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Electrochemical Layer-by-Layer Growth of Palladium on an Au(111) Electrode Surface:
Evidence for Important Role of Adsorbed Pd Complex

Hideo Naohara, Shen Ye, and Kohei Uosaki*

Physical Chemistry Laboratory, bision of Chemistry, Graduate School of Science, Hokkaida/&isity,
Sapporo 060-0810, Japan

Receied: January 5, 1998; In Final Form: March 24, 1998

The adsorption and electrochemical reduction of the tetrachloropalladate compleX-Pd&lan Au(111)
electrode in HSQO, solution containing PdGi~ was investigated using an electrochemical quartz crystal
microbalance (EQCM) and in situ electrochemical scanning tunneling microscopy (STM). The adlayer of
PdCl2~ with a (v/7 x +/7)R19.%° structure on the Au(111) substrate was observed by in situ STM measurement,
and the amount of adsorbed PgfCldetermined by the EQCM measurement was in good agreement with
that estimated from this adlayer structure. In situ STM observation showed also that the electrochemical
deposition of palladium proceeded with an epitaxial layer-by-layer growth mode and thg Pd&@hplex
adsorbed on the deposited palladium layer with the same adlayer structure. The adsorption of the PdClI
complex seemed to play an important role for the layer-by-layer growth of palladium in a large area, since
it inhibits the vertical but favors the lateral growth of the palladium layer. The formation of the Pd(111) bulk
phase and the surface structure of Pd(111) was confirmed by X-ray diffraction (XRD) and the underpotential
deposition of copper, respectively.

Introduction available for in situ observation of so-called underpotentially
deposited (UPD) metal layers such as coppsityer? lead®
bismuth!? and tellurium!! the investigation of the electrochemi-
cal deposition process with atomic resolution is rather limited
and only limited evidence has been provided for the adsorption
of the reactant?~15 i.e., metal ions, on the electrode surface
during the electrochemical deposition.

One of the most important metals for industrial applications
and fundamental studies is palladium because of its high
catalytic activities for many chemical reactions and ability to
absorb hydroge# The growth of the ultrathin palladium layer

n Au(11l) prepared by vapor deposition in UHV was
investigated by AES, LEED, and STM:1® The results of the
AES and LEED measurements showed that the palladium has
grown on the Au(111) substrate in an epitaxial layer-by-layer
mode for the first few layers at 150 K and that the surface alloy
between the gold and palladium was formed at more than 500
K.17.18 STM images showed, however, a rough morphology
for the deposited palladium layer in which a simultaneous
evolution of a number of layers was observed when 3.0
Jnonolayers (ML) of palladium was dosé¥. Recently, the
epitaxial growth of a palladium layer on gold single-crystal
electrodes by electrochemical deposition was confirmed by
Baldauf and Kolb with in situ STM measuremefs.The
reaction rates of hydrogen adsorption and formic acid oxidation
were investigated as a function of the thickness of the palladium
layer on the gold substrate. A large difference between the
palladium epitaxial thin layer and a bulk single crystal was
observed®2! suggesting an effect of the interaction with the
substrate. However, the observation of electrochemical deposi-
tion of palladium with atomic resolution has not been carried
out and the mechanism for the two-dimensional (2D) growth
of palladium on gold is not clear yet.

* Corresponding author. Telephone:81-11-706-3812. Fax:+81-11- In this paper, the adsorption of reactant, i.e., the FCl
706-3440. E-mail: uosaki@PCL.sci.hokudai.ac.jp. complex, and the electrochemical deposition process of the

Modifications of the properties of a solid surface by foreign
atoms and molecules that are usually realized by physical vapor
deposition in ultrahigh vacuum (UHV) or electrochemical
plating in a electrolyte solution are very important not only in
fundamental studies but also in industrial applications such as
catalysis, electronics, and corrosion protection. In UHV, the
epitaxial growth of a foreign metal layer on a substrate has been
achieved by vapor deposition, molecular beam epitaxy (MBE).
The structure of the epitaxial layer was analyzed by various
methods in UHV, such as reflection high-energy electron
diffraction (RHEED), low-energy electron diffraction (LEED),
auger electron spectroscopy (AES), and X-ray photoelectron
spectroscopy (XPS). The metal deposition by an electrochemi-
cal method in a solution containing a metal ion or metal complex
should be more economical and convenient than the growth in
UHYV because the expensive UHV environment is not necessary.
The structure of the electrodeposited metal layer is known to
be controlled by many factors including deposition potential/
current, concentration of metal ion/complex, nature of the
additives, and surface structure of the substrate. To establish
method to electrochemically deposit a smooth epitaxial layer
of foreign metals, it is essential to monitor the surface structure
of the electrode during the electrochemical deposition process.
The observation of the structure of the substrate and the metal
adlayer with atomic resolution in an electrochemical environ-
ment is more difficult than that in UHV because of the existence
of the electrolyte solution. Recently, in situ techniques for
surface characterization in an electrolyte solution such as 5TM,
atomic force microscopy (AFMY;3 EQCM/ and surface X-ray
scattering (SXS)® were applied for the investigation of the
electrochemical deposition process. Although many reports are
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PdCl2- to palladium on an Au(111) electrode in$0y, solution 4

containing PdCP~ are investigated by in situ electrochemical o] PdCIZ Injection

STM and EQCM measurements and the important role of the i

adsorbed PdGi~ species on the electrode surface for promoting 0

the electrochemical 2D growth of the palladium layer is £

discussed. E 2r I 45Hz

Experimental Section Ar e Y s P e
Materials. Electrochemical STM, electrochemical measure- 6

ments, and XRD measurements were carried out at the surface 7Y I . P

of an Au(111) single crystal, which was prepared by Clavilier's 0 200 400 600

time / s

method?? It was mechanically polished, annealed by a-gas ) )
Figure 1. Time dependence of frequency changet&95 V when

oxygen flame for at least h at ca. 800C and quenched in the PdCJ?~ solution was added to the EQCM cell that contained a 50

argon-saturated ultrapure water (Milli-Q, Millipore). For the mM H,SO, solution. The final concentration of Pd€l1 in the cell was
EQCM measurements, the gold electrode was prepared by they 1 mwm.

vacuum evaporation of 10 nm of titanium followed by 150 nm

polished) at 300C with an evaporation rate of less than 0.01  frequency shift Af) using the Sauerbrey equati¥h.The mass
nm/s. This procedure is known to provide a highly ordered sensitivity of the 5 MHz AT-cut quartz crystal was calibrated
Au(111) phase with wide terracék.Before each measurement, py the deposition of silver and led82 Both measurements

the electrode was annealed by a-gasygen flame for afew  gave similar values, ané-19.3 ng/Hz crd was used for the
seconds and then quenched in argon-saturated Milli-Q water. cajculation of the mass change.

Electrolyte solutions were prepared usingS@, (Suprapure XRD Measurements The XRD measurement was carried
reagent grade, Wako Pure Chemicals), HEIBuprapure o, ysing a RINT-2200 (RIKAKU) with a four-circle diffrac-
reagent grade, Wako Pure ChemicalsPtCl (Reagent grade,  tometer. After the electrochemical deposition of palladium on
Wako Pure Chemicals), CuaQReagent grade, Wako Pure e Ay(111) electrode, the electrode was moved from the
Chemicals), and Milli-Q water. , , electrolyte solution under potential control, then rinsed with

Electrochemical STM Measurem_ents In S|t_u electrochemi- Milli-Q water, and finally dried with purified argon gas. A
cal STM measurements were carried out using a NanoScope E,|jadium foil and the Au(111) single crystal were used for
(Digital Instruments) control unit and a PicoSPM (Molecular comparison.

Imaging) scanning unit with an airtight chamber and solution

inlet tubes._ STM images with atomi(_: resolution were r_ecorded Results and Discussion

as current images in a constant-height mode, and wide-range

STM images were recorded as height images in a constant- Adsorption of PdCl42~ Species on an Au(111) Electrode
current mode. A homemade electrochemical STM cell, which Figure 1 shows the time dependence of frequency change at
can accommodate a single-crystal electrode, was used. A smalt-0.95 V where neither a cathodic nor an anodic current was
quasi-reversible hydrogen electrode and a platinum wire were observed when 0.17 mL of 30.6 mM:RdCl, solution was
used as the reference and the counter electrode, respectivelyadded into the EQCM cell that contained 50 mL of 50 mM
The electrolyte solution was deaerated by passing purified argonH2SO; solution while the solution was stirred with a stirring
gas for at least 20 min before it was introduced into the STM bar. The final concentration of Pd€t in the cell was 0.1 mM.

cell. Electrochemical potentials of the Au(111) substr&@g (  The frequency was increased by 0.5 Hz in the first ca. 20 s of
and STM tip Er) were independently controlled by a bipoten- the induction period after the addition of Pd€l and then
tiostat (PicoSTAT, Molecular Imaging). STM tips were me- abruptly decreased by 4.5 Hz, which corresponded to the surface
chanically cut Pt/Ir wire (80/20p = 0.25 mm) insulated with mass increase of 86.9 ng/&mThe frequency did not change
nail polish. Before each measurement, pure argon gas wasexcept for a little perturbation when the same volume of 50
passed to the STM chamber to purge the oxygen. mM H,SOy solution was added to the EQCM cell. Thus, the

Electrochemical and EQCM Measurements Electrochemi- mass increase should be related to the injection of the £dCl
cal and EQCM measurements were carried out in a three-species. It is known, however, that the bisulfate anion is
compartment cell with a Luggin capillary. The electrochemical adsorbed on the Au(111) electrode surface at this potefifial.
potential was controlled by a potentiostat (HA-151, Hokuto A similar experiment was carried out in a 50 mM HGIO
Denko), and an external potential was provided by a function solution in which the CI@Q™ is considered as an unadsorbed
generator (HB-111, Hokuto Denko). A quasi-reversible hy- species. The surface mass was changed in the same manner as
drogen electrode and a platinum foil were used as the referencethe case in B50; solution when the same amount offdCl,
and the counter electrode, respectively. The potential is solution was introduced into HCIOsolution. We therefore
referenced to the reversible hydrogen electrode (RHE) in this attributed the mass increase to the adsorption of Bd@n
paper. The resonant frequency of the quartz crystal electrode,the Au(111) electrode surface. The number of adsorbed,;PdCl
which was oscillated by a homemade oscillation circuit, was species calculated from the surface mass change was 20t
simultaneously monitored with the electrode potential and cnv, i.e., ca. 15% of that of the Au(111) surface atoms. This
current by a frequency counter (HP53131A, Hewlett-Packard) value was the same as that found for the adsorbed hexachlo-
controlled by a personal computer (PC9821ch2, NEC) through roplatinate complex, Ptg2-, on Au(111) with the {/7 x +/7)-

a GPIB interface. The frequency stability of the EQCM system R19.1° structure that we recently report&d.
was better than 0.1 Hz for a sampling gate time of 0.1 s. The structure of the Pdg adlayer was investigated by in

All the measurements were carried out after the solution was situ electrochemical STM a#0.95 V in a 50 mM HSO,
purged by passing pure argon gas for at least 20 min throughsolution containing 0.05 mM Pdg. The atomically ordered
the solution. Au(111)}-(1 x 1) structure (nearest-neighbor distance of ca.
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Figure 3. Potential dependence of (a) current and (b) mass change
(Am) at an Au(111) electrode in a 50 mM,8l0, solution containing
0 10nm 0.1 mM PdCJ?". Potential sweep rate was 5 mV's

Figure 2. STM images (10x 10 nn?¥) of (a) an Au(111)}-(1 x 1)
electrode obtained at0.95 V in a 50 mM HSQO, solution and (b) the
same electrode in a 50 mMM,BQ, solution containing 0.1 mM Pdg
while the electrode potential was kept constant-at95 V.

600

Cathodic Scan
— — -Anodic Scan

0.29 nm) was observed at0.95 V before the addition of
PdCL2~ (Figure 2a). When a 50 mM 4$0Q; solution containing
0.1 mM PdCJ2~ was added into the electrochemical STM cell
through the solution inlet tube which was attached to the airtight
STM chamber (final concentration of Pd€l of ca. 0.05 mM)
while keeping the electrode potential at 0.95 V, a new structure o mpe : 53.2 ~
of hexagonal symmetry with a nearest-neighbor distance of ca. B
0.78 nm was observed (Figure 2b). The distance of 0.78 nm is L . . ' 120V
V7 times that of the Au(111) lattice. The symmetry of the oo 000 @000 2000 oo 2000
adlattice was found to be rotated by ca’ 2€Gith that of the Charge / uC cm
Au(111) substrate. This structure is different from that of a _, i

Figure 4. Relation between the mass chandgenj and the charge

i i 26,28 imi
bisulfate adlayer, |.e.,\(3 x “/7) but similar to that of the (Q) obtained from Figure 3. The solid line and the dotted line represent

PtCk>~ adlayer on Au(111)? Thus, we concluded that the e resyits obtained during the cathodic scan and the anodic scan,
PdCL?~ complex was adsorbed on the Au(111) with the adlattice respectively.

structure of (/7 x +/7)R19.7°. The number of adsorbed
PdCl2~ estimated from this structure is equal to 14% of that ~ To analyze the result more quantitatively, the mass change
of the Au(111) surface atoms and is in very good agreement (Am) was plotted against the charg@(solid line in Figure 4).

200

Am / ng cm™

with that observed by EQCM measurements. A good linear relation was obtained in this potential region
As the potential became more positive thh.2 V, no clear between+0.95 and+0.35 V during the cathodic scan. The

STM image of the adlayer was obtained. slope of this plot gives the mass change per charge equivalent
Electrochemical Deposition of Palladium EQCM Mea- to one mole of electrons, mpe, as 51.3, which is in good

surements After the adsorption of Pd¢~ was completed in  agreement with the value expected for the following reduction
the HSO; solution at+0.95 V, the potential was scanned process of the Pd¢ complex to palladiung?

negatively to+0.35 V and then positively tg-1.2 V. Simul-

taneously recorded current and mass changes during the potential PdCLZ_ +2e — Pd+4CIT ()
sweep (5 mV/s) are shown in Figure 3 as a function of potential.

A cathodic current started to flow as soon as the potential was If the preadsorbed palladium complex is reduced to palladium,
made more negative thah0.95 V, reaching a maximum at the mass loss due to Ctesorption should be observed. Thus,
+0.88 V and decreasing to a limiting value. The mass increasethe mass gain with an mpe of 51.3 means the reduction of the
was observed at all the potentials during the cathodic scan fromcomplex in the solution. Actually, the STM investigation
+0.95t0+0.35 V. The cathodic current observed in this region described later showed that the palladium complex covered not
may be due to the reduction of gold oxide, the reduction of only the gold substrate but also the deposited palladium surface
PdCl2~ to palladium, or both. during the deposition. Thus, the complex in solution seems to
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be adsorbed on the surface as soon as the adsorbed complex is 10
reduced and only the net mass change due to the Pd deposition (@)

was observed. The amount of the deposited palladium deter-
mined from the mass change fro#0.95 to+0.35 V in this
particular case was 1.2 monolayers (ML).

As the potential was swept in the anodic direction frét35
V, a relatively constant cathodic current flowed and the mass
was uniformly increased t6-0.80 V (Figure 3). The slope of
Amyvs Q plot (broken line in Figure 4), mpe, in this region is
close to the one observed during the cathodic scan, showing
that the two-electron reduction of Pd€l to palladium shown -30; 755 750 5650 560 7000
by eq 1 proceeded in this potential region. The mass increase time / s
reached a maximum value &t0.80 V, which was equivalent

to a palladium deposition of 1.7 ML. (b)
The anodic current started to flow &0.80 V and increased
as the potential became more positive, and two anodic peaks ('“E
were observed at0.89 and+0.96 V. A mass decrease was o
observed as soon as the anodic current started to flow. The g’
15

<1500

1000

wy

500

Current / yA cm™
2w buy

1500 - 1500

- 1000

anodic current observed at potentials more positive thar8
V could be due to the oxidation of palladium to palladium
hydroxide3° the dissolution of palladium, or both. A very good

- 500

linear relation in theAm vs Q plot was obtained within this or q0
potential region (broken line in Figure 4) and the mpe was 63.4, 3500 2000 1300 1000 500 o 500
which is in agreement with the value expected for the reverse Charge / uC cm®

reaCIICin of reaction |, i.e., dlssqlutlon of palladium to the Figure 5. (a) Time dependence of current (dotted line) and the mass
PdCL2~ complex. If the (hydro-)oxide was formed, the surface change Am, solid line) at an Au(111) electrode in a 50 mMMSO;
mass should increase and mpe should be less than the aboveolution containing 0.1 mM Pd@F when the potential was stepped
value. It is clear, therefore, that the observed anodic current from +0.95 to+0.70 V. (b) Relationship between the mass change
was due to the dissolution of palladium. The amount of mass (Am) and the chargeQ) after the potential was stepped fro#0.95
decrease in this potential region shows that all of the deposited© +0.75 V.

palladium layer was dissolved. section along the white dotted line indicated in the STM image

During the negative potential sweep frofii.2 10+0.95 V, is shown as Figure 6a Atomically flat and large terraces
a small cathodic current flowed and the surface mass was Terrace-1 and Terrace-2) and monatomic steps of gold of the
slightly increased, showing the redeposition of palladium. Au(111) substrate were observed. Partshbof Figure 6

Figure 5a shows the time dependence of the current and thesequentially show obtained STM images of the same area (b) 0
surface mass change simultaneously recorded in 50 mM H min, (c) 1 min, (d) 2 min, (e) 3 min, (f) 28 min, (g) 48 min,
SO solution containing 0.1 mM Pd@™ when the potential  and (h) 90 min after the electrochemical potential of the substrate
was stepped fromt0.95 to+0.70 V. A sharp cathodic current  (Eg) was stepped from-0.95 to+0.80 V as indicated by the
spike was observed after the potential step and the surface masghick arrow in Figure 6b where palladium deposition is expected
gradually increased. A very good linear relation was obtained to take place. The scan direction is shown by the arrow at the
between the surface mass change and the charge calculated fromipper-left side of each figure. The electrochemical potential
the current in Figure 5a. The mpe calculated from the slope is of the STM tip E1) was held at+1.0 V during the measurement.
54.7, which is in very good agreement with the value expected As soon asEs was stepped fromt+0.95 to +0.80 V, the
for the two-electron reduction process given by eq I. It is palladium nuclei were being generated on the Au(111) substrate.
interesting to note that an abrupt apparent surface mass increasghe cross section (Figure §talong the dotted line shows the
of ca. 30 ng/cr i.e., a frequency decrease of ca. 1.7 Hz, was formation of the palladium islands with a monatomic height on
observed around 190 s after the potential step. By this time, the large terraces of the gold substrate. In the upper part of
290 ng/crd, i.e., one monolayer, of palladium was deposited. Figure 6b two-dimensional growth of the first palladium
This abrupt change was observed in several independentmonolayer (Pd-1) progressed not only on the large terrace but
experiments when the substrate was covered with ca. 1 ML of 3lso on a narrow terrace between the step lines. This result is
palladium. Itis rather difficult to imagine that this change was in contrast to that observed by Baldauf and Kolb. They reported
due to the actual mass change. One possible explanation is thghat the palladium layer started to preferentially grow from the
surface stress. It was reported that the resonance frequency oétep site?® This discrepancy should be due to the difference in
a quartz resonator was decreased when the surface stress wafe potential of the Au(111) substrate. As shown in parts c
increased”  When the first monolayer of palladium was and ¢ of Figure 6, after the first palladium layer (Pd-1) was
completed, the surface stress may increase, since there is @ompletely formed on the gold substrate, islands of the second
mismatch of 4% in the lattice spacing between gold and palladium layer (Pd-2) were generated on both Terrace-1 and
palladium. Terrace-2 and the first palladium layer (Pd-1) on the narrow

In Situ STM MeasurementsThe deposition of PdGi~ was terrace started to grow laterally further onto the Pd-1 layer on
also investigated by in situ electrochemical STM. Figure 6 Terrace-2 from the step line. Both the Pd-2 layer on Terrace-2
shows STM images (30& 300 nn?) of the Au(111) surface and the palladium layer extending from the Pd-1 layer on the
in a 50 mM HSQO, solution containing 0.5 mM Pdgt. It narrow terrace grew two-dimensionally and merged, resulting
took ca. 50 s to capture one image. Figure 6ais an STM imagein a large flat terrace of a second palladium layer on Terrace-2
at+0.95 V where no palladium deposition takes place. A cross (parts d and e of Figure 6). The cross section (partd cand
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Figure 6. (a) STM image (300« 300 nn?) of an Au(111) substrate &t0.95 V in a 50 mM HSQ, solution containing 0.5 mM Pdgr. Sequentially

obtained STM images (308 300 nn?) of the palladium deposition process on the Au(111) substrate (b) 0 min, (c) 1 min, (d) 2 min, (e) 3 min,

(f) 28 min, (g) 48 min, and (g) 90 min after the potential were stepped ftdh®5 to+0.80 V in the same solution. A cross section along with

the white dotted line in each figure is shown below each image.

€ of Figure 6) clearly shows the two-dimensional growth of atomically flat palladium surface on which Pd€l adsorbed
the palladium monatomic layer. After the complete second with a (v/7 x +/7)R19.1° structure was obtained (Figure 7c).
palladium layer was formed on both Terrace-1 and Terrace-2, The second layer of palladium started to grow on top of the
the third palladium layer (Pd-3) started to grow two-dimension- first palladium layer as observed at the right-bottom corners of
ally on the terraces and from the step line (parts f and g of parts b and ¢ of Figure 7. .
Figure 6). The growth rate of the third palladium layer was, = The palladium layer grown electrochemically under the
however, slower than that of the first and the second layers. present conditions is very flat, and its domain is much larger
This should be due to the decrease in the local concentration ofthan that of the vacuum-deposited palladium layerThe
the reactant, i.e., Pd€I near the surface, leading to a negative adsorbed PdGi~ with a (v/7 x +/7)R19.2° structure on both
shift in the equilibrium potential for palladium deposition. The the gold substrate and the deposited palladium layer should play
palladium layer, which was originally first deposited on Terrace a very important role in the present preferential 2D growth of
1, was also grown laterally and finally merged with Pd-3 on the palladium layer.
Terrace 2 (parts-th of Figure 6). Figure 8 shows a schematic model for the palladium
Thus, palladium deposition proceeds in a layer-by-layer deposition in the presence of the PgfCl adlayer. The
growth mode. Under these experimental conditions, an STM nucleation of palladium occurred at the surface defects. £dCl
tip-induced local deposition, which we previously reporféd, was also adsorbed on a deposited palladium island. The#dCl
was not observed becauBg was more positive thaks. adlayer on the terrace of the palladium island should be more
To investigate the deposition process more in detail, higher stable than that at the edge of the palladium island because of
resolution images were obtained during the palladium deposition the interaction between the adsorbed species; therefore, the
in 50 mM H,SQ; solution containing 0.5 mM Pd¢i-. Figure deposition rate of palladium on the terrace was greatly reduced.
7 shows the STM images (40 40 nn¥) (a) 20 s, (b) 40 s, and  The deposition of palladium is easier at the edge site of an island
(c) 2 min after the potential was stepped frerf.95 to+0.87 where the blocking by Pd¢t is weaker than that on the terrace.
V. In Figure 7a, monatomic-height palladium deposited layers Thus, the ordered Pdg&t adlayer inhibits the vertical but favors
are observed at the upper left and in the right region in the lateral, i.e., 2D, growth of the palladium layer as observed in
image. White spots are observed everywhere on the surfacethe present experiment. A similar enhanced 2D growth of
Since the arrangement of these spots is the same as that of Figureopper on an Au(111) electrode has been observed when organic
2b, these white spots should correspond to the adsorbed?PdC| additives are added to the soluti6??3* The present result is,
complex. Thus, the Pd¢ adsorbed not only on the gold however, the first evidence for the effect of the adsorption of
substrate but also on the palladium layer with an ordered reactant itself, i.e., Pd¢X, during the electrochemical dimen-
structure of (/7 x +/7)R19.1°. As time passed, palladium  sion growth.
deposition proceeded two-dimensionally (Figure 7b) and the Characterization of Deposited Pd LayeiThe structure of
gold substrate was covered with the palladium, and finally an the deposited palladium layer was examined by means of X-ray
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Figure 7. Sequentially obtained higher resolution STM images %40
40 nn?) of the palladium deposition process on an Au(111) substrate
(a) 20 s, (b) 40 s, and 2 min after the potential was stepped #0ra5

to +0.87 V in 50 mM HSO, solution containing 0.5 mM Pdgi.

> : PdCl42- Complex

® :Pdatom
@ :Auatom

Figure 8. Schematic model for the palladium deposition process on
an Au(111) substrate in the presence of the FFd@ldlayer. The ordered
PdCl?~ adlayer inhibits the vertical but favors lateral, i.e., 2D, growth
of the palladium layer as observed in the present experiment.

diffraction (XRD). Figure 9 shows the XRD patterns of (a) an
Au(111) single crystal, (b) an Au(111) single crystal on which
palladium was deposited electrochemically at 0.7 ¥ Xd in
a 50 mM HSQ; solution containing 1 mM PdGi~ (Pd/Au-
(111)), and (c) a bare polycrystalline Pd foil. The amount of

J. Phys. Chem. B, Vol. 102, No. 22, 1998371
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Figure 9. XRD patterns of (a) an Au(111) single-crystal electrode,
(b) an Au(111) electrode followed by electrochemical deposition of
palladium at 0.7 V fo 1 h in a 50 mM HSQ, solution containing 1
mM PdCL?~ (amount of palladium deposited layer is equal to 71 ML)
and (c) a polycrystalline Pd foil.

ML. The assignments based on the JCPDS data are given for
the respective reflection peaks in the figure. For the Au(111)
single crystal, only Au(111) and Au(222) peaks were observed.
In addition to the Au(111) and Au(222) peaks, the (111) peak
of palladium was observed in the XRD pattern of the Pd(71
ML)/Au(111) (Figure 9b). No other peaks due to palladium
such as (200), (220), and (311), which were observed in the
case of the polycrystalline palladium (Figure 9c), were observed.
Thus, it is confirmed that the Pd(111) phase was deposited
electrochemically on the Au(111) substrate.

The surface structure of the palladium deposited layer was
also examined by recording the cyclic voltammograms (CVs)
in H,SOy solution and for the underpotential deposition (UPD)
of copper (Figure 10). The shape of CV in general and the
positions of the UPD peaks in particular of metal electrodes
are known to be very sensitive to the surface structure and
order/~11 After the deposition of palladium in 50 mM430,
solution containing 0.01 mM Pdgr at 0.7 V for 30 min (ca.

2 ML), the electrode was rinsed with milli-Q water. The CVs

the deposited palladium estimated from the charge was ca. 71were recorded in another cell that contained a 50 m)8®{
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Figure 10. Cyclic voltammograms of the deposited palladium layer
(ca. 2 ML) on an Au(111) electrode in (a) 50 mM;$D, solution
(sweep rate of 50 mV8) and (b) 5 mM CuS®+ 50 mM H,SO,
solution (sweep rate of 5 mV-§).

1.0

solution (Figure 10a) and a 50 mM,80; + 5 mM Cl**
solution (Figure 10b). The shape of the currgpbtential curve
and the charge of hydrogen adsorption (28tcm2) on a Pd
thin layer in a 50 mM HSQ, solution were in good agreement
with those reported by Baldauf et Al. Very sharp reduction
and oxidation peaks with a full width at half-maximum (fwhm)
of ca. 18 mV were observed in a 50 mM,$D, solution
containing 5 mM C&" at +0.52 and+0.54 V, respectively
(Figure 10b). The copper stripping charge was 488cn?.
These values are close to those reported for copper UPD on
Pd(111) electrode in a 0.5 M NaC|@ 1072 M HCIO4 + 1073

M Cu?* solution (sweep rate of 10 mV/s). The CV of copper

Naohara et al.

alloy formation between gold and palladium, which was
observed in UHV ¢500 K)17-18did not take place under this
condition.

Conclusion

The adsorption and electrochemical reduction of RGN
an Au(111) electrode in a4$0, solution was investigated by
EQCM and in situ electrochemical STM. The adlayer of
PdCL2~ with a (V7 x +/7)R19.1° structure on an Au(111)
substrate was observed by STM measurement, and the amount
of the adsorbate determined by EQCM measurement was in
good agreement with the values expected for this structure.
Palladium deposition proceeded with an epitaxial layer-by-layer
growth mode, and the adlayer of Pd€lwith a (V7 x /7)-
R19.T° structure was observed on the deposited palladium layer.
The important role of the Pdg adlayer on the growth
mechanism was suggested.
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