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ABSTRACT
We report a study of the electrochemical reduction of Ag+ immobilized on a cyanide modified Pt(111)
electrode in a Ag+-free solution using cyclic voltammetry and in-situ STM. We show that, upon reduction
at 0.29 V, Ag deposits directly on the platinum substrate, resulting in the formation of an AgPt surface
alloy without loss of the cyanide adlayer The large affinity of Ag+ for CNad is responsible for this large
negative shift of the Ag+/Ag redox couple.. A fraction of the electrodeposited Ag is reoxidised at 0.34 V
to yield again Ag+ coordinated to the CN adlayer. Therefore, successive cycling with a positive limit
below 0.90 V results in a roughening of the surface and in the gradual transformation of cyanidemodified Pt(111) to a cyanide-modified AgPt surface alloy on Pt(111).
Keywords: Cyclic voltammetry; STM; electroreduction; Metallization; cyanide-modified Pt(111); Surface
alloy
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Initial attempts to metallize molecular adlayers electrochemically (a particularly attractive method due
to the low cost and simplicity of the equipment required) failed [1–6], with the deposited metal
effectively creeping underneath and depositing on the metal substrate. In 2004 however, Kolb et al. [7]
demonstrated the successful electrochemical metallization of a molecular adlayer via the
immobilization of a metal cation on a self-assembled monolayer (SAM) of an adequately functionalised
molecule, followed by reduction in a metal free solution. Various groups have since demonstrated the
metallization of SAMs employing electrochemical reduction techniques [8–11], although yielding 3D
islands instead of the 2D islands reported by Kolb et al. [7,12,13]. For a recent review on this subject see
[14].
The metallization of a SAM with an ordered array of metal islands of the same size would lead to a high
density of molecular contacts per unit area, all with the same number of molecules sandwiched
between the bidimensional metal island and the metallic substrate. In addition to the high density of
circuit elements per unit area, such ordered array could have interesting properties associated to
plasmon excitations or collective phenomena. Achieving this goal would require a nanopatterned SAM
with an ordered distribution of equivalent adsorption sites, and a way to limit the diffusion of preadsorbed metal ions, thus limiting the aggregation and migration over the SAM of the bidimensional
metal islands during and after the reduction step. We have attempted to reach this goal (unfortunately
without success until now) by metallizing cyanide-modified Pt(111) electrodes using Kolb’s method.
Cyanide adsorbs spontaneously and irreversibly on Pt(111), with the carbon end bonded linearly on-top
of a platinum atom and the nitrogen end pointing into the solution, forming a (2√3 x 2√3) R30° structure
[15–17]. We have shown that alkaline-metal cations [18–20], Cu2+ [19,21,22] and Pd2+ [23] adsorb on
the cyanide adlayer due to the electrostatic interaction of the cation with the negative end of the dipole
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of adsorbed cyanide, this adsorption being irreversible in the case of Cu2+ [19,21,22] and Pd2+ [23]. Insitu STM images of cyanide-modified Pt(111) electrodes in solutions containing Na+, K+, Cs+ or Cu2+, as
well as of cyanide-modified Pt(111) electrodes with pre-adsorbed Cu2+ or Pd2+ in solutions free of the
corresponding cation, show in all cases the formation of a honeycomb pattern, suggesting the
adsorption of the cations around the CN rings at sites in which the cation interacts with the N atom of
three CN groups [18,20–23].
Attempts to reduce the immobilised Cu2+ in Cu2+-containing solutions failed to metallize the adlayer,
resulting in the direct deposition of Cu onto the Pt substrate [21]. However, bidimensional Cu
nanoislands were formed on the cyanide adlayer when Kolb’s method was employed [22]. These islands
were shown to deposit and dissolve reversibly, and to grow via an Ostwald’s ripening process.
Differences observed attempting to metallize the cyanide with Cu [22] and Pd [23] suggest that the
interaction of the metal with the SAM might play an important role in determining the result of the
electrodeposition process. In this work, we report on the attempt to metallize the cyanide adlayer on
cyanide-modified Pt(111) electrodes by reducing Ag+ ions immobilised on the cyanide SAM in Ag+-free
sulphuric acid solutions.
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The working electrode used for cyclic voltammetry (CV) was a bead type platinum single crystal (2 mm
diameter) prepared according to the method developed by Clavilier et al. [24], oriented and polished
parallel to the (111) plane (miscut < 0.05°). For electrochemical scanning tunnelling microscopy (ECSTM) experiments, the Pt(111) electrode used was a single-crystal disc (10 mm in diameter) purchased
from MaTeck (Jülich, Germany, miscut < 1o). Before every experiment, the electrodes were flame
annealed in a Bunsen burner and cooled in a H2/N2 reductive atmosphere. Once cold, a drop of Milli-Q
water (18 MΩ cm, 2 ppb TOC) saturated with the cooling N2 and H2 mixture was attached to the
exposed (111) surface in order to protect it during transport through the laboratory’s atmosphere.
Cyanide-modified Pt(111) electrodes were prepared by immersing, immediately after the step described
above, a clean and well-ordered Pt(111) electrode in a 0.1 M KCN (Merck, pa) solution for
approximately 3 min, after which the electrode was rinsed with ultrapure water. Pre-adsorption of Ag+
was achieved by immersing the cyanide-modified Pt(111) electrode in 0.1 M HClO4 + 1 mM AgClO4 for
approximately 3 min, followed by rinsing with Milli-Q water. All the experiments were carried out in
Ag+-free 0.1 M H2SO4. Solutions were prepared from concentrated H2SO4 (Merck, Suprapur) and
AgClO4·H2O (Sigma Aldrich, 99.99% trace metal analysis). All CVs were measured after degassing the
solution with N2 (BOC, Research Grade N5.5).
Platinum wires (Alfa Aesar 99.997%, 0.5 mm in diameter) were utilized as auxiliary electrodes. A
reversible hydrogen electrode (RHE) and a Pt wire were used as reference and quasi-reference
electrode, respectively, for CV and EC-STM, respectively. All potentials in the text are referred to the
RHE scale, unless otherwise stated.
STM images were recorded using a PicoLe Molecular Imaging with a PicoScan 2100 controller. Tungsten
tips for STM experiments were etched from a polycrystalline W wire (0.25 mm in diameter) in 2 M
NaOH and coated with electrophoretic paint to minimize the faradaic current at the tip/electrolyte
interface. All images were acquired in the constant-current mode.

3

Results and Discussion
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Cyanide-modified Pt(111) electrodes with pre-adsorbed Ag+ were immersed in Ag+-free 0.1 M H2SO4 at
0.80 V, and a CV at 0.05 V s-1 was then started with a potential sweep in the negative direction. The first
and second CVs are shown in Fig. 1, solid and dotted black lines respectively. The CV of the same
electrode if, after immersion in the same electrolyte, cycling is kept within the potential region between
0.6 and 1.10 V, as well as that of a cyanide-modified Pt(111) in 0.1 M H2SO4 without pre-adsorbed Ag+
(red line), are also shown for comparison.

+

Figure 1. First (solid black line) and second (dotted line) cyclic voltammograms in Ag -free 0.1 M H2SO4 of a
+
cyanide-modified Pt(111) electrode on which Ag had been pre-adsorbed. The blue line corresponds to the cyclic
voltammogram of the same electrode in the same solution if the negative potential limit is kept above 0.6 V,
+
thereby preventing the reduction of pre-adsorbed Ag . The red line corresponds to the cyclic voltammogram of a
+
-1
cyanide-modified Pt(111) electrode without pre-adsorbed Ag in the same electrolyte. Scan rate: 0.05 V s .

The CV of cyanide-modified Pt(111) (red line) is characterized by a broad reversible feature between
0.05 and 0.50 V, corresponding to a proton-electron transfer to CNad to form (CN)xHad, with x decreasing
with increasingly negative potential [18]. We have previously demonstrated that Mz+ cations can
interact electrostatically with the negative partial charge on the nitrogen atom of CNad, and that,
depending on the cation, this can result either in the reversible adsorption of the cation on the cyanidemodified Pt(111) surface [20,25], or in irreversible adsorption [22,23]. In all cases, adsorption of Mz+ on
cyanide-modified Pt(111) results in a negative shift of the onset of hydrogen adsorption, due to the
competition between Mz+ and H+ for the same adsorption sites on the cyanide adlayer. This is also
observed in Fig. 1, providing evidence of the irreversible complexation of Ag+ with CNad.
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A second surface process appears just above 0.90 V in the CV of cyanide-modified Pt(111) which,
although still not clearly identified, have been associated with the adsorption of oxygenated species
such as OH [26,27]. In the presence of pre-adsorbed Ag+, this process is completely blocked as long as
the negative potential limit is kept more positive than 0.60 V (Figure 1, blue line), thereby preventing
the reduction of pre-adsorbed Ag+. This suggests either that (i) the adsorption process around 0.90 V
involves the nitrogen atoms of the CNad groups, which are blocked by pre-adsorbed Ag+ or (ii) preadsorbed Ag+ ions prevent the access of water molecules to the surface of the Pt(111), inhibiting the
formation of OHad on Pt.
If the negative potential limit is extended below 0.60 V, a new reduction peak emerges in the first
negative sweep at 0.29 V (Figure 1, black solid line). The corresponding anodic counterpart appears as
an asymmetric peak at 0.34 V. It is reasonable to attribute the cathodic peak at 0.29 V to the reduction
of Ag+ coordinated to CNad to Ag, and the peak at 0.34 V to the reverse process:
CNad − Ag + + e− ⇌ Ag + CNad
(1)
+
Please note that this is much more negative than the standard equilibrium potential for the Ag /Ag
couple (0.86 V vs. RHE at this pH), therefore, the anodic peak at 0.34 V cannot correspond to the
oxidation of Ag to aqueous Ag+. However, oxidation of Ag at this potential is still possible if the final
state is Ag+ coordinated to CNad due to the strong interaction of Ag+ with CNad (otherwise adsorption of
Ag+ on cyanide-modified Pt(111) would not be irreversible). This results in a considerable stabilization of
the oxidised form of this couple (CNad–Ag+) which contributes to the significant negative shift of the
corresponding equilibrium potential. The same peak, albeit less intense, appears in the second negative
sweep (Figure 1, dotted black line). The difference between the charge density in the first and second
negative sweeps amounts to ca. 17.0 μC cm-2, suggesting that less CNad - attached Ag+ is available for
reduction to Ag in the second sweep. We will discuss this in more depth below.
A reversible process around 0.20 V appears immediately after the negative peak at 0.29 V. A similar
reversible peak has been observed in the voltammetric profile of AgPt1-x/Pt(111) surface alloys, and has
been attributed to the adsorption of hydrogen on alloys with a Ag content higher than 50% [28,29]. This
suggests that reduction of CNad-coordinated Ag+ at 0.29 V results in the immediate formation of a
surface AgPt alloy with a local content of Ag higher than 50%, and that the silver slowly disperses
throughout the Pt(111) surface upon repeated cycling.
Following the reduction processes described above, the surface process observed around 0.90 V in the
CV of cyanide-modified Pt(111) (see Fig. 1, red line) re-emerges after the first negative potential
excursion, but now at a slightly more positive potential around 1.0 V. This peak at ca. 1.0 V appears less
symmetrical and slightly more positive than the peaks around 0.9 V on cyanide-modified Pt(111) (see
Fig. 1, red line). It is reasonable to also ascribe the new process to the adsorption of oxygenated species
such as OH, as the peaks occurring around 0.9 V on the cyanide modified Pt(111) [26,27]. The positive
shift and differing shape of the peaks is possibly due to OH adsorption on a cyanide-modified AgPt alloy,
as opposed to cyanide-modified on Pt(111).
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Figure 2. A: Evolution of the cyclic voltammogram in 0.1 M H2SO4 of a cyanide-modified Pt(111) electrode on
+
which Ag had been pre-adsorbed with successive cycling between 0.05 and 1.20 V (blue line) and between 0.05
-1
and 0.9 V (red line) at a scan rate of 0.05 V s . The blue and red solid lines indicate the final steady state, and the
black arrows indicate the direction of evolution of the voltammetric profile. B: Bar graph showing the charge
density obtained by integration of the CV between 0.1 and 0.5 V in the negative (black) and positive (grey)
potential sweeps of the first four cycles. The horizontal red dashed lines highlight the clear correlation between
the charge density in the cathodic sweep and that in the subsequent anodic sweep.

Fig. 2 A illustrates the evolution with successive cycling of the CV in 0.1 M H2SO4 of a cyanide-modified
Pt(111) electrode on which Ag+ had been pre-adsorbed. The first negative scan when the positive
potential limit is set to 1.2 V (blue lines), overlaps with the first negative scan when the positive limit is
0.9 V (red lines) and therefore has not been included in the figure. Independently of the positive
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potential limit, upon successive cycling the peaks at 0.29 (cathodic) and 0.34 (anodic) V attributed to the
Ag+(CNad)/Ag couple decrease in intensity. Similarly, the reversible process around 0.20 V, attributed to
the adsorption of hydrogen on a surface AgPt alloy with a Ag local content higher than 50%
continuously decreases in intensity, until its practical disappearance. Regarding the process around 1.0
V (obviously only observable when the potential limit is increased from 0.9 to 1.2 V), attributed to the
adsorption of oxygenated species on the cyanide modified AgPt alloy, it becomes more reversible and
increases in intensity with repeated cycling, mirroring the decrease in intensity of the processes at
0.29/0.34 V and around 0.20 V. The decrease of the charge density associated with the latter processes
is illustrated in the bar chart in Fig. 2 B, which shows the double-layer corrected charge densities in the
potential region between 0.1 and 0.5 V for the first four cycles. Double layer correction was done by
assuming that the double-layer capacitance, as estimated from the current between 0.6 and 0.8 V,
remains constant over the whole voltammetric potential range, and subtracting the charge density
corresponding to that capacitance between 0.1 and 0.5 V from that resulting from integrating the CV
within that potential region. (Please note that the current and the charge density in this region mainly
corresponds to hydrogen adsorption on the cyanide adlayer and, upon eventual partial stripping of
CNad, of Pt and PtAg alloy regions. The charge corresponding to silver deposition is relatively small and
concentrated within the peak at approximately 0.30 V.)
The continuous decrease of the overall charge density in this potential region suggests a continuous
decrease in the amount of pre-adsorbed Ag+ ions coordinated to CNad available for reduction. Of
interest is the good match between the anodic charge density in a given cycle and the cathodic charge
density in the subsequent cycle, as highlighted by the red dashed lines in Fig. 2 B. This suggests that the
amount of Ag+ reduced in cycle n + 1 corresponds to the fraction of Ag+ produced by oxidation of Ag in
the surface AgPt alloy in cycle n that had re-adsorbed on the CNad, thus confirming our assignment of
the process at 0.29/0.34V to the Ag+(CNad)/Ag redox couple.
The reduction in the charge density associated to the redox process at 0.29/0.34 V is accompanied by a
decrease in the reversible peaks occurring at ca. 0.20 V (Fig. 2 A). This decrease suggests that, although
the total amount of Ag in the AgPt surface alloy increases with cycling, the dilution of Ag in the alloy also
increases. This apparent contradiction can be explained by considering that the presence of the
reversible process at 0.20 V characteristic of AgxPt1-x/Pt(111) surface alloys with more than 50% will be
determined by the local concentration of Ag. Initially, the alloy forms only on those regions where silver
penetrates the cyanide adlayer and, although the total amount of Ag deposited is small, it results in a
high local concentration above 50%. The maximum amount of Ag+ that can be adsorbed on CNad in the
honeycomb structure amounts to 0.16 ML [18,20,22,23] thus the overall concentration of Ag in the alloy
can never approach 50%. During cycling, the mobility of Ag within the surface decreases the
inhomogeneity in the local Ag concentration and the local Ag concentration of the surface alloy slowly
approaches the overall Ag concentration, with a limiting value of 0.16 ML, thus explaining the
continuous decrease in the reversible peaks around 0.20 V.
From previous work by our group [27] and others [30], we know that oxidative stripping of adsorbed
cyanide starts above 1.1 V. The differences between the final, steady state voltammogram, when
positive scan limits of either 0.90 V (Fig. 2A, red-dashed lines) or 1.2 V (Fig. 2 A blue-dashed lines) are
used can be attributed, therefore, to the disruption of the cyanide layer above 1.1 V. The main
difference is observed in the region between 0.05 and 0.5 V, in which the charge density is 17.2 µC cm-2
for the more positive potential limit. As shown by Huerta et al. [31], this extra charge must correspond
to sulphate adsorption within the cyanide-free Pt(111) patches left free upon partial stripping of the
cyanide adlayer.
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The evolution of the peaks just below 1 V with successive cycling is the result from several
contributions. Although PtAg surface alloys do not show any voltammetric peak in this region [28] (and
therefore, these peaks cannot be attributed to the oxidation-reduction of the PtAg surface), dissolution
of Ag from the surface alloy has been demonstrated to start around 0.95 V [29] and must contribute to
this current, particularly in the first cycles. This is confirmed by the roughening of the electrode surface
in this potential region as revealed by in-situ STM (see below). Peaks in this potential region are also
absent on a naked Pt(111) surface, but emerge upon cyanide adsorption and increase in intensity with
increasing cyanide coverage [31]. However, even for the highest possible cyanide coverage the peaks
are not as sharp as in Fig. 2A (see, e.g., the CV of cyanide-modified Pt(111) in Fig. 1, red line). Based on
these arguments, we assign the reversible peaks around 1 V in the CV in Fig. 2A to the adsorption of OH
on a rough PtAg surface alloy on Pt(111) covered by a perturbed cyanide adlayer. In the case of the CV
with a positive scan limit of 1.2 V (blue line in Fig. 2A), the Ag content of the surface alloy and the
cyanide coverage must be lower than when the potential limit is kept below 0.9 V, due to partial
dissolution of Ag and partial stripping of the cyanide adlayer, respectively.
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EC-STM was used to monitor the surface structure and morphology changes associated to the
voltammetric features as described in the previous section.
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Figure 3. In-Situ STM images of a cyanide-modified Pt(111) on which Ag had been pre-adsorbed in Ag -free 0.1 M
H2SO4 at E= 0.80 V, UT = 0.50 V (tip negative); IT = 2 nA. The image in the left panel corresponds to an area 80 x 69
2
2
nm , while the right panel is a zoom in corresponding to the white square in the left panel (22 x 21 nm ).

Fig. 3 shows STM images in Ag+-free 0.1 M H2SO4 at 0.80 V of a cyanide modified Pt(111) electrode on
which Ag+ had been pre-adsorbed. Tunnelling maxima forming a honeycomb pattern cover the whole
surface, but for some defects within the structure. Similar honeycomb structures have been observed
by EC-STM upon irreversible adsorption of Cu2+ [22] on cyanide-modified Pt(111) electrodes, as well as
on cyanide-modified Pt(111) electrodes immersed in acidic solutions containing Li+, Na+, K+ or Cs+ above
a cation-specific threshold concentration [20]. A typical STM image of a cyanide modified Pt(111)
without pre-adsorbed cations or in solutions containing Li+, Na+, K+ or Cs+ below their corresponding
threshold concentration can be found in the supporting information to reference [20], and is identical to
those reported decades ago by other groups for the (2√3 x 2√3) R30° structure of cyanide on Pt(111)
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[16,32]. The honeycomb pattern observed in Fig. 3 is therefore also attributed in this case to noncovalently coordinated Ag+ on the cyanide SAM.

2

+

Jo
ur

Figure 4. In-situ STM images (140 x 140 nm ) recorded during the reduction of Ag pre-adsorbed on a cyanide
+
modified Pt(111) electrode in Ag -free 0.1 M H2SO4. Images recorded during the sequential reduction of the pre+
adsorbed Ag , from left to right (A) E = 0.60 V, UT = 0.40 V, (B) E = 0.50 V, UT = 0.30 V, (C) E = 0.40 V, UT = 0.20 V.
2
Images (D) and (E) are 60 x 60 nm zoom-ins corresponding to the dashed white squares in images A and B,
respectively. All images acquired with tip negative biases and at IT = 2 nA.

Figs. 4 A, B and C correspond to a series of STM images acquired sequentially from positive to more
negative potentials (direction of black arrow) at 0.60, 0.50 and 0.40 V. At 0.60 V, the areas covered by
the honeycomb structure observed at 0.80 V transform into high contrast areas containing zig zag lines
running parallel to each other and separated by ca. 1 nm. This slight change is not accompanied by any
voltammetric feature, which is most likely due to the slow rate of this process and the different time
scales of the voltammetric and the STM experiments. As shown clearly in Fig. 4 D, the zigzag lines tend
to align in three rotational domains rotated ca. 120o with respect to each other. The periodicity of the
lines and the three rotational domains aligned with the substrate’s main crystallographic directions
suggest they correspond to edges of the hexagons formed by Ag+ cations in the honeycomb structure on
cyanide-modified Pt(111). The observation of edges rather than individual spots, like at 0.80 V, is
attributed to an increased mobility leading to Ag+ ions moving more easily among adsorption sites. In
this scenario, the orientation of the line would indicate the direction along which the cations are moving
when transiting among adsorption sites, thus explaining why only some of the edges of the hexagons
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constituting the honeycomb can be observed. The reason behind the increased mobility of the Ag+ ions
in the honeycomb at this potentials and not more positive potentials is possibly connected to ion pairing
with (bi)sulphate ions from the electrolyte, as discussed below.
A potential step from 0.60 to 0.50 V is accompanied by the vanishing of ca. 80% of the high contrast
areas, which disappear completely (but reversibly if the potential is not stepped into the Ag deposition
region) at 0.40 V. It is not very clear what is provoking this disappearance, as there is no feature in the
CV in this potential region (see Fig. 1), but preliminary simulations of STM images using DFT suggest
that, with the tunnelling biases employed, the density of states (DOS) of unoccupied energy levels on
the cations coordinated to the cyanide adlayer at energies below the tip’s Fermi level (allowing for
tunnelling from the negatively biased tip to the cations) is zero and they should not be visible to STM,
unless forming ionic pairs with oxyanions like sulphate or perchlorate, which leads to the emergence of
empty DOS. Therefore, we provisionally attribute the apparent vanishing of the honeycomb features to
the release of sulphate from these ionic pairs as the negative charge density on the Pt(111) substrate
increases (at potentials more negative). We also suggest that partial release of sulphate in these ionic
pairs is responsible for the increased mobility observed at 0.60 V and discussed in the paragraph above.

2

+

Figure 5. (A-C) In-situ STM images (135 x 135 nm ) recorded during the sequential reduction of Ag pre-adsorbed
on cyanide-modified Pt(111) at E = 0.30 V (A, UT = 0.10 V, tip negative), E = 0.20 V (B, UT = 0.10 V, tip negative), and
2
E = 0.10 V (C, UT = 0.10 V, tip positive). (D-F) STM images (205 x 205 nm ) recorded during the subsequent
oxidation of the deposited Ag at E = 0.30 V (D, UT = 0.10 V, tip negative), E = 0.40 V (E, UT = 0.20 V, tip negative) and
E = 0.50 V (F, UT = 0.30 V, tip negative). All images acquired at tunnel current, IT = 2 nA. The height profiles shown
below images (B) and (C) correspond to those along the blue lines in the corresponding images.
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Figs. 5 A, B and C illustrate images successively acquired in the direction of the arrow from positive to
more negative potentials at 0.30, 0.20 and 0.10 V. The image at 0.30 V shows no significant change as
compared with the image acquired at 0.40 V, except for an increased contrast of the atomic-scale
features within the terrace, which we were unable to image with a higher resolution. However, at 0.20
V bidimensional islands with an apparent height of 0.4 nm emerge. These islands are spread across the
terraces and step edges, with a slight preference for nucleation on the top side of monoatomic steps,
and we attribute them to one-atom high heteroepitaxial islands of Ag on the Pt(111) substrate. While a
height of ca. 0.30 nm would be expected, STM images are a convolution of both topography and local
tunneling barrier, and the difference between the work functions of Ag and Pt contributes to the
apparent increased height of the bidimensional Ag Islands. It is worth noting that the islands cover more
than 16% of the surface, whereas the maximum possible coverage by Ag+ in the honeycomb structure
shown in Fig. 3 is 0.16 ML. Therefore, the bidimensional islands in Fig. 5 cannot correspond to pure Ag,
whether on or underneath the cyanide adlayer.
At 0.10 V (Fig. 5 C), the surface coverage by the bidimensional islands increases, as does the
interconnectivity between them. At the same time, the apparent height of the islands decreases to ca.
0.35 nm, closer to that expected from purely geometrical considerations. Considering that the coverage
of Ag+ coordinated on the CNad is at most 0.16 ML, a coverage of the Pt(111) by bidimensional Ag islands
beyond that limit is not possible. The clearly higher coverage observed in Fig. 5 C at 0.10 V must
therefore be due to the formation of a AgPt surface alloy and concomitant Pt enrichment. This is in
agreement with the assignment of the peak at 0.20 V in the corresponding CV (see Fig. 1) to the
adsorption of hydrogen on a AgPt alloy containing more than 50% Ag. The decrease in the apparent
height from 0.4 nm at 0.20 V to 0.35 nm at 0.10 V is consistent with an increase of the Pt content in the
surface alloy. The formation of the AgPt surface alloy in the hydrogen adsorption region, as well as the
enrichment in Pt at the most negative potential, must be caused by the surface diffusion of Pt into the
islands from the steps and from underneath the Ag islands (and the concomitant diffusion of Ag into the
surface of Pt). The increased diffusion at more negative potentials might be the result of the stronger
adsorption of hydrogen on Pt, as compared to Ag. Also observed in the image at 0.10 V in Fig. 5 C is the
emergence of bright spots preferentially deposited on the AgPt alloy bidimensional islands that we
attribute to Pt clusters 0.6 – 0.7 nm in height and composed of 4-5 atoms. The observation of similar
clusters during AgPt alloy formation has been previously reported [28,29], and attributed to the very
narrow miscibility region of Ag and Pt. The platinum clusters are generated by displacement from the
surface and subsequent deposition onto the Ag islands. Due to the very strong bond between the Pt
atoms on the surface and adsorbed cyanide, we find it unlikely that all these processes result in the
stripping of the cyanide adlayer and suggest that the processes described above result in a PtAg surface
alloy buried under the cyanide adlayer. This is consistent with the evolution of the voltammetric profile
described in the previous section. As discussed there, only when the potential is scanned beyond 1.1 V
partial oxidative stripping of CNad occurs.
Figs. 5 D-F show STM images acquired after Ag deposition and surface alloy formation at 0.1 V (see Fig.
5 D), with an arrow indicating the sequence of imaging from negative to positive potentials. A potential
step from 0.10 V to 0.30 and then 0.40 V results in a decrease of contrast and an increase of the surface
coverage by the higher contrast features. We attribute this to an increase of Pt concentration in the
AgPt surface alloy as some Ag is dissolved and attached again as Ag+ to the cyanide layer (see discussion
on the voltammetric profile in section 3.1), leading to a more homogenous composition of the electrode
surface. A significant change is observed upon excursion to 0.50 V (Fig. 5 F), which results in a fuzzy
image with wavelike step edges. As discussed in the section 3.1, the peak at 0.34 V in the CV of Fig. 1
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cannot correspond to dissolution of Ag as Ag+ into the aqueous solution and is therefore attributed to
the oxidation of Ag to yield Ag+ coordinated on the cyanide adlayer. The noisy appearance of the image
at 0.50 V (Fig. 5 F) can be explained by the high mobility of the Ag+ ions coordinated to the cyanide
adlayer at low coverage. Please note that, even with the higher initial coverage, the STM images
become noisy around 0.50 V (Fig. 4), which we have attributed to an increased mobility of Ag+ ions
adsorbed on the cyanide adlayer due to the release at sufficiently negative potentials of sulphate in Ag+sulphate ion pairs.
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Figure 6. In situ STM images (135 x 135 nm ) corresponding to the steady state achieved after repetitive potential
+
cycling in Ag -free 0.1 M H2SO4. Left: at E = 0.20 V, (UT = 0.50 V, tip negative); Right: at E = 0.70 V after a potential
excursion to 1.0 V (UT = 0.50 V, tip negative). Both images acquired at tunnelling current, IT = 2 nA. The height
profile on the left corresponds to the blue line across the island in the corresponding image. Blue circles of
different sizes highlight the same areas in both images.

Fig. 6 shows STM images acquired once the steady-state CV has been obtained after repetitive cycling
between 0.05 and 0.9 V. At 0.20 V the surface is covered by an interweaved pattern with an apparent
height difference of 0.3 nm between high and low contrast areas, clearly smaller than that of similar
features observed immediately after the first deposition of Ag (0.4 nm, see Fig. 5 C). As discussed above,
we attribute the lower contrast to a lower Ag content in the AgPt surface alloy formed upon deposition.
The interweaved pattern is due to the very narrow miscibility gap of Ag and Pt, which results in a
tendency to phase separation into Pt- and Ag-rich areas, as observed in other surface alloy systems
[33,34]. An image of the same area acquired at 0.70 V after excursion to 1.0 V shows that, although the
contrast between brighter and darker areas has decreased, the shape of the features has barely
changed at all (see, e.g., blue circled areas in Fig. 6). There is also an increase in the number of small
brighter spots, the height of which roughly corresponds to two atomic layers. This suggests that, even at
the positive potential limit of the CV, part of the Ag in the surface alloy remains in the surface. A similar
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behaviour has been reported by Beckord et al. during the dealloying of AgPt surface alloys [28], and was
attributed to the strong lateral ligand effects contributed by the neighbouring Pt atoms, which results in
the stabilization of the surface alloy.
In summary, successive potential cycling of Ag+ preadsorbed on a cyanide modified Pt(111) results in Ag
deposit on the Pt substrate. The Ag deposit forms a AgPt surface alloy at potentials negative of 0.2 V.
Partial reoxidation of some of the Ag in the surface alloy to yield Ag+ adsorbed on the remaining cyanide
adlayer is observed at 0.34 V. As only part of the deposited Ag is oxidized in this process, the
corresponding charge density diminishes with successive potential cycling. When the positive potential
limit is extended to 1.2 V, some of the Ag is released as Ag+ into the bulk of the solution and the cyanide
adlayer is partially stripped. In comparison, repeated potential cycling for long periods of a
polycrystalline platinum in a Ag+-containing solution also results in the formation of an AgPt alloy [35].
In the case of Pt(111) in Ag+ containing solution, a layer by layer growth of Ag deposition followed by
formation of Ag clusters has been reported [36,37]. The Ag clusters have been demonstrated to
subsequently form an AgPt alloy upon annealing at 620 K [36]. This is in contrast with our observation of
AgPt surface alloy formation on Pt(111) upon repeated potential cycling in a solution containing no Ag+
and at room temperature.
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We have attempted the metallization of cyanide-modified Pt(111) electrodes by reducing pre-adsorbed
Ag+ in Ag+-free sulphuric acid. By combining cyclic voltammetry and in-situ STM, we have shown that,
above 0.70 V, Ag+ adsorbs irreversibly on the cyanide adlayer forming a honeycomb structure, similar to
that previously reported with preadsorbed Cu2+ [22], as well as in solutions containing alkaline-metal
cations [20]. We have also shown that reduction of the pre-adsorbed Ag+ ions results in the deposition
of Ag on the Pt(111) substrate. This reduction, and the subsequent reoxidation to yield Ag+ coordinated
to CNad, occurs at a potential much more negative than expected from the standard potential of the
Ag+/Ag couple, which can be attributed to the increased stability of the oxidized form of the couple due
to its interaction with CNad.
Ag deposition is followed by the formation of AgPt surface alloy. The formation of AgPt alloy on Pt(111)
in Ag+ free solution at ambient conditions is enabled by the strong interaction of the adsorbed cyanide
with Ag and/or Pt, which possibly increases their surface mobility enabling their intermixing. We
recently reported [23] that the reduction of Pd2+ preadsorbed on cyanide-modified Pt(111) also results
in the direct deposition of Pd onto the Pt substrate, but no alloy formation was detected in that case,
which is interesting considering the similitude between the lattice parameters of Pd and Pt (3.86 and
3.92 Å respectively) and the relatively larger difference in the case of Ag and Pt (4.08 and 3.92 Å
respectively).
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ABSTRACT
We report a study of the electrochemical reduction of Ag+ immobilized on a cyanide modified Pt(111)
electrode in a Ag+-free solution using cyclic voltammetry and in-situ STM. We show that, upon reduction
at 0.29 V, Ag deposits directly on the platinum substrate, resulting in the formation of an AgPt surface
alloy without loss of the cyanide adlayer The large affinity of Ag+ for CNad is responsible for this large
negative shift of the Ag+/Ag redox couple.. A fraction of the electrodeposited Ag is reoxidised at 0.34 V
to yield again Ag+ coordinated to the CN adlayer. Therefore, successive cycling with a positive limit
below 0.90 V results in a roughening of the surface and in the gradual transformation of cyanidemodified Pt(111) to a cyanide-modified AgPt surface alloy on Pt(111).
Keywords: Cyclic voltammetry; STM; electroreduction; Metallization; cyanide-modified Pt(111); Surface
alloy
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Initial attempts to metallize molecular adlayers electrochemically (a particularly attractive method due
to the low cost and simplicity of the equipment required) failed [1–6], with the deposited metal
effectively creeping underneath and depositing on the metal substrate. In 2004 however, Kolb et al. [7]
demonstrated the successful electrochemical metallization of a molecular adlayer via the
immobilization of a metal cation on a self-assembled monolayer (SAM) of an adequately functionalised
molecule, followed by reduction in a metal free solution. Various groups have since demonstrated the
metallization of SAMs employing electrochemical reduction techniques [8–11], although yielding 3D
islands instead of the 2D islands reported by Kolb et al. [7,12,13]. For a recent review on this subject see
[14].
The metallization of a SAM with an ordered array of metal islands of the same size would lead to a high
density of molecular contacts per unit area, all with the same number of molecules sandwiched
between the bidimensional metal island and the metallic substrate. In addition to the high density of
circuit elements per unit area, such ordered array could have interesting properties associated to
plasmon excitations or collective phenomena. Achieving this goal would require a nanopatterned SAM
with an ordered distribution of equivalent adsorption sites, and a way to limit the diffusion of preadsorbed metal ions, thus limiting the aggregation and migration over the SAM of the bidimensional
metal islands during and after the reduction step. We have attempted to reach this goal (unfortunately
without success until now) by metallizing cyanide-modified Pt(111) electrodes using Kolb’s method.
Cyanide adsorbs spontaneously and irreversibly on Pt(111), with the carbon end bonded linearly on-top
of a platinum atom and the nitrogen end pointing into the solution, forming a (2√3 x 2√3) R30° structure
[15–17]. We have shown that alkaline-metal cations [18–20], Cu2+ [19,21,22] and Pd2+ [23] adsorb on
the cyanide adlayer due to the electrostatic interaction of the cation with the negative end of the dipole
of adsorbed cyanide, this adsorption being irreversible in the case of Cu2+ [19,21,22] and Pd2+ [23]. Insitu STM images of cyanide-modified Pt(111) electrodes in solutions containing Na+, K+, Cs+ or Cu2+, as
well as of cyanide-modified Pt(111) electrodes with pre-adsorbed Cu2+ or Pd2+ in solutions free of the
corresponding cation, show in all cases the formation of a honeycomb pattern, suggesting the
adsorption of the cations around the CN rings at sites in which the cation interacts with the N atom of
three CN groups [18,20–23].
Attempts to reduce the immobilised Cu2+ in Cu2+-containing solutions failed to metallize the adlayer,
resulting in the direct deposition of Cu onto the Pt substrate [21]. However, bidimensional Cu
nanoislands were formed on the cyanide adlayer when Kolb’s method was employed [22]. These islands
were shown to deposit and dissolve reversibly, and to grow via an Ostwald’s ripening process.
Differences observed attempting to metallize the cyanide with Cu [22] and Pd [23] suggest that the
interaction of the metal with the SAM might play an important role in determining the result of the
electrodeposition process. In this work, we report on the attempt to metallize the cyanide adlayer on
cyanide-modified Pt(111) electrodes by reducing Ag+ ions immobilised on the cyanide SAM in Ag+-free
sulphuric acid solutions.

6

Experimental

The working electrode used for cyclic voltammetry (CV) was a bead type platinum single crystal (2 mm
diameter) prepared according to the method developed by Clavilier et al. [24], oriented and polished
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parallel to the (111) plane (miscut < 0.05°). For electrochemical scanning tunnelling microscopy (ECSTM) experiments, the Pt(111) electrode used was a single-crystal disc (10 mm in diameter) purchased
from MaTeck (Jülich, Germany, miscut < 1o). Before every experiment, the electrodes were flame
annealed in a Bunsen burner and cooled in a H2/N2 reductive atmosphere. Once cold, a drop of Milli-Q
water (18 MΩ cm, 2 ppb TOC) saturated with the cooling N2 and H2 mixture was attached to the
exposed (111) surface in order to protect it during transport through the laboratory’s atmosphere.
Cyanide-modified Pt(111) electrodes were prepared by immersing, immediately after the step described
above, a clean and well-ordered Pt(111) electrode in a 0.1 M KCN (Merck, pa) solution for
approximately 3 min, after which the electrode was rinsed with ultrapure water. Pre-adsorption of Ag+
was achieved by immersing the cyanide-modified Pt(111) electrode in 0.1 M HClO4 + 1 mM AgClO4 for
approximately 3 min, followed by rinsing with Milli-Q water. All the experiments were carried out in
Ag+-free 0.1 M H2SO4. Solutions were prepared from concentrated H2SO4 (Merck, Suprapur) and
AgClO4·H2O (Sigma Aldrich, 99.99% trace metal analysis). All CVs were measured after degassing the
solution with N2 (BOC, Research Grade N5.5).
Platinum wires (Alfa Aesar 99.997%, 0.5 mm in diameter) were utilized as auxiliary electrodes. A
reversible hydrogen electrode (RHE) and a Pt wire were used as reference and quasi-reference
electrode, respectively, for CV and EC-STM, respectively. All potentials in the text are referred to the
RHE scale, unless otherwise stated.
STM images were recorded using a PicoLe Molecular Imaging with a PicoScan 2100 controller. Tungsten
tips for STM experiments were etched from a polycrystalline W wire (0.25 mm in diameter) in 2 M
NaOH and coated with electrophoretic paint to minimize the faradaic current at the tip/electrolyte
interface. All images were acquired in the constant-current mode.

Cyclic Voltammetry

Jo
ur

Cyanide-modified Pt(111) electrodes with pre-adsorbed Ag+ were immersed in Ag+-free 0.1 M H2SO4 at
0.80 V, and a CV at 0.05 V s-1 was then started with a potential sweep in the negative direction. The first
and second CVs are shown in Fig. 1, solid and dotted black lines respectively. The CV of the same
electrode if, after immersion in the same electrolyte, cycling is kept within the potential region between
0.6 and 1.10 V, as well as that of a cyanide-modified Pt(111) in 0.1 M H2SO4 without pre-adsorbed Ag+
(red line), are also shown for comparison.

Journal Pre-proof

re

-p

ro

of

18

+

na

lP

Figure 4. First (solid black line) and second (dotted line) cyclic voltammograms in Ag -free 0.1 M H2SO4 of a
+
cyanide-modified Pt(111) electrode on which Ag had been pre-adsorbed. The blue line corresponds to the cyclic
voltammogram of the same electrode in the same solution if the negative potential limit is kept above 0.6 V,
+
thereby preventing the reduction of pre-adsorbed Ag . The red line corresponds to the cyclic voltammogram of a
+
-1
cyanide-modified Pt(111) electrode without pre-adsorbed Ag in the same electrolyte. Scan rate: 0.05 V s .
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The CV of cyanide-modified Pt(111) (red line) is characterized by a broad reversible feature between
0.05 and 0.50 V, corresponding to a proton-electron transfer to CNad to form (CN)xHad, with x decreasing
with increasingly negative potential [18]. We have previously demonstrated that Mz+ cations can
interact electrostatically with the negative partial charge on the nitrogen atom of CNad, and that,
depending on the cation, this can result either in the reversible adsorption of the cation on the cyanidemodified Pt(111) surface [20,25], or in irreversible adsorption [22,23]. In all cases, adsorption of Mz+ on
cyanide-modified Pt(111) results in a negative shift of the onset of hydrogen adsorption, due to the
competition between Mz+ and H+ for the same adsorption sites on the cyanide adlayer. This is also
observed in Fig. 1, providing evidence of the irreversible complexation of Ag+ with CNad.
A second surface process appears just above 0.90 V in the CV of cyanide-modified Pt(111) which,
although still not clearly identified, have been associated with the adsorption of oxygenated species
such as OH [26,27]. In the presence of pre-adsorbed Ag+, this process is completely blocked as long as
the negative potential limit is kept more positive than 0.60 V (Figure 1, blue line), thereby preventing
the reduction of pre-adsorbed Ag+. This suggests either that (i) the adsorption process around 0.90 V
involves the nitrogen atoms of the CNad groups, which are blocked by pre-adsorbed Ag+ or (ii) preadsorbed Ag+ ions prevent the access of water molecules to the surface of the Pt(111), inhibiting the
formation of OHad on Pt.
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If the negative potential limit is extended below 0.60 V, a new reduction peak emerges in the first
negative sweep at 0.29 V (Figure 1, black solid line). The corresponding anodic counterpart appears as
an asymmetric peak at 0.34 V. It is reasonable to attribute the cathodic peak at 0.29 V to the reduction
of Ag+ coordinated to CNad to Ag, and the peak at 0.34 V to the reverse process:
CNad − Ag + + e− ⇌ Ag + CNad
(1)
Please note that this is much more negative than the standard equilibrium potential for the Ag+/Ag
couple (0.86 V vs. RHE at this pH), therefore, the anodic peak at 0.34 V cannot correspond to the
oxidation of Ag to aqueous Ag+. However, oxidation of Ag at this potential is still possible if the final
state is Ag+ coordinated to CNad due to the strong interaction of Ag+ with CNad (otherwise adsorption of
Ag+ on cyanide-modified Pt(111) would not be irreversible). This results in a considerable stabilization of
the oxidised form of this couple (CNad–Ag+) which contributes to the significant negative shift of the
corresponding equilibrium potential. The same peak, albeit less intense, appears in the second negative
sweep (Figure 1, dotted black line). The difference between the charge density in the first and second
negative sweeps amounts to ca. 17.0 μC cm-2, suggesting that less CNad - attached Ag+ is available for
reduction to Ag in the second sweep. We will discuss this in more depth below.
A reversible process around 0.20 V appears immediately after the negative peak at 0.29 V. A similar
reversible peak has been observed in the voltammetric profile of AgPt1-x/Pt(111) surface alloys, and has
been attributed to the adsorption of hydrogen on alloys with a Ag content higher than 50% [28,29]. This
suggests that reduction of CNad-coordinated Ag+ at 0.29 V results in the immediate formation of a
surface AgPt alloy with a local content of Ag higher than 50%, and that the silver slowly disperses
throughout the Pt(111) surface upon repeated cycling.
Following the reduction processes described above, the surface process observed around 0.90 V in the
CV of cyanide-modified Pt(111) (see Fig. 1, red line) re-emerges after the first negative potential
excursion, but now at a slightly more positive potential around 1.0 V. This peak at ca. 1.0 V appears less
symmetrical and slightly more positive than the peaks around 0.9 V on cyanide-modified Pt(111) (see
Fig. 1, red line). It is reasonable to also ascribe the new process to the adsorption of oxygenated species
such as OH, as the peaks occurring around 0.9 V on the cyanide modified Pt(111) [26,27]. The positive
shift and differing shape of the peaks is possibly due to OH adsorption on a cyanide-modified AgPt alloy,
as opposed to cyanide-modified on Pt(111).
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Figure 5. A: Evolution of the cyclic voltammogram in 0.1 M H2SO4 of a cyanide-modified Pt(111) electrode on
+
which Ag had been pre-adsorbed with successive cycling between 0.05 and 1.20 V (blue line) and between 0.05
-1
and 0.9 V (red line) at a scan rate of 0.05 V s . The blue and red solid lines indicate the final steady state, and the
black arrows indicate the direction of evolution of the voltammetric profile. B: Bar graph showing the charge
density obtained by integration of the CV between 0.1 and 0.5 V in the negative (black) and positive (grey)
potential sweeps of the first four cycles. The horizontal red dashed lines highlight the clear correlation between
the charge density in the cathodic sweep and that in the subsequent anodic sweep.

Fig. 2 A illustrates the evolution with successive cycling of the CV in 0.1 M H2SO4 of a cyanide-modified
Pt(111) electrode on which Ag+ had been pre-adsorbed. The first negative scan when the positive
potential limit is set to 1.2 V (blue lines), overlaps with the first negative scan when the positive limit is
0.9 V (red lines) and therefore has not been included in the figure. Independently of the positive

Journal Pre-proof

21

Jo
ur

na

lP

re

-p

ro

of

potential limit, upon successive cycling the peaks at 0.29 (cathodic) and 0.34 (anodic) V attributed to the
Ag+(CNad)/Ag couple decrease in intensity. Similarly, the reversible process around 0.20 V, attributed to
the adsorption of hydrogen on a surface AgPt alloy with a Ag local content higher than 50%
continuously decreases in intensity, until its practical disappearance. Regarding the process around 1.0
V (obviously only observable when the potential limit is increased from 0.9 to 1.2 V), attributed to the
adsorption of oxygenated species on the cyanide modified AgPt alloy, it becomes more reversible and
increases in intensity with repeated cycling, mirroring the decrease in intensity of the processes at
0.29/0.34 V and around 0.20 V. The decrease of the charge density associated with the latter processes
is illustrated in the bar chart in Fig. 2 B, which shows the double-layer corrected charge densities in the
potential region between 0.1 and 0.5 V for the first four cycles. Double layer correction was done by
assuming that the double-layer capacitance, as estimated from the current between 0.6 and 0.8 V,
remains constant over the whole voltammetric potential range, and subtracting the charge density
corresponding to that capacitance between 0.1 and 0.5 V from that resulting from integrating the CV
within that potential region. (Please note that the current and the charge density in this region mainly
corresponds to hydrogen adsorption on the cyanide adlayer and, upon eventual partial stripping of
CNad, of Pt and PtAg alloy regions. The charge corresponding to silver deposition is relatively small and
concentrated within the peak at approximately 0.30 V.)
The continuous decrease of the overall charge density in this potential region suggests a continuous
decrease in the amount of pre-adsorbed Ag+ ions coordinated to CNad available for reduction. Of
interest is the good match between the anodic charge density in a given cycle and the cathodic charge
density in the subsequent cycle, as highlighted by the red dashed lines in Fig. 2 B. This suggests that the
amount of Ag+ reduced in cycle n + 1 corresponds to the fraction of Ag+ produced by oxidation of Ag in
the surface AgPt alloy in cycle n that had re-adsorbed on the CNad, thus confirming our assignment of
the process at 0.29/0.34V to the Ag+(CNad)/Ag redox couple.
The reduction in the charge density associated to the redox process at 0.29/0.34 V is accompanied by a
decrease in the reversible peaks occurring at ca. 0.20 V (Fig. 2 A). This decrease suggests that, although
the total amount of Ag in the AgPt surface alloy increases with cycling, the dilution of Ag in the alloy also
increases. This apparent contradiction can be explained by considering that the presence of the
reversible process at 0.20 V characteristic of AgxPt1-x/Pt(111) surface alloys with more than 50% will be
determined by the local concentration of Ag. Initially, the alloy forms only on those regions where silver
penetrates the cyanide adlayer and, although the total amount of Ag deposited is small, it results in a
high local concentration above 50%. The maximum amount of Ag+ that can be adsorbed on CNad in the
honeycomb structure amounts to 0.16 ML [18,20,22,23] thus the overall concentration of Ag in the alloy
can never approach 50%. During cycling, the mobility of Ag within the surface decreases the
inhomogeneity in the local Ag concentration and the local Ag concentration of the surface alloy slowly
approaches the overall Ag concentration, with a limiting value of 0.16 ML, thus explaining the
continuous decrease in the reversible peaks around 0.20 V.
From previous work by our group [27] and others [30], we know that oxidative stripping of adsorbed
cyanide starts above 1.1 V. The differences between the final, steady state voltammogram, when
positive scan limits of either 0.90 V (Fig. 2A, red-dashed lines) or 1.2 V (Fig. 2 A blue-dashed lines) are
used can be attributed, therefore, to the disruption of the cyanide layer above 1.1 V. The main
difference is observed in the region between 0.05 and 0.5 V, in which the charge density is 17.2 µC cm-2
for the more positive potential limit. As shown by Huerta et al. [31], this extra charge must correspond
to sulphate adsorption within the cyanide-free Pt(111) patches left free upon partial stripping of the
cyanide adlayer.
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The evolution of the peaks just below 1 V with successive cycling is the result from several
contributions. Although PtAg surface alloys do not show any voltammetric peak in this region [28] (and
therefore, these peaks cannot be attributed to the oxidation-reduction of the PtAg surface), dissolution
of Ag from the surface alloy has been demonstrated to start around 0.95 V [29] and must contribute to
this current, particularly in the first cycles. This is confirmed by the roughening of the electrode surface
in this potential region as revealed by in-situ STM (see below). Peaks in this potential region are also
absent on a naked Pt(111) surface, but emerge upon cyanide adsorption and increase in intensity with
increasing cyanide coverage [31]. However, even for the highest possible cyanide coverage the peaks
are not as sharp as in Fig. 2A (see, e.g., the CV of cyanide-modified Pt(111) in Fig. 1, red line). Based on
these arguments, we assign the reversible peaks around 1 V in the CV in Fig. 2A to the adsorption of OH
on a rough PtAg surface alloy on Pt(111) covered by a perturbed cyanide adlayer. In the case of the CV
with a positive scan limit of 1.2 V (blue line in Fig. 2A), the Ag content of the surface alloy and the
cyanide coverage must be lower than when the potential limit is kept below 0.9 V, due to partial
dissolution of Ag and partial stripping of the cyanide adlayer, respectively.
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EC-STM was used to monitor the surface structure and morphology changes associated to the
voltammetric features as described in the previous section.

+

+

Figure 6. In-Situ STM images of a cyanide-modified Pt(111) on which Ag had been pre-adsorbed in Ag -free 0.1 M
H2SO4 at E= 0.80 V, UT = 0.50 V (tip negative); IT = 2 nA. The image in the left panel corresponds to an area 80 x 69
2
2
nm , while the right panel is a zoom in corresponding to the white square in the left panel (22 x 21 nm ).

Fig. 3 shows STM images in Ag+-free 0.1 M H2SO4 at 0.80 V of a cyanide modified Pt(111) electrode on
which Ag+ had been pre-adsorbed. Tunnelling maxima forming a honeycomb pattern cover the whole
surface, but for some defects within the structure. Similar honeycomb structures have been observed
by EC-STM upon irreversible adsorption of Cu2+ [22] on cyanide-modified Pt(111) electrodes, as well as
on cyanide-modified Pt(111) electrodes immersed in acidic solutions containing Li+, Na+, K+ or Cs+ above
a cation-specific threshold concentration [20]. A typical STM image of a cyanide modified Pt(111)
without pre-adsorbed cations or in solutions containing Li+, Na+, K+ or Cs+ below their corresponding
threshold concentration can be found in the supporting information to reference [20], and is identical to
those reported decades ago by other groups for the (2√3 x 2√3) R30° structure of cyanide on Pt(111)
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[16,32]. The honeycomb pattern observed in Fig. 3 is therefore also attributed in this case to noncovalently coordinated Ag+ on the cyanide SAM.

2

+

Jo
ur

Figure 4. In-situ STM images (140 x 140 nm ) recorded during the reduction of Ag pre-adsorbed on a cyanide
+
modified Pt(111) electrode in Ag -free 0.1 M H2SO4. Images recorded during the sequential reduction of the pre+
adsorbed Ag , from left to right (A) E = 0.60 V, UT = 0.40 V, (B) E = 0.50 V, UT = 0.30 V, (C) E = 0.40 V, UT = 0.20 V.
2
Images (D) and (E) are 60 x 60 nm zoom-ins corresponding to the dashed white squares in images A and B,
respectively. All images acquired with tip negative biases and at IT = 2 nA.

Figs. 4 A, B and C correspond to a series of STM images acquired sequentially from positive to more
negative potentials (direction of black arrow) at 0.60, 0.50 and 0.40 V. At 0.60 V, the areas covered by
the honeycomb structure observed at 0.80 V transform into high contrast areas containing zig zag lines
running parallel to each other and separated by ca. 1 nm. This slight change is not accompanied by any
voltammetric feature, which is most likely due to the slow rate of this process and the different time
scales of the voltammetric and the STM experiments. As shown clearly in Fig. 4 D, the zigzag lines tend
to align in three rotational domains rotated ca. 120o with respect to each other. The periodicity of the
lines and the three rotational domains aligned with the substrate’s main crystallographic directions
suggest they correspond to edges of the hexagons formed by Ag+ cations in the honeycomb structure on
cyanide-modified Pt(111). The observation of edges rather than individual spots, like at 0.80 V, is
attributed to an increased mobility leading to Ag+ ions moving more easily among adsorption sites. In
this scenario, the orientation of the line would indicate the direction along which the cations are moving
when transiting among adsorption sites, thus explaining why only some of the edges of the hexagons
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constituting the honeycomb can be observed. The reason behind the increased mobility of the Ag+ ions
in the honeycomb at this potentials and not more positive potentials is possibly connected to ion pairing
with (bi)sulphate ions from the electrolyte, as discussed below.
A potential step from 0.60 to 0.50 V is accompanied by the vanishing of ca. 80% of the high contrast
areas, which disappear completely (but reversibly if the potential is not stepped into the Ag deposition
region) at 0.40 V. It is not very clear what is provoking this disappearance, as there is no feature in the
CV in this potential region (see Fig. 1), but preliminary simulations of STM images using DFT suggest
that, with the tunnelling biases employed, the density of states (DOS) of unoccupied energy levels on
the cations coordinated to the cyanide adlayer at energies below the tip’s Fermi level (allowing for
tunnelling from the negatively biased tip to the cations) is zero and they should not be visible to STM,
unless forming ionic pairs with oxyanions like sulphate or perchlorate, which leads to the emergence of
empty DOS. Therefore, we provisionally attribute the apparent vanishing of the honeycomb features to
the release of sulphate from these ionic pairs as the negative charge density on the Pt(111) substrate
increases (at potentials more negative). We also suggest that partial release of sulphate in these ionic
pairs is responsible for the increased mobility observed at 0.60 V and discussed in the paragraph above.

2

+

Figure 5. (A-C) In-situ STM images (135 x 135 nm ) recorded during the sequential reduction of Ag pre-adsorbed
on cyanide-modified Pt(111) at E = 0.30 V (A, UT = 0.10 V, tip negative), E = 0.20 V (B, UT = 0.10 V, tip negative), and
2
E = 0.10 V (C, UT = 0.10 V, tip positive). (D-F) STM images (205 x 205 nm ) recorded during the subsequent
oxidation of the deposited Ag at E = 0.30 V (D, UT = 0.10 V, tip negative), E = 0.40 V (E, UT = 0.20 V, tip negative) and
E = 0.50 V (F, UT = 0.30 V, tip negative). All images acquired at tunnel current, IT = 2 nA. The height profiles shown
below images (B) and (C) correspond to those along the blue lines in the corresponding images.
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Figs. 5 A, B and C illustrate images successively acquired in the direction of the arrow from positive to
more negative potentials at 0.30, 0.20 and 0.10 V. The image at 0.30 V shows no significant change as
compared with the image acquired at 0.40 V, except for an increased contrast of the atomic-scale
features within the terrace, which we were unable to image with a higher resolution. However, at 0.20
V bidimensional islands with an apparent height of 0.4 nm emerge. These islands are spread across the
terraces and step edges, with a slight preference for nucleation on the top side of monoatomic steps,
and we attribute them to one-atom high heteroepitaxial islands of Ag on the Pt(111) substrate. While a
height of ca. 0.30 nm would be expected, STM images are a convolution of both topography and local
tunneling barrier, and the difference between the work functions of Ag and Pt contributes to the
apparent increased height of the bidimensional Ag Islands. It is worth noting that the islands cover more
than 16% of the surface, whereas the maximum possible coverage by Ag+ in the honeycomb structure
shown in Fig. 3 is 0.16 ML. Therefore, the bidimensional islands in Fig. 5 cannot correspond to pure Ag,
whether on or underneath the cyanide adlayer.
At 0.10 V (Fig. 5 C), the surface coverage by the bidimensional islands increases, as does the
interconnectivity between them. At the same time, the apparent height of the islands decreases to ca.
0.35 nm, closer to that expected from purely geometrical considerations. Considering that the coverage
of Ag+ coordinated on the CNad is at most 0.16 ML, a coverage of the Pt(111) by bidimensional Ag islands
beyond that limit is not possible. The clearly higher coverage observed in Fig. 5 C at 0.10 V must
therefore be due to the formation of a AgPt surface alloy and concomitant Pt enrichment. This is in
agreement with the assignment of the peak at 0.20 V in the corresponding CV (see Fig. 1) to the
adsorption of hydrogen on a AgPt alloy containing more than 50% Ag. The decrease in the apparent
height from 0.4 nm at 0.20 V to 0.35 nm at 0.10 V is consistent with an increase of the Pt content in the
surface alloy. The formation of the AgPt surface alloy in the hydrogen adsorption region, as well as the
enrichment in Pt at the most negative potential, must be caused by the surface diffusion of Pt into the
islands from the steps and from underneath the Ag islands (and the concomitant diffusion of Ag into the
surface of Pt). The increased diffusion at more negative potentials might be the result of the stronger
adsorption of hydrogen on Pt, as compared to Ag. Also observed in the image at 0.10 V in Fig. 5 C is the
emergence of bright spots preferentially deposited on the AgPt alloy bidimensional islands that we
attribute to Pt clusters 0.6 – 0.7 nm in height and composed of 4-5 atoms. The observation of similar
clusters during AgPt alloy formation has been previously reported [28,29], and attributed to the very
narrow miscibility region of Ag and Pt. The platinum clusters are generated by displacement from the
surface and subsequent deposition onto the Ag islands. Due to the very strong bond between the Pt
atoms on the surface and adsorbed cyanide, we find it unlikely that all these processes result in the
stripping of the cyanide adlayer and suggest that the processes described above result in a PtAg surface
alloy buried under the cyanide adlayer. This is consistent with the evolution of the voltammetric profile
described in the previous section. As discussed there, only when the potential is scanned beyond 1.1 V
partial oxidative stripping of CNad occurs.
Figs. 5 D-F show STM images acquired after Ag deposition and surface alloy formation at 0.1 V (see Fig.
5 D), with an arrow indicating the sequence of imaging from negative to positive potentials. A potential
step from 0.10 V to 0.30 and then 0.40 V results in a decrease of contrast and an increase of the surface
coverage by the higher contrast features. We attribute this to an increase of Pt concentration in the
AgPt surface alloy as some Ag is dissolved and attached again as Ag+ to the cyanide layer (see discussion
on the voltammetric profile in section 3.1), leading to a more homogenous composition of the electrode
surface. A significant change is observed upon excursion to 0.50 V (Fig. 5 F), which results in a fuzzy
image with wavelike step edges. As discussed in the section 3.1, the peak at 0.34 V in the CV of Fig. 1
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cannot correspond to dissolution of Ag as Ag+ into the aqueous solution and is therefore attributed to
the oxidation of Ag to yield Ag+ coordinated on the cyanide adlayer. The noisy appearance of the image
at 0.50 V (Fig. 5 F) can be explained by the high mobility of the Ag+ ions coordinated to the cyanide
adlayer at low coverage. Please note that, even with the higher initial coverage, the STM images
become noisy around 0.50 V (Fig. 4), which we have attributed to an increased mobility of Ag+ ions
adsorbed on the cyanide adlayer due to the release at sufficiently negative potentials of sulphate in Ag+sulphate ion pairs.
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Figure 6. In situ STM images (135 x 135 nm ) corresponding to the steady state achieved after repetitive potential
+
cycling in Ag -free 0.1 M H2SO4. Left: at E = 0.20 V, (UT = 0.50 V, tip negative); Right: at E = 0.70 V after a potential
excursion to 1.0 V (UT = 0.50 V, tip negative). Both images acquired at tunnelling current, IT = 2 nA. The height
profile on the left corresponds to the blue line across the island in the corresponding image. Blue circles of
different sizes highlight the same areas in both images.

Fig. 6 shows STM images acquired once the steady-state CV has been obtained after repetitive cycling
between 0.05 and 0.9 V. At 0.20 V the surface is covered by an interweaved pattern with an apparent
height difference of 0.3 nm between high and low contrast areas, clearly smaller than that of similar
features observed immediately after the first deposition of Ag (0.4 nm, see Fig. 5 C). As discussed above,
we attribute the lower contrast to a lower Ag content in the AgPt surface alloy formed upon deposition.
The interweaved pattern is due to the very narrow miscibility gap of Ag and Pt, which results in a
tendency to phase separation into Pt- and Ag-rich areas, as observed in other surface alloy systems
[33,34]. An image of the same area acquired at 0.70 V after excursion to 1.0 V shows that, although the
contrast between brighter and darker areas has decreased, the shape of the features has barely
changed at all (see, e.g., blue circled areas in Fig. 6). There is also an increase in the number of small
brighter spots, the height of which roughly corresponds to two atomic layers. This suggests that, even at
the positive potential limit of the CV, part of the Ag in the surface alloy remains in the surface. A similar
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behaviour has been reported by Beckord et al. during the dealloying of AgPt surface alloys [28], and was
attributed to the strong lateral ligand effects contributed by the neighbouring Pt atoms, which results in
the stabilization of the surface alloy.
In summary, successive potential cycling of Ag+ preadsorbed on a cyanide modified Pt(111) results in Ag
deposit on the Pt substrate. The Ag deposit forms a AgPt surface alloy at potentials negative of 0.2 V.
Partial reoxidation of some of the Ag in the surface alloy to yield Ag+ adsorbed on the remaining cyanide
adlayer is observed at 0.34 V. As only part of the deposited Ag is oxidized in this process, the
corresponding charge density diminishes with successive potential cycling. When the positive potential
limit is extended to 1.2 V, some of the Ag is released as Ag+ into the bulk of the solution and the cyanide
adlayer is partially stripped. In comparison, repeated potential cycling for long periods of a
polycrystalline platinum in a Ag+-containing solution also results in the formation of an AgPt alloy [35].
In the case of Pt(111) in Ag+ containing solution, a layer by layer growth of Ag deposition followed by
formation of Ag clusters has been reported [36,37]. The Ag clusters have been demonstrated to
subsequently form an AgPt alloy upon annealing at 620 K [36]. This is in contrast with our observation of
AgPt surface alloy formation on Pt(111) upon repeated potential cycling in a solution containing no Ag+
and at room temperature.
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We have attempted the metallization of cyanide-modified Pt(111) electrodes by reducing pre-adsorbed
Ag+ in Ag+-free sulphuric acid. By combining cyclic voltammetry and in-situ STM, we have shown that,
above 0.70 V, Ag+ adsorbs irreversibly on the cyanide adlayer forming a honeycomb structure, similar to
that previously reported with preadsorbed Cu2+ [22], as well as in solutions containing alkaline-metal
cations [20]. We have also shown that reduction of the pre-adsorbed Ag+ ions results in the deposition
of Ag on the Pt(111) substrate. This reduction, and the subsequent reoxidation to yield Ag+ coordinated
to CNad, occurs at a potential much more negative than expected from the standard potential of the
Ag+/Ag couple, which can be attributed to the increased stability of the oxidized form of the couple due
to its interaction with CNad.
Ag deposition is followed by the formation of AgPt surface alloy. The formation of AgPt alloy on Pt(111)
in Ag+ free solution at ambient conditions is enabled by the strong interaction of the adsorbed cyanide
with Ag and/or Pt, which possibly increases their surface mobility enabling their intermixing. We
recently reported [23] that the reduction of Pd2+ preadsorbed on cyanide-modified Pt(111) also results
in the direct deposition of Pd onto the Pt substrate, but no alloy formation was detected in that case,
which is interesting considering the similitude between the lattice parameters of Pd and Pt (3.86 and
3.92 Å respectively) and the relatively larger difference in the case of Ag and Pt (4.08 and 3.92 Å
respectively).
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