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ABSTRACT: The stoichiometry and reaction mechanism of Pt deposition
via surface limited redox replacement (SLRR) of Cu underpotential-deposited
(UPD) monolayer on Au(111) was studied using in situ polarization
dependent total reflection fluorescence X-ray absorption fine structure
(PTRF-XAFS), scanning tunneling microscopy (STM), X-ray photoelectron
spectroscopy (XPS), and cyclic voltammetry (CV). We proposed that Pt
deposition via SLRR of Cu UPD monolayer leads to formation/deposition of
Pt-surface species mainly consisting of Pt(II) chloride with a square planar
local structure [PtCl4] parallel to the Au surface (60%) which has a strong
interaction of the Pt complex with the Au substrate. The rest (40%) was one-
monolayer Pt metal cluster. This result provides a new understanding into the
mechanism and stoichiometry of the SLRR reaction, which has a wide
application for synthesis of monolayer catalysts.

■ INTRODUCTION

Two-dimensional (2D) Pt thin films have been used in a
variety of applications including microelectronics, energy
conversion and storage, as well as biocompatible materials.1,2

Among the different deposition methods such as molecular
beam epitaxy (MBE),3 chemical vapor deposition (CVD),4

and physical vapor deposition (PVD),5 the electrodeposition6

as ambient temperature growth method offers certain
advantages when simplicity and costs are considered. In
particular, it is quite easy to control the amount and
morphology of deposited metal films by varying the applied
potential/current and time. In some substrate−metal ion
systems, the phenomenon of underpotential deposition (UPD)
provides a facile way to form monolayer/submonolayer
epitaxial films by simple control of the electrode potential.
However, in the case of noble metals such as Pt, the formation
of the 2D film is quite difficult due to its high surface energy.
Typically, a three-dimensional (3D) growth was observed.7

However, in recent years, a new deposition method was
developed based on the UPD monolayer serving as a reducing
sacrificial template in the SLRR reaction (galvanic displace-
ment) with more noble Pt ions.8 The deposition protocol
involves several steps in which the Au surface (substrate) is
first covered with a UPD layer of Cu which plays a role as
sacrificial metal and was displaced with Pt under open circuit
potential (OCP). Since Pt is a material of pivotal importance
as electrocatalyst for polymer electrolyte fuel cells (PEFCs),9

this method has attracted a lot of attention, both, in the
fundamental studies exploring for the deposition and SLRR
reaction mechanism10−13 and in practical studies to optimize
the method14,15 and to obtain the efficient electrocatalyst
synthesis.16,17 Weaver et al. first applied this method to grow
Pt thin films repetitive SLRR reaction.18 Later on, this
approach was optimized by other groups to be developed as
a standard electrodeposition method nowadays.19 The studies
of deposition via SLRR of the UPD monolayer has been
expanded in several directions.8,19−23 Recent development can
be found in a review paper.24 Although the modeling of the
SLRR reaction kinetics has been discussed,10,11,25,26 the insight
into the atomic level structure of the deposited film and a
molecular level understanding of the SLRR mechanism are still
lacking. More experimental evidence is also necessary to fully
understand the role of the substrate and other experimental
parameters controlling the morphology of deposited films. In
our previous study, in situ PTRF-XAFS (polarization depend-
ent total reflection fluorescence-X-ray absorption fine
structure) was applied in studying the Pt monolayer on
Au(111) deposited via SLRR of Cu UPD layer.27 PTRF-XAFS
is extremely powerful in characterizing the structure and the
electronic state of the submonolayer adsorption on an
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atomically flat surface.28−31 We found in PTRF-XAFS
measurements that a Pt complex, [PtCl4], absorbed on the
Au surface was the main Pt species. This was an unexpected
result, as fully reduced Pt had been expected as the main
product. In order to understand the deposited film structure
and the SLRR mechanism, we analyzed the XAFS data in
combination with other characterization techniques including
scanning tunneling microscopy (STM), X-ray photoelectron
spectroscopy (XPS), and electrochemical methods. This
approach allowed us the more detailed view about the SLRR
reaction mechanism than the previous in situ XAFS report.27

In this paper we propose the new structure of the Pt metal
cluster surrounded by the [PtCl2-square] species after the
SLRR process. The SLRR mechanism is also discussed.

■ EXPERIMENTAL SECTION
Pt/Au(111) Sample Preparation and Electrochemical

Characterization. The synthesis of Pt/Au(111) followed the
galvanic displacement reaction protocol.8 A ϕ = 10 mm
Au(111) single crystal with 5 mm in thickness (purchased
from SPL, The Netherlands) was used as the substrate. After
the Au sample was electrochemically polished and flame-
annealed, it was transferred to an Ar filled glovebox for further
treatment. Figure S1a shows the cyclic voltammetry (CV) of
Au(111). All chemicals were purchased from Alfa Aeser with
ultrahigh grade (99.999%). 18.2 MΩ cm ultrapure water
(UPW; Milli-Q, Merck Millipore Co) generated after UV
photooxidation and nonporous filtering was used to make the
solutions. All of the solutions were deareated with Ar for 1 h to
minimize the oxygen content prior to the experiment. A three-
electrode glass cell with Ag/AgCl as the reference electrode
and a Pt coil as the counter electrode was used for Cu UPD.
An HSV-110 potentiostat (Hokuto Denko) was used for all
electrochemical measurements. Potentials were reported with
respect to Ag/AgCl, unless otherwise denoted. The solution of
0.1 M HClO4 + 1 mM Cu(ClO4)2 was used for Cu UPD. The
UPD potential was determined by the CV scanned at the range
from 0.42 to 0.03 V vs Cu/Cu2+ pseudoelectrode as shown in
Figure S1b. The deposition potential was 0.03 V, where a full
monolayer of Cu UPD was expected. After Cu UPD was
formed, the sample was rinsed with UPW and dipped in the
0.1 M HClO4 + 1 mM H2PtCl6 solution for 30 s to carry out
the replacement reaction. We used Pt(IV) instead of Pt(II)
just because Pt(IV) gives a Pt monolayer with more
reproducibility and we would like to follow the original
SLRR process.10 The possible origin for less reproducibility of
the Pt(II) species in the SLRR process was given later. The
sample was rinsed again with UPW. Electrochemical character-
ization was also performed on the as-deposited surface by
scanning CV in 0.1 M HClO4.
XAFS Measurements and Analysis. To eliminate oxygen

contamination, an in situ polychloro-trifluoroethylene
(PCTFE) XAFS cell27 was assembled in the glovebox. A
Mylar film with thickness of 6 μm was used as the X-ray
window. The solution thickness between the sample surface
and Mylar film could be adjusted according to the preparation
and measurement cases. In the preparation case the sample was
retracted from the Mylar film with the distance around 1 cm to
guarantee the thickness enough for the diffusion of the
electrolyte to reach the sample surface smoothly. In the
measurement case, the sample was placed near the Mylar film
with the thickness of the solution on the order of tens of μm to
minimize the X-ray absorbing and scattering of the solution

during XAFS measurement. The counter electrode (CE) and
reference electrode (RE) were both located in blanch glass
containers attached to the cell body so that the electrodes in
the containers could be shielded with Pb sheets to eliminate
any contamination fluorescence from the electrodes. The
assembled cell was filled with deaerated 0.1 M HClO4 and was
mounted on a 5-axis goniometer to adjust the polarization
directions and total reflection conditions. We measured the Pt
L3 edge XAFS at BL12C in Photon Factory (2.5 GeV, 450
mA) of Institute of Materials Structure Science, High Energy
Accelerator Research Organization (KEK-IMSS-PF). The
monochromator was a Si(111) double crystal, and an X-ray
beam was focused by the Rh coated cylindrical mirror. X-ray
fluorescence was detected by a 19-element Ge solid state
detector (MSSD; Canberra). To reduce the elastic scattering
from both the solution layer and the Au substrate, a Zn filter
(μt = 3) and a Soller slit were placed in front of the MSSD. We
also carried out the PTRF-XAFS measurements in BL36XU in
SPring-8 in the almost same experimental setup (proposal
number of 2016B7904). The XAFS analysis including the
background removal, Fourier transform, and curve fitting were
carried out by REX2000.32 Phase shift and amplitude functions
were derived from FEFF8.33,34 In our work, Pt L3 edge EXAFS
has the following polarization dependence:35
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=

k k( , )
1
2

(1.2 2.4 cos ( )) ( )
i

N

i i
1

2

(1)

where χ*(k,Θ) is total EXAFS oscillation while χi(k) is the
EXAFS contribution from the ith bond. Θ is the angle between
the electric field vector e ̂ and the surface normal vector. θi is
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where Ndata is the number of data points in fitting and
χdata* (kj,Θ) and χfit*(kj,Θ) are polarized experimental and fitted
EXAFS data points, respectively. ε(kj,Θ) is the standard
deviation at each point.

XPS Measurements. To confirm chemical state and
morphology, XPS and STM were done on the as-deposited
sample directly after the galvanic displacement reaction.
XPS measurements were conducted with JPC-9010MC XPS

(JEOL, Japan) under 1 × 10−6 Pa. The monochromatized Al
Kα (1486.7 eV) was used to avoid the Au 4f peaks excited by
X-ray satellite peaks. X-ray source current was set to 30 mA,
while its voltage was set to 10 kV. The binding energies (BE)
were calibrated by Au 4f7/2 set at 83.8 eV.36 After the
background removal using the Shirley method, Pt 4f spectra
were fitted using Lorentzian−Gaussian curves to obtain BE
and peak areas, fixing the doublet separation and peak area
ratio.

STM Measurement. Ex situ STM of the as-deposited
sample was done using Cypher AFM (Oxford Instrument). A
freshly cut Pt−Ir (80:20) wire was used as the STM tip. The
images were taken at the condition with a tunneling current of
0.8 nA and a bias voltage of 150 mV at the constant current
mode. WSxM 5.0 was used for image analysis.37 Coverage
information was based on the analysis of more than 20 images.
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■ RESULTS AND DISCUSSION
Electrochemical Results. Figure 1 shows the CV scans in

0.1 M HClO4 of Pt/Au(111) after the SLRR of Cu UPD

monolayer using [PtCl6]
2− as the Pt precursor. A scan started

from OCP at 0.5 V toward cathodic direction with the range
from −0.2 to +0.7 V. Basically, the CV followed the features of
polycrystalline Pt except the peak at 0.28 V in the first scan,
indicating that there was an irreversible reduction/deposition
in the first scan occurring on the Au(111) surface. Due to the
Pt submonolayer coverage, the H UPD started later than the
polycrystalline Pt, at around 0.05 V while the Pt−OH
formation at 0.5 V. The H UPD charge of 78 μC/cm2

corresponded to the Pt electrochemically active surface area
(ECSA) of 0.37 ML. H UPD charge was calculated by
integrating the region from −0.2 to +0.15 V with a baseline
equal to the double layer current. This might be somewhat
smaller than the actual physical area of deposited Pt due to the
fact that Pt clusters periphery might not be active for H UPD
since there is no 3-fold adsorption sites at the Pt-nanocluster
perimeter. As the scan continued, j in the H UPD region
decreased gradually, indicating a surface morphology change as
a result of the potential sweep. ECSA was calculated based on
the first scan. It is important to point out that a prominent

cathode peak around 0.28 V was observed only in the first scan
and was not recoverable in the following scans. In the XPS
measurement we did not find the Cl− on the surface after the
first scan.
In our previous EXAFS studies,27 we found [PtCl4]

2− was
the main species after the SLRR reaction. The charge of this
reduction peak was 93 μC/cm2. These facts suggest that the
peak observed at 0.28 V represents the following reduction
reaction eq 3:

[ ] + → +− − −PtCl 2e Pt 4Cl (aq)4
2

(3)

Therefore, the original amount of Pt present on the Au
surface might be 0.2 ML which was much smaller than 0.37
ML estimated from ECSA in the first scan. This result will be
discussed later.

Ex Situ STM and XPS Results. To confirm the surface
morphology of Pt/Au(111) and surface amount of Pt species
after the SLRR reaction, an ex situ STM study was conducted.
The imaged surface was taken from the glovebox after
displacement reaction and without any further treatment to
avoid possible morphology change. Figure 2 shows similar
morphology with literature.10 The upper right corner (Figure
2b) shows an enlarged image of the blue squared region in
Figure 2a, with a cross section plot (Figure 2c) which showed
monolayer height clusters. Analysis of 20 images gave 40 ± 6%
coverage of clusters, which agreed with previous studies.10 This
STM observed coverage agreed well also with the ECSA result.
Figure 2c shows the cross section of representative thin layer
species with the diameter about 5 nm which was an assembly
composed of 2−3 smaller clusters with about 2 nm diameter
by STM.
Figure 3 shows the XPS spectrum of the Pt/Au(111) in Pt 4f

region. Two species of Pt could be fitted, both with doublet
energy separation of 3.4 eV and together with Au 5p1/2 peak
appearing at 74.0 ± 0.3 eV.36 The area ratio of Pt 4f7/2 and
4f5/2 was fixed at 4:3. The first Pt species had binding energy
(BE) at 71.1 ± 0.3 eV, which could be assigned to the Pt0

metal state, while the other Pt species had its BE at 72.2 ± 0.3
eV, which was clearly higher than that of the Pt metal and close
to that of PtO at 72.4 eV and K2PtCl4 at 72.9 eV.36 Even
though the BE of the second Pt species was closer to that of

Figure 1. First five scans CV of Pt/Au(111) in 0.1 M HClO4, starting
from 0.5 V towards cathodic direction. Scan rate: 0.05 V/s.

Figure 2. (a) Ex situ images of the Pt/Au(111) morphology. (b) The enlarged image of the blue squared region. (c) The height of the cluster along
the line in panel b.
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PtO, the XPS also detected the existence of Cl (Figure 3b),
which provided the possibility that there was Pt−Cl complex as
a product of the SLRR reaction. Sample was protected in N2
during the transfer from the glovebox to XPS to minimize the
exposure time in air. The quantitative analysis showed that
total Pt coverage was 0.34 ± 0.04 ML, which agreed with the
ECSA results within the error bar. This, together with the STM
image, is strong evidence that the deposited Pt was in
monolayer structure and the Pt coverage was about 0.37 ±
0.05 ML. In the total 0.34 ± 0.04 ML of Pt measured by XPS,
the 72.2 ± 0.3 eV (Pt2+) counted for 0.22 ± 0.03 ML (64.7%
in total Pt) while the 71.1 ± 0.3 eV species (Pt0) counted for
0.12 ± 0.01 ML (35.3% in total Pt). The Cl coverage was 0.49
± 0.01 ML, giving the ratio of Pt2+ and Cl of nearly 1:2, which
provided the stiochiometry information on the Pt−Cl complex.
Revisit of in Situ PTRF-XAFS Results. We again discuss

the XAFS results here in detail. Figure 4 shows the normalized

s- and p-polarization L3 edge XANES of the Pt monolayer
measured at 0.45 and 0.1 V with comparison to the reference
samples. The two potentials were chosen according to the CV
shown in Figure 1 in the CV section. 0.45 V was close to the
OCP and before the onset of the 0.28 V cathodic peak, while
0.1 V was after the cathodic peak and before the onset of the
hydrogen adsorption. In Figure 4 the strong peak appeared
around 11565 eV which was assigned to the dipole transition

from 2p3/2 state to 5d empty state. The peak was called as
white line (WL). The WL intensity directly reflected the
amount of unfilled d states.38

For s-polarization Figure 4a showed the highest WL
intensity at 0.45 V, while at 0.1 V WL decreased and was
weaker than that of K2PtCl4 reference but still higher than that
of the foil. The 0.45 V spectrum resembled that of K2PtCl4
while the spectrum of 0.1 V was similar to that of Pt foil by
comparing the XANES of the K2PtCl4 which showed the
different feature between 11590 and 11615 eV from that of
foil. On the other hand, for p-polarization, WL intensities of
0.45 V was broader and slightly higher than that measured at
0.1 V, while 0.1 V was comparable with that of Pt foil. The
structures above 11 590 eV showed that at the 0.45 and 0.1 V
XAFS resembled that of K2PtCl4 and that of Pt foil,
respectively, similarly to the s-polarization XANES. Both
polarizations showed a lower WL intensity after sweeping the
potential to 0.1 V, meaning that there was reduction of Pt
species, which were associated with the cathodic peak at 0.28
V.
Figure 5a,b shows the EXAFS spectra of s- and p-

polarization at 0.45 V. We proposed a [PtCl4] model in the
previous EXAFS analysis27 where the [PtCl4] molecular plane
was parallel to the surface. We found that the Cl was
coordinated to Pt at 0.226 nm. We did not find the Pt−O
bond in the EXAFS analysis which could be clearly
distinguished from Pt−Cl because phase shifts of Pt−Cl and
Pt−O were π rad different from each other. According to the
electrochemical results and XPS, we modified the model
structure as follows. [PtCl4] was the main species, but the Pt
monolayer was present as the minor species. Actually, we had
the better fitting results in the mixture model of PtCl4 and Pt0.
Figure 5d showed the model we used for FEFF calculation of
Pt metal. Pt atom was fully coordinated in the monolayer
fashion or its Pt−Pt coordination number was 6 (atom A in
Figure 5d). Pt−Au distance was 0.282 nm, which was the
average of bulk Pt−Pt and Au−Au distance. Pt−Pt distance
was assumed to be 0.288 nm equal to the Au−Au substrate.
The R factors of mixed models with different [PtCl4]
compositions of both s- and p-polarizations were calculated.
To generalize two polarizations, we defined the average R
factor, based on the previous R factor definition in eq 2

ε ε

ε ε
=

+

+
R

R R/ /

1/ 1/avg
2 s

2
s

2
p

2
p

2

s
2

p
2

(4)

Figure 3. Narrow scan XPS of Pt/Au(111) for (a) Pt 4f and (b) Cl 2p regions.

Figure 4. In situ XANES of Pt/Au(111) at 0.45 and 0.1 V, with
comparison of K2PtCl4 and Pt foil. (a) s-polarization and (b) p-
polarization.
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where εs
2 and εp

2 are the averaged standard deviation for both
s- and p-polarization. Ravg

2 of mixed spectra were calculated
with x (0 < x < 1, tep 0.05) [PtCl4] and (1 − x) Pt metal
monolayer.
Figure 5e showed the Ravg change as a function of [PtCl4]

amount. The minimum Ravg = 0.45 was achieved when x = 0.85
for bond distances at 0.288 nm while Ravg with no Pt metal was
0.50. The acceptable range of x was calculated using F-test.
The degree of freedom for Ravg was 16. The confidence interval
when significance level α was set to 0.05 was x ∈ [1, 0.66]
(Figure 5e). The mixed FEFF spectra with Pt complex
composition of 0.85 are plotted as the red curve in Figure 5a,b.
To optimize the Pt−Pt bond distance, we tested several
models by varying the Pt−Pt bond distance. The two cases
with different distances (i.e., 0.288 and 0.277 nm) were tested,
which corresponded to the Au(111) substrate lattice constant
and the Pt bulk, respectively, and the 0.288 nm gave better
fitting. Note that we assumed the Pt one monolayer with an
infinite size. However, the STM results indicated that cluster
size was 4−6 nm in diameter, indicating the fraction of [PtCl4]

might be less than 0.85 and will be discussed in the following
section.

Oxidation State of Pt in [PtCl4]. Based on XPS analysis,
two chemical states of Pt were observed, Pt2+ and Pt0. EXAFS
analysis indicated no contradiction if both species were
present. Electrochemical results showed that the charge
corresponding to the 0.28 V cathodic peak in the first scan
was 93 μC/cm2, while the H UPD charge was 78 μC/cm2.
Without considering other characterization results, knowing
that the [PtCl6]

2− as the starting compound and following
reduction paths

+ →+ −nPt e Ptn (5)

The percentage of Ptn+ on Au surface would be 119%, 60%,
40% and 30%, when n was 1, 2, 3, and 4, respectively. Based on
the XAFS simulation which showed [PtCl4] might be between
0.66 and 1.0, although n = 2 does not fall in this region, we
have to remember that Pt metal oscillation used previously did
not consider the actual Pt cluster size, which will eventually
decrease the complex percentage. Therefore, it is reasonable to
propose n = 2 at this point. Consequently, the most plausible

Figure 5. EXAFS comparison between experimental data at E = 0.45 V and FEFF calculation for the [PtCl4] model and the following mixture
model. (a) s-polarization, (b) p-polarization, (c) [PtCl4] model structure, (d) Pt metal cluster model, and (e) Hamilton test for the average R factor
(eq 4), with the acceptable value (Ravg = 0.52 red dotted line) when significant level was 0.05. Pt−Pt bond distance was 2.88 Å. Coordination
number of Pt with in-plane Pt was 6.
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species was the [PtCl4]
2− complex, which agreed with XPS and

XAFS results. Since we could only observe the homogeneous
Pt clusters by STM, [PtCl4]

2− might be adsorbed around the
nucleated Pt clusters (Figure 6a). The surrounding [PtCl4]

2−

has a similar local structure to PtCl2 where two Pt shared two
Cl and one Pt was surrounded by four Cl to form square
structure. Although details of the structure were discussed later
the [PtCl4]

2− found here was denoted as [PtCl2-square]
hereinafter.
Based on the model structure that one monolayer metal core

(40%) + [PtCl2-square] shell (60%) with 2.2 nm cluster shown
in Figure 6a), Ravg dependence of Pt complex percentage was
recalculated, and the corresponding acceptable range was x ∈
[1, 0.57] with the same significant level. Now n = 2 fell into the
Pt complex region by EXAFS modeling. We calculated the
EXAFS spectra of this model, with the assumption of Pt−Pt
bond distance to be 0.288 nm and the size of [PtCl4] unit in
[PtCl2-square] to be 0.82 nm. The model gave Ravg = 0.45, and
the spectra (Figure 6c,d) were plausible even compared to the
best fitting results. In this model, Cl was shared by two
adjacent [PtCl4] units based on the 2:1 ratio of Cl to Pt from
the XPS result. Following the above analysis by assuming the
60% [PtCl2-square] and 40% metallic state, the s- and p-
polarization XANES we measured should also contain both
contributions from [PtCl2-square] and Pt−Pt bond. The 0.1 V
XANES spectra in Figure 4 were used here to represent the
metallic Pt monolayer clusters on Au(111) on the assumption
that the whole Pt L3 edge XANES should have similar spectral
features inside the whole cluster. Consequently, the measured
XANES at 0.45 V for both polarizations could be expressed as

μ μ μ= +[ − ]0.6 0.4 V0.45V PtCl square 0.12 (6)

Assuming the Pt local structure in [PtCl2-square] and its
random orientation shown in Figure 5c), the unpolarized
spectrum of [PtCl2-square], μunpol,, could be calculated by the
following equation:

μ
μ μ

=
+2

3unpol
s p

(7)

where μs and μp stands for the μ[PtCl2−square] in s- and p-
polarization, respectively.
Figure 7 shows the integrated unpolarized spectrum based

on the eq 6 and 7 together with the experimental value. The

Figure 6. (a) Proposed metal (40%) + complex (60%) model on Au(111), with complex adsorbed on the edge of metal clusters. Green, Cl; blue,
Pt; yellow, Au. (b) Recalculated Ravg based on the size of Pt cluster in this model. (c) s-polarization of the model fitting results, in comparison with
experimental data. (d) p-polarization.

Figure 7. Calculated [PtCl2-square] XANES (unpolarized) according
to eqs 6 and 7 with other reference spectra.
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unpolarized spectrum was best expressed by the reference
[PtCl4]

2− data both in WL intensity and region above 11 590
eV, which resembled Pt−Cl oscillation. The difference may
come from the different local structures in [PtCl4]

2− and Pt−
Au interaction. Therefore, one possible model would be
[PtCl2-square] around the nucleated Pt clusters.
Comparison with PtCl2 and PtCl2-Square. The PtCl2

bulk crystal39 and the [PtCl2-square] found here have both a
square planar [PtCl4] unit around Pt(2+). Each unit is linked
with each other by sharing two chlorides. The difference is the
dimensionality. In the PtCl2 crystal, 6 PtCl4 units get together
to form the PtCl2 cubic structure, denoted as Pt6Cl12 where
each face is composed of a PtCl4 unit. In the [PtCl2-square], all
PtCl4 units are in the same plain. Although the structure
satisfies the observed data, yet one may ask why no Pt−Pt
distance is observed in EXAFS. We do not know the exact
answer, but the structure has some disorder in Pt−Pt to form
the ring around the Pt nucleus. The reason why the 3-
dimensional [PtCl4] unit like PtCl2 is not formed on the Au
may be the Au−[PtCl4] interaction in [PtCl2-square] structure
to form all PtCl4 parallel to the Au surface.
Reaction Stoichiometry. Assuming the oxidation state of

Pt as 2+ for [PtCl2-square], we discussed the reaction
stoichiometry during the displacement reactions based on
the electrochemical, XAFS, XPS, and AFM results. From the
analysis above, we had proposed that the surface species of Pt
was a mixture of [PtCl2-square] and metallic Pt monolayer
cluster (Pt9±2) with 3:2. From the CV of Pt/Au(111) in 0.1 M
HClO4, the charge associated with the cathodic peak in the
first scan was 93 μC/cm2, which could be assigned to the
reduction of [PtCl2-square], where Pt

2+ was reduced and two-
electron charge transfer was involved. There are two
possibilities for the origin of the [PtCl2-square], from
displacement of Cu UPD by partially reducing the [PtCl6]

2−

(eq 8) and from the spontaneous deposition of Pt on Au
surface40 (eq 9). We discuss the two scenarios along with the
oxidation state of Cu after displacement reaction.

[ ] + → [ − ] +

[ ] + → +

− − −

− − −

PtCl 2e PtCl square 4Cl 60%

PtCl 4e Pt 6Cl 40%

6
2

2

6
2

l
m
ooo
n
ooo

(8)

[ ] + → +− − −

spontaneous deposition 60%

PtCl 4e Pt 6Cl 40%6
2

l
m
ooo
n
ooo (9)

Assuming that the [PtCl2-square] was reduced on the
surface as a product of the displacement reaction of Cu (eq 8),
in order to reduce the original [PtCl6]

2−, the same amount of
charge as required for [PtCl2-square] reduction to Pt, i.e., 93
μC/cm2, was necessary. Meanwhile, to deposit the other 40%
of metallic Pt species, [PtCl6]

2− was reduced to Pt0, which
required 125 μC/cm2 charge (four-electron transfer). It gave
the total charge of 218 (= 125 + 93) μC/cm2. In the scenario
of eq 9, if the origin of [PtCl2-square] reduction comes from
spontaneous deposition of PtCl6

2− on Au as assumed in ref 40,
only 125 μC/cm2 charge was necessary to reduce [PtCl6]

2− to
Pt0.
For the Cu UPD, we checked the Cu amount by XPS which

was 0.62 ML corresponding to the charge of 273 μC/cm2, if
the Cu UPD layer was oxidized into Cu2+ (eq 10). There was
also possibilities for the Cu oxidation state, which was
suggested by the previous study that due to the excessive

amount of Cl−, Cu(I), instead of Cu(II), was more stable in
aqueous solutions10 (eq 11). Following this assumption,
oxidation of Cu would be accompanied by providing electron
of 136.5(=273/2) μC/cm2.

→ ++ −Cu Cu 2e2 (10)

+ → [ ] +− − −Cu 2Cl CuCl e2 (11)

Since the amount of the Cu was too small (∼10−3 ppm), it
was difficult to identify the Cu species in solution directly. We
thought the following four scenarios. To make a clear
comparison, the calculated charges with different Cu oxidation
state and surface [PtCl2-square] origin are listed in Table 1.

Cu(I) means that eq 11 occurred, and the product was
[CuCl2]

− while Cu(II) means the Cu2+ was created. Pt spon.
represents that surface Pt(2+) was created after the
spontaneous reaction, while Pt disp. means that surface Pt(2+)
was deposited by the galvanic displacement reaction.
It is evident that the combination of Cu(I) and Pt

spontaneous deposition presented smallest error (scenario I),
i.e., the same stoichiometry proposed in ref 10. The overall
reaction follows:

[ ] + + → + [ ]− − −PtCl 4Cu 2Cl Pt 4 CuCl6
2 0 0

2 (12)

Note that this mechanism requires extra Cl− supply. The
formation of Cu+ is promoted by the existence of Cl− in the
solution. The origin of the extra Cl− supply may come from the
spontaneous deposition of [PtCl6]

2−. As we mentioned in the
Experimental Section we could not obtain the Pt monolayer by
SLRR using [PtCl4]

2−. This might be related to the fewer Cl−

available in the reaction of [PtCl4]
2−. To verify this

mechanism, we measured the Pt coverage change as a function
of Cu UPD coverage. A similar measurement was conducted in
ref 10, but the coverage of Pt was determined using XPS in our
study. Results are shown in Figure 8. One point with about 0.1
ML coverage to avoid the extreme situation of bare Au where
spontaneous deposition happens. The slope obtained from
linear fitting of the three data points was 0.23 ± 0.04. It means
one Pt atom was exchanged with about 4 Cu, agreed well with
eq 12. The highest Pt coverage could be obtained with the
displacement reaction was about 0.34 ML by XPS, and about
0.2 ML coverage could be extrapolated when θCu = 0. The
portion of Pt from spontaneous deposition should be in 2+
without any further treatment. The ratio of 0.2 ML (59%)
Pt(2+) vs 0.14 ML (41%) for Pt(0) agrees well with the
electrochemical, XPS and EXAFS results (3:2). The sponta-
neous deposition might occur by the reaction of surface Au
and [PtCl6]

2− to give Pt (II) chloride complex. Here we used
the term, Pt(II) chloride complex, because we did not

Table 1. Charge Comparison for Different Pt Origins and
Cu Oxidations States

entry scenario
charge for reduction
of Pt (μC/cm2)

charge from oxidation
of Cu (μC/cm2)

I Cu(I) (eq 11),
Pt spon. (eq 9)

125 136.5

II Cu(II) (eq 10),
Pt disp. (eq 8)

218 273

III Cu(II) (eq 10),
Pt spon. (eq 9)

125 273

IV Cu(I) (eq 11),
Pt disp. (eq 8)

218 136.5
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explicitly characterize Pt(II) chloride complex structure as a
product of the spontaneous reaction. However, we could say
the Pt(II) chloride species should have strong interaction with
Au surface similar to [PtCl2-square].
To confirm the interaction of Pt(II) chloride species with Au

substrate was strong, we carried out the following experiment.
The displacement reaction was repeated five times to achieve
more Pt deposition (Pt/Au(111)_5). Figure 9 was the STM
image of the Pt/Au(111)_5 surface after five cycles and the
linear sweep voltammetry (LSV) of the reduction of the Pt
complex of Pt/Au(111)_1 and Pt/Au(111)_5. STM showed
an almost fully covered surface with more densely clusters
which had similar size but two-atomic-layer height comparing
to the surface after 1 deposition cycle. The cathodic LSV scan
indicated a smaller reduction peak for the Pt/Au(111)_5 than
that of the Pt/Au(111)_1 surface. This could be well explained
by the fact that less exposed Au means weaker interaction with
Pt complexes, which agreed with the literature.7,25

■ CONCLUSION
Surface structure of Pt/Au(111) deposited by SLRR of Cu
UPD was revealed by XAFS, XPS, STM, together with
electrochemical methods. We proposed that a new model
including adsorption of [PtCl2-square] where [PtCl4] unit was
arranged parallel to the Au. This pathway to form [PtCl2-
square] counted for 60% of the total amount of deposited Pt,
while the remaining (40%) was Pt metal obtained by SLRR.

This model is consistent with all of the CV, XAFS, and XPS
results. The model is different from what was expected for the
Pt structures after SLRR reactions13 and what we proposed in
the previous paper.27 Based on this model, reaction mechanism
was proposed and proved to be consistent with the previous
STM study.10 The stabilization of Cu+ in the existence of Cl−

might be the reason for the low efficiency of SLRR using
[PtCl4]

2− and Cu as sacrificial metal in HClO4 environment.
The [PtCl2-square] was a product of spontaneous deposition
and was found to have strong interaction with the bare Au
surface which could be related to the reaction kinetics change
as the deposited Pt amount increased.25
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