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ABSTRACT: In this article, experiment and theory are
combined to analyze Pb and Cu underpotential deposition
(UPD) on ∼1.7 nm Au nanoparticles (NPs) and the AuPt
structures that result after galvanic exchange (GE) of the UPD
layer for Pt. Experimental Pb (0.49 ML) and Pt (0.50 ML)
coverages are close to values predicted by density functional
theory-molecular dynamics (DFT-MD, 0.59 ML). DFT-MD
reveals that the AuNPs spontaneously reconstruct from
cuboctahedral to a (111)-like structure prior to UPD. In the
case of Pb, this results in the random electrodeposition of Pb
onto the Au surface. This mechanism is a consequence of
opposing trends in Pb−Pb and Pb−Au coordination numbers as
a function of Pb coverage. Cu UPD is more complex, and
agreement between theory and experiment takes into account
ligand eﬀects (e.g., SO42− present as the electrolyte) and the electric double layer. Importantly, AuPt structures formed upon Pt
GE are found to diﬀer markedly depending on the UPD metal. Speciﬁcally, cyclic voltammetry indicates that the Pt coverage is
∼0.20 ML greater for Cu UPD/Pt GE (0.70 ML) than for Pb UPD/Pt GE (0.50 ML). This diﬀerence is corroborated by DFTMD theoretical predictions. Finally, DFT-MD calculations predict the formation of surface alloy and core@shell structures for
Pb UPD/Pt GE and Cu UPD/Pt GE, respectively.

■

INTRODUCTION
Nanoparticle (NP) catalysts consisting of a single-metal or
multimetal alloy core capped with a single-atom-thick partial or
full shell are important for many diﬀerent chemical and
electrochemical reactions.1−3 For example, they minimize the
use of expensive, catalytically active metals by maximizing the
number of active surface atoms.3 Additionally, core@shell
structuring enables ﬁne-tuning of the catalytically active shell
by exerting control over the size, shape, composition, and
ordering of the core.4−7 Many interesting catalytic eﬀects of
these types of materials are observed, particularly when the size
of the NPs is ≲3 nm.6−11
One popular method for preparing these types of materials
involves electrochemical underpotential deposition (UPD) of
the shell metal onto the core, followed by galvanic exchange
(GE) of the shell for a second metal.1,2,5,12−17 UPD is a
process by which a single metallic monolayer (ML) is
deposited onto a substrate at a potential positive of bulk
metal deposition.18 GE occurs when ions of a more noble
metal spontaneously replace a UPD ML with a ML of the more
noble metal. For example, Au@Pt NPs active for the oxygen
reduction reaction (ORR),15 methanol oxidation reaction,17
and formic acid oxidation (FAO)19 have been synthesized
using the UPD/GE process.15,20 Because of their small size and
complex structures, however, the characterization of core@
© 2019 American Chemical Society

shell NPs is often incomplete. This, in turn, makes it diﬃcult to
draw structure−function correlations. For example, we recently
showed that bimetallic AuPt NPs prepared by a direct Pt ML
deposition technique, known as the hydride-termination
method,13,21,22 yield alloys23 rather than the core@shell
structure anticipated by extrapolation from macroscale
materials.21
There is an extensive body of literature focused on Cu and
Pb UPD on macroscale Au substrates.18,20,24−27 Despite the
widespread use of UPD/GE for synthesizing NPs, however, the
understanding of UPD processes on NPs,14,28−33 particularly
those in the <3 nm size range, is less well developed. The
theoretical examination of UPD on NPs, in particular, has been
limited in both number and depth.16,29−31,34,35 Dendrimerencapsulated NPs (DENs), which we6,11,36−38 and others39−41
have previously reported, are well suited for combining
experimental and theoretical studies because of their small (1
to 2 nm) and nearly monodisperse sizes and compositions.6
These factors minimize computational costs, avoid the
theoretical limitations of treating heterogeneity, and eliminate
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excess of NaBH4. For this step, NaOH was added to the NaBH4 (in a
weighing boat) immediately before transfer. Upon reduction, the
solution changed color from light yellow to brown. Deactivation of
the residual BH4− by air was allowed to proceed for at least 12 h
before characterizing the resulting NPs.
NP Characterization. UV−vis spectra were obtained using a
Hewlett-Packard 8453 spectrometer. NP imaging was performed
using a JEOL 2010F transmission electron microscope (TEM) with
an operating voltage of 200 kV and a point-to-point resolution of 0.19
nm. TEM analysis of G6-NH2(Au147) was carried out by drop casting
2.0 μL of a 2.0 μM DENs solution onto a carbon-coated Cu grid and
then drying in air. Grids for analyzing the AuPt DENs were prepared
by swiping lacey carbon-coated Cu TEM grids across the surface of
the electrodes used for electrochemical synthesis and characterization.
Cyclic Voltammetry (CV). Electrochemical synthesis and
characterization were carried out using a CH Instruments 630E
potentiostat in conjunction with a 3.0 mm glassy carbon working
electrode (GCE), glassy carbon rod counter electrode, and Hg/
Hg2SO4 (MSE) reference electrode. The GCEs were polished
successively with 1.0, 0.3, and 0.05 μm alumina (2 min each) before
use. Excess alumina was removed by sonication in Milli-Q water for
∼10−15 min. DEN inks were prepared as previously described.23
Brieﬂy, ∼1.0 mg of VC was dispersed into 0.20 mL of isopropanol
(IPA) using sonication. After a homogeneous mixture was achieved
(∼15 min), 1.0 mL of 2.0 μM G6-NH2(Au147) DENs was added and
the ink was sonicated for an additional 15 min and then drop cast (6.0
μL) onto the GCE and dried under a gentle ﬂow of N2.
Electrochemical cleaning of the DENs and Au and AuPt surfacecharacterization CVs was carried out using a solution of N2-purged
0.10 M HClO4. Electrochemical cleaning was performed by scanning
the electrode potential between 1.57 and 0 V for 20 cycles at a scan
rate of 200 mV/s. The Au and AuPt surface characterization CVs
were recorded using this same potential range but for only three and
nine cycles, respectively, and at a scan rate of 100 mV/s.
Underpotential Deposition and Pt Galvanic Exchange
(UPD/Pt GE). Pb UPD on the immobilized G6-NH2(Au147) DENs
was performed in the following manner. First, a Pb UPD CV was
recorded in N2-purged 0.10 M HClO4 containing 1.0 mM Pb(NO3)2.
Speciﬁcally, the electrode potential was held at 0.60 V for 300 s and
then scanned from 0.60 to 0.70 to −0.17 V at 5.0 mV/s. Pb linear
sweep voltammograms (LSVs) were recorded by holding the
electrode potential at −0.15 V for 300 s and then scanning it from
−0.15 to 0.70 V at a rate of 5.0 mV/s. Cu UPD on G6-NH2(Au147)
DENs was performed in N2-purged 0.10 M HClO4 containing 5.0
mM CuSO4 using a process analogous to Pb UPD with the following
diﬀerences. The electrode potential was held at 0.70 V for 300 s and
was then scanned from 0.70 to 0.85 to 0.30 V at a rate of 10 mV/s. Cu
LSVs were recorded by holding the electrode potential at 0.32 V for
300 s and then scanning it from 0.32 to 0.85 V at a rate of 10 mV/s.
Pt GE was used to deposit a Pt shell onto the G6-NH2(Au147)
DENs. Just prior to Pt GE, the electrode potential was held at either
−0.15 V (for Pb) or 0.32 V (for Cu) for 300 s. The GCE was then
raised to a position slightly above the solution level, the circuit was
opened, and predissolved K2PtCl4 (in ∼1.0 mL of 0.10 M HClO4)
was mixed into the cell via brief agitation with a N2-purge stream. The
GCE was then lowered back into solution, and the open-circuit
potential (OCP) was monitored as a function of time for 400 s. The
PtCl42− concentration was 2.5 mM.
Following Pt GE, the GCE was sequentially rinsed for ∼20 s in 250
mL of Milli-Q water, 5 min in 20 mL of 0.10 M HClO4 (with vigorous
stirring), and then brieﬂy in 20 mL of Milli-Q water. Both the
necessity and eﬃcacy of this rinsing process were explored in depth in
a previous publication23 for a similar AuPt DEN synthesis. The asprepared AuPt DENs (this notation is used to indicate that the
structure is uncertain at this point) were then characterized by
recording CVs using the same parameters as for the Au surface area
CVs, with the exception that nine cycles were obtained to ensure scan
reproducibility.
Density Functional Theory (DFT). Theoretical calculations were
performed using DFT implemented in the Vienna ab initio simulation

uncertainties associated with calculations that consider only
slabs of larger NPs.
Cu UPD15,29,30,42−44 and Pb UPD16,19 have previously been
studied on DEN cores. Cu UPD on Au DENs was ﬁrst used as
a precursor for preparing Au@Pt NPs.15 However, direct
immobilization of the DENs onto glassy carbon electrodes
precluded complete structural characterization.
In addition to preparing Au@Pt DENs using a Cu UPD
intermediate, we also reported their synthesis via Pb UPD.16
This approach yielded considerably lower surface Pt coverage
(55−57% of a full Pt ML) relative to Cu UPD/Pt GE,15 but it
still resulted in the formation of electrocatalysts active for the
ORR16 and FAO.19 Moreover, density functional calculations
indicated that Pt(100) sites initially present on the surface of
the cuboctahedral Au@Pt DENs undergo a rapid conversion to
Pt(111).16 This structural change was found to positively
impact the electrocatalytic activity of these materials for the
FAO reaction relative to Pt-only and Au-only DENs.19
On the basis of our earlier study,23 which clearly
demonstrated the pitfalls of extrapolating structural motifs
determined for macroscale materials to the nanoscale, we now
investigate an even more interesting question. Speciﬁcally, do
AuPt NPs prepared by slightly diﬀerent methods have the
same or diﬀerent structures, and if the latter, why? The answer
to this question could have a signiﬁcant impact on our
understanding of electrocatalysis, particularly for reactions
sensitive to ensemble eﬀects (e.g., FAO)45,46 or for reactions
where both Pt and Au are catalytically active (e.g., CO
oxidation in alkaline media).43,47 To address this question, we
deposited either Cu or Pb UPD MLs onto well-deﬁned, ∼1.7
nm Au cores and then exchanged the UPD metal for Pt.
Detailed characterization reveals that the choice of the UPD
metal strongly impacts the ﬁnal structures of the resulting
bimetallic NPs. Companion results from a ﬁrst-principles
density functional theory (DFT) study provide insights into
the underlying reasons for these ﬁndings.

■

EXPERIMENTAL SECTION

Chemicals and Materials. A 9.0 wt % solution of amineterminated, sixth-generation poly(amidoamine) (PAMAM) dendrimers (G6-NH2) in methanol was obtained from Dendritech, Inc.
(Midland, MI). The methanol was evaporated and the dendrimers
were reconstituted in suﬃcient water to yield a 0.10 mM G6-NH2
stock solution. A 0.50 M NaOH solution, NaBH4 (99.9%), HAuCl4
(≥99.9%), Pb(NO3)2 (99.9%), and HPLC grade 2-propanol (99.9%)
were purchased from Sigma-Aldrich. K2PtCl4 (99.9%), CuSO4 (98%,
anhydrous), and 70% HClO4 (in H2O) were obtained from Fisher
(New Jersey). All solutions were prepared using deionized (DI) MilliQ water (18.2 MΩ-cm; Millipore, Bedford, MA).
TEM grids were purchased from EM Sciences (Gibbstown, NJ,
catalog numbers CF400-Cu-UL and LC400-Cu-UL). Vulcan carbon
(EC-72R) was purchased from ElectroChem, Inc. (Woburn, MA).
The working (glassy carbon, 3.0 mm), reference (Hg/Hg2SO4), and
counter (glassy carbon rod) electrodes were purchased from CH
Instruments (Austin, TX).
Synthesis of Au DENs. The synthesis of Au DENs (denoted as
G6-NH2(Au147), where 147 reﬂects the AuCl4−/G6-NH2 ratio in the
precursor solution) has been reported previously and shown to result
in nearly size-monodisperse AuNPs.23,48 Brieﬂy, a 2.0 μM aqueous
G6-NH2 dendrimer solution was prepared by adding 0.20 mL of a
0.10 mM stock to 8.65 mL of water. AuCl4− was encapsulated within
the dendrimers by the dropwise addition of HAuCl4 (0.147 mL of a
20.0 mM stock solution) with vigorous stirring. Within 2 min, the
encapsulated AuCl4− was chemically reduced with a solution
consisting of 1.0 mL of 0.30 M NaOH and an 11- to 12-fold molar
16497

DOI: 10.1021/acs.langmuir.9b03192
Langmuir 2019, 35, 16496−16507

Article

Langmuir
package (VASP).49,50 Core electrons were described with the
projector augmented wave (PAW) method.51,52 The Kohn−Sham
wave functions for the valence electrons were expanded in a planewave basis set with an energy cutoﬀ of 300 eV. The exchangecorrelation energy was treated within the generalized gradient
approximation. Speciﬁcally, PBEsol53 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 Brillouin zone as a result of
the ﬁnite nature of the NPs.
Density Functional Theory Molecular Dynamics (DFT-MD).
DFT-MD simulations were employed to equilibrate the structures of
Pb adsorption, Cu adsorption, and Cu/SO4 adsorption on AuNPs. A
time step of 1.5 fs was used, and a total time of 30 ps was carried out
for each MD simulation. The temperature was held at 300 K by
drawing the velocities of all atoms from a Boltzmann distribution
every 10 steps.
Double Reference Method. The double reference method54 was
used to simulate the electric double layer (EDL) and determine the
equilibrium potential of Cu UPD on the Au(111) surface under
constant-potential conditions. Our approach is diﬀerent from the
original implementation of the double reference method,54 where
explicit water molecules are used to model the metal/aqueous
interface. Here, the aqueous environment is treated by the continuum
solvation model developed by Hennig and co-workers as implemented in the VASPsol code.55 The relative permittivity of the solvent
was set to ϵsolv = 80 to account for the presence of the aqueous
electrolyte. This value corresponds to the permittivity of bulk water.
Details of the double reference method can be found elsewhere.56,57 Brieﬂy, the electric potential of the simulated electrochemical interface is varied by changing the number of electrons in
the system. To maintain charge neutrality of the supercell, a uniform
background of compensating counter charge was added. The charged
slab, together with the compensating background charge, polarizes the
electrolyte near the metal/solution interface, thereby creating an
electrostatic potential proﬁle that simulates the EDL.
For each electrochemical interface, DFT calculations were
performed at various charges by inserting or deleting electrons from
the simulated system. The total free energy at each point was then ﬁt
to a quadratic equation to provide a continuous free energy as a
function of potential. The quadratic form is consistent with a
capacitor created by the charged-slab/background-charge system,
which takes the form of eq 1.
1
E(U ) = − C(U − Upzc)2 + E0
2

Here, Pb in its bulk form is dissolved and then the dissolved Pb2+
deposits onto the AuNP. The latter reaction is the process we are
interested in, and the average free-energy change of this step is ΔGdep
= (GPbN+n/AuNP − nμPb2+ − GPbN/AuNP + 2neU)/n, where GPbN/AuNP is the
free energy of an AuNP coated with N Pb atoms, n is the number of
Pb atoms deposited, μPb2+ is the chemical potential of Pb2+, and U is
the applied potential. The value of μPb2+ can be calculated from the
standard reduction potential of Pb metal (U0 ≡ −0.13 V) and the
concentration of Pb2+ (cPb2+) using eq 4.
ΔGdep = (G PbN + n/AuNP − nμPb,bulk − G PbN/AuNP + 2ne(U − U 0)
− nkBT log c Pb2 +)/n

If the vibrational entropy contributions to the free energy of solid
materials are omitted and the free energies are replaced with total
energies from DFT calculations, then the ΔGdep term can be
expressed as shown in eq 5.
i 1 − θ yz
zz + 2e(U − U 0)
ΔGdep = ΔEads − kBT logjjj
k θ {
− kBT log c Pb2 +

dθ
dU

( 1 −θ θ ) is the

diﬀerential adsorption energy of Pb atoms and kBT log

diﬀerential conﬁgurational entropy of the adsorbed Pb atoms with a
surface coverage of θ ML. The equilibrium potential for the UPD
process is then calculated as

U dep = −

ΔGdep
2e

(6)

Consequently, eq 6 can be inserted into eq 2 to calculate the CV
current.
For the calculation of Cu/SO4 coadsorption on AuNPs, the
reaction shown in eq 7 is assumed.
xCu 2 + + ySO4 2 − + (2x − 2y)e− + Au(111) ↔ Cux(SO4 )y /
Au(111)

(7)

In this case, the free-energy change per deposited Cu atom is
calculated as shown in eq 8.

i 1 − θ zy
zz + (2x − 2y)/x(U − U 0)
ΔGdep = ΔEads − kBT logjjj
k θ {

(1)

− kBT log c Cu2 + − y/xkBT log c SO4 2−

(8)

The calculation of ΔE in the SO4 coadsorption case requires the
chemical potential of the solvated SO42− ions. For this, we employed a
previously reported expression.59 When the double reference method
is used to calculate the potential dependent energies, ΔEads(θ)
becomes ΔEads(θ, U). To calculating the chemical potential of NO3−,
we used the reduction reaction, NO3−(aq) + 4H+(aq) + 3e− →
NO(g) + 2H2O(l), which has a standard reduction potential of 0.96
V.
ads

■

RESULTS AND DISCUSSION
Synthesis and Characterization of G6-NH2(Au147)
DENs. The G6-NH2(Au147) DEN synthesis is discussed in
the Experimental Section. Brieﬂy, the DENs were prepared by
combining G6-NH2 dendrimers and suﬃcient HAuCl4 to yield
a 147:1 AuCl4−/G6-NH2 ratio and then reducing the resulting
composites with excess NaBH4. We have previously shown
that this procedure reliably yields AuNPs having narrow size
distributions.23,48
Figure S1a shows the UV−vis spectrum of the G6NH2(Au147) DEN cores. Two features are important: a
small, broad plasmon band centered at ∼520 nm and a

(2)

Here, K is the sweep rate and Qtot is the total charge that the surface
of AuNPs can accommodate. dθ is the inverse of dU , which is the
dU
dθ
diﬀerential equilibrium potential of the UPD processes with respect to
the surface coverage of the deposited species (Pb or Cu atoms) in this
study. To calculate the equilibrium potentials of the UPD processes,
we considered the hypothetical reaction route shown in eq 3, using
Pb2+ deposition on AuNPs as an example.
nPb(bulk) + Pb N/AuNP ↔ n(Pb2 + +2e−) + Pb N/AuNP
↔ PbN+n/AuNP

(5)

Here, ΔEads ≡ (EPbN+n/AuNP − nEPb, bulk − EPbN/AuNP)/n is the

Here, Upzc refers to the potential of zero charge (PZC), E0 is the
energy at the PZC, and C is the capacitance of the metal/aqueous
interface. From the quadratic equations ﬁt to the bare slab and
adsorption models, the binding energies as a function of electric
potential are readily calculated.
Simulation of CVs. CVs of the UPD processes were simulated
according to a method from the literature.58 The current (i(t))
produced by the UPD processes can be calculated as shown in eq 2.

i(t ) = ± KQ tot

(4)

(3)
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Figure 1. (a,d) Cyclic voltammograms (CVs) before (black traces) and after (red traces) Pt deposition onto G6-NH2(Au147) DENs using (a) Pb
UPD/Pt GE and (d) Cu UPD/Pt GE. (b,c) CVs (black traces) corresponding to (b) Pb UPD and (c) Cu UPD on G6-NH2(Au147) DENs. The
associated LSVs are shown in red. The LSVs were recorded after holding the electrode potential for 300 s at either −0.15 V (Pb) or 0.32 V (Cu).
The blue arrow in (c) highlights a peak that resembles the second stage (∼1.0 ML Cu) of Cu UPD onto Au(111).18 The CVs in (a,d) were
recorded in N2-purged 0.10 M HClO4 at a scan rate of 100 mV/s. The electrolyte in (b) and (c) was N2-purged 0.10 M HClO4 containing (b) 1.0
mM Pb(NO3)2 and (c) 5.0 mM CuSO4 and the scan rates were (b) 5.0 mV/s and (c) 10.0 mV/s.

300 s, and then an LSV was obtained by scanning in the
positive direction to 0.70 V (Figure 1b, red trace). The fact
that the resulting LSV overlays the Pb UPD CV conﬁrms the
absence of bulk Pb deposition. This suggests that the foregoing
process coats the Au147 cores with a single UPD ML of Pb.
Focusing now on the Pb UPD CV in Figure 1b, Pb
deposition peaks are centered at 0.15, 0.04, and −0.07 V, and
stripping peaks are present at 0.03 and 0.16 V. These values are
in accord with our prior reports of Pb UPD on G6NH2(Au147) DENs.16,19 By analogy to reports of Pb deposition
onto larger (∼4−82 nm) AuNPs,61−64 we previously discussed
Pb UPD (and stripping) onto Au147 DENs in terms of
sequential, facet-by-facet processes.16 For example, the two
principal oxidation peaks at 0.03 and 0.16 V were assigned to
Pb stripping from the Au(100) and Au(111) facets,
respectively.16 For AuNPs as small as those used here (∼1.7
nm), however, a facet-by-facet mechanism is likely an
oversimpliﬁcation. For instance, the sharing of atoms between
facets is so dominant for 147-atom cuboctahedral NPs that
only a single atom is unique to a (111) facet.29 As we will
discuss later, the Pb UPD behavior on Au DENs can be
successfully interpreted without invoking a facet-by-facet
mechanism.
The Pb SA (0.24 cm2) was calculated by integrating the Pb
LSV in Figure 1b and then converting this value to SA using a
charge density of 413 μC/cm2.16 Recalling that the initial Au
SA was Aui = 0.28 cm2, the Pb/Aui SA ratio is 0.86. This value
is close to that which we found in a previous report (∼1.1).16
There are multiple ways of deﬁning UPD coverage on
NPs.16,30,61 In the present report, we deﬁne 1.0 ML of Pb as
the number of atoms required to construct a closed
cuboctahedral shell over the NP core. For example, a 147atom cuboctahedral NP contains 92 shell atoms. The next
complete shell would contain 162 atoms, which we deﬁne as

monotonic increase in absorbance toward shorter wavelengths.
The combination of these features is characteristic of AuNPs
having sizes of <2 nm.16 TEM (Figure S1) conﬁrms the
spectroscopic data by revealing an average NP size of 1.7 ± 0.3
nm for the G6-NH2(Au147) DEN cores. This value is in good
agreement with both the theoretical diameter of an Au147
cuboctahedral NP (∼1.6 nm)16 and previous experimental
reports.15,16,19,23,48
The ﬁrst step in converting the Au cores to AuPt NPs
involves immobilizing the G6-NH2(Au147) DENs onto Vulcan
carbon (VC). The full details of this procedure are provided in
the Experimental Section, but, brieﬂy, G6-NH2(Au147) DENs
were added to a premixed solution of VC in IPA and sonicated
for ∼15 min. This ink was then drop cast onto a GCE and
dried under a gentle ﬂow of N2.
The black trace in Figure 1a is a CV of the G6-NH2(Au147)
DENs prepared as described in the previous paragraph. The
prominent peak at ∼1.1 V corresponds to the reduction of
AuOx, which is formed by the potential excursion to 1.57 V.
This peak can be integrated and converted to the total Au
surface area (SA) using the commonly accepted charge density
conversion factor of 390 μC/cm2.60 The resulting value is Aui
= 0.28 cm2, where subscript i represents the initial Au SA prior
to UPD or GE.
Synthesis of AuPt DENs via Pb UPD/Pt GE. As
discussed in the Experimental Section, UPD of Pb onto the
G6-NH2(Au147) DEN cores was carried out in N2-purged, 0.10
M HClO4 containing 1.0 mM Pb(NO3)2 according to the
following procedure. First, a Pb UPD CV (Figure 1b, black
trace) was recorded. This CV was used to determine the end of
the Pb UPD potential range for subsequent steps, which was
chosen to be just positive of the onset of bulk Pb deposition at
−0.15 V. Second, to ensure that no bulk deposition of Pb
occurs at this potential, the electrode was held at −0.15 V for
16499
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Figure 2. (a,c) Representative TEM micrographs for AuPt DENs synthesized using (a) Pb UPD/Pt GE and (c) Cu UPD/Pt GE. (b, d) Size
distributions associated with (a) and (c), respectively. Each distribution was obtained by sizing 200 randomly selected NPs.

new features arise: a PtOx reduction peak and hydrogen
adsorption/desorption waves (Pt hydride waves). The PtOx
reduction peak is centered at 0.66 V, and Pt hydride waves are
observed negative of ∼0.30 V.
As discussed in Section S1, the Pt coverage was estimated to
be 1 − (Auf/Aui). As previously mentioned, Aui (0.28 cm2) is
the Au SA before UPD/Pt GE. Auf is the Au SA after UPD/Pt
GE, determined in the same way as Aui, except that the red
trace of Figure 1a was used to calculate Auf = 0.14 cm2. The
average estimated Pt coverage (from nine independent
measurements) is therefore 0.50 ± 0.04 ML. This value is in
good agreement with the experimental Pb coverage (0.49 ±
0.03 ML), suggesting the complete exchange of Pt for Pb
during GE.
Synthesis and Characterization of AuPt DENs
Prepared via Cu UPD/Pt GE. Cu UPD was carried out as
described in the Experimental Section and in a similar fashion
to Pb UPD. Prior to UPD, however, a control CV (Figure S3)
was obtained in the potential range used for Cu UPD to ensure
the absence of contaminants and competing processes. An
analogous CV was not obtained prior to Pb UPD because the
hydrogen evolution reaction (HER) occurs on naked Au
within the relevant potential range.18 In the presence of Pb2+,
however, scanning the potential in this range coats Au with Pb
prior to the onset of the HER (Figure S4).
Cu UPD (black trace in Figure 1c) was carried out in a N2purged solution containing 5.0 mM CuSO4 and 0.10 M
HClO4. The Au DEN-modiﬁed GCE was held at a potential of
0.70 V for 300 s and then scanned from 0.70 to 0.85 to 0.30 V
at a rate of 10 mV/s. The corresponding LSV (red trace in
Figure 1c) was recorded like the Pb LSV, but a deposition
potential of 0.32 V was used in this case. As with Pb UPD, the
Cu UPD CV and LSV overlay almost perfectly, conﬁrming the
absence of bulk Cu deposition. For the Cu UPD CV, two
deposition peaks are centered at ∼0.45 and 0.34 V and two

representing one complete ML (1.0 ML). Multiplying the Pb/
Aui SA ratio (0.86) by the number of surface atoms on a G6NH2(Au147) DEN (92) yields 79 Pb atoms = 0.49 ML. Using
this deﬁnition and on the basis of nine independent
experiments, the Pb coverage on the G6-NH2(Au147) DENs
is 0.49 ± 0.03 ML. There is one caveat regarding this value,
however. As shown in Figure S2, the size of the G6NH2(Au147) DENs increases from 1.7 ± 0.3 to 1.9 ± 0.4 nm
after 20 electrochemical cleaning scans (i.e., just prior to Pb
UPD). Hence, 0.49 ML represents our best estimate of the Pb
coverage within the context of the error associated with the
TEM size-distribution data.
As discussed in the Experimental Section, the synthesis of
AuPt DENs via Pb UPD/Pt GE proceeds in two steps. First,
Pb UPD on the G6-NH2(Au147) DENs was performed by
holding the electrode potential at −0.15 V for 300 s. Second,
K2PtCl4 was introduced into the cell to initiate Pt GE with the
electrode held at the open circuit potential. This step results in
the replacement of the Pb UPD shell with Pt. Note that we
refer to this material as AuPt rather than Au@Pt to indicate
that at this stage in the analysis we are uncertain as to its
structure (e.g., core@shell, random alloy, or a hybrid).
Figure 2a is a TEM micrograph of the AuPt DENs
synthesized by Pb UPD/Pt GE, and Figure 2b is the
corresponding size-distribution histogram. The average size
of the AuPt NPs is 2.3 ± 0.5 nm, which is close to the size (2.1
nm) of a perfect 309-atom cuboctahedral NP consisting of a
147-atom Au core and a 162-atom Pt shell.16 The size is also
consistent with those reported previously for AuPt DENs
prepared by UPD/Pt GE onto Au DENs.16,19,42
Figure 1a shows representative CVs before (black trace) and
after (red trace) Pb UPD/Pt GE. As mentioned earlier, only a
single peak, corresponding to AuOx reduction, is observed (at
∼1.1 V) prior to Pb UPD/Pt GE. After UPD/GE, however,
the area under the AuOx reduction wave decreases and two
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Figure 3. (a, d) Diﬀerential binding energy (ΔE) as a function of coverage for (a) Pb UPD and (d) Cu UPD. UPD becomes unfavorable for ΔE
values greater than 0. (b, e) Comparison of experimental (black traces) and theoretically simulated (red traces) UPD CVs for (b) Pb and (e) Cu.
(c, f) UPD coverage as a function of applied potential for (c) Pb and (f) Cu. The dashed lines indicate the experimental UPD potentials. The inset
in (c) is an atomic model of 96 Pb atoms covering an Au147 core at the maximum allowed coverage of 0.59 ML.

Using a charge density of 405 μC/cm2,15 the Cu SA is 0.31
cm2. The Au SA prior to Cu UPD/Pt GE (Aui) is 0.31 cm2.
Thus, the Cu/Aui SA ratio is 1.0. On the basis of six
independent measurements and assuming that the G6NH2(Au147) DEN core is a perfect 147-atom cuboctahedron,
the Cu coverage is 0.57 ± 0.05 ML.
The synthesis of AuPt DENs via Cu UPD/Pt GE followed
essentially the same procedure as Pb UPD/Pt GE with the
exception that the UPD potential was 0.32 V. Figure 2c is a
TEM micrograph of the resulting AuPt DENs, and Figure 2d is
the corresponding size-distribution histogram. The data show
that the size of the AuPt DENs is 2.4 ± 0.4 nm, which is
essentially the same as the AuPt NPs prepared by Pb UPD/Pt
GE (2.3 ± 0.5 nm).
Figure 1d compares CVs obtained before (black trace) and
after (red trace) Cu UPD/Pt GE. After Cu UPD/Pt GE, the
PtOx reduction (0.60 V) and Pt hydride (negative of ∼0.30 V)
peaks are apparent, and the AuOx reduction peak (at ∼1.1 V)
is attenuated. These changes are qualitatively similar to those
observed for Pb UPD/Pt GE (Figure 1a).
Pt coverage was estimated in the same way as for Pb UPD/
Pt GE: 1-(Auf/Aui). For Cu UPD/Pt GE, Aui and Auf equal
0.31 and 0.092 cm2, respectively. On the basis of six
independent measurements, the average Pt coverage is 0.70
± 0.01 ML. This value is higher than expected on the basis of
1:1 exchange of the experimentally determined Cu coverage

stripping peaks are centered at 0.37 and 0.47 V. The deposition
and stripping potentials are in good agreement with previous
reports of Cu UPD onto Au147 DENs.15,23,42,44
In previous reports of Cu UPD onto comparably sized Pt
DENs,29,30 the presence of two Cu UPD peaks was used as
evidence of a facet-by-facet mechanism with Cu depositing
sequentially onto (100) and (111) facets.29 However, just like
Pb UPD, this mechanism is likely an oversimpliﬁcation for two
primary reasons. First, as discussed in the Pb UPD section,
there is extensive atomic sharing between facets for NPs in the
size range of DENs. Second, SO42− and Cu2+ coadsorb onto
Au in sulfate-containing media, and under these conditions, Cu
UPD onto bulk Au(111) has been reported to produce two
UPD peaks.18 The ﬁrst peak corresponds to 0.67 ML of Cu
coadsorbed with 0.33 ML of SO42−, and the second peak is
characteristic of a full Cu ML having 0.33 ML of SO42−
adsorbed atop the Cu. As discussed in Section S2 in the
Supporting Information, Cu UPD experiments carried out
using G6-NH2(Au147) DENs in electrolyte solutions with and
without SO42− conﬁrm this mechanism. The Cu UPD results
presented here highlight the important role of SO42− ligands in
the UPD process. This point will be discussed later in more
detail.
The fractional Cu ML coverage was calculated in the same
way as the Pb coverage, with some additional considerations
related to the coadsorption of Cu2+ and SO42− (Section S3).
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(0.57 ± 0.05 ML) for Pt. This might be a consequence of the
fact that the charge density values used to calculate the Cu and
Au SAs (405 and 390 μC/cm2, respectively) are only strictly
appropriate for bulk Au,15 and they might not be accurate for
small NPs.15 We note, however, that the (Auf/Aui) term used
to calculate the Pt coverage (1 − (Auf/Aui)) is independent of
charge density and therefore the Pt coverage here might be
more accurate than the Cu coverage.
One ﬁnal point. Here, we used diﬀerent concentrations of
Pb(NO3)2 (1.0 mM) and CuSO4 (5.0 mM) for the UPD
processes. This was done to be consistent with previous
publications.16,19,42 Note, however, that Figure S5 shows that
the use of 1.0 mM Cu(NO3)2, chosen to match the Pb
concentration and counterion, yields results similar to those for
5.0 mM CuSO4 in terms of Pt coverage (0.76 ± 0.03 vs 0.70 ±
0.01 ML for 5.0 mM CuSO4).
Comparison of AuPt DENs Prepared by Pb UPD/Pt GE
and Cu UPD/Pt GE. The CVs for the AuPt DENs prepared
using the Pb UPD/Pt GE and Cu UPD/Pt GE methods diﬀer
in two respects: (1) the PtOx reduction peak potential and (2)
the surface coverage of Pt. With regard to (1), the PtOx
reduction peak is 60 mV more negative for the AuPt DENs
synthesized using Cu UPD/Pt GE relative to those prepared
using Pb UPD/Pt GE, suggesting diﬀerences in surface
structure. In the case of point (2), the Pt coverage for the
AuPt DENs is ∼0.20 ML greater for the Cu UPD/Pt GE
method than for the Pb case. This suggests that these two
methods are not interchangeable and could, for example, lead
to materials having very diﬀerent electrocatalytic properties.
Importantly, and as we will discuss in the next section, this
diﬀerence in Pt coverage is predicted by theory. Speciﬁcally,
theory suggests lower Pt coverage (0.59 ML) and a surface
alloylike structure for Pb UPD/Pt GE. A higher Pt coverage
(1.0 ML) and a more ideal core@shell Au@Pt structure are
predicted for Cu UPD/Pt GE.
Pb UPD Simulations. Pb atoms were placed randomly (as
opposed to facet-by-facet) and incrementally onto the surface
of a cuboctahedral Au147 NP to simulate the Pb UPD process
on G6-NH 2 (Au 147 ) DENs. It should be noted that
equilibration at 300 K signiﬁcantly deforms the original
cuboctahedral Au147 NP structure. Speciﬁcally, the (100)
facets reconstruct in a way that makes most of the surface
close-packed. This process eliminates the distinction between
(100) and (111) facets, and the ﬁnal surface can be best
described as (111)-like. In total, 13 Pbx/Au147 (x = 1 to 120
with an incremental step size of 10 Pb atoms) structures were
simulated. Each structure was equilibrated at 300 K, using the
MD simulation method described in the Experimental Section
and was then relaxed to its equilibrium state at 0 K. The
equilibrated, relaxed structures are shown in Figure S6. Figure
3a shows the diﬀerential binding energies (ΔE) of the
deposited Pb atoms that were calculated for these structures
as a function of Pb coverage. The ΔE values quickly increase
with Pb coverage from 0 to 0.2 ML. At 0.2 ML, a plateau is
reached, and it extends until 0.4 ML, after which ΔE rapidly
increases again. Importantly, Figure 3a suggests that Pb UPD is
energetically favorable up to ∼0.60 ML coverage, after which
ΔE becomes positive.
The behavior of ΔE as a function of Pb coverage can be
interpreted by tracking changes in the coordination numbers
(CNs) of the deposited Pb adatoms (Figure S7). The ﬁrst data
point on this plot corresponds to the adsorption of 1 Pb atom.
Initially, this single Pb atom is highly coordinatively

unsaturated. As a result, the Pb adatom induces local structural
reconstruction of the AuNP to stabilize its adsorption. As
shown in the second frame of Figure S6 (Pb1/Au147), this
AuNP reconstruction results in an average Pb−Au CN of 6. As
the Pb coverage increases, however, the average Pb−Au CN
decreases from 6 to 3 and the average Pb−Pb CN increases
from 0 to 5.
The foregoing behavior can be explained by considering the
eﬀects of Pb island formation on the underlying Au surface. As
Pb island growth proceeds, the increase in the Pb−Pb CN
alleviates the reliance on Au lattice deformation to meet the Pb
atom coordination requirements. Summing the Pb−Au and
Pb−Pb CNs, the total Pb CN (Pb−M) increases from 6 to 8 as
a function of Pb coverage. The opposing Pb−Pb and Pb−Au
CN trends result in slowed growth of the Pb−M CN between
0.2 and 0.4 ML, thereby accounting for the plateau in ΔE
(Figure 3a) for those coverages. The rapid increase in ΔE
beyond 0.4 ML in Figure 3a can be attributed to the fact that
as the Pb−Pb CN continues to increase and the Pb−Au CN
continues to decrease, it becomes more diﬃcult to deposit
additional Pb atoms. This feature arises from the fact that Pb
binds more strongly to Au than it does to itself (this is why Pb
UPD is possible on Au).
The simulated Pb UPD CV (Figure 3b) is based on the
calculated ΔE value. The main peak corresponds to the plateau
in the plot of ΔE as a function of Pb coverage (Figure 3a).
This peak is centered at 0.06 V and aligns well with the
corresponding peak in the experimental CV (0.04 V; Figure
1b). In the experimental Pb UPD CV, there are smaller peaks
before and after the main peak. The simulated CV predicts ﬂat
currents rather than peaks in these two regions due to the rapid
increase in ΔE vs Pb coverage. This discrepancy might be due
to the limited resolution of the simulations because the Pb
coverage was increased using a step size of 10 Pb atoms.
Accordingly, complete details about the ΔE landscape were
not captured. Additionally, the time scale associated with MD
simulations is limited to picoseconds. As a result, it was not
possible to simulate the reorganization of Pb adatoms on the
Au147 surface through diﬀusion, which might occur at longer
times. Finally, there is some structural polydispersity in the
DENs that could introduce nonidealities into the experimental
data. Some or all of these factors could aﬀect the correlation
between experiment and simulation.
As shown in Figure 3c, the predicted Pb coverage as a
function of applied potential can be determined by integrating
the simulated CV in Figure 3b. The vertical dashed line
indicates the experimental potential, −0.15 V, that was used for
Pb UPD onto the G6-NH2(Au147) DENs. At this potential, 96
Pb atoms are predicted to deposit on Au147, corresponding to a
coverage of 0.59 ML (using the deﬁnition of fractional ML
coverage deﬁned in the previous sections (1.0 ML = 162
atoms)). We note that the atomic structure in the inset of
Figure 3c represents Pb100/Au147 rather than Pb96 because, as
mentioned earlier, a coverage step size of 10 Pb atoms was
used in the simulations. The Pb coverage predicted for Pb
UPD at −0.15 V is in good agreement with both the
experimentally determined Pb coverage (0.49 ± 0.03 ML) and
the Pt coverage (0.50 ± 0.04 ML) after Pt GE.
Although the Pb coverage predicted in the present report
(0.59 ML) is similar to our earlier publication detailing Pb
UPD on Au147 (0.63 ML),16 we obtain a more realistic picture
of the Pb UPD process on Au147 using DFT-MD in the current
study. As alluded to earlier, DFT-MD reveals that the
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(∼-0.10 V) are predicted to be ∼250−440 mV more negative
than the experimentally observed Cu UPD peak potentials
(∼0.45 and 0.34 V, respectively).
The discrepancy between experiment and theory outlined
above has been previously reported29,65,66 and attributed to
neglecting ligand eﬀects in the theoretical calculations. The
calculations for Cu UPD described up until this point were
carried out by assuming that Cu UPD on the surface of Au147
NPs results exclusively in the deposition of Cu. However,
experimental studies have shown that anionic ligands coadsorb
with Cu on bulk Au in the UPD potential range.18 For
example, STM studies18 have shown that the ﬁrst of two peaks
in the Cu UPD CV for Au(111) corresponds to 0.67 ML of Cu
and 0.33 ML of SO4δ− (SO4δ− is used to denote uncertainty in
the exact SO4 charge upon adsorption). A full Cu ML can be
obtained, but it requires scanning the potential further negative
(with respect to the second peak). As we describe next, the gap
between the experimental and theoretical results for Cu UPD
on Au147 narrows once ligand and electric double layer (EDL)
eﬀects are taken into account.
Inﬂuence of Ligand/EDL Eﬀects on the Cu UPD
Simulations. To predict the correct equilibrium potentials for
Cu UPD on Au, calculations were performed to simulate the
EDL under constant potential conditions using the double
reference method described in the Experimental Section. The
two structures used were those determined experimentally for
Cu UPD on Au(111) in the presence of SO4δ−.18 The two
structures correspond to the two peaks in the Cu UPD CV for
Au(111). The ﬁrst structure is Au(111) with a partial Cu ML
(Figure 5a) consisting of 0.67 ML of Cu coadsorbed with 0.33
ML of SO4δ−. The second structure is Au(111) having a full
Cu ML and 0.33 ML of SO4δ− coadsorbed on top of the Cu
(Figure 5b). For simplicity, we refer to these two models as
partial ML and full ML, respectively.
Figure 5c,d shows the total energies of naked Au(111) and
Au(111) with coadsorbed Cu and SO4δ− as a function of
potential. The total energies of these interfaces display
quadratic shapes because they act as capacitors. For naked
Au(111) (Figure 5c, red trace), the predicted potential of zero
charge (PZC) is 0.42 V. For the partial ML structure (Figure
5c, blue trace), the PZC shifts to a much higher value (3.6 V)
than naked Au(111) due to electron transfer from the metal
surface to adsorbed SO4δ−.
As a result of the PZC shift, the adsorption energy (the
diﬀerence between the blue and red traces in Figure 5c,d)
becomes more positive at more positive potentials. In other
words, as the applied potential is scanned in the negative
direction during the UPD process, CuSO4 coadsorption
becomes more and more stable. This variation in adsorption
energy as a function of potential is mainly caused by
diﬀerences in the number of electrons residing on the
CuSO4 coadsorption interface vs the naked Au(111) surface.
At more negative potentials, the CuSO4 coadsorption interface
accommodates more electrons than the naked Au(111)
surface. This in turn leads to greater stability of the CuSO4
coadsorption interface at more negative potentials. Thus, for
the potential used for Cu UPD (0.32 V), the surface of the
partial ML structure harbors signiﬁcantly more negative charge
than naked Au(111). Similar conclusions are obtained for the
full ML structure (Figure 5d).
Using the calculated, potential-dependent binding energies
of the CuSO4 coadsorption layers, we evaluated the reaction
free energy (ΔG) of the Cu UPD process (Figure 5e) when

cuboctahedral Au147 NPs reconstruct spontaneously at 300 K,
leaving no distinct (100) and (111) facets on their surfaces.
Consequently, the previously reported facet-by-facet growth
mode is not appropriate. Instead, we envision that Pb adatoms
deposit randomly on the reconstructed Au147 surface.
Equilibration of the Pbx/Au147 structures at 300 K makes it
possible to consider rearrangement of the atoms at ﬁnite
temperature after each Pb atom is deposited. The agreement
between the simulated and experimental CVs supports the
validity of this new structural model and provides a higher
degree of mechanistic insight into the Pb UPD process.
Figure 4a,b show the structures predicted before and after
the Pt GE step. For these simulations, the deposited Pb atoms

Figure 4. Atomic models for Au147 DENs. (a, c) Au147@x, where (a)
x = Pb and (c) x = Cu with coadsorbed SO4δ−. (b, d) AuPt formed by
performing Pt GE on the NPs in (a) and (c), respectively.

in Pb100/Au147 were replaced with Pt. The new structure was
then equilibrated at 300 K for 20 ps. After Pt GE, a signiﬁcant
number of Au atoms are still on the NP surface. Fewer Pb
atoms than Pt atoms are required for complete Au147 surface
coverage because Pt atoms are smaller than Pb atoms. Thus,
upon Pt GE, surface coverage of the AuNP decreases. As a
result, the ﬁnal structure more closely resembles a surface alloy
than the core@shell Au@Pt structure that was anticipated.
Cu UPD Simulations. Simulation of the Cu UPD CV
followed a similar approach to that of Pb UPD. The
equilibrated, relaxed atomic structures for naked Au147 with
deposited Cu are shown in Figure S8. In all cases, the
deposited Cu atoms incorporate (alloy) into the Au147 core
after equilibration to increase their CNs. This scenario diﬀers
from that of Pb UPD, where all UPD atoms are predicted to be
adsorbed on top of the Au atoms. This diﬀerence arises from
the fact that Pb atoms are larger than Cu atoms. Speciﬁcally,
although PbAu alloys are stronger than CuAu alloys, PbAu
alloys are kinetically more diﬃcult to form because there is a
larger lattice mismatch between Pb and Au lattices.18
Furthermore, the ΔE values of Cu adatoms (Figure 3d) are
positive throughout the entire range (0 to 1.0 ML) of Cu
coverage. Therefore, the theoretical simulations predict that
Cu UPD on naked Au147 NPs should not occur within the
potential range used to obtain the CV shown in Figure 1c. This
means that Cu UPD in the simulated CV (Figure 3e) requires
a signiﬁcant overpotential and thus occurs in a more negative
potential range than the experimental CV. This point is further
emphasized in Figure 3f, where the Cu UPD onset potential
(∼0.20 V) and the potential corresponding to a full Cu ML
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Figure 5. (a, b) Models of extended Au(111) surfaces with (a) partial and (b) full Cu MLs. The partial Cu ML consists of 0.67 ML of Cu
coadsorbed with 0.33 ML of SO4δ−. A layer of SO4δ− is adsorbed on top of the full Cu ML. The gold, brown, yellow, and red spheres correspond to
Au, Cu, S, and O atoms, respectively. (c, d) Plots used for determining the potential of zero charge (PZC) for naked Au(111) (red traces) and
Au(111) with coadsorbed Cu and SO4δ− (blue traces) for (c) partial and (d) full Cu MLs. (e, f) Free energy (ΔG) as a function of applied
electrode potential for Cu UPD onto an Au(111) slab (e) when both ligand and electric double layer (EDL) eﬀects are taken into account and (f)
when only ligand eﬀects are considered.

V) are much more negative in the absence of EDL
considerations and are signiﬁcantly shifted from the experimental values (by ∼560−960 mV). In fact, they are even
worse than predicted for a naked Au147 NP (Figure 3f). The
large errors in the predicted equilibrium potentials for Cu UPD
are due to the fact that the adsorption energies calculated from
the diﬀerence in the energies of the naked Au(111) surface and
the CuSO4 coadsorption interface, at the PZC (zero charge
calculations), are very positive. Thus, the most accurate Cu
UPD results are obtained when both ligand and EDL eﬀects
are taken into account.
Given that the Pb UPD and Cu UPD experiments used
diﬀerent anions (Pb(NO3)2 and CuSO4), we also evaluated the
ligand and EDL eﬀects of NO3 for Cu UPD (Figure S9). As for
the CuSO4 case, the PZC for Au(111) is signiﬁcantly shifted
when Cu and NO3δ− are coadsorbed (Figure S9a,b).
Furthermore, Figure S9c shows that the PZC shift for
Cu(NO3)2 translates to predicted partial (0.62 V) and full
(0.33 V) Cu ML potentials that are very similar to the
corresponding potentials predicted for CuSO4 (0.63 and 0.31
V). Indeed, the potential predicted for a full Cu ML is very
close to that experimentally observed for Cu(NO3)2 (0.32 V,
Figure S2.1c). Thus, overall, SO4δ− and NO3δ− provide similar
ligand/EDL eﬀects for Cu UPD on Au(111).
Notably, the comparison of CuSO4 and Cu(NO3)2 suggests
that the mere presence of ligands, regardless of their identity,
profoundly impacts the EDL structure and thus the Au(111)

both EDL and ligand eﬀects are taken into account. The
predicted equilibrium potentials for the partial (red trace) and
full (blue trace) Cu MLs are 0.63 and 0.31 V, respectively.
These two potentials agree reasonably well with those
associated with experimentally determined Cu UPD onto
Au(111) in 0.10 M H2SO4 (0.53 and 0.35 V).67 They are also
in reasonable agreement with the two peaks in the
experimental Cu UPD CV (Figure 1c) for the G6NH2(Au147) DENs, which are centered at 0.45 and 0.34 V.
As mentioned previously, Figure 1c was recorded in 10.0 mL
of 0.10 M HClO4 containing 5.0 mM CuSO4. Thus, the SO42−
concentration was in excess with respect to the AuNPs on the
working electrode (6.0 μL of an ink containing 2.0 μM G6NH2(Au147) DENs). To determine if 5.0 mM SO42− was
indeed suﬃcient to induce coadsorption eﬀects, a Cu UPD CV
was recorded at higher SO42− concentration (0.10 M H2SO4;
Figure S2.1a). The peak positions in Figure S2.1a (0.44 and
0.30 V) are similar to those in Figure 1c, indicating that 5.0
mM SO42− is adequate to observe the eﬀect of SO4δ− on Cu
UPD. Note that our prior report of Cu UPD potentials on Pt
DENs29 considered ligand eﬀects but not the EDL.
The importance of the EDL calculations is underscored by
comparing the results in Figure 5e to those obtained using the
CuSO4 binding energies calculated at the PZC (Figure 5f).
The latter calculations were designed to eliminate EDL eﬀects,
thereby isolating ligand eﬀects. The calculated equilibrium
potentials for the two stages of Cu UPD (−0.25 V and −0.62
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eﬀects for these NPs lead to distinct catalytic signatures for
FAO.

PZC associated with Cu UPD. In other words, our results
suggest that the presence of any ligand will shift the Cu UPD
potentials from those determined on naked Au. These
calculations further highlight the diﬀerences between Pb
UPD, which does not require the consideration of either
ligand or EDL eﬀects to obtain agreement between experiment
and theory, and Cu UPD, which is markedly altered by these
eﬀects. This diﬀerence has been observed previously68 and
likely arises from the fact that the Pb ML is charge-neutral,
whereas the Cu ML possesses residual charge. Therefore, the
similarity of the ligand/EDL eﬀects for SO4δ− and NO3δ−,
along with the fact that Pb is relatively insensitive to ligand
eﬀects,68 justiﬁes the comparison of AuPt NP structures
synthesized using Pb(NO3)2 and CuSO4.
Theoretical NP Models for Cu UPD/Pt GE. The
calculations detailed in the previous section conﬁrm that
CuSO4 coadsorption structures form on the Au(111) surfaces
during the UPD process. We now turn to a consideration of
the AuNPs. In the experimental Cu UPD CV for G6NH2(Au147) DENs (Figure 1c), a peak (highlighted by the
arrow) resembling the second stage (∼1.0 ML Cu) of Cu UPD
onto Au(111) is observed at 0.34 V. This peak is more
pronounced at higher SO42− concentration (Figure S2.1a) and
is absent when Cu(NO3)2 is used (Figure S2.1c), conﬁrming
its association with SO42−. Hence, we assume that there is full
coverage of Cu on the surface of the AuNP.
Accordingly, we built a full Cu shell model containing 162
Cu atoms on an Au147 NP and evenly placed 44 SO4δ− ligands
(∼0.3 ML) on top of the Cu layer. The equilibrated structure
is shown in Figure 4c. Unlike the Pb coverage, the theoretically
predicted Cu coverage (1.0 ML) diﬀers from that determined
by experiment (0.57 ± 0.05 ML). This result is not necessarily
surprising for the following reasons. First, sub-ML Cu
coverages have previously been reported on AuNPs.14,28
Second, our previous reports of Cu UPD on Au147 DENs15
and comparably sized Pt DENs29,30 have revealed ratios of Cu
to surface Au or Pt atoms of 0.74−1.0; these ratios correspond
to fractional ML coverages signiﬁcantly lower than 1.0 ML
(0.41−0.63 ML depending on the core size). These
discrepancies were previously attributed to Cu UPD being
energetically unfavorable on corner and edge sites.15,29,30
Third, a completely naked Au147 NP model was used in our
theoretical prediction of a full Cu ML (Figure 3f). As we have
demonstrated, ligand and EDL eﬀects have signiﬁcant
implications for Cu UPD. It is possible that these eﬀects
impacted the extent of Cu coverage.
Figure 4d shows the AuPt NP model formed by replacing
the CuSO4 layer (from Figure 4c) with Pt atoms and allowing
the structure to equilibrate. As indicated, the shell consists
almost entirely of Pt, which is in stark contrast to the surface
alloylike AuPt structure generated using Pb UPD/Pt GE
(Figure 4b). Although the former structure predicts Pt
coverage that is higher than experimentally obtained (∼0.70
ML Pt coverage) for Cu UPD/Pt GE, the two UPD/Pt GE
methods display a signiﬁcant diﬀerence (∼0.20 ML) in Pt
coverage. Thus, both theory and experiment suggest that Pb
UPD/Pt GE and Cu UPD/Pt GE generate diﬀerent AuPt
structures. Cu UPD/Pt GE is predicted to aﬀord a more ideal
core@shell AuPt structure, and Pb UPD/Pt GE yields an AuPt
structure that more closely resembles a surface alloy.
Importantly, the Pt ensembles on the NP surfaces diﬀer. As
we will show in a forthcoming report, diﬀerences in ensemble

■

SUMMARY AND CONCLUSIONS
We have used both experiment and theory to analyze Pb and
Cu UPD on ∼1.7 nm AuNPs and the AuPt structures that
result after galvanic exchange (GE) of the UPD layer for Pt.
Experimental Pb (0.49 ML) and Pt (0.50 ML) coverages are
both close to values predicted by density functional theorymolecular dynamics (DFT-MD; 0.59 ML). DFT-MD reveals
that the AuNPs spontaneously reconstruct from cuboctahedral
to a (111)-like structure prior to UPD. In the case of Pb, this
results in the random electrodeposition of Pb onto the Au
surface. This mechanism is a consequence of opposing trends
in Pb−Pb and Pb−Au coordination numbers as a function of
Pb coverage. Cu UPD is more complex, and agreement
between theory and experiment takes into account ligand
eﬀects (e.g., SO42− present as the electrolyte) and the electric
double layer. Importantly, AuPt structures formed on Pt GE
were found to diﬀer markedly depending on the UPD metal.
Speciﬁcally, cyclic voltammetry indicates that the Pt coverage
is ∼0.20 ML greater for Cu UPD/Pt GE (0.70 ML) than for
Pb UPD/Pt GE (0.50 ML). This diﬀerence was corroborated
by DFT-MD theoretical predictions and was attributed to
dissimilar Pb and Cu atomic sizes as well as the higher impact
of ligand and EDL eﬀects on Cu UPD than on Pb UPD.
Finally, DFT-MD calculations predicted the formation of
surface alloy and core@shell structures for Pb UPD/Pt GE and
Cu UPD/Pt GE, respectively.
Moving forward, we wish to better understand the generality
of these experimental and theoretical results: can they be
applied to other UPD metals and diﬀerently sized cores? The
answers to these questions are directly relevant to fundamental
questions regarding the stability and phase behavior of metal
NPs. The results of our studies aimed at answering these
questions will be reported in due course.
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