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ABSTRACT: In this report, we examine the structure of bimetallic nanomaterials prepared
by an electrochemical approach known as hydride-terminated (HT) electrodeposition. It has
been shown previously that this method can lead to deposition of a single Pt monolayer on
bulk-phase Au surfaces. Specifically, under appropriate electrochemical conditions and using a
solution containing PtCl4

2−, a monolayer of Pt atoms electrodeposits onto bulk-phase Au
immediately followed by a monolayer of H atoms. The H atom capping layer prevents
deposition of Pt multilayers. We applied this method to ∼1.6 nm Au nanoparticles (AuNPs)
immobilized on an inert electrode surface. In contrast to the well-defined, segregated Au/Pt
structure of the bulk-phase surface, we observe that HT electrodeposition leads to the
formation of AuPt quasi-random alloy NPs rather than the core@shell structure anticipated
from earlier reports relating to deposition onto bulk phases. The results provide a good example of how the phase behavior of
macro materials does not always translate to the nano world. A key component of this study was the structure determination of
the AuPt NPs, which required a combination of electrochemical methods, electron microscopy, X-ray absorption spectroscopy,
and theory (DFT and MD).

■ INTRODUCTION

Pt is an important catalyst for many reactions, but it is
expensive and hence there is a strong motivation for reducing
its usage.1 One strategy for minimizing the need for Pt, yet
retaining its desirable catalytic properties, is to form atomically
thin Pt layers on more abundant, less expensive materials.1−4

One might imagine this could be accomplished by direct
deposition of Pt, but that approach can lead to three-
dimensional growth (rather than stopping at a single monolayer
(ML)).5,6 In recent years, however, new methods have been
discovered that are much more effective for depositing Pt ML
and controlled multilayer films onto underlying metals.
One of the most intriguing methods for controlled

deposition of Pt was recently reported by Moffat and co-
workers.7−9 Specifically, they showed that close to a single Pt
ML can be deposited onto a macroscopic Au surface using a
hydride-termination (HT) process (Scheme 1).7,8 In this
approach, the potential of an Au electrode is pulsed to a
value that sequentially deposits Pt and then adsorbed H atoms
(Hads) atop the newly deposited Pt atoms. The presence of Hads

prevents three-dimensional growth of Pt multilayers.7 Finally,
the potential is pulsed positive to remove Hads. Repetition of
steps 2 and 3 (Scheme 1) can be used to deposit up to 10 Pt
layers,7,8 although iterations 2−10 do not necessarily result in
complete additional MLs.8,10

Following the original study of the HT method,7 related self-
terminating electrodeposition6,9,11−17 and chemical deposi-
tion1,18 methods were reported. For example, Behm and co-
workers6 demonstrated that COads could replace Hads as the
capping agent for Pt, and Vanpaemel and co-workers11

reported that ultrathin Ni films could be deposited onto TiN.
The HT method has also been adapted for Pt deposition onto:
Ni,9 star-shaped dendritic Au nanorods,19 and carbon fiber
substrates;20,21 Ir deposition on Au, Pt, and Ni;14 and for
PtCoNi alloy formation.13 To the best of our knowledge,
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however, the efficacy of this method has not been tested for ML
shell deposition onto nanoparticles (NPs).
In this Article, therefore, we report in-depth characterization

of NPs prepared by the HT method, and specifically Pt
deposition onto ∼1−2 nm AuNP cores. The Au cores were
prepared by a dendrimer templating method we3,22−25 and
others26−28 have described previously. On the basis of the
original reports of HT Pt deposition onto bulk materials,7−9 we
anticipated that Pt deposition onto AuNPs would yield Au@Pt
core@shell structures. However, the results of extensive
structural characterization suggest the resulting materials
more closely resemble quasi-random alloys.
The results described here are interesting for two primary

reasons. First, the HT method could be very useful for
preparing, for example, catalytic NPs, but its extension from
bulk to NP surfaces is not a foregone conclusion. This is
because the geometric and electronic properties of the surfaces
of 1−2 nm NPs, such as those used here, are very different from
those of bulk surfaces.3,29,30 Successful application of the HT
method to NPs has the potential to greatly expand the scope of
the HT-deposition approach.7−9,13,14

Second, the HT method for NPs could be more versatile
than the most common method used for depositing ML shells
of metals onto small cores: underpotential deposition (UPD)
followed by galvanic exchange (GE).2,31,32−35,36−41 UPD is an
electrochemical method that provides a means for depositing a
single ML of a shell metal (e.g., Cu) onto a core at a potential
more positive than that of the onset for bulk metal
deposition.40 Once deposited, the UPD metal can be
galvanically exchanged for a second, more noble metal (e.g.,
Pt). There are some significant limitations of the UPD/GE
approach, however. For example, the preparation of multiple,
discrete ML shells using combined UPD/GE is challenging and
can result in alloying between the UPD and final shell metals if
exchange is incomplete.16,41−44 For catalysis this is important,
because as we have shown, even a few heteroatoms can
dramatically change the catalytic properties of NPs.43 Addi-
tionally, the UPD/GE method is limited to shell metals more
noble than the UPD metal.39 The HT method directly
addresses these types of problems and limitations.
For this Article, we chose to study Au@Pt NPs in part

because this was the same combination of metals used in the
original report of the HT method on bulk surfaces.7 Also, we
have previously synthesized Au@Pt NPs using either Cu34 or
Pb35,36 UPD followed by GE with Pt2+, and therefore have
direct experience with this alternative synthetic method. The
results presented here show that the HT method does lead to
deposition of Pt on ∼1.6 nm AuNPs, but that the resulting
structure is more consistent with that of a quasi-random alloy
than a simple core@shell model. We reached this conclusion by
combining data from electrochemical measurements, electron
microscopy, X-ray absorption spectroscopy, and theory. The
main conclusion of this work, that alloying occurs in NPs using
the HT method, is in contrast to the segregation of the two
metals observed in bulk phase, and it provides a good example
of how the phase behavior of macro materials does not always
translate to the nano world.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Sixth-generation poly(amidoamine)

(PAMAM) dendrimers, terminated with amine groups (G6-NH2),
were purchased from Dendritech, Inc. (Midland, MI) as a 9.0 wt %
solution in methanol. Prior to use, the methanol was removed under

vacuum, and then the dendrimers were reconstituted in water to yield
a 100 μM stock solution. A 0.50 M NaOH solution, NaBH4 (99.9%),
HAuCl4 (≥99.9%), and HPLC grade 2-propanol (99.9%) were
purchased from Sigma-Aldrich. K2PtCl4 (99.9%), CuSO4 (98%,
anhydrous), and NaCl were obtained from Fisher (NJ). A 70%
HClO4 solution (in H2O) was purchased from Acros Organics (NJ).

Deionized (DI) Milli-Q water (18.2 MΩ cm; Millipore, Bedford,
MA) was used for all solutions. Carbon- and lacey-carbon-coated Cu
TEM grids were purchased from EM Sciences (Gibbstown, NJ, catalog
numbers CF400-Cu-UL and LC400-Cu). Vulcan carbon (EC-72R)
was obtained from ElectroChem, Inc. (Woburn, MA). PTFE
membrane filters (0.5 μm pore size) were from Advantec MFS, Inc.
(Dublin, CA). All electrodes were purchased from CH Instruments
(Austin, TX) with the exception of the working electrode used to
prepare the EXAFS sample, which was Toray Teflon-treated carbon
paper (TGP-H-120) from The Fuel Cell Store (Boulder, CO).

Synthesis of Au Dendrimer-Encapsulated Nanoparticles
(DENs). DENs are NPs synthesized using dendrimer templates, and
they are characterized by a high degree of monodispersity in size,
composition, and structure.3,22,23 For this study, Au DENs were
synthesized according to a literature procedure45 with slight
adjustments. Briefly, 147 equiv of HAuCl4 (20 mM; 147 μL) was
added dropwise to an aqueous G6-NH2 solution with vigorous stirring.
This results in encapsulation of AuCl4

− within the dendrimer.
Reduction of this composite was achieved by adding an 11−12-fold
excess of NaBH4, contained in 0.3 M NaOH (1.0 mL), within <2 min.
For this step, the NaOH was added to a weigh boat containing the
NaBH4 just before the mixture was transferred to the reaction solution.
A color change from light yellow to brown signaled successful
formation of Au147 DENs. Note that the Au147 DENs notation is not
intended to imply that all DENs contain exactly 147 atoms, but rather
the initial AuCl4

−:G6-NH2 stoichiometry. Following reduction, excess
BH4

− was deactivated by exposing the solution to air >12 h. No further
purification was necessary. The final solution volume was 10 mL, and
the concentration, with respect to the dendrimer, was 2.0 μM.

The DENs synthesis was slightly modified for EXAFS sample
preparation. A total of 10 mL of 10 μM DENs was synthesized in two
separate 5 mL batches, which each contained 500 μL of 100 μM G6-
NH2, 367.5 μL of 20 mM HAuCl4, and ∼2.8 mg of NaBH4 (a 10-fold
excess) in 500 μL of 0.3 M NaOH. After ∼2.5 min of stirring, NaBH4
and NaOH were added together to the solution as previously
described. After deactivation of excess BH4

− in air for >12 h, these
DENs were dialyzed against 4.0 L of Milli-Q water for >12 h using 12
kDa MWCO dialysis tubing (Sigma-Aldrich).

NP Characterization. UV−vis spectroscopy was performed using
a Hewlett-Packard 8453 spectrometer. Transmission electron
microscopy (TEM) and scanning TEM (STEM) were performed
using a JEOL 2010F TEM, having a point-to-point resolution of 0.19
nm and an operating voltage of 200 kV. Au147 DEN samples for TEM
analysis were prepared by dropcasting 2.0 μL of the DEN solution
onto a carbon-coated Cu TEM grid and then drying in air. STEM was
used to image composite inks (described in the next section)
consisting of Au147 DENs and Vulcan carbon (VC). These TEM
samples were prepared by diluting the DEN/VC ink 1:6 with water,
sonicating for ∼10 min, and then dropcasting (0.5 μL) onto a lacey-
carbon-coated Cu grid. For AuPt DENs, lacey-carbon-coated Cu TEM
grids were prepared by lightly swiping the electrode surface across the
grid.

Electrochemical Synthesis of AuPt DENs via the HT Method.
Electrochemical measurements were performed using a CH Instru-
ments 627E potentiostat. For all experiments, an Hg/Hg2SO4
reference electrode and a glassy carbon rod counter electrode were
used. Prior to use, the glassy carbon working electrodes (GCEs, 3
mm) were polished sequentially with 1.0, 0.3, and 0.05 μm alumina (2
min/pad) and then sonicated in water for ∼10 min to remove excess
alumina. The DENs were dispersed onto VC as follows. The VC (∼1
mg) was first sonicated with 200 μL of isopropyl alcohol for ∼10 min
to facilitate dispersion, and then 1.0 mL of 2.0 μM DENs was added.
The resulting ink was sonicated for an additional 10−15 min. The
DENs were immobilized onto the GCE by dropcasting 6.0 μL of ink
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and drying under a gentle N2 flow. Electrochemical cleaning of the
DENs was carried out by cycling the electrode potential 20 times from
0 to 0.80 to −0.70 V at 200 mV/s in 10 mL of N2-purged, 0.1 M
HClO4.
The HT Pt deposition was performed in a 10 mL pH 4.0 solution

containing 0.5 M NaCl and 3.0 mM K2PtCl4. The potential was first
held at −0.014 V for 30 s (step 1 in Scheme 1) to clean the surface.
Next (step 2), the potential was pulsed to −1.2 V for 1 s to deposit Pt
and Hads. Finally (step 3, red line), the potential was pulsed back to
−0.014 V for 1 s to strip off the Hads layer. At this point, the electrode
was disconnected from the potentiostat (e.g., moved to the open
circuit potential). To ensure that excess Pt2+ was removed from the
electrode surface after HT deposition, the GCE was rinsed with DI
water (∼20 s), and then with 20 mL of 0.1 M HClO4 (5 min, with
stirring). Cyclic voltammograms (CVs) of the electrodes were
subsequently recorded by scanning from 0 to 0.80 to −0.70 V at
100 mV/s in 10 mL of N2-purged 0.1 M HClO4. A total of six cycles
were required to achieve consistent CV behavior. Electrochemical
preparation of the EXAFS sample varied slightly and is discussed in
section S1 in the Supporting Information.
Energy Dispersive Spectroscopy (EDS). EDS was performed

using a Themis Z equipped with a monochromator, probe aberration
corrector, and Super-X EDS technology. High-resolution, high-angle
annular dark-field (HAADF) STEM was also performed using a
DCOR+ probe aberration corrector and OptiSTEM+ aberration
correction. A 70 μm aperture was used with a camera length of 115 nm
and an accelerating voltage of 300 kV. The electron beam current for
EDS was 350 pA, and the probe size was less than 0.1 nm. The total
collection time was 6 min, and the dwell time was 23 μs. The EDS
maps were acquired using a Thermo Scientific Themis Z microscope
equipped with a Thermo Scientific Super-X detector system, which
combines four symmetrically placed Si drift detectors around the
objective lens with a high-brightness gun. This combination provides
enhanced generation of X-rays and together with high detector
efficiency results in a faster mapping of larger areas in EDS maps.
Because of scheduling constraints, six months passed between
preparation of the samples and analysis by the Themis. EDS for the
EXAFS sample was performed using a JEOL 2010F TEM operated in
STEM mode. One week passed between sample preparation and
analysis of these materials.
Extended X-ray Absorption Fine Structure (EXAFS). The Au−

L3 and Pt−L3 edge X-ray absorption fine structure (XAFS)
measurements were performed in transmission and fluorescence
modes at the BL2-2 beamline of the Stanford Synchrotron Radiation
Lightsource (SSRL) at the SLAC National Accelerator Laboratory.
Two 15 cm-long ionization detectors were used for measuring incident
(with a 75:25 mixture of N2 and Ar) and transmitted (with a 50:50
mixture of Ar and Kr) beam intensities. A third 15 cm ionization
chamber (filled with a 50:50 mixture of Ar and Kr), located
downstream of the transmission detector, was used to detect the
beam through an Au foil reference for X-ray energy calibration and
spectral alignment. The 13 channel Ge detector was used to measure
fluorescence data that were used for Pt edge analysis. Both the Pt and
the Au regions were measured in the same scan.
Computational Methods. Theoretical calculations were per-

formed using the density functional theory (DFT) implemented in the
Vienna ab initio simulation package (VASP).46,47 Core electrons were

described with the projector augmented-wave (PAW) method.48,49

The Kohn−Sham wave functions for the valence electrons were
expanded in a plane-wave basis set with an energy cutoff of 300 eV.
The exchange-correlation energy was treated within the framework of
the generalized gradient approximation. Specifically, PBEsol50 was
used, which is a modified form of the Perdew−Burke−Ernzerhof
(PBE) functional designed to improve lattice parameters and surface
energies in solids. A single Γ-point was sufficient for integration of the
reciprocal space due to the finite nature of the NPs.

To simulate the EXAFS spectra, an ensemble of equilibrium
structures at finite temperatures is required. To avoid the expensive
molecular dynamics simulations using DFT, we employed an
alternative methodology to sample the equilibrium structures by
using DFT-evaluated dynamical matrixes. Dynamical matrixes for the
systems of interest were obtained using a finite difference method in
which a displacement of 0.01 Å was applied to every degree of freedom
of the equilibrium structure. A set of 3N − 6 harmonic oscillators with
their force constants and vibrational normal modes were obtained by
diagonalizing the obtained dynamical matrix. Statistically independent
structures at finite temperatures were then sampled by displacing the
atoms in the system along each normal mode with a magnitude
following a Gaussian distribution. The standard deviation of the
Gaussian distribution is described by eq 1, obtained using an
approximation of a quantum harmonic oscillator. In this equation, M
is the effective mass of the harmonic oscillator, ω is the vibrational
frequency, ℏ is Planck’s constant, kB is Boltzmann’s constant, and T is
the temperature.

σ
ω

ω= ℏ ℏ⎛
⎝⎜

⎞
⎠⎟M k T2

coth
2 B (1)

On the basis of the sampled structures, theoretical EXAFS spectra
were simulated using an approach similar to that reported
previously.45,51 The Au− and Pt−L3 edge EXAFS spectra were
calculated from 300 structures by averaging the signal arising from
each Au or Pt atom in the system. The multiple scattering calculations
were performed using FEFF6-lite.52 All atoms up to 6.0 Å away from
each X-ray-absorbing atom were included in the scattering calculations.
The experimental corrections to the photoelectron energy origin and
the passive electron reduction factor were then applied to the
simulated EXAFS spectra to align experimental and theoretical data in
k-space and in amplitude, respectively.

The structural information presented in Table 1, including
coordination numbers (CNs; individual values denoted as N), average
nearest neighbor bond lengths (R), and the Debye−Waller factors (σ2,
defined as the variance of the metal−metal pair), as calculated by
averaging the structural data of the 300 sampled equilibrium structures
for each examined system. To calculate these values, a window of 2.5−
3.3 Å was used to define the first nearest neighbors in r-space.

Au surface segregation energies were calculated as the total energy
difference between the segregated and the nonsegregated models:
dEseg = Eseg − Eno_seg. Ab initio molecular dynamics simulations were
employed to equilibrate the structures of Pt-decorated Au nano-
particles. A time step of 1.5 fs was used, and 5000 total steps (7.5 ps)
were carried out for each MD simulation. The temperature was held at
300 K by rescaling the velocities of all atoms every 10 steps.

Table 1. Structural Parameters Extracted from Fitting the Au−L3 and Pt−L3 Edge Experimental (AuPt DENs) EXAFS Data and
DFT Simulated EXAFS Dataa

NAu−M NPt−M RAu−M (Å) RPt−M (Å) ΔR (Å) σ2Au−M (Å2) σ2Pt−M (Å2)

Expt. 9.1(9) 10(2) 2.838(6) 2.77(2) 0.07(2) 0.0094(9) 0.008(5)
NP561 alloy 10.4 9.2 2.844 2.791 0.053 0.0128 0.0133
NP561 shell-1 10.2 9.6 2.834 2.805 0.029 0.0108 0.0117
NP453 shell-2 11.1 6.7 2.862 2.729 0.133 0.0206 0.0156
NP453 Pt cluster 10.6 7.7 2.869 2.742 0.127 0.0181 0.0213
Pt38 7.6 2.697 0.0236

aN is coordination number (CN), R is bond length, ΔR is the difference between R(Au−M) and R(Pt−M), and σ2 is the Debye−Waller factor.
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■ RESULTS AND DISCUSSION
Synthesis and Characterization of Au147 DEN Cores.

Details of the synthesis of the Au147 DENs are described in the
Experimental Section. Briefly, 147 equiv of HAuCl4 was mixed
with G6-NH2 dendrimers, and then the mixture was reduced
using excess NaBH4. As we have discussed previously, this
process results in nearly size monodisperse Au DENs.3

A UV−vis spectrum of the Au147 DENs solution is shown in
Figure S1a. It reveals a monotonic increase in absorbance in the
direction of higher energy that is characteristic of NP
formation.53 A small AuNP plasmon band at ∼520 nm
indicates that the NP size is <2 nm.36 STEM analysis (Figure
S1) confirms that: the Au147 DENs are 1.6 ± 0.3 nm in
diameter, which is in good agreement with previous
reports34,35,36,45,51 and the predicted size for a 147-atom
cuboctahedral Au particle (∼1.6 nm).36

Synthesis and Characterization of AuPt DENs. The HT
method used to deposit Pt on the Au147 DENs is described in
detail in the Experimental Section. Briefly, a conductive ink
containing ∼1 mg VC/mL and 2.0 μM Au147 DENs was
dropcast (6.0 μL) onto a polished GCE, dried under a gentle
flow of N2, and then cleaned electrochemically. Figure 1a (black

trace) is a CV of the resulting Au147 DEN-modified GCE. The
positive scan limit (0.80 V) was chosen such that qualitative
changes in the Au electrochemically active surface area could be
determined, but without changing the structure of the Au147
DENs. Au oxide formation is apparent positive of ∼0.50 V, and
the corresponding oxide reduction peak is centered at ∼0.41 V.

These values are in agreement with our previous reports for
Au147 DENs.

34,35,36

Following electrochemical characterization of Au147, Pt was
deposited following the procedure summarized by Scheme 1
and described in the Experimental Section. This method is very
similar to that used by Moffat and co-workers,7 with the
exception that in our case the duration of step 3 was just 1.0 s
rather than 30.0 s (Scheme 1, red line). Following Pt
deposition, the GCE was rinsed briefly in DI water and then
in 0.1 M HClO4 for 5 min to remove any excess Pt

2+ that might
be present. The red trace in Figure 1a is a CV of the resulting
material, recorded immediately after the acid rinse. It reveals Pt
hydride waves between −0.40 and −0.67 V, a broad feature
associated with Pt oxidation positive of ∼0.15 V, and a Pt oxide
reduction peak centered at ∼−0.14 V. An Au oxide reduction
peak centered at ∼0.40 V is also present.
Comparing the black and red CVs in Figure 1a, the most

notable changes after Pt deposition are the appearance of Pt-
specific peaks (hydride and oxide) and attenuation of the Au
oxide reduction peak. These features indicate, at least
qualitatively, that some Pt is present on the surface of the
Au147 DENs. Specifically, the potentials for the Pt hydride
adsorption/desorption peaks are in good agreement with those
previously reported for Au@Pt DENs35 and Pt DENs.37

Importantly, however, the presence of the attenuated Au oxide
reduction peak suggests that both Au and Pt are present on the
NP surface.
We carried out several important control experiments to

provide confidence in the results described thus far. For
example, Figure S2 shows that when the HT method is applied
to Au147 DENs, the amount of Pt deposited is independent of
pulse time within the range of 1−10 s, thus confirming that
deposition is self-limited during the 1 s pulse used in our
experiments. Even pulses of 100 s lead to only a slight increase
in Pt deposition. Another control experiment is discussed at
length in section S2. Here, electrochemical and microscopy
data indicate that negligible amounts of Pt-only NPs form in
the absence of the Au147 DEN cores. In other words, nearly all
of the Pt on the GCE is deposited on the surface of the Au147
DEN cores.

Scanning Transmission Electron Microscopy (STEM).
Figure 2 displays a STEM micrograph and a size-distribution
histogram for AuPt DENs synthesized using the HT method.
The AuPt DENs are 2.8 ± 0.6 nm in diameter, which can be
compared to the original size of the Au147 DEN cores (1.6 ±
0.3 nm) and the calculated size of a 147-atom cuboctahedral
AuNP capped with a single ML of Pt (∼2.1 nm).36 Note that

Figure 1. (a) Cyclic voltammograms (CVs) before (black) and after
(red) HT Pt deposition on Au147 DENs. The electrolyte solution was
N2-purged, 0.1 M HClO4, and the scan rate was 100 mV/s. (b) CVs
corresponding to Cu UPD on AuPt DENs. A Cu UPD CV is shown in
red, and a background CV (no Cu2+) is provided for comparison
(black). The blue LSV was recorded after Cu2+ electrodeposition for
300 s at −0.35 V. The scan rate was 10 mV/s, the electrolyte solution
was N2-purged, 0.1 M HClO4 containing 5.0 mM CuSO4. For both (a)
and (b), the DENs were immobilized onto the GCE working electrode
using a VC ink.

Figure 2. (a) STEM micrograph for the AuPt DENs. (b) A size-
distribution histogram obtained using numerous micrographs like that
shown in (a).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b12306
J. Am. Chem. Soc. 2018, 140, 6249−6259

6252

http://pubs.acs.org/doi/suppl/10.1021/jacs.7b12306/suppl_file/ja7b12306_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b12306/suppl_file/ja7b12306_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b12306/suppl_file/ja7b12306_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b12306/suppl_file/ja7b12306_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b12306/suppl_file/ja7b12306_si_001.pdf
http://dx.doi.org/10.1021/jacs.7b12306


we have previously reported sizes of 2.3 ± 0.4 nm for Au147@Pt
DENs prepared by UPD of Pb followed by Pt GE,36 and 2.5 ±
0.4 nm for Au140@Pt DENs prepared by Cu UPD followed by
Pt GE.38 Therefore, the average NP size achieved using the HT
method is, within error, consistent with results obtained for
these closely related materials.
Energy Dispersive Spectroscopy (EDS). EDS mapping

(Figure 3) was used to confirm selective deposition of Pt on the

AuNPs. The key result is that Au and Pt are colocalized on the
same NPs. Apart from this qualitative statement, there is
insufficient resolution in the EDS data to draw quantitative
conclusions about structure (i.e., the relative locations of Au
and Pt). For structural information, therefore, we relied upon
electrochemical methods, X-ray absorption spectroscopy
(XAS), and theoretical calculations (vide infra).
Although the Pt EDS signals are primarily concentrated in

regions where the NPs are located, we also note that there is a
low level of stray Pt signals elsewhere. This is likely noise.
Indeed, as mentioned previously, a series of control experi-

ments (section S2) showed that HT Pt deposition is selective
for the NPs.

Surface Composition. As discussed in the context of
Figure 1a, hydride adsorption occurs on Pt but not Au, and
therefore it can be used to estimate the surface area of Pt. Cu
UPD, on the other hand, occurs on both Au and Pt,40 and
therefore it provides information about the total NP surface
area. By comparing the Pt and total surface areas, the
percentage of Pt on the surface of the NPs can be deduced.
Cu UPD was performed on freshly prepared AuPt DENs

immediately following determination of the Pt surface area. The
first step was to obtain a background CV of the AuPt DEN-
modified electrode in the absence of Cu2+ (black trace, Figure
1b). This CV was obtained by holding the potential of the
electrode at 0 V for 300 s, and then scanning it between 0.15
and −0.40 V. Only capacitive current is observed.
The Cu UPD CV (red trace) was obtained by adding 100 μL

of 0.50 M CuSO4 to the 10 mL solution used for the black trace
and scanning the electrode over the same potential range. Cu
UPD occurs at nearly the same potential on Au54 and
Pt37,43,54,55 DENs, so only a single peak is observed, and it is
centered at −0.22 V. Upon scan reversal, two Cu oxidation
peaks are centered at −0.27 and −0.16 V. These values are
consistent with a previous report for Au140@Pt DENs.38,54 This
experiment provides the information necessary about potential
scan limits to calculate surface areas.
To obtain the total NP surface area, the following experiment

was carried out. First, a ML of Cu was deposited by holding the
electrode potential at −0.35 V for 300 s. Second, the ML was
stripped off by scanning from −0.35 to 0.15 V. Finally, the Cu
stripping voltammogram (blue trace) was baseline subtracted
(black trace), and the resulting area under the curve was
integrated to obtain the total charge corresponding to Cu UPD.

Figure 3. Au and Pt EDS maps for AuPt DENs.

Figure 4. (a,b) Comparison of the k-space Au−L3 and Pt−L3 edge EXAFS spectra for AuPt DENs and Au and Pt reference foils. (c,d) Fourier
transform (r-space) Au−L3 and Pt−L3 edge EXAFS spectra for AuPt DENs as compared to Au and Pt reference foils. The k-space and r-space ranges
used for the fitting were 2.66−7.00 Å−1 and 1.50−3.77 Å, respectively, for Pt and 2.00−11.00 Å−1 and 2.19−3.28 Å, respectively, for Au. These
spectra were used to determine the average coordination numbers (CNs), Au−M and Pt−M bond lengths, and the Debye−Waller factors (Table 1).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b12306
J. Am. Chem. Soc. 2018, 140, 6249−6259

6253

http://pubs.acs.org/doi/suppl/10.1021/jacs.7b12306/suppl_file/ja7b12306_si_001.pdf
http://dx.doi.org/10.1021/jacs.7b12306


The charge densities for Cu UPD on bulk Au34 and Pt56 are
roughly equivalent (405 and 410 μC/cm2), and therefore we
used the averaged value of 407.5 μC/cm2 to determine the total
NP surface area. The amount of Pt on the surface was
determined by integrating the hydride waves (Figure 1a, red
CV) and using the value of 210 μC/cm2 to convert charge to
surface area.34 Using these values, and the experimentally
determined charges associated with Cu UPD (103 μC) and Pt
hydride (27.5 μC), we calculated total and Pt-only surface areas
of 0.25 and 0.13 cm2, respectively. The key finding, then, is that
on average ∼52% of the NP surface is Pt and ∼48% is Au. If the
HT method resulted in Pt depositing exclusively on the NP
surface, we would not expect to observe any surface Au. The
fact that Au and Pt are both present in approximately equal
measure on the NP surface suggests these materials have a
more complex structure than a simple Au@Pt core@shell
configuration.
EXAFS. Substantially more DENs are necessary for EXAFS

measurements than for the electrochemical experiments
described thus far, and therefore slight adjustments to the
synthetic method were required. These, along with TEM
characterization data, are discussed in section S1. Electro-
chemical features of the NPs prepared for EXAFS are in good
agreement with the non-EXAFS samples, although the CVs
(Figure S3) indicate slightly more Au on the surface of the

EXAFS NPs. Cu UPD data for the EXAFS sample, discussed in
section S3, indicate a surface composition of 42 ± 2% Pt, which
is comparable to the non-EXAFS sample (52 ± 5%). EDS for
the EXAFS sample (Figure S4) shows that Au and Pt are
colocalized within the NPs, just as they were for the non-
EXAFS sample.
Analysis of the experimental EXAFS (Figure 4) was

performed to further refine the AuPt NP structure. This
analysis is complicated by the fact that Au and Pt have
overlapping L3-edge spectra.57,58 As a result, it was only
possible to extract the total Au and total Pt CNs: N(Au−M)
and N(Pt−M). For the general case, we define N(A−M) as
equal to the sum of N(A−A) and N(A−B) for elements A and
B.57 Because of the low amount of sample (∼9−10 mg VC/
DENs with a weight loading of 32% metal, in an ∼0.36 cm2

area), and thus the expected poor signal-to-noise ratio in the
Pt−L3 EXAFS spectrum past the Au−L3 edge, we analyzed the
Pt- and Au-edge data separately and did not employ the general
analysis scheme for bimetallic compositions with overlapping
edges.57,58 Additional fitting considerations are discussed in
section S4. Table 1 shows the Au−M and Pt−M CNs, bond
lengths, and the associated Debye−Waller factors. We interpret
these parameters in a later section.
Figure 4 shows the edge-step normalized, background-

subtracted data in k- and r-space for the Au−L3 and Pt−L3

Figure 5. Comparisons between DFT simulated (red) and experimentally obtained (blue) (a,b) Au-L3 and (c,d) Pt-L3 edge spectra, plotted in k-
space for the (a,c) NP561 alloy and (b,d) NP561 shell-1 models. (e) Visual depictions of the models considered: random or quasi-random alloy
(NP561 alloy), core@partial Pt shell with Au surface segregated to occupy the corner and edge atoms of the NP shell and 45 Pt atoms located
subsurface (NP561 shell-1), two-dimensional Pt patch model (NP453 shell-2) where corner and edge atoms were removed to shrink the size of the
Pt patches and shorten R(Pt−M), three-dimensional Pt cluster model (NP453 Pt cluster) with an Au core and segregated three-dimensional Pt
patches, and Pt38, which tests the possibility of small Pt clusters in the sample. Simulated spectra for the latter three structures are located in Figure
S8. Cuboctahedral geometry was used for all models.
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edges. Fourier transform magnitudes of the data and best fits
are shown in Figure S5a−d for the Au and Pt edges. The Au−
L3 edge XANES spectrum for the AuPt DENs is almost
identical to that of the Au foil (Figure S6a), indicating that the
Au atoms in the NPs are in the metallic state (zerovalent). The
particle size effect is evidenced by reduction of the oscillation
intensity in k-space and Fourier transform intensities in r-space
in the NP spectra as compared to their bulk foil counterparts
(Figure 4a and c). We note that from the similarity of the
spectra to that of the Au foil alone, one cannot make a
conclusion that the Au phase in the NPs is mixed with Pt or
segregated. Au and Pt atoms do not have sufficient Z-contrast
to make such a determination from just the visual observation
of Au−L3 edge spectra. Such analysis will be done using a
theoretical fitting approach described in the next section.
As is evident in Figure S6b, the AuPt DENs Pt−L3 edge is

shifted toward higher energy, and has higher intensity in the
whiteline region, as compared to the reference Pt foil. These
observations indicate that the electronic density is distributed
differently around Pt atoms in the NPs as compared to bulk Pt.
This observation would have been consistent with oxidation,
but Figure S5c,d shows that the Pt−M contribution provides an
adequate fit (R-factor = 0.017) to the experimental spectra
without the addition of any Pt−O contribution. This behavior
is thus likely due to the alloying of Pt and Au in the NP. Jose-
Yacaman and co-workers showed that for Au@Pt core@shell
NPs the Pt edge XANES data were not significantly shifted
relative to both PtNPs and a Pt foil, indicating segregation.59

We will revisit this possibility below, when we interpret the
results of quantitative analysis of EXAFS spectra by theoretical
fitting.
The best fit values of the adjustable parameters for all of the

samples and their reference foils are reported in the first row of
Table 1. Table 1 shows that the CNs of the Au−M (9.1 ± 0.9)
and Pt−M (10 ± 2) contributions are the same, within the
uncertainties. These CN values favor a model in which the Au
and Pt atoms are distributed randomly, or quasi-randomly,
within the NPs. Only in that case would the Au−M and Pt−M
CNs be approximately equal, due to an Au atom having the
same probability as a Pt atom to be located on the surface or
interior of the NP. The proposed alloy structure is also
consistent with the strongly altered shape of the Pt−L3 edge
XANES (vide supra) as compared to the monometallic Pt foil.
Interpretation of the extracted bond lengths is not immediately
straightforward for predicting component distribution because,
in addition to the bond length dependence on the degree of
mixing, it also depends on the NP size.
In summary, on the basis of the CNs of Au−M and Pt−M

contributions and the modified electronic structure apparent in
the Pt−L3 edge XANES data, we propose that the structure of
the AuPt DENs is an alloy. As we will discuss in the Theoretical
Modeling section, next, the alloying is likely localized primarily
in the NP shell, and therefore the structure is more likely a
quasi-random alloy rather than a true random alloy.
The Au:Pt edge-step ratio measured by XANES (Figure S6)

was used to determine the total NP composition for the EXAFS
sample. XANES, rather than XPS, was used for this purpose
because of the greater penetration depth afforded by X-ray
absorption spectroscopy. The edge-step ratio, analyzed with
XAFSmass,60 indicates that the sample is 73% Au and 27% Pt.
Theoretical Modeling. Figure S7 demonstrates the

predictive power of DFT for EXAFS signals, tested by
comparing experimental and DFT-simulated Au and Pt foil k-

space spectra. As shown, reasonable fits were obtained in terms
of both amplitude and phase shift, with slightly better modeling
of the Au edge relative to the Pt edge. Figures 5 and S8
compare the theoretical EXAFS signals generated with various
atomic models with experimental measurements. First, we
examined two models with cuboctahedral geometry for 561
total atoms (with 252 surface atoms) and total NP composition
(Au410Pt151) determined from the XANES data. Assuming
strictly two-dimensional growth, 106 Pt atoms (42% coverage
according to the Cu UPD data) are randomly distributed or
clustered on the surface, which are labeled as NP561 alloy and
NP561 shell-1, respectively. Subtracting surface Pt composition
from total Pt composition, 45 other Pt atoms are randomly
distributed in the core of the NPs (overall Au264Pt45@
Au146Pt106).
For the core@partial shell structure (NP561 shell-1),

theoretical modeling shows that the most favorable arrange-
ment is one in which the Au atoms surface segregate to occupy
the corner and edge sites first. Given the short R(Pt−M) from
experiment, three other models with a higher degree of Au and
Pt segregation were tested: a two-dimensional Pt patch model
(NP453 shell-2), which places all of the Pt atoms in the sample
on the NP surface and removes the corner and edge atoms to
shrink the Pt patches (effectively shortening R(Pt−M)); a
three-dimensional Pt shell model (NP453 Pt cluster) having an
Au core and a shell composed of three-dimensional Pt patches;
and a Pt38 monometallic NP to test the possibility of individual
Pt clusters being present in the sample. Simulated spectra for
the latter three structures are provided in Figure S8. The
importance of including vibrational disorder in the atomic
models is illustrated in Figure S9.
Table 1 compares the experimental and simulated EXAFS

parameters. As shown, the NP561 alloy and NP561 shell-1
structures fit the experimental data most closely in terms of the
predicted CNs (N), bond lengths (R), difference between the
bond lengths (ΔR), and the Debye−Waller factors (σ2). The
shell-1 model shows a slightly better prediction of N(Pt−M)
than the alloy model, although both models are within error of
the experimental N(Pt−M). N(Au−M) for the shell-1 model is
slightly closer (10.2) to the experimental value than is the alloy
model (10.4). However, both models slightly overestimate the
experimental N(Au−M) (8.2−10.0). This may be explained by
the somewhat heterogeneous size distribution of the EXAFS
sample. We discuss the bond length trends later.
Table S1 provides the R-factors calculated for each model for

the Au−L3 and Pt−L3 edges. These R-factors signify the relative
difference between the simulated and experimental spectra;
lower values denote better fits.61 The alloy and shell-1 models
exhibit the best fits to the experimental k-space spectra for both
the Au−L3 and the Pt−L3 edges (Figure 5a−d and Figure S8).
As shown in Figure 5a,b, the shell-1 model qualitatively fits the
Au−L3 edge experimental data slightly better at high k-values
than does the alloy model. This is likely a result of slightly
better modeling of disorder given that σ2Au−M is closer to the
experimental value for the shell-1 model than for the alloy
model. However, Table S1 indicates a smaller R-factor, and thus
a better Au−L3 edge fit, for the alloy model. The NP453 Pt
cluster and NP453 shell-2 models (Figure S8a,b) qualitatively
demonstrate significant inefficiency in modeling the Au−L3
edge disorder at higher k-values, as shown by the poor
alignment to the experimental peak amplitudes. The shell-2
model was better than the NP453 Pt cluster model in this
regard, and the R-factor for the shell-2 model is identical to that
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of the shell-1 model. The NP453 Pt cluster model
demonstrates the greatest misfit (highest R-factor) of all of
the models to the Au−L3 edge.
For the Pt−L3 edge spectra (Figure 5c,d, Figure S8c−e, and

Table S1), none of the fits are ideal, possibly as a result of the
limited k-range due to overlapping Au−L3 and Pt−L3 edges.
Qualitatively, the alloy (Figure 5c) and shell-1 (Figure 5d)
spectra demonstrate similar fits to the experimental spectra,
with a slightly better match in amplitude for the shell-1 model
due to a higher CN. The R-factors for the Pt−L3 edge reveal
similar misfits for the alloy and shell-1 models, with a better
match for the alloy model. The NP453 Pt cluster (Figure S8c)
and NP453 shell-2 (Figure S8d) models have worse qualitative
fits than either the alloy or the shell-1 model at higher k-values.
Indeed, the R-factors for the Pt-L3 edge fits are significantly
higher for the NP453 Pt cluster and shell-2 models than for the
shell-1 model. The Pt38 model shows both the worst qualitative
(Figure S8e) and quantitative (R-factor = 1.21) agreement with
the experimental data by far and suggests that if any small Pt
clusters are present, they are not the predominant form of Pt
(recall that EXAFS is an ensemble technique).
Despite the slightly better agreement between predicted and

experimental EXAFS parameters (Table 1) for the shell-1
model relative to the alloy model, the alloy model is more likely
based on three features: (1) R-factors, (2) the values of ΔR
(Table 1), and (3) the XANES data. As shown in Table S1, the
R-factors are smallest for the alloy model, for both the Au−L3

and the Pt−L3 edges. Thus, the alloy model has a better overall
fit than does the shell-1 model.
Because the bond lengths are affected by both size effects and

composition, the difference, ΔR, between R(Au−M) and
R(Pt−M) is more important than the exact, predicted values.
The value of ΔR predicted by the alloy model (0.053 Å) fits the
experimental value (0.07 Å) within the error of the
experimental measurement (±0.02 Å), whereas ΔR for the
shell-1 model (0.029 Å) does not. Although the three-
dimensional cluster model (NP453 Pt cluster) predicts CNs
close to being within error of the experimental data, ΔR for that
model is nearly double (0.127 Å) the experimental ΔR.
Therefore, although the amount of segregation may be greater
than predicted by the ideal alloy structure, it is much less than
predicted by the NP453 cluster model. One possible
explanation for why the experimental ΔR is on the high end
of the predicted alloy value is heterogeneity in bond lengths as
a result of heterogeneity in the NP size-distribution (3.2 ± 0.7
nm). However, as previously mentioned, ΔR for the alloy
model is still within error of the experimental value.

As discussed in the EXAFS section, the XANES data (Figure
S6b) show electronic modification of the Pt−L3 edge that
suggests alloying. The XANES data in combination with the
experimental/theoretical agreement for the R-factors and for
ΔR indicate that the alloy structure is more likely than the shell-
1 model, perhaps with a small degree of segregation. However,
we believe the structure is quasi-random rather than completely
random due to the higher concentration of Pt in the shell than
in the core.

Mechanism of Alloy Formation. As we will discuss in the
next section, the summation of all of our data indicates that the
alloy structure is the most likely. This is not entirely surprising.
While Au and Pt are immiscible,62 there is a tendency for Au
and Pt to alloy at the nanoscale depending on the size of the
NPs, the Au:Pt ratio, and the preparation method.63 Addition-
ally, despite classical immiscibility, there is precedent for
significant bulk phase AuPt surface alloying as a result of
kinetically limited Au surface segregation.64,65 Importantly,
however, our results compare structures of NP and bulk
materials prepared using the same synthetic method. Scanning
tunneling microscopy (STM) of the material resulting from HT
Pt deposition on bulk Au(111) revealed ∼85% Pt coverage and
limited AuPt surface alloying.7 Significant surface alloying was
later reported,8 but only after intensive electrochemical cycling
(70−200 cycles). Therefore, the extensive NP surface alloying
(42−52% Pt) observed in the present study differs substantially
from that of the corresponding bulk material.
While the exact details of alloy formation are unclear, we

wish to propose a tentative mechanism (although we
acknowledge that it is imperfect). Specifically, we evaluate
two possible methods for alloying: Au surface segregation and
Pt absorption. We posit that the latter is dominant.
AuPt mixing is usually ascribed to Au surface segregation

arising from lower Au surface energy.63,64 Our calculations
(Figure S10) for Au surface segregation energy (Eseg

Au) confirm
favorable Au surface segregation for Au(111) covered with a Pt
ML (Eseg

Au = −0.26 eV), but show that it is suppressed when H is
adsorbed to Pt (Eseg

Au = +0.23 eV).
The same trend is observed for a NP model. Specifically, we

calculated Eseg
Au for a slightly smaller NP model (Au147@Pt) than

those shown in Figure 5e to reduce computational cost. We
expected enhanced Au surface segregation for the NP system
because of the higher curvature and the surface stress exerted
on Pt by the Au−Pt lattice mismatch. This prediction is
confirmed in Figure S11a−e, where we show that Au surface
segregation is more favorable at the corner, edge, and (100)
facets of the Au147@Pt NP as compared to the Au(111)/Pt
surface. However, Au surface segregation is suppressed at the

Figure 6. Ab initio molecular dynamics simulations for Pt deposited on (a,b) Au147 NPs and (c,d) Au(111). Pt initially adsorbs to each surface (a,c).
After 7.5 ps equilibration at 300 K, Pt embeds into the NP surface (b), but not into Au(111) (d). Pt incorporation into the NPs is observed over a
range of Pt compositions (10−50 Pt atoms or 6−25%).
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NP (111) facet. Once H is adsorbed to Pt on the NP surface
(Figure S11f−j), Au surface segregation becomes energetically
unfavorable for all sites. These results suggest that alloying via
Au surface segregation would occur after H is stripped (step 3,
Scheme 1) rather than during Pt deposition (step 2, Scheme 1).
The second and more probable mechanism is alloying during

Pt deposition. The previous arguments were based on the
assumption that the HT method produces an Au@Pt core@full
shell structure in the first place. However, as we discuss in the
next section, the total Pt composition in our sample (27%) is
lower than that required to form a full Pt shell (45%). As we
discuss later in this section, Au surface segregation becomes
unfavorable when there are a large number of Au atoms already
on the NP surface.
For the following discussion, we assumed that Pt atoms

arrived at the AuNP surface one-by-one from all directions
rather than spontaneously forming a full Pt shell. This differs
from the UPD/GE technique, which uses a preformed (UPD)
shell as a template for the Pt shell. We then carried out further
calculations showing that alloying occurs rapidly during Pt
deposition. Specifically, ab initio molecular dynamics (MD)
simulations were performed to equilibrate the system at 300 K
for 7.5 ps. The resulting structures show that the Pt adatoms
and small Pt islands (Figure 6a) do not stay adsorbed to the
outer AuNP surface; rather, they are absorbed by the AuNP
and become embedded in the AuNP surface (Figure 6b) to
increase their CNs. This effect is observed over a range of Pt
compositions (6−25% or 10−50 atoms). A similar mechanism
has been reported for Au absorption into Pd6CoCu alloys.66

The results before and after equilibration (Figure 6a,b) show
that absorption occurs so quickly (7.5 ps) that a Pt shell cannot
form on the NP surface. Figure S12 shows identical results for
an icosahedral NP with 25% Pt (chosen to best match the
experimental composition: 27% Pt), demonstrating that Pt
incorporation is not due to the particular cuboctahedral shape
selected.
In contrast to AuNPs, Pt adatoms on the bulk Au(111)

surface form only Pt islands after 7.5 ps of equilibration (Figure
6c and d). On the basis of these results, we propose that AuPt
NP alloying occurs at the Pt deposition stage due to the
structural flexibility of the AuNPs. Pt adatoms are expected to
remain adsorbed to the more rigid bulk Au(111) surface and
simply form larger Pt islands, and eventually a Pt shell. Thus,
our calculations bolster the assertion that different bulk and NP
structures form upon application of HT Pt deposition on Au.
We contend that the second mechanism is more likely for

three reasons. First, Pt incorporation is more rapid (7.5 ps)
than the experimental Pt deposition time scale (1 s). Thus, Pt
absorbs before the end of Pt deposition, during which time
adsorbed H prevents competing Au surface segregation.
Second, the Au surface segregation mechanism was formed
on the basis of the assumption of full Pt shell formation.
However, the Pt composition (27%) is less than required for a
full Pt shell (45%).
Third, the AuPt alloy formed during Pt deposition has a

lower driving force for Au surface segregation after the
adsorbed H is stripped. To verify this assertion, we calculated
Eseg
Au for MD equilibrated Au147@Pt50. These calculations

(Figure S13) confirm that Au surface segregation is suppressed
or even reversed when there is an incomplete Pt shell. We
attribute this effect to the fact that for a Pt composition of 25%,
there are already many Au atoms on the surface without the
occurrence of Au surface segregation. This lowers the driving

force for Au surface segregation. Hence, when the NP surface is
not fully covered with Pt, Au surface segregation is not likely to
be the dominant alloying mechanism.

Structure Determination. On the basis of results from
Moffat and co-workers for HT deposition of Pt onto bulk Au,7

we anticipated that AuPt DENs synthesized using the HT
method would yield a simple core@shell structure. However,
this was not the case. In this section, we provide a logical
argument, based on results from TEM, EXAFS, XANES,
electrochemistry, and theory, for the most consistent structure.
We approach the problem using a process of elimination.
The least likely structure of the HT AuPt NPs is core@full

shell. A 561-atom cuboctahedral Au@Pt NP has 252 surface
atoms. In other words, this structure would contain 45% Pt if a
full Pt shell were deposited. The Au:Pt ratio derived from
XANES is 73:27 (Au410Pt151), indicating a total of 151 Pt
atoms. Even if all of these were on the NP surface, they would
not constitute a full 252-atom Pt ML. Electrochemical Cu UPD
results indicate ∼42% (106) Pt surface atoms, which is less than
the total number of Pt atoms determined by XANES. Thus,
comparison of the total and surface-only Pt composition
suggests that either a small amount of Pt is incorporated into
the NP core or that there is three-dimensional growth of Pt
nodules onto the Au core. We will discuss each of these
possibilities in due course.
The EXAFS CNs similarly fail to support a full Pt shell. For

an ideal cuboctahedral core@shell Au@Pt NP, we would expect
N(Au−M) to be ∼12, given that each core Au atom would be
fully surrounded by metal atoms, and that N(Pt−M) < N(Au−
M), because NP surface atoms are under-coordinated.67 In fact,
however, the EXAFS data show that N(Au−M) ≈ N(Pt−M)
within uncertainty. Therefore, XANES, Cu UPD, and EXAFS
all disfavor a simple core@full shell model.
Next, we show that a core@partial-shell structure is less likely

than an alloy structure. The two core@partial shell models
analyzed (NP561 shell-1 and NP453 shell-2) display greater
misfits to the experimental EXAFS spectra (higher R-factors)
than does the alloy model. This is especially true for the NP453
shell-2 fit to the Pt−L3 edge. The NP453 shell-2 model is easier
to discard due to poor agreement with the experimental EXAFS
parameters (Table 1) and the fact that the shell-2 NP surface
consists of 83 exposed core Au atoms and 144 Pt shell atoms
(63% surface Pt), which is higher than experimentally observed
(42% surface Pt). Elimination of the shell-1 model is based on
the fact that it was built assuming the Au surface segregation
mechanism discussed in the previous section, with Au atoms
placed at the corner and edge sites of the NP. However, we
showed that for the HT synthesis, Au surface segregation is
blocked due to H adsorption (Figure S11f−j) during Pt
deposition. Rather, alloying via rapid Pt incorporation (7.5 ps)
during Pt deposition is predicted (Figure 6), and Au surface
segregation largely loses its driving force by the time the H is
stripped (Figure S13). The higher R-factors for the NP561
shell-1 and NP453 shell-2 models, the poor EXAFS agreement
and overestimated surface Pt content for the NP453 shell-2
model, along with the mechanism we propose for structure
formation suggest that both core@partial-shell structures are
unlikely.
We now consider the case of a random alloy structure. The

first point in favor of a random alloy is that the values of
N(Au−M), 9.1 ± 0.9, and N(Pt−M), 10 ± 2, extracted from
EXAFS, are roughly equal within experimental error.67

Although there is slightly better agreement between the
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experimental and predicted EXAFS parameters for the core@
partial-shell model (NP561 shell-1), the alloy model has the
closest fit (lowest R-factor) to the k-space spectra for both the
Au−L3 and the Pt−L3 edges and ΔR is within experimental
error for the alloy model but not for the core@partial-shell
model. Additionally, the XANES data suggest Pt alloying, as
demonstrated by a Pt−L3 edge shift to higher energy and the
increase in whiteline intensity (coupled with a lack of evidence
for Pt oxidation). Thus, EXAFS and XANES are consistent with
a random alloy structure. Finally, MD simulations suggest that
the random alloy structure is most likely from a kinetic point of
view. However, the majority of the total Pt atoms (151) in the
sample are on the surface (106). Accordingly, we believe these
materials are quasi-random alloys.
Finally, we discuss the possibility of atomic arrangements

incorporating three-dimensional Pt growth (NP453 Pt cluster
and Pt38, Figure 5e). The first arrangement that can be
discounted is fully segregated Au and Pt NPs. The strongest
evidence against this configuration is that EDS showed
colocalization of Au and Pt for both the non-EXAFS (Figure
3) and the EXAFS (Figure S4) NPs. The CV data also argue
against segregation. Specifically, upon HT electrodeposition,
the Au electrochemically active surface area decreases while the
electrochemical signature of Pt simultaneously increases. This
indicates that Pt covers at least some of the Au on the NP
surface. Moreover, the XANES spectrum indicates charge
transfer between Au and Pt, suggesting that the two elements
are in physical contact. Finally, models incorporating three-
dimensional Pt growth exhibit significantly worse agreement
with the experimental EXAFS data than the alloy model
(Tables 1 and S1).

■ SUMMARY AND CONCLUSIONS
There are two major outcomes of the work reported here. First,
we have shown that HT deposition of Pt onto 1.6 nm Au147
DENs yields a quasi-random alloy structure. This result is in
contrast to the situation with bulk Au surfaces,7,8 which leads to
a nearly complete surface ML of Pt. This result is not
completely surprising, given the vastly different geometries of
1.6 nm NP surfaces as compared to bulk surfaces. Indeed, as
our calculations have shown, the flexibility of AuNPs can enable
rapid AuPt alloying during HT Pt deposition, which is not
accessible for comparatively rigid bulk Au.
The second important outcome is the necessity of combining

well-defined experimental models (e.g., DENs), numerous
physical methods (e.g., electrochemistry, TEM, EDS, and
XAS), and appropriate theory to ascertain reliable structural
information about such complex materials.
Finally, we point out that the present study was undertaken

using just a single combination of metals (Au and Pt) and a
single size of NP (1.6 nm). It is certainly possible, likely even,
that application of the HT method to other metals,13,14 as well
as other NP sizes and shapes, will lead to other structures,
including perhaps core@shell NPs. Additionally, we have not
begun to address the issue of multiple HT iterations,7,8,14 even
for the AuPt system.
Unanswered questions remain for the AuPt NPs reported

here. First, the alloy formation mechanism is still tentative and
lacks experimental verification. Second, in the interest of clarity,
the roles of chemical gradients and melting point depression in
alloy formation were not explored. We hope to investigate
these influences in future studies. Third, we previously reported
the synthesis of Au@Pt DENs using UPD followed by Pt GE,

but characterization of those materials was far more limited
than in the present case.34,35,36 We are presently re-examining
those results, using the same battery of methods used here, to
determine if differences in the synthetic methods are
responsible for the structural differences or if we simply drew
incorrect conclusions on the basis of insufficient character-
ization data. The results of these studies will be reported in due
course.
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