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Abstract
The underpotential deposition (UPD) of silver and lead on Au(1 1 1) was performed sequentially to produce a thin composite
layer. Ag was deposited underpotentially in 1 mM Ag2SO4 and 0.1 M H2SO4 at 0.400 V and 0.010 V vs. Ag wire. The results of
cyclic voltammetry carried out on this Ag/Au(1 1 1) electrode in a Pb2+ electrolyte with 0.1 M HClO4 indicated contributions from
both Au and Ag substrates. In situ STM images showed that the UPD of Pb on Ag/Au(1 1 1) had an unusual multilayer morphology.
Cyclic Voltammetry was also used to demonstrate the stability and presence of the Ag adlayer in the Pb2+ electrolyte. In the presence
of sodium nitrate, this composite system exhibits a catalytic eﬀect on nitrate reduction that is not observed for Au(1 1 1), Ag/
Au(1 1 1), Pb/Au(1 1 1), Ag(1 1 1), or Pb/Ag(1 1 1). Our results demonstrate that the Ag–Pb/Au(1 1 1) composite system has an
enhanced catalytic eﬀect on nitrate reduction.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction
The physicochemical properties of nanocomposite
metallic surfaces diﬀer from those of bulk materials
due to quantum size eﬀects. Many researchers have
studied how the local structure and composition of
nanomaterials aﬀect their performance as catalysts.
Goodman and co-workers [1] reported that the unusual
catalytic activity of gold clusters depends on the thickness of the clusters, and that unique catalytic properties
can be achieved when one dimension of the metal becomes smaller than several monolayers.
Composition, as well as size and thickness, can aﬀect
the performance of catalysts. In multicomponent electrocatalysts, the properties of the components may contribute to catalysis proportionally to their content if a
*
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phase mixture is obtained (known as a bifunctional catalyst), or they may be ampliﬁed if an intimate homogeneous mixing between the components is achieved [2].
The manipulation of thickness and composition eﬀects
has extraordinary potential for the development of
new electrocatalysts.
Thin composite ﬁlms are commonly used to study the
eﬀects of thickness and composition. They also have
technological importance as catalysts [3]. Most composite surfaces are manufactured with UHV techniques under high temperatures and low pressures. In contrast,
the underpotential deposition (UPD) of metals can produce highly ordered surface structures from the liquid
phase under ambient conditions with economical procedures. In addition, the structure, coverage and other
phenomena of UPD are well understood [4–6], so precise and deliberate control of surface coverage and
structure is possible. However, most UPD studies deal
with the deposition of a single metal-ion component
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on a substrate. The co-underpotential deposition of two
or more metal ions has received very little attention [7–
12], though co-deposition of more than two diﬀerent
metal ions opens up the possibility of fabricating catalytic electrodes. Schmidt and Gygax studied UPD in
binary systems and concluded that the partial coverage
of the surface with the metal having the more positive
peak potential leads to a blocking of surface sites with
respect to the deposition of the metal with the more
negative peak potential [7]. Stucki [8] studied various
co-UPDs of Cu2+, Pb2+, and Ag+ on Au. Pauling and
Jüttner [9] deposited Ag and Pb on Au(1 1 1) using the
dipping technique. In this technique, Ag was deposited
under semi-inﬁnite linear diﬀusion controlled conditions
concurrently with the UPD of Pb from the same solution. El-Maksoud et al. [10] reported the co-UPD of
copper and zinc on Pt. Smith and Abruña reported the
co-adsorption of UPD copper and irreversibly adsorbed
bismuth on Pt(1 1 1) and Pt(100) [11]. After bismuth was
deposited irreversibly, the electrolyte was replaced with
copper solution. Takami et al. [12] demonstrated the
formation of a composite monolayer of Ag and Cu on
Au(1 1 1) by sequential underpotential deposition. Ag
(the more noble metal) was underpotentially deposited,
and the modiﬁed electrode was then removed from the
silver electrolyte and placed in a copper solution. Then,
Cu (the less noble metal) was deposited underpotentially. They suggested that the less noble metal does
not underpotentially deposit onto the more noble adlayer to prepare a laterally mixed single monolayer.
Although, Shima et al. [13] have examined the giant
magnetoresistance of ultrathin laminated ﬁlms fabricated with an electrochemical method, and Fonticelli
et al. [14] have reported the variation of surface conductance of composite surfaces, the enhanced catalytic
activity of thin composite surfaces fabricated by the
co-deposition of two diﬀerent metals has not yet been reported to the best of our knowledge.
Herein, we demonstrate how the thickness and
composition of thin Ag–Pb composites fabricated by
using the co-UPD of Ag and Pb on Au(1 1 1) aﬀect
nitrate electroreduction. The Pb UPD process on
Ag-modiﬁed Au(1 1 1) was characterized using cyclic
voltammetry with and without the presence of nitrate.
We obtained in situ STM images that demonstrated
the formation of unusual multilayer morphology during the Pb UPD process. The composite surface was
found to catalyze nitrate reduction, which is an important process in the areas of detection and waste remediation, and in the production of useful nitrato
compounds [15–19]. Electrocatalytic eﬀects were not
observed for any of the Au(1 1 1), Ag(1 1 1), Ag/
Au(1 1 1), Pb/Au(1 1 1), or Pb/Ag(1 1 1) interfaces. This
is the ﬁrst example of eﬃcient catalysis by a nanocomposite surface and provides a new method for ﬁnding
catalysts.

2. Experimental
2.1. Instruments
Voltammetric data were collected using a Pt wire
counter electrode and a saturated Hg/Hg2SO4 reference
electrode (MSE) connected to the electrochemical cell
via a capillary salt bridge to minimize contamination
from the reference electrode. An Ag wire was used as
the reference electrode in the silver UPD experiments.
The potential of Ag/Ag+ (1 mM) vs. MSE is 0.024 V
at room temperature. The solution was purged with
Ar prior to use, and an atmosphere of Ar was maintained in the cell during all electrochemical measurements. Potential control and sweeps were established
using an Autolab potentiostat (Eco Chemie,
Netherlands).
The STM images were obtained in constant current
mode with a Topometrix TMX 2000, which was calibrated against a highly ordered pyrolytic graphite
(HOPG) surface in air for in-plane dimensions, and
against monoatomic Au(1 1 1) steps for dimensions normal to the surface. An electrochemically etched Pt/Ir
wire (Molecular Imaging, AR) coated with Apiezon
wax or polyethylene was used as the STM tip. A Pb wire
served as the reference electrode and a Pt wire was used
as the counter electrode. All images in this paper are
presented unﬁltered.
The nitrite ions, produced by nitrate reduction, were
detected with the Griess reaction. The Griess reaction is
based on a chemical reaction between sulfanilamide (Aldrich) and N-1-napthylethylenediamene dihydrochloride
(Aldrich) under acidic conditions. After 30 cycles of potential sweep, 1 mL of electrolyte is mixed with the Griess reagents. The concentration of nitrite ions can then
be estimated from the intensity of the purple azo compound, which we determined from the UV absorbance
at 520 nm with a Genesys-2 UV–Vis spectrophotometer
(Spectyronic).
2.2. Preparation of the Ag–Pb/Au(1 1 1) nanocomposite
and Ag(1 1 1)
Ag was underpotentially deposited on a Au(1 1 1)
working electrode (Metallhandel Shröer GmbH, Germany) with an electroactive area of 0.283 cm2, that
was annealed with an H2 ﬂame, in a silver deposition
solution consisting of ultrapure water (Modulab, US
Filter, >18 MX cm), 1 mM Ag2SO4 (Aldrich, 99%) and
0.1 M H2SO4 (Aldrich, 99.999%). Silver was deposited
at 0.400 V vs. Ag wire and at 0.005 V vs. Ag wire. The
modiﬁed electrode was then removed from the silver
electrolyte in air under open circuit control. After rinsing with ultrapure water and drying in a ﬂow of N2,
the electrochemical cell was ﬁlled with the second electrolyte solution. Solutions for the Pb adsorption studies
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in the absence of nitrate were prepared from ultrapure
water and 5 mM PbO (Aldrich, 99.999%). For the Pb
adsorption studies in the presence of nitrate, NaNO3
(Aldrich, 99.99%) was added. The supporting electrolyte
was 0.1 M HClO4 (Aldrich, Double-distilled). Ag wire
was only used in the ﬁrst step for depositing the silver
layer as the reference electrode. Mercury/mercury sulfate (MSE) was used as the reference electrode in the
other experiments.
The Ag(1 1 1) electrode was fabricated using the defect mediated growth method [20,21]. Ag was deposited
on Au(1 1 1) by potential steps from 50 to 350 mV vs. Pb
wire with a frequency of 2 Hz in silver electrolyte prepared from 0.4 mM AgClO4 (Aldrich, 99.9%), 0.1 M
Pb(ClO4)2 (Aldrich, 99.995%) and 0.1 M HClO4. After
2000 cycles (approximately 100 ML of Ag was deposited), the electrode was rinsed with ultrapure water
and dried in N2 gas. The structure of the deposited Ag
electrode was shown to be Ag(1 1 1).
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Fig. 1. (a) CV for silver deposition in 0.1 M H2SO4 and 1 mM Ag2SO4
on Au(1 1 1). The potential was stopped at 0.400 V during the anodic
scan. Scan rate = 0.010 V/s. Inset: CV in 0.1 M H2SO4 and 1 mM
Ag2SO4 on Au(1 1 1). (b) In situ STM image of Ag UPD at 0.400 V vs.
Ag wire.

3. Results and discussion
3.1. Formation of the nanocomposite by sequential
underpotential deposition
Scheme 1 illustrates the sequential procedure for producing the Ag–Pb/Au(1 1 1) nanocomposites. In the ﬁrst
step, the potential of an Au(1 1 1) substrate in a silver
deposition solution was cyclically swept from 0.650 V
to 0.005 V vs. the Ag wire reference electrode. During
the anodic scan, the potential sweep was stopped at
0.400 V to deposit a submonolayer of Ag on Au(1 1 1).
The cyclic voltammogram (CV) shown in Fig. 1(a), the
in situ STM image at this potential (Fig. 1(b)), and the
net charge of deposition (91 lC/cm2) are in accordance
with previously reported results [22,23]. The Ag modiﬁed substrate was then transferred to the Pb2+ solution
for the second UPD step.
Pb UPD was performed in the absence of sodium
nitrate on the Ag-modiﬁed Au(1 1 1) electrode. The CV
of Pb UPD on the Ag-modiﬁed Au(1 1 1) (Fig. 2(a)) is
diﬀerent from that on Au(1 1 1) or Ag(1 1 1) [24]. This
CV of Pb UPD is similar to that reported for Ag and
Pb co-deposition on Au(1 1 1) by Pauling and Jüttner
[9], indicating that the Pb UPD is aﬀected by both Au
and Ag. They concluded that the cathodic peak at

Scheme 1. Illustration of the use of sequential underpotential deposition to produce a Ag–Pb/Au(1 1 1) nanocomposite. (a) First, a
submonolayer of Ag is deposited in 1 mM Ag2SO4 and 0.1 M H2SO4.
(b) After the Ag solution is replaced with Pb solution, Pb is deposited
on the Ag-modiﬁed Au(1 1 1) in 1 mM PbO and 0.1 M HClO4.

Fig. 2. CVs in 5 mM PbO and 0.1 M HClO4 on partially covered
Au(1 1 1). The potential was scanned in the stable Ag region: (a) ﬁrst
scan; (b) second scan; (c) third scan. Scan rate = 0.010 V/s.
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0.720 V corresponding to the anodic peaks at 0.700 V
can be attributed to the UPD of Pb on Ag(1 1 1), and that
the cathodic peaks at 0.675 V corresponding to the
anodic peaks at 0.640 V and, 0.600 V are caused by
Pb UPD on Au(1 1 1). During the second and third scans
(Fig. 2(b) and (c)), the UPD peaks of Ag around
700 mV disappear, and both the anodic and the cathodic peaks of Au shift to more negative potential. CVs of
following potential scan are the same as that of the third
scan. The variation in the voltammogram indicates the
structural changes in the deposited silver due to deposition and stripping of Pb.
Fig. 3 presents CVs obtained for scans between 850
and 610 mV vs. MSE beginning cathodically at
450 mV. At 400 mV, the CV exhibits a stripping
peak and a weaker deposition peak, corresponding to
the removal of Ag atoms and their partial redeposition
respectively. After repeated cycling, the Ag atoms were
stripped completely, the third CV produced a voltammogram corresponding to Pb UPD on Au(1 1 1) (Fig.
3(c)). The charge of the Ag stripping peak was 71 lC/
cm2. The diﬀerence between this stripping charge and
that of the deposition in the ﬁrst deposition step may
be due to the change in stability produced by the exchange of electrolyte. The replacement of electrolyte under open circuit conditions may cause the stripping of
silver. These results for the silver stripping show that
the bulk of the Ag layer on Au(1 1 1) is stable during
the Pb UPD process and that the Ag adlayer on
Au(1 1 1) results in a Pb UPD voltammogram that is different from that on pure Au(1 1 1).
In order to visualize the Pb UPD process, in situ
STM was utilized. The STM image of the Pb-free surface taken at 0.450 V vs. MSE (Fig. 4(a)) shows a
number of one atomic height Ag bumps (0.2-nm step),
which were not observed on clean Au(1 1 1) at this potential. Sweeping the potential to 0.600 V produced
the image shown in Fig. 4(b). The surface was found
to be covered with lots of small protrusions, in contrast
to the 5–12 nm wide islands on Au(1 1 1) reported at this
potential [25–27]. During the acquisition of Fig. 4(c), the
electrode potential was changed to 0.650 V. At this potential, the formation of a full Pb monolayer and of several islands in a second layer were observed (Fig. 4(d)).
On these islands, the formation of a third layer occurs at
0.700 V as well as the growth at 0.750 V, which are
not reported on clean Au(1 1 1); images of these formations are shown in Figs. 4(e) and (f). The image at
0.800 V is identical to that at 0.750 V. Since the catalytic current begins at 0.600 V and ends at
0.700 V as discussed below, catalytic activity seems
to be associated with the second and third layers. In contrast, Pb UPD on clean Au(1 1 1) does not produce such
multilayer islands, according to previous reports. [25–
27] Thus the morphology of Pb UPD is altered by the
presence of a small amount of silver on the surface. This

unusual multilayer UPD on the second layer islands
after the cathodic peaks at 0.675 V (Fig. 2(a)) indicates
that silver atoms are present in the second layer, because
lead is underpotentially deposited on Ag in this potential
region and on Au before this potential [9].
The lead desorption process was also characterized
with in situ STM. After acquisition of Fig. 4, the electrode potential was changed to 0.650 V. At this potential, the desorption of the layer on top of the second
layer was observed (Fig. 5(a), arrowed island). This
observation also implies the presence of silver atoms
on the second layer because lead is desorbed from Ag
at this potential. At 0.600 V, lead desorbs from the

Fig. 3. CVs in 5 mM PbO and 0.1 M HClO4 on partially covered
Au(1 1 1). After Fig. 2 was acquired, the potential was scanned
beginning cathodically at 450 mV and between 850 and 610 mV vs.
MSE to strip the Ag layer: (a) ﬁrst scan; (b) second scan; (c) third scan.
Scan rate = 0.010 V/s.
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Fig. 4. In situ STM images obtained during Pb UPD on partially
covered Au(1 1 1). (a) Image of one atomic height Ag clusters at
0.450 V. (b) Image of small protrusions and Ag clusters at 0.600 V.
The electrode potential was changed from 0.600 V to 0.650 V
during recording (c) and (d) was acquired at 0.650 V. Deposition of
multilayer at 0.700 V (e) and growth at 0.750 V (f). Scan
size = 170 nm · 170 nm.

bottom layer, leaving small islands. The multilayer
structure of the second layer was maintained. Images
at 0.550 V (Fig. 5(c)) and at 0.450 V (Fig. 5(d)) were
found to be almost the same as that at 0.600 V. When
a more positive potential was applied, the adlayer was
stripped out at the center of the second layer, leaving
the ring-like structure as shown in Figs. 5(e) and (f).
The remaining islands in the bottom layer may be lead,
which is not fully stripped. Gewirth and co-workers [27]
have reported that lead islands persist until the oxidation of the gold surface. By comparing Fig. 4(a) and
Fig. 5(f), the ring-like structures and persisting islands
can be seen to have very diﬀerent morphologies. The signiﬁcant hysteresis in the deposition and stripping of lead
is similar to that found in previous results for Pb UPD
on Au(1 1 1) [27]. These variations in surface morphology may cause the changes in the CVs as shown in
Fig. 2.
As we noted in the introduction, Takami et al. suggested that the less noble metal must not underpotentially deposit onto the more noble adlayer for
fabricating a laterally-mixed single monolayer. They
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Fig. 5. In situ STM images of desorption of deposited Pb after
acquisition of Fig. 4. (a) Image of Pb desorption from the second layer
structure at 0.650 V. (b) Image of Pb stripping from the bottom
layer, leaving islands at 0.600 V. Images (c) at 0.550 V and (d) at
0.450 V. Desorption from center of the second layer producing ringlike structure (e) at 0.350 V and (f) at 0.250 V. Scan
size = 170 nm · 170 nm.

showed that the two kinds of metal form a single monolayer and the less noble metal ﬁlls the open spaces in the
monolayer created by the more noble metal. In the case
we are discussing, however, Pb is underpotentially
deposited on both Au and Ag and multilayer deposition
was observed by in situ STM. The diﬀerence between
this case and that discussed in the work of Takami
et al. makes the prediction of the present structure more
diﬃcult. Depending on the strengths of the speciﬁc interactions between the Au substrate and the adsorbate (Ag,
Pb) and of the lateral interactions between the deposited
metals (Ag, Pb), diﬀerent types of composite layers may
possibly be realized with UPD [9]: (i) a monolayer formation with statistically distributed Ag and Pb (the
structure of Ag–Cu/Au(1 1 1) reported in Ref. [9]); (ii)
a monolayer formation with well-separated 2D domains; (iii) a sandwich layer structure with Pb on top
of Ag or a partial sandwich layer structure with some
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Pb on Au; (iv) a 3D alloy that is either an ideal mixture
or of deﬁned stoichiometric composition. According to
some reports, Pb and Ag do not form alloys under
UHV [29] and electrochemical conditions [29], in order
to minimize the surface free energy. Pb is generally
found on Ag even when Ag is deposited on Pb-covered
Au; in particular, the underlying Ag exhibits rapid surface diﬀusion [20]. This previous result suggests that
the second layer (Fig. 4(d)) may be a Pb layer on Ag islands produced by aggregation of Ag bumps (Fig. 4(a))
due to fast surface diﬀusion. The sandwich layer from
these elucidations, however, cannot explain the multilayer formation of composite system, because Pb must
deposit underpotentially on Pb adlayer for the multilayer formation. In contrast to reports that Ag and Pb
do not alloy, controversial results for Pb UPD experiments on Ag(1 1 1) have suggested that Ag and Pb can
alloy. When Pb UPD onto Ag(1 1 1) single crystals was
carried out with a voltammetric routine which included
extended long-time polarization between the ﬁrst and
third peak of Pb, the structure of the overlayer in relation to the Ag surface is known to change [30,31]. It
was suggested that these changes may be because the extended polarization induces the slow transformation of
the overlayer into a more stable coverage, which is
accompanied by partial desorption into solution
[31,32]. These transformations may include a partial exchange between the sites of the substrate and the deposit, leading to incorporation of the Pb atoms into the Ag
substrate [31,32], though such site exchange was not reported under UHV conditions [28]. Because the submonolayer of Ag on Au(1 1 1) may be more fragile
than in a single crystal, this transformation would not
need extended polarization. Then, a 3 D-alloy structure
formed by site exchange or a monolayer with mixed metal atoms formed by partial desorption are expected. In
that case, the third layer would be Pb UPD on exposed
Ag atoms, resulting from site exchange. In our composite system, larger Ag islands would be created by fast
surface diﬀusion under the Pb layer and then site exchange would occur, forming a partial multilayer alloy.
The morphology and unusual multilayer deposition of
UPD on Ag-modiﬁed Au(1 1 1) are obviously diﬀerent
to that produced by UPD on clean Au(1 1 1), although
the precise atomic structure and distribution of the
two metals of this composite need further study.
3.2. Electrocatalytic nitrate reduction on Ag–Pb/
Au(1 1 1) and the origin of the catalytic eﬀects
The catalytic eﬀects of Ag–Pb/Au(1 1 1) on nitrate
reduction were investigated in the presence of nitrate.
Fig. 6 shows CVs for Pb UPD in the presence of
5 mM sodium nitrate on the Ag-modiﬁed Au(1 1 1) electrode. At the onset of the Pb UPD deposition wave
(near 0.600 V in Fig. 2 without nitrate), the catalytic

Fig. 6. CVs in 5 mM PbO, 5 mM NaNO3 and 0.1 M HClO4 on
partially covered Au(1 1 1): (a) ﬁrst scan: (b) second scan; (c) third scan.
Scan rate = 0.010 V/s.

current rises abruptly. The current suddenly drops to a
small value at 700 mV. Catalytic cathodic current
is observed during the anodic scan near the potential
at which Pb is stripped out, shown in Fig. 2. Similar results were also reported for oxygen reduction catalyzed
by Pb/Au(1 1 1) [25]. The shift in peak potential and
the change of shape of the CV during repeated scans
(Fig. 6(b) and (c)) were also observed in the case without
nitrate.
Fig. 7 shows the second sweep of the linear sweep voltammetry, from 0.450 V to 0.850 V, for Pb UPD
with 5, 10, and 15 mM sodium nitrate on partially
Ag-covered Au(1 1 1). In these experiments, a constant
concentration of Pb ions was used while the nitrate
concentration of nitrate was varied. The current due to
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Fig. 7. Linear sweep voltammograms of partially covered Au(1 1 1)
swept from 450 mV to 850 mV with various concentrations of
nitrate in 5 mM PbO and 0.1 M HClO4: 5 mM NaNO3 (solid line),
10 mM NaNO3 (dashed line), and 15 mM NaNO3 (dotted line). Scan
rate = 0.010 V/s. Inset: plot of maximum current as a function of
nitrate concentration.

nitrate catalytic reduction was found to increase linearly
with the nitrate concentration (see the inset of Fig. 7).
This result also demonstrates that the current is catalytic
current due to nitrate reduction on the composite
electrode.
To conﬁrm the origin of the catalytic eﬀect, the Pb/
Au(1 1 1), Ag/Au(1 1 1), and Pb/Ag(1 1 1) systems were
tested for their eﬀects on nitrate reduction. Fig. 8(a)
shows the CVs for Pb UPD scanned between 0.850
and 0.610 V vs. MSE, beginning cathodically at
0.450 V, in the presence of 5 mM NaNO3 on a Agmodiﬁed Au(1 1 1) electrode. At the onset of the Pb
UPD wave, catalytic current was observed. The electrode potential was increased to 0.610 V to dissolve
the Ag component. At 0.400 V, the stripping peak
and partial deposition peak of Ag demonstrate the presence of Ag on Au(1 1 1). After removing Ag from the Au
substrate, the CV corresponding to Pb UPD on
Au(1 1 1) (Fig. 8(c)) reappears. The catalytic eﬀect of
Pb UPD on nitrate reduction disappears in 5 mM nitrate solution, though weak catalytic reduction of nitrate has been reported at higher nitrate
concentrations [33]. This result shows that Ag is an
essential element in electrocatalytic nitrate reduction,
i.e. a trimetallic composition (Ag, Pb, Au) is crucial
for nitrate electroreduction.
An Ag-modiﬁed Au(1 1 1) electrode in the absence of
Pb2+ exhibits a relatively small cathodic current and
negative potential shift in the hydrogen evolution region, as shown in Fig. 9, indicating the role of Pb in
the catalytic eﬀect. Since the Pb/Ag interface is one of
the possible origins of the catalytic eﬀect, Pb UPD on
Ag(1 1 1) was performed. An Ag (1 1 1) electrode was
made using defect mediated growth [20,21]. The CV of
this electrode in 5 mM PbO + 0.1 M HClO4 is nearly
identical with that previously reported for Ag(1 1 1)
[24]. When 5 mM sodium nitrate was added, a relatively
weak catalytic current was observed, as shown in Fig.

Fig. 8. CVs of stripping of Ag in 5 mM PbO, 5 mM NaNO3 and 0.1 M
HClO4: (a) ﬁrst scan; (b) second scan; (c) third scan. These CVs were
acquired beginning cathodically at 450 mV for the same conditions
as used in Fig. 6. Scan rate = 0.010 V/s.

10, which is in good agreement with previous reports
[34]. This weak current for Pb/Ag(1 1 1) shows that the
Ag atomic layer on Au is an important component of
the catalytic eﬀect of the composite layer. The results
for Pb/Au(1 1 1) (Fig. 8), Ag/Au(1 1 1) (Fig. 9), and Pb/
Ag(1 1 1) (Fig. 10) verify that the thin and trimetallic
composition of Ag–Pb/Au(1 1 1) is required to catalyze
nitrate electroreduction.
Colorimetric detection of nitrite, which is one of the
possible products of nitrate reduction, with well-known
Griess reaction [35] was also used to verify the unique
catalytic properties of the composite. After electrolysis
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Fig. 9. CVs for partially covered Au(1 1 1) with and without Pb2+: in
5 mM NaNO3 and 0.1 M HClO4 (solid line); and in 5 mM PbO, 5 mM
NaNO3 and 0.1 M HClO4 (dotted line). Scan rate = 0.01 V/s.

Fig. 10. CV for Pb UPD on Ag (approx. 100 ML, scheme in inset),
which was deposited on Au(1 1 1) by defect mediated growth, in 5 mM
PbO, 0.1 M HClO4 and in 5 mM NaNO3 (solid line); the dotted lined
CV is the same as that in Fig. 10. Scan rate = 0.01 V/s.

trolytes were unchanged at all except that of the
electrolyte for Ag. The color change to purple shows
that Ag–Pb/Au(1 1 1) system is the best catalyst to produce nitrite and Ag electrode is a weak catalyst in this
potential region [36]. The concentration of nitrite, as
determined from the UV absorbance at 520 nm, shows
that Ag/Au(1 1 1) catalyzes the production of nitrite only
very weakly, and that during electrolysis on Ag–Pb/
Au(1 1 1), 97% of the charge is consumed on the production of nitrite ions via one electron reduction. The results of the CVs and for the color changes verify that
the thin and trimetallic composition of Ag–Pb/
Au(1 1 1) is required to catalyze nitrate electroreduction.
Chronoamperometry (CA) experiments were performed to investigate the enhancement of nitrate reduction current in the absence of Pb cations in solution; the
results are shown in Fig. 12. Ag and Pb were deposited
at 0.01 V vs. Ag wire and at 0.675 V vs. MSE sequentially. After cleaning with deionized water, the electrochemical cell was ﬁlled with 30 mL solution of 5 mM
NaNO3 and 0.1 M HClO4. The electrode potential was
stepped from 0.850 V to 0.800 V vs. MSE and
1 mL of 30 mM NaNO3 solution was injected to raise
the nitrate concentration by 1 mM per injection. The
CA results for the bare Au(1 1 1) electrode did not undergo any variation after injection, whereas the Ag–
Pb/Au(1 1 1) electrode exhibited enhanced reduction
current after injection. These results again demonstrate
the catalytic eﬀect of deposited Ag–Pb/Au(1 1 1) in the
absence of Pb cations in solution.
3.3. Eﬀects of Ag coverage on nitrate reduction

was performed with 30 cycles of potential sweep from
0.450 V to 0.850 V vs. MSE on various electrodes
at 0.050 V/s, color changes of the electrolytes occur
due to the Griess reaction, as displayed in Fig. 11. The
electrolyte for Ag–Pb/Au(1 1 1) produce the most intensive colorimetric change while the colors of other elec-

How do the catalytic eﬀects vary with the coverage of
Ag? To answer this question, we varied the stop potential. In the ﬁrst step, the potential of the Au(1 1 1) substrate was swept from 0.650 V to 0.005 V vs. the Ag
wire reference electrode at 0.01 V/s. During the potential

Fig. 11. Photograph showing the color changes of the electrolyte. 30
cycles of electrolysis was performed in 30 mL of solution on: (a) Au,
(b) Ag (0.005 V)/Au, (c) Ag (100 ML)/Au (d) Au, (e) Ag (0.005 V)/Au
and (f) Ag (100 ML)/Au. The solution consisted of 15 mM NaNO3 and
0.1 M HClO4 for (a)–(c) and 1 mM PbO, 15 mM NaNO3 and 0.1 M
HClO4 for (d)–(f). 1 mL of electrolyte was mixed with the Griess
reagents. The intensity of the purple indicates the concentration of
nitrite ions.

Fig. 12. Current response recorded during the potential step from
0.850 V to 0.800 V vs. MSE for Ag–Pb/Au(1 1 1) (solid line) and
bare Au(1 1 1) (dashed line) in 30 mL solution of 5 mM NaNO3 and
0.1 M HClO4. 1 mL of 30 mM NaNO3 was injected to increase the
concentration of nitrate.
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cycle, the potential was stopped at 0.010 V during the
cathodic scan (see the inset of Fig. 13(a)). The net charge
of deposition up to 0.010 V was 283 lC/cm2. After the
stop at 0.010 V, the Ag-modiﬁed substrate was transferred to the second electrolyte.
Fig. 13 shows the CVs for Pb UPD in the absence of
sodium nitrate on a fully covered Au(1 1 1) electrode (2
ML of Ag on Au(1 1 1)), which are similar to that for
the partially covered Au electrode (Fig. 2(a)). However,
the cathodic peak at 0.720 V and the anodic peaks at
0.700 V, attributed to the UPD of Pb on Ag(1 1 1),
are larger than the peaks for the partially covered system. These increase in height of these peaks with the
increase in Ag coverage also demonstrates that they
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are due to Ag, because the increase in Ag adsorbate increases the size of these peaks. The cathodic peaks at
0.675 V and the anodic peaks at 0.640 and
0.600 V, related to Pb UPD on Au(1 1 1), are similar
to those of the previous system. The complete coverage
of the surface with Ag does not fully block the interactions of Pb with the Au substrate. The in situ STM
images obtained during these process are similar to
those of partially modiﬁed Au(1 1 1). Fig. 14 shows
the CVs of the ﬁrst and second scans for Pb UPD
on fully covered Au(1 1 1) in the presence of 5 mM sodium nitrate. The higher current due to nitrate electroreduction is seen in second scan. Changes in the CVs
with repeated scans were also observed, as shown in
Fig. 6. Compared to the well-known Cd/Au system,
this Pb UPD on Au(1 1 1) fully covered with Ag produces more eﬀective catalytic current at low nitrate
concentrations (see Table 1).

Fig. 14. CVs on Ag-modiﬁed Au(1 1 1) (at 0.010 V) in 5 mM PbO,
5 mM NaNO3 and 0.1 M HClO4: (a) ﬁrst scan; (b) second scan. Scan
rate = 0.010 V/s.

Table 1
Maximum current density for nitrate reduction catalysis on diﬀerent
surfaces
Adlayer systems
a

Cd/Au
Pb/Agb
Ag (at 0.4 V)–Pb/Auc
Ag (at 0.010 V)–Pb/Aud
Fig. 13. CVs on Ag-modiﬁed Au(1 1 1) (at 0.010 V) for the same
conditions as used for Fig. 2 except Ag coverage: (a) ﬁrst scan; (b)
second scan; (c) third scan. Scan rate = 0.010 V/s. Inset: CV for silver
UPD deposited at 0.010 V.

a
b
c
d

From
From
From
From

½NO
3  (mM)

Jmax (lA/cm2 )

50
5
5
5

637
124
530
883

Ref. [15].
Fig. 10.
Fig. 6(b).
forward scan in Fig. 14.
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Ag is a good promoter of nitrate reduction on Pt and
Pd due to its ability to reduce nitrate via a redox reaction [18]. Pb UPD on Au and Ag catalyzes nitrate reduction at high nitrate concentrations [33,34]. The role of
each adsorbate in this process has however not yet been
determined. Further experiments using active site blocking, EC-STM, and surface IR would be expected to provide more detailed information about the mechanism. If
the mechanism were able to provide us with information
about composite ratio and structure for catalytic eﬀects,
the best catalyst can be achieved by UPD which enable
us diverse structure and coverage of metal adlayer.
In the present study, we have demonstrated that a
composite layer consisting of two diﬀerent elements,
Ag and Pb, can be produced on Au(1 1 1) with the
sequential UPD procedure. Our results show that a
composite layer of several monolayers thickness is a useful catalyst for nitrate reduction, which cannot be
achieved with monometallic thin ﬁlms, and that sequential UPD is an easy method for fabricating this kind of
composite. The role of Ag in monolayer thick ﬁlms is
entirely diﬀerent from that in the bulk phase (100
ML). The role of the Ag–Pb composite is also diﬀerent
from that of single element Ag or Pb on Au. The structure of the composite layer is unclear, so a more detailed
investigation of the structure is required. However, this
strategy can also be applied to fabricate catalysts for
other important reactions such as oxygen reduction, carbon dioxide reduction, and methanol oxidation.

4. Conclusion
A composite surface layer consisting of Ag and Pb
can be produced on Au(1 1 1) by a solution-phase electrochemical method known as sequential underpotential
deposition. From submonolayers to monolayers of Ag
and Pb on Au(1 1 1) can be deposited underpotentially
in series. The in situ STM images we obtained show
the unusual multilayer morphology of these structures.
The voltammograms of Pb UPD on Ag-covered
Au(1 1 1) are aﬀected by both the Au and the Ag substrates even in the case of full Ag coverage. These composite systems exhibit catalytic eﬀects on nitrate
reduction which are not observed for Au(1 1 1), Ag/
Au(1 1 1), Pb/Au(1 1 1), Ag(1 1 1), or Pb/Ag(1 1 1). This
method provides a route for the synthesis of new bimetallic adlayers on substrates which have possible electrocatalytic properties and atomically tailored interfacial
properties.
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[30] H. Siegenthaler, K. Jüttner, Electrochim. Acta 24 (1979) 109.
[31] E. Schmidt, H. Siegenthaler, J. Electroanal. Chem. 150 (1983) 59.
[32] N. Dimitrov, A. Popov, T. Vitanov, E. Budevski, Electrochim.
Acta 39 (1994) 957.
[33] J. Garcia-Domenech, M.A. Climent, A. Aldaz, J.L. Vazquez, J.
Clavilier, J. Electroanal. Chem. 159 (1983) 223.
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