the
reconstructed surface?® (Fig. 2). The lifting of this reconstruction
is due to a disordered sulfate adsorption. In addition, the less
pronounced anodic peak at E = 410 mV was assigned to the
formation of an ordered sulfate adlayer.2”}

Figure 1(a) also shows a typical cyclic voltammogram for the
system Au(111)/Cd*", SO4%~ recorded in the potential range
150 < AE (mV) <1750. Two different adsorption—desorption
current peak pairs are observed at AEajpi &~ 650mV and
AEpypy ~ 350 mV. The anodic peak A, at AE = 1000 mV (E =
—130 mV) related to the lifting of the reconstruction is still present
in the stationary voltammogram. This result is an evidence that the
Cd UPD starts on the Au(111) reconstructed surface without lifting
the reconstruction. By expanding the potential scan range up to
the Nernst equilibrium potential of the 3D Cd phase (Fig. 1(b)),
another current peak pair Az /D3 isobserved. In this case, theanodic
peak A, is absent, indicating that the surface reconstruction would
be, at least, partially removed when the Cd deposition is increased.
Additionally, a distortion of the A; /Dy and A, /D, peak pairs is also
observed.

The surface morphology changes during the Cd UPD process
were followed by insitu STM measurements. At AE > 800 mV
the STM images reveal no evidence of Cd deposition on the
Au(111) substrate (Fig.3(a)). The surface consists of atomically
flat terraces separated by monatomic steps, and a few 2D gold
islands. This surface morphology remains unchanged even in the
underpotential range 450 < AE (mV) <800 corresponding to
the Cd UPD peak pair denoted as A;/D;. Different Cd expanded
structures were reported on the reconstructed Au(111) surface
in this underpotential region.'®' However, in the present
study these expanded structures were not detected owing to a
significant noise in the images, which reflects a high mobility in the
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Figure 1. Cyclic voltammograms for the systems Au(111)/5 mM H,SO4 +
0.1 MNaySO4 ¢ ) and Au(111)/TmM CdSO4 + 5mMH,S04 +
0.1 M NaySO4 ( ) in the underpotential range: (a) 150< AE (mV)
<1750 and (b) 0< AE (mV) <1750.T = 298K, [dE/dt| = 50mVs .

adsorbate layer. At AE = 300 mV, 2D Cd islands start to nucleate
on the step edges and on the flat terraces (Fig. 3(b)). This process
is related to the A, adsorption peak and could be ascribed to the
occurrence of a first order 2D transformation of the expanded
gas-like 2D Cd adlayer, observed by other authors at higher
underpotentials, to a condensed Cd phase. When the potential
is further scanned to cathodic direction the 2D Cd islands grow
and, simultaneously, new 2D Cd islands nucleate (Fig. 3(c)) and
coalesce with the previous ones. Consequently, the Cd deposits
acquire linear chain morphology with 60° or 120° in between. This
morphology is an indication that the underlying reconstructed
Au(111) substrate is influencing on the deposition.'®2122] Similar
results were also reported by Behm et al.l?® during the deposition
of thin epitaxial Ni films at low overpotentials in the system
Au(111)/Ni* and by Mao etal.”® during the Sn UPD in the
system Au(111)/Sn?*. Mao and coworkers have indicated that an
enhanced binding energy in the fcc region, and the fast diffusion of
adatoms along the [112] direction favor the preferential nucleation
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Figure 2. Insitu STM images of Au(111) surface reconstruction. System: Au(111)/5 mM H,;SO4 + 0.1 M Na,SO4, E = —300 mV. (a) substrate terraces
(‘height mode’); (b) high resolution image obtained in the area indicated in (a) (‘current mode’).

Figure 3. Sequence of insitu STM images obtained in the system
Au(111)/1 mMCdSO4+5 mM H,SO4+0.1 M NaySO4, T = 298 K, at different
polarization conditions. (a) AE = 900 mV, (b) after 800 s at AE = 300 mV,
(c) after 350 s at AE = 150 mV, (d) after 150 s at AE = 10 mV, (e) after
200 sat AE =10mV.

in the fcc region and, consequently, the anisotropic growth along
the [112] direction.

At lower underpotentials, the Cd islands tend to merge forming
a complete Cd monolayer (ML) (Fig. 3(d) and (e)). At this stage,
the underlying gold surface is being probably reorganized as it is
covered with Cd adatoms, which promotes that the subsequent

Cd ML formed at AE =~ 0 mV starts to grow without any axial
preferences.”!! Obviously, the formation of an Au-Cd interfacial
alloyinthe underpotentialrange 0 < AE(mV) <350 will contribute
to this atomic rearrangement. The evidence of this alloying process
is observed in the sequence of STM images showed in Fig. 4.

Figure 4. Sequence of insitu STM images obtained in the system
Au(111)/1 mM CdSO4 + 5 mM H,SO4 + 0.1 MNaySOy4, T = 298 K. (a) AE =
570 mV; (b) after 40 s at AE = 70 mV; (c) after 90 s at AE = 870 mV.
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By stepping the underpotential from AE = 570 mV (Fig. 4(a)),
where the formation of an expanded Cd adlayer takes place, to
AE = 70 mV, the nucleation of Cd islands on the fcc areas of
the reconstructed surface is observed (Fig. 4(b)). Afterwards, when
the underpotential is shifted positively to AE = 870 mV, the Cd
deposits are stripped and many holes of monatomic height are
formed (Fig. 4(c)), which are typical for a surface alloy dissolution
process.[13-15181930 The formation of this surface alloy could start
at higher underpotential values, where Cd islands with linear chain
morphology are formed,!'® probably following a place exchange
mechanism between Cd atoms and Au surface atoms. Therefore,
a 2D surface alloy could be formed at these regions, which would
be the first step to the formation of a 3D Au-Cd alloy.

Long time polarization experiments were performed at low
underpotentials in order to obtain information related to the
Au-Cd alloy formation process. Figure 5(a) shows anodic stripping
curvesobtained afteran extended polarizationat AE = 70 mV.The
corresponding stripping charge density, Ag, increases gradually
with increasing the polarization time, t,, and the values are close
to that required for the deposition of a complete close-packed Cd
ML (AGmon = 440 uC cm™2) (Fig. 5(b)). Nevertheless, previous STM
images (cf Fig. 4(b)) have indicated that the Cd ML is not complete
at this underpotential value. Considering this observation and the
presence of holes after the anodic stripping, it can be inferred that
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Figure 5. (a) Anodic stripping curves obtained in the system Au(111)/1T mm
CdSO4 + 5 mM H,S04 + 0.1 M Na,SO4 after different polarization times, t,,,
at AE = 70 mV, |dE/dt| = 50 mV s~". (b) Corresponding stripping charge
density Ag, as a function of the polarization time, t,, at AE = 70 mV.
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Figure 6. (a) Anodic stripping curves obtained in the system Au(111)/1T mm
CdSO4 +5 mM H,S04 + 0.1 M Na, SO4 after different polarization times, t,,,

at AE = 10 mV, |dE/dt| = 50 mV s~". (b) Corresponding stripping charge
density Ag, as a function of the polarization time, t,, at AE = 10 mV.

a fraction of this charge is related to the formation of an Au-Cd
surface alloy. Figure 6(a) shows the anodic stripping curves after
an extended polarization at AE = 10 mV. Itis important to remark
the appearance of an additional stripping peak D’ located at
AE = 480 mV for relatively long polarization times (t, > 600 s).
At this underpotential value, the STM images have shown that
a complete Cd ML is formed. Nevertheless, the stripping charge
density Ag, increases significantly exceeding that required for
the deposition of a close-packed Cd ML (Fig. 6(b)). Experimental
data presented in Fig. 7 display two different linear Ag — t,'/2
dependencies for relatively short and long polarization times. The
parabolic dependence of Ag on t, has been discussed previously
in terms of a model including non-stationary mutual diffusion
of Au and Cd in the Au/Au-Cd/Cd*" system.'9 It has been
suggested that the alloy formation process proceeds by mutual
diffusion of Au and Cd atoms through a highly distorted (vacancy-
rich) Au-Cd alloy layer and simultaneous Cd deposition at the
Au-Cd/Cd?*" interface. According to this model, the stripping
charge density can be expressed as: Aq = 0 2 F ¢o (D/7)"V/? 1,/
where 6 is the coverage with respect to Cd at a given potential, ¢y
is the Cd concentration at the electrode-electrolyte interface, D
is the mutual diffusion coefficient, and F is the Faraday constant.
Considering that the in situ STM images obtained at AE = 10 mV
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Figure 7. Stripping charge density Aq versus t,'/? obtained for the system
Au(111)/1 mm CdSO4 + 5 mM H,SO4 + 0.1 M NaySO4 at AE = 10 mV.

have shown the formation of a complete Cd ML, a surface
concentration of ¢, = 0.0735 mol cm™3 corresponding to a close-
packed Cd ML could be assumed. From the initial linear Ag — '/
dependence recorded at relatively short polarization times, a solid-
state diffusion coefficient D; = 4 x 10~'7 cm? s~ is obtained. This
value is close to that reported for the polycrystalline gold/Cd**
system.[®17]

The second Ag — tp”2 dependence recorded at relatively
long polarization times is coincident with the appearance of
the additional D’ stripping peak and from the slope of this linear
behavior, a solid-state diffusion coefficient D, = 7x 10~ cm? s~
is calculated. A similar behavior was observed in the polycrystalline
gold/Cd** system for relatively high cadmium coverage. In
the present case, this faster solid-state diffusion process could
be attributed to the formation of another Cd,Auy alloy phase
evidenced by the presence of the additional stripping peak D'".

Conclusions

In the course of the Cd UPD process on Au(111), 2D Cd islands are
formed on the fcc regions of the Au(111)-(,/3 x 22) reconstructed
surface in the underpotential range 300 < AE (mV) <400. At lower
underpotentials, the 2D Cd islands grow and, simultaneously,
new 2D islands nucleate and coalesce with the previous ones
forming a complete condensed Cd ML. STM images and long time
polarization experiments performed at AE = 70 mV demonstrate
the formation of an Au-Cd surface alloy. At AE = 10 mV, the
formation of a complete Cd ML is accompanied by a significant
Au-Cd surface alloying and the kinetic results demonstrate two
different solid-state diffusion processes. The first ones, with a
diffusion coefficient D; = 4 x 10~ cm? s~', could be ascribed
to the mutual diffusion of Au and Cd atoms through a highly

distorted (vacancy-rich) Au-Cd alloy layer. The second and faster
diffusion process (D, = 7 x 107" cm? s7) is associated with the
appearance of an additional peak in the anodic stripping curves
and could be attributed to the formation of another Cd,Auy alloy
phase.
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