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Stoichiometry of Pt Submonolayer Deposition
via Surface-Limited Redox Replacement Reaction
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The work exploring the stoichiometry of Pt deposition via surface-limited redox replacement of the underpotentially deposited
�UPD� Cu monolayer on Au�111� is presented. The Cu UPD monolayer is formed from 10−3 M Cu2+ + 0.1 M HClO4 solution,
whereas the Pt deposition via surface-limited redox replacement reaction is carried out in 10−3 M �PtCl6�2− + 0.1 M HClO4
solution at open-circuit potential. Our results indicate that the Pt submonolayers have two-dimensional morphology and linear
dependence of their coverage on the amount �coverage� of the replaced Cu UPD monolayers. Our analysis shows that the
oxidation state of Cu during redox replacement reaction is 1+, suggesting that four Cu UPD adatoms are replaced by each
deposited Pt adatom. This work stresses the general importance of the anions, determining the stoichiometry of metal deposition
reaction via surface-limited redox replacement of the UPD monolayers.
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Metal deposition via surface-limited redox replacement of the
underpotentially deposited �UPD� metal monolayer1 �ML� has been
extensively used in the past several years for preparation of highly
active catalyst materials, functional surfaces, and growth of ultrathin
epitaxial films.2-9 The deposition method is based on the UPD ML
of metal M on substrate S�hkl�, serving as a sacrificial material for
the deposition of more noble metal P. The deposition of P occurs as
an irreversible surface-limited redox reaction, where the amount of
deposited metal P is controlled by the stoichiometry of the redox
replacement reaction, the structure, and the coverage of the UPD
ML/MLs on the substrate surface. For the systems with one UPD
ML, the generalized deposition reaction is described by Eq. 110
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Here, m and p are the oxidation states of UPD metal M and more
noble metal P. The factors �M and �M

UPD are introduced to accurately
express the amount of deposited metal P in ML units with respect to
the areal density of the S�hkl� atoms. They are the UPD ML cover-
age and the packing density of M atoms in a complete UPD ML
with respect to the substrate S�hkl�, respectively. The subscripts s
and solv indicate the physical state of the metal �solv is solution
phase and s is deposited�.

UPD represents the potential-dependent adsorption process and
the UPD ML coverage can be controlled effectively down to a frac-
tion of a ML.11-13 Accordingly, the same is true for metal deposition
via surface-limited redox replacement of the UPD ML, which opens
the application of this deposition method in situations where precise
control of the morphology and amount of metal deposit is required.
Examples are the design of a catalyst ML with precise control of the
morphology and surface coverage,10,14,15 the preparation of ML al-
loy catalysts,16 and the synthesis of highly active core–shell catalyst
configurations.17-19 However, despite numerous applications, very
little work was done exploring the basic relation between the UPD
ML structure �coverage and packing density� and the resulting mor-
phology of the deposited metal.17 Elucidating these mechanistic de-
tails certainly expands future application of metal deposition via
surface-limited redox replacement of the UPD ML in the fields of
surface science, catalysis, and nanotechnology.
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In this paper, we present our work exploring the dependence of
the coverage and morphology of deposited Pt submonolayers as a
function of the surface coverage of the Cu UPD ML on Au�111� �in
future text denoted as CuUPD/Au�111��. CuUPD/Au�111� is formed
from 10−3 M Cu2+ + 0.1 M HClO4 solution, whereas the Pt depo-
sition �redox reaction� is carried out from 10−3 M �PtCl6�2−

+ 0.1 M HClO4 solution. Our results indicate that Pt submonolay-
ers have two-dimensional �2D� morphology and linear dependence
of the Pt coverage on the amount �coverage� of CuUPD/Au�111�.
The spontaneous formation of Pt deposit �	25% ML coverage� is
obtained even in the experiments where the Cu UPD ML was not
present on the Au�111� surface, reconfirming previously reported
results by Strbac et al.20 Our analysis shows that the oxidation state
of Cu during redox replacement reaction is 1+, suggesting that four
Cu UPD adatoms are replaced by each deposited Pt adatom.

Experimental

The preparation of the Au�111� surface �Monocrystals Co.� in-
volved several steps including mechanical polishing, electropolish-
ing, and hydrogen flame annealing. The details of the gold prepara-
tion procedure are reported previously on several occasions.21,22 The
typical Au�111� surface after the preparation procedure was charac-
terized by 100–1000 nm wide terraces separated with monatomic
steps and step bunches �Fig. 1A�. All solutions used in our experi-
ments were prepared with ultrahigh purity-grade chemicals
�99.999%, Alfa Aesar, Merck� and 18.6 M� ultrapure water �Mil-
lipore Direct Q-UV with Barnstead A1007 predistillation unit�. In
particular, the highest purity, triple-distilled perchloric acid was used
to prepare all our solutions. This ensured that the residual content of
Cl− in the 0.1 M HClO4 solutions used as the basic electrolyte was
below 10−7 M. Before each experiment, all solutions were deaer-
ated with ultrapure argon for a minimum of 2 h to minimize the
content of dissolved oxygen and to prevent any possible losses of
the CuUPD/Au�111� layer due to the oxygen reduction process.23

The O2 level after deaeration was verified by measuring the magni-
tude of the oxygen reduction current on the Pt electrode at 0 V vs
saturated calomel electrode �SCE�. The typical oxygen reduction
current density measured after 2 h deaeration was 
25 nA cm−2,
which indicated that the residual oxygen level in the solutions was
below 10−6 M.23 All electrochemical experiments, including the ex
situ scanning tunneling microscopy �STM� studies, were performed
in a nitrogen-purged glove box. The STM images were recorded
using the Nanoscope V controller with multimode scanner unit
�Veeco Instruments�.

The experimental routine.— The experimental routine for Pt
deposition via surface-limited redox replacement of CuUPD/Au�111�
involved several consecutive steps that are depicted in Fig. 2. They
S license or copyright; see http://www.ecsdl.org/terms_use.jsp
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are described as step I: �30 s� formation of CuUPD/Au�111� at a
certain potential with the desired coverage from the
10−3 M Cu2+ + 0.1 M HClO4 solution. The crystal is removed
from the solution under potential control; step II: quick rinse of the
Au crystal in 18.6 M� H2O for 10 s at open-circuit potential
�OCP�; step III: redox replacement of CuUPD/Au�111� by �PtCl6�2−

ions from the 10−3 M �PtCl6�2− + 0.1 M HClO4 solution at OCP
�30 s�; step IV: crystal rinse in 1:1 HNO3 �10 s, OCP�; and step V:
crystal rinse in 18.6 M� H2O �60 s, OCP�.

During each step, the Au crystal was rotated at 1000 rpm to
prevent any diffusion-limited transport conditions during the forma-
tion of CuUPD/Au�111� and during the Pt deposition step. The 30 s
duration of step I where CuUPD/Au�111� was formed was chosen
upon careful examination of the stripping charge of CuUPD/Au�111�
formed by potential hold for different periods of time. No increase
in stripping charge was observed upon the potential holds longer
than 5 s. Thus, the 30 s potential hold was taken as an arbitrary
period, ensuring the complete CuUPD/Au�111� formation at a given
underpotential. During all deposition experiments, the OCP tran-
sients exceeded a value of 0.65 V vs SCE within the time frame of
20 s. This indicated that there was no remaining Cu UPD layer
present on the Au or Pt surface, thus the realistic termination of the
redox process at the end of the experiment.12 In addition, the very
positive values of the OCP achieved after 20 s of the deposition
experiment and the fact that the 2D Pt deposit was formed in all
experiments ensured that possible entrapment or presence of re-
sidual Cu within Pt deposit can be ruled out. Therefore, the 30 s
duration of step III was chosen as the standard length for all depo-
sition experiments.24 Upon completion of the steps I–V sequence,
the crystal surface was subjected to extensive characterization using
STM or conventional electrochemical methods.

STM image processing and analysis.— After each Pt deposition
experiment, up to 50 STM images �	150 � 150 nm�� were re-
corded at different terrace sites of the Au�111� surface and were
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analyzed using our custom-made digital image processing �DIP� al-
gorithm. This algorithm provided information about the number of
Pt clusters per image �area�, the average Pt cluster size, the mean Pt
cluster size, the Pt coverage, and the cluster height. The typical
output of our DIP algorithm applied to one STM image is shown in
Fig. 3. The image segmentation was used for the differentiation and
identification of each Pt cluster on the surface �Fig. 3B and C�. For
this purpose, a threshold value was determined to segment each
image into a binary image using an autonomous global thresholding
method �the Otsu method�.25 In each experiment, the average cov-
erage of Pt clusters ���Pt�� was estimated as the total area of the Pt
clusters from all STM images �total number of white pixels� divided
by the total area of STM images �total number of pixels�. The error
bar of the Pt coverage data represented the standard deviation of the
data obtained from the analysis of all images used for the particular
experimental point �deposition experiment�.

Results and Discussion

Cu UPD on Au(111).— The representative cyclic voltammetry
�CV� of Cu UPD on Au�111� from the 10−3 M Cu2+

+ 0.1 M HClO4 solution is shown in Fig. 4A. The characteristic
features of the CV are the broad asymmetric deposition peak appear-
ing in the cathodic sweep between +0.3 and 0.03 V of the underpo-
tential ��E� and a much better defined stripping peak appearing
between 0.1 and 0.25 V during the anodic sweep. Both
CuUPD/Au�111� deposition and stripping are highly reversible and
the CV does not change its shape upon repetitive cycles. The broad
Cu UPD peak with a not well-defined maximum has been reported
previously26-28 and it was attributed to the slow reorganization of the
coadsorbed anions and the Cu UPD adatoms. The general features of
the CV in Fig. 4A agree with previously published data for this
system.26-28

Determination of CuUPD/Au�111� coverage.— CuUPD/Au�111�
with the desired coverage is obtained in step I using the following

7.5ÅD
Figure 1. Representative STM images of
the same Au�111� surface morphology
with and without presence of
CuUPD/Au�111�: �A� �E = 0.4 V, no
CuUPD/Au�111�; �B� �E = 0.03 V, the
full CuUPD/Au�111�; �C� �E = 0.4 V, af-
ter dissolution of the CuUPD/Au�111�; and
�D� atomic resolution of the
CuUPD/Au�111�. The inset shows the por-
tion of the image in �D� after fast Fourier
transform filtering. All images recorded
from 10−3 M Cu2+ + 0.1 M HClO4 so-
lution. Images �A�-�C� 220 � 220 and �D�
7 � 7 nm.
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routine followed during deposition via
surface-limited redox replacement of
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procedure. First, the initial Au�111� surface quality is verified by the
CV, having the sweep limits between 0.03 and 0.4 V. For all experi-
ments, the shape of the CV concurred within 95% of the one pre-
sented in Fig. 4A. After that, the potential was held at 0.03 V for 30
s �position 1 in Fig. 4A� to form the full CuUPD/Au�111�. Then, the
potential is stepped back to 0.4 V �position 2 in Fig. 4A� to record
the stripping charge of the full CuUPD/Au�111� �Qmax

exp �. The typical
value for the charge of the full CuUPD/Au�111� in our experiments
was 
219 � 10 �C cm−2. After this step, the potential is stepped
to an arbitrary value of the underpotential between 0.03 and 0. 3 V
and held for 30 s to form an incomplete CuUPD/Au�111� with the
certain coverage ��Cu� �position 3 in Fig. 4A�. In the subsequent
step, the potential is stepped back again to 0.4 V �position 4 in Fig.
4A� and is held to record the stripping charge of an incomplete
CuUPD/Au�111� �q�

exp�. Following this step, the potential is stepped
back to the same value where an incomplete CuUPD/Au�111� was
formed and held for 30 s to form CuUPD/Au�111� with the now
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“known” coverage �position 5 in Fig. 4A�. This coverage is esti-
mated as the ratio between the stripping charge of the incomplete
CuUPD/Au�111� formed at an arbitrary underpotential �q�

exp� and the
charge of the full CuUPD/Au�111� formed at 0.03 V �Qmax

exp �

�Cu
str =

q�
exp

Qmax
exp �2�

The earlier studies of CuUPD/Au�111� from perchloric acid solutions
diverge on the conclusion about the structure of the full
CuUPD/Au�111�. Zei et al.26 reported the incommensurate �2.2
� 2.2� superstructure of the UPD adlayer, whereas Manne et al.
reported the �1 � 1� structure rotated with respect to the substrate
for 30°.29 Our data suggest that the structure of CuUPD/Au�111�
obtained at 0.03 V has a commensurate hexagonal lattice with
3.1–3.3 Å interatomic spacing �Fig. 1D inset�. This structure agrees
very well with the �2 � 2� structure suggested by Hotlos et al.27 in
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Figure 3. �Color online� Representative
output form the DIP algorithm used in the
studies: �A� Input STM image of Pt de-
posit on Au�111�, 125 � 125 nm; �B� the
same STM image after threshold-based
segmentation and identification of each Pt
cluster; �C� the representative cluster after
segmentation operation �5.1 nm2�; and
�D� the output of the DIP algorithm show-
ing the histogram of Pt cluster population
with accompanying statistical data.
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terms of the distances and atomic arrangement of the Cu adatoms
with respect to the underlying gold surface ��Cu 2�2

UPD = 0.75�. The
proposed structure also involves a cooperative adsorption of Cl−

ions on top of the Cu UPD adlayer with the approximate packing
density of 0.25 with respect to the underlying Au�111� substrate
��Cl

UPD = 0.25�.27 However, our observation only partially agrees
with the work of Hotlos et al., which suggests the existence of the
potential- and Cl− content-dependent phase transition in
CuUPD/Au�111� ��2 � 2� ↔ �5 � 5��. In our studies, the ultrahigh
purity perchloric acid solution was used with traces of Cl−

��10−7 M�. The �2 � 2� structure of CuUPD/Au�111� was rou-
tinely observed at the 0.03 V underpotential as well as on the Cu
UPD islands formed at more anodic underpotentials. In separate
experiments, we have performed a series of the charge-stripping
measurements to obtain information about the adsorption isotherm
for our CuUPD/Au�111� system �Fig. 4B�. These data indicate that
CuUPD/Au�111� is a single-phase system,12 which agrees with our
STM observations. We attribute the reason for the partial disagree-
ment between our results and those of Hotlos et al. to the low con-
tent of Cl− in our solutions ��10−7 M�, which was significantly
below the critical concentration of 10−6 M required for �5 � 5�
structure formation.

The charge observed upon stripping of the full CuUPD/Au�111�
�Qmax

exp � and the charge that would correspond to the �2 � 2� struc-
ture of CuUPD/Au�111� �Q2�2

calc � are not the same. Assuming the two-
electron oxidation process for the Cu adatoms during UPD adlayer
stripping, the charge that corresponds to CuUPD/Au�111� with the
�2 � 2� structure �Q2�2

calc � is 
360 �C cm−2.30 The stripping
charge of the full CuUPD/Au�111� �Qmax

exp �, formed at 0.03 V in our
case, was 
219 � 10 �C cm−2. The Qmax

exp is lower than the esti-
mated charge Q2�2

calc for the amount

�q = Q2�2
calc − Qmax

exp 
 140 � 10 �C cm−2 �3�
The reason for this discrepancy is the considerably stronger ad-

sorption of anions �Cl−,�ClO4�−,OH−� on CuUPD/Au�111� than on
the Au�111� surface.28 This effect causes the negative charge of the
anion desorption during the potential step into the anodic direction
to decrease the measured positive charge related to the
CuUPD/Au�111� stripping.

At this point, the possible impact on what the discrepancy be-
tween the measured and calculated charge of CuUPD/Au�111� could
have on the experimental determination of the CuUPD/Au�111� cov-
erage �Eq. 2� needs to be elaborated. The charge measured from the
stripping of an incomplete CuUPD/Au�111� with coverage �Cu �q�

exp�
is also smaller than the corresponding charge of CuUPD/Au�111�
with the �2 � 2� structure and the same coverage �q�

calc� �q�
calc

= �Cu · Q2�2
calc �. The difference between q�

calc and q�
exp is obviously the

largest when the full CuUPD/Au�111� is considered, i.e., �Cu = 1
�Eq. 3�, and the smallest for �Cu = 0 ��q� = q�

calc − q�
exp = 0�. Keep-

ing in mind that the UPD adsorption isotherm indicates a single-
phase system �Fig. 4B�, the difference between the measured and

25nm25nm

A B

25nm25nm

A B
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calculated charges of CuUPD/Au�111� with an arbitrary coverage
��q�� proportionally decreases as the area of the gold surface cov-
ered with the Cu UPD ML is reduced

�q� = �Cu · �q �4�
Based on the preceding discussion, the coverage of the Cu UPD

ML formed at an arbitrary underpotential can be estimated in terms
of the measured stripping charge and the calculated charge of the
full CuUPD/Au�111� as follows

�Cu =
q�

exp + �q · �Cu

Q2�2
calc �5�

after rearrangement we get

�Cu =
q�

exp

Q2�2
calc − �q

�6�

Clearly, the denominator of Eq. 6 is equal to Qmax
exp �see Eq. 3�. After

the substitution of Eq. 3 into Eq. 6, the equivalence between Eq. 2
and Eq. 5 and 6 becomes evident, proving the validity of the esti-
mate of �Cu from the ratio between stripping charges, namely

�Cu = �Cu
str �7�

Cluster-free Au(111) surface.— Special attention to the Au�111�
surface preparation has been applied to ensure that no topological
features or gold clusters could appear on the Au�111� terraces due to
the lifting of thermal reconstruction. For this reason, the Au�111�
surface was not significantly heated during H2 annealing but was
rather flashed with hydrogen flame 5–10 times for a few seconds to
ensure surface cleanliness. Our in situ STM results presented in Fig.
1 indicate that during the potential jumps performed in our experi-
mental routine, there were no signs of additional defects or clusters
generation on the Au�111� terraces. Based on these results, all clus-
ters present on the Au�111� surface observed with ex situ STM after
deposition experiments are Pt in origin and the coverage estimates
of Pt using the STM image analysis are realistic with a minimal
possibility of misinterpretation.

�Pt vs �Cu dependence.— After performing a series of Pt deposi-
tion experiments via surface-limited redox replacement of
CuUPD/Au�111�, the morphologies of the obtained Pt submonolayers
were carefully characterized by STM. The results indicate that more
than 96% of the Pt clusters on the gold surface were 2D. For illus-
tration, in Fig. 5, the representative segmented STM images of the
Pt submonolayers from the three different experiments are shown.
After analysis of the STM data for each Pt deposition experiment
with different coverages of CuUPD/Au�111�, the relation between
the �Pt and �Cu was obtained �Fig. 6�. Perhaps the surprising result is
that even the experiments without the presence of the Cu UPD ML
on the Au�111� surface yielded a very reproducible deposition of Pt
on Au�111� from the 10−3 M �PtCl6�2− + 0.1 M HClO4 solution.
The representative coverage of Pt deposit for this case is shown in
Fig. 5A. This phenomenon has already been reported by Strbac et al.

m

C

m

C

Figure 5. Representative 100 � 100 nm
STM images after segmentation for three
different Pt deposition experiments: �A�
�Pt = 25.5% ML, �Cu = 0; �B� �Pt
= 35.6% ML, �Cu = 63% ML; and �C�
�Pt = 41% ML �Cu = 73% ML.
25n25n
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for the same system and our results reconfirm their findings.20 In our
experiments, the measured value of �Pt for �Cu = 0 was very repro-
ducible �
25 � 1%�.

The increase in coverage of the replaced CuUPD/Au�111� yields
an increase in the observed �Pt. The relationship is seemingly linear
�Fig. 6�, which deserves to be analyzed in more detail. From Eq. 1,
the relation between the �Pt and �Cu can be expressed in terms of
parameters defining the stoichiometry of the deposition reaction as

�Pt = �Pt
0 + �Cu

UPD�m

p
��Cu �8�

Here, the term �Pt
0 represents the Pt coverage obtained as the result

of the spontaneous deposition process ��Cu = 0�, whereas the term
�Cu

UPD�m/p��Cu directly represents the coverage of the deposited Pt in
ML units with respect to Au�111� obtained as a result of the surface-
limited redox replacement of CuUPD/Au�111�. The terms m, p, and
�Cu

UPD are described previously �see Eq. 1�. Fitting Eq. 8 to the �Pt vs
�Cu data is the direct way to determine the value of �Cu

UPD�m/p�
experimentally �slope, Fig. 6�. This allows us then to discuss in
more detail the values of each parameter defining the stoichiometry
of the Pt deposition reaction and to gain more insight into the depo-
sition reaction mechanism. As the starting point in our discussion,
Cu forms only one UPD ML on Au�111�.26-29 The high purity
hexachloroplatinate �IV� salt was used to prepare all Pt solutions,
ensuring that the oxidation state of dissolved Pt ions ��PtCl6�2−� is
4+, i.e., p = 4. The certainty of the parameter p in our experiments
leaves only the product �Cu

UPD · m to be extracted from our experi-
mental data and to be compared with our theoretical calculations.
According to the literature27 and our STM data in Fig. 1, the packing
density of CuUPD/Au�111� in our experiments corresponds to the
�2 � 2� structure with �Cu 2�2

UPD = 0.75. The possible oxidation state
of Cu after displacement reaction can be either 1+ or 2+ (m = 1 or
2�, where the latter one is thermodynamically more stable in an
aqueous environment unless the certain complexing ions are present.
If we take the parameter m = 2, the �Cu 2�2

UPD · m value is 1.5. How-
ever, the fit of Eq. 8 to the data in Fig. 6 yields the value of
�Cu

UPD�m/p� to be 0.19 � 0.009. This implicates that the value of
��Cu

UPD · m�exp = 0.76 + 0.009 is much smaller than our estimate. By
taking the packing density of CuUPD/Au�111� to be lower than 0.75,
the theoretical estimate of �Cu

UPD · m would become closer to the one
measured experimentally. The only other structure of
CuUPD/Au�111� that could be considered in this situation is the
�5 � 5� structure with �UPD = 0.62.27 In this case, the product
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Figure 6. Experimental data showing the dependence of the Pt submono-
layer coverage on the coverage of displaced CuUPD/Au�111�, �Pt vs �Cu. The
solid line in the graph represents the fit of the data using Eq. 8.
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�Cu 5�5
UPD · m is 1.24, which is still significantly larger than what is

obtained from our measurements. As mentioned before, the exis-
tence of the �5 � 5� structure requires a significant presence of Cl−

ions in the UPD solution �	10−6 M� and it would be manifested by
the potential-dependent phase transition in the Cu UPD adlayer.27 In
our experiments, �Cl−� � 10−7 M and no presence of other UPD
adlayer structures or phase transitions was detected �Fig. 4B�. These
arguments suggest that taking the value of �Cu

UPD = �Cu 2�2
UPD in our

calculations is the most appropriate.
The other possible oxidation state of Cu after redox reaction is

1+ rather than 2+. The fact that our initial estimate of
�Cu 2�2

UPD · m = 1.5 is almost 2 times larger than what we have mea-
sured experimentally ���Cu

UPD · m�exp = 0.76 + 0.0096� undoubtedly
suggests this possibility, i.e., m = 1. By assuming this, we calculate
the �Cu 2�2

UPD · m product to be 0.75, which is almost an identical
value to the one recovered experimentally.

The question rises if there are realistic chemical and thermody-
namic conditions at the solution–electrode interface during the Pt
deposition via surface-limited redox replacement of CuUPD/Au�111�
that would favor the Cu UPD adatoms oxidation to 1+ instead of the
2+ oxidation state. The presence of halides in the aqueous solutions
is known to complex Cu�I� ion by forming the �CuXn�n−1�X
= Cl,Br,I� complexes and making it thermodynamically more stable
than �CuXn�n−2 ion.31 In particular, Cl− is a strong complexing
ligand that promotes the stability of Cu�I� over a Cu�II� ion through
the formation of several different complexes32,33 such as �CuCl2�−

or �Cu2Cl4�2− �Table I�. The concentration of free Cl− in the
�PtCl6�2− solution was low ��10−7 M� and, even though only a ML
of Cu was oxidized and dissolved in the solution, it might be insuf-
ficient to provide all necessary Cl− to favor the stability of Cu�I�
over the Cu�II� ion. Nevertheless, the strong argument supporting
the existence of the Cu�I� ion during surface-limited redox replace-
ment reaction is that for each �PtCl6�2− ion deposited and reduced
on the Au�111� surface, the six Cl− ion ligands are liberated in its
vicinity. This way, at a local scale, around each deposited Pt adatom,
the concentration of Cl− ions could be sufficiently high to ensure
that the thermodynamically favorable path of the surrounding Cu
adatoms oxidation is to Cu�I� instead to Cu�II� ions.e In addition, the
�2 � 2� structure of CuUPD/Au�111� obtained from the perchloric
acid solution is stabilized by the adsorbed Cl− layer on top ��Cl

UPD

= 0.25�.27 The adsorbed Cl− layer provides the additional source of
Cl− ligands to stabilize the Cu�I� ion. In support of this scenario is
also the fact that the �ClO4�−, as the most abundant anion in the
�PtCl6�2− solution, is an extremely weak ligand that does not con-
tribute to the stabilization of Cu�II� ions. In this situation, in the very
narrow region of the solution near the solution–electrode interface, it
is possible that the dominant complexing anions are Cl−, which re-

e Based on the assumption that the thickness of the solution layer enriched with Cl−

from �PtCl6�2− is 
DCl · t, where t is the time of the displacement reaction
��30 s�; the local concentration of Cl− near deposited Pt adatoms is calculated to
be 	10−3 M.

Table I. Stability constants for chloride complexes of copper in
aqueous solutions.

Complex Stability constant Reference

�CuCl2�− 1.15 � 106 32
�CuCl3�2− 1.00 � 106 32
�Cu2Cl4�2− 1.00 � 1013 32
�CuCl�+ 2.31 32
�CuCl3�− 0.38 32
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sults in the complete domination of Cu�I�. The quite remarkable
agreement between ��Cu

UPD · m�exp and the estimated value of the
�Cu 2�2

UPD · m for m = 1 indirectly proves this.
Based on the previous analysis, for our experimental conditions

where �Pt
0 = 0.25 ML, �Cu

UPD = 0.75, m = 1, and p = 4, the total cov-
erage and the amount of Pt obtained via surface-limited redox re-
placement of CuUPD/Au�111� can be written as

�Pt = �0.25 + 0.1875�Cu� � 100% ML �9�
The stoichiometry of the entire deposition reaction can be expressed
as

��Cu · �Cu 2�2
UPD �CuUPD

0 /Au�111� + ��Cu · �Cu 2�2
UPD 1

4
��PtCl6�solv

2−

+ ��Cu · �Cl
UPD�Cu 2�2

UPD �Clads
− + ��Cu · �Cu 2�2

UPD 1

4
�Clsolv

−

⇒ ��Cu · �Cu 2�2
UPD ��CuCl2�solv

− + ��Cu · �Cu 2�2
UPD 1

4
�Pts

0/Au�111�

�10�
In the above equation, on the left side, the last two terms indicate the
additional sources of Cl−, besides the �PtCl6�2−, which are necessary
for the formation of the Cu�I� ions, i.e., the �CuCl2�− complex. For
each Pt adatom deposited, one Cl− is obtained upon oxidative dis-
solution of four Cu UPD adatoms from the adsorbed Cl− layer on
top of CuUPD/Au�111� and one Cl− is supplied by the bulk solution
�0.1 M HClO4 + 10−7 M Cl−�. Substituting the numerical values
of �Cu 2�2

UPD and �Cl
UPD in Eq. 10 and after rationalization of the equa-

tion’s notation, the Pt deposition reaction stoichiometry is simplified
to show only the ratio between Cu and Pt atoms and ions in the
reaction

4CuUPD
0 + �PtCl6�solv

2− + 2Cl− ⇒ 4�CuCl2�solv
− + Pts

0 �11�
Because the Cu UPD ML is used as the sacrificial layer in many
applications of the noble metal deposition via surface-limited redox
replacement reaction, the presented data and analysis undoubtedly
stress the importance of the anions for the deposition reaction sto-
ichiometry. Most of the noble metals form soluble complexes with
the ligands, which also complex and stabilize the Cu�I� ions. In the
situations where the dominant anions in the solution such as �ClO4�−

do not have the tendency for complexing the Cu ions, it is quite
important to appreciate the role of the ligands in the depositing
complex on the final oxidation state of dissolved Cu ions. Further-
more, in such systems, parallel with the charge-transfer process be-
tween the depositing metal complex and the Cu UPD adatoms, the
simultaneous ligand transfer occurs as well. The ligand transfer pro-
cess mandates that the metal deposition occurs through the direct
interaction between the depositing complex ��PtCl6�2−� and the cor-
responding Cu UPD adatoms. The ligand transfer as a part of the
deposition mechanism excludes completely the local cell mecha-
nism as a possible pathway for metal deposition. This additionally
promotes the uniformity of the deposit in terms of its morphology
and distribution over the surface.1

Conclusion

The presented results and discussion address in detail the stoichi-
ometry of the Pt deposition via surface-limited redox replacement of
CuUPD/Au�111� for a given experimental conditions. Combining the
statistical STM data analysis and conventional electrochemical tech-
niques, the relation between the Pt deposit coverage and the amount
of the replaced Cu UPD adlayer is developed together with detailed
equations describing the deposition reaction stoichiometry. The re-
sults indicate that four Cu UPD adatoms are replaced by one Pt
adatom. The observed stoichiometry is the consequence of the spe-
Downloaded 29 Sep 2010 to 129.7.205.1. Redistribution subject to EC
cific experimental conditions where the Cu UPD adatoms oxidation
to the Cu�I� ions is thermodynamically more favorable than their
oxidation to Cu�II�. This occurs as the result of the direct ligand
transfer process from depositing �PtCl6�2− to Cu ions, which is the
reaction mechanism that should be generally applicable to any situ-
ation where supporting electrolyte contains anions with no complex-
ing ability toward Cu. This work stresses the general importance of
the anions for metal deposition via surface-limited redox replace-
ment of UPD ML and it is believed that it brings more understand-
ing to the implementation of this deposition method to the fields of
catalysis and thin-film growth.
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