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ABSTRACT: A simple oleylamine-based thermal decomposition process using different
time steps for precursor injection was used to obtain bimetallic Ag—Cu nanoparticles with
a narrow size distribution. Experimental and theoretical studies were carried out to
demonstrate that these bimetallic nanoparticles are less prone to oxidation. The calculated
energy trends for O, adsorption on the nanoparticles show that the adsorption energy
declines rapidly when more than six O, molecules are present, indicating that O, is rarely
adsorbed on Ag—Cu nanoparticles. Electron transfer from Cu to Ag within these bimetallic
nanoparticles allows far better resistance to oxidation than monometallic Cu nanoparticles.

1. INTRODUCTION

Metallic nanoparticles possess many interesting electrical,"
catalytic,”” optical,* and magnetic properties® that have allowed
them to be applied as metal electrodes with high conductivity
and catalysts with enhanced activity.®"® Bimetallic nanoparticles
provide a much broader space for engineering materials
composition and structure/shape, leading to new and enhanced
capabilities.” "' Bimetallic nanoparticles may also provide
stability and functionality comparable to noble metals at a
lower cost. For example, the high electrical conductivity and
ease of processing of Ag nanoparticles are attractive qualities for
electrodes and electrical interconnects." However, the high cost
of Ag is a hindrance to its use in actual commercial products. As
an alternative, many researchers have investigated Cu nano-
particles, which are less expensive and exhibit comparably high
electrical conductivity and catalytic activity.*'> However, Cu
nanoparticles are easily oxidized; the development of
approaches designed to mitigate oxidation, such as laser
ablation, hydrogen reduction, and metal coating, have had
limited success.">'* Bimetallic nanoparticles (ie, Ag—Cu
nanoparticles) may be a promising solution, but previous
reports have indicated that they have unstable alloy or core—
shell shapes.'> Most chemical synthesis methods for
nanoparticles are complicated or require an inert atmosphere.
Moreover, toxic reducin; agents are frequently used in
nanoparticle synthesis."®'” Chen et al.'® recently succeeded
in synthesizing Ag—Cu nanoparticles with a stable core—shell
shape. These nanoparticles were resistant to oxidation;
however, their oxidation resistance could not be explained
theoretically and was based entirely on experimental observa-
tions.'® Furthermore, broad size distribution, easy aggregation,
and the presence of nonbimetallic Ag-only particles resulting
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from this microwave-assisted synthesis can hinder character-
ization and may limit the applicability."® Here, we report a
simple synthetic route to form stable Ag—Cu bimetallic
nanoparticles that exhibit significantly improved resistance to
oxidation compared to pure Cu nanoparticles. They have both
Ag and Cu on the surface, and it poses a potential to be used as
a nanocatalyst in oxygen reduction reaction.'” Both exper-
imental and theoretical approaches have been utilized to
confirm the oxidation resistance of our Ag—Cu nanoparticles.
Molecular dynamics (MD) and density functional theory
(DFT) calculations, especially the adsorption energy trends
with increasing numbers of O, molecules, verify the improved
resistance to oxidation and provide insights on the mechanisms
of charge transfer from Cu to Ag.

2. EXPERIMENTAL METHODS

2.1. Materials and Preparation of the Ag—Cu Nano-
particles. A modified thermal decomposition process was used
to synthesize the Ag—Cu bimetallic nanoparticles. We used
AgNO; (Sigma-Aldrich) as the Ag precursor, Cu(acac),
(Cu(CsH,0,),, Sigma-Aldrich) as the Cu precursor, and
oleylamine (C,4Hy,N, Sigma-Aldrich) as the solvent, surfactant,
and reducing agent.'”*® All chemicals were used as received
without further purification. For the synthesis of the bimetallic
nanoparticles, 1.5335 g of Cu(acac), was added to 90 mL of
oleylamine in a three neck flask, which was then heated to 220
°C for 2 h while stirring. During this first reduction process, the
Cu precursor thermally decomposed and was reduced by
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oleylamine,' as indicated by the change in color of the solution
from cobalt blue to dark red over time. After 2 h, the reaction
mixture was cooled to 180 °C, and 1.5032 g of AgNO; was
added to the solution. The reaction mixture was stirred at 180
°C for another 6 h prior to being cooled to room temperature
to separate the nanoparticles. The nanoparticles were washed
with methanol (CH;OH, Sigma-Aldrich) and toluene
(C¢H;CH;, ACS reagent >99.5%, Sigma-Aldrich) and
separated by several centrifugation steps at 10 000 rpm for 40
min. The purified nanoparticles were then dried in a vacuum
oven at 40 °C for more than 12 h. An ink-type suspension of
Ag—Cu nanoparticles was prepared by dispersing the fully dried
nanoparticles at 30 wt % in toluene and sonicating in a
homogenizing bath.

Instrumentation and Characterization. Transmission
electron microscopy (TEM) and high-resolution TEM
(HRTEM) were carried out on a JEM-ARM200F (operated
at 300 kV) and a field-emission Tecnai G2 F30 TEM (FEI
company), respectively. Energy-dispersive X-ray spectroscopy
(EDS) line scans were obtained using an aberration-corrected
scanning transmission electron microscope (Cs-corrected
transmission electron microscope, JEM-ARM200F; operated
at 200 kV). X-ray diffraction (XRD) analysis was conducted
using high power powder XRD (D/MAX-2500; RIGAKU).
The oxidation state of the nanoparticles was obtained by X-ray
photoelectron spectroscopy (XPS) (Sigma Probe; Thermo VG
Scientific).

2.2. Computational Procedure. To derive reasonable
simulation results, we performed a multiscale simulation
approach. We performed MD simulations to optimize the
most stable Ag—Cu bimetallic nanoparticle and DFT
calculations to determine the O, adsorption energies.

In the MD simulations, we performed classical MD
simulations with canonical ensemble conditions (NVT) as
implemented in the XMD code”’ and used the quantum
Sutton-Chen (Q-SC) many-body potential. The choice of this
potential is appropriate to describe the nanoscale system under
consideration because q}uantum effects and surface character-
istics are considered.”** The Q-SC many-body potential was
reported by the Goddard group and has the same form as the
SC potential.*>** This advanced potential includes quantum
corrections to consider the zero-point energy and provides
improved predictions of the temperature-dependent properties,
which make it suitable for the calculation of various physical
properties, such as defect, surface, interface, and vacancy
formation energies in nanoscale systems.””** To solve the
Newton’s dynamics equation, the fifth-order Gear predictor—
corrector algorithm was utilized with a time step of 0.001 ps.*®
We carried out simulated annealing (SA) using a MD
simulation to determine the most stable Ag—Cu nanoparticle.
The simulation box is set to 1000 A X 1000 A X 1000 A for the
whole MD simulation.

In the DFT calculations, we performed GGA-level spin-
polarized Kohn—Sham DFT calculations as implemented in the
atomic orbital-based DMol® package.””** The Kohn—Sham
equation was expanded in a double-numerical quality basis set
with polarization functions (DNP). The revised Perdew—
Burke—Ernzerhof (RPBE) functional was employed to describe
the exchange correlation energy.””>* This functional describes
atomic or molecular binding to a transition metal well and is
widely used.** > The range for the orbital cutoff was set to 5.0
A. The DFT semicore pseudopotential was chosen to treat the
core electrons of the heavy Ag and Cu atoms.” In this study,
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the size of the Fermi smearing was 0.003 Ha (1 Ha = 27.2114
eV). The convergence tolerances for the energy, force, and
displacement were 2 X 10~° Ha, 0.004 Ha A™', and 0.005 A,
respectively.

In order to compare O, adsorption properties, we prepared
two nanoparticle systems (ie, Cu and Ag—Cu bimetallic)
composed of 55 atoms (diameter is approximately 1.0 nm).
The structure of these nanoparticles was icosahedron (Ih),
which is a well-known stable structure for this size.*® The 55-
atom Ih structure contained three layers, the first central layer
of one atom, the second layer of 12 atoms, and the third layer
of 42 atoms. The Th structure of the Cu nanoparticle can be
easily constructed because only one element is present. For the
Ag—Cu bimetallic nanoparticle, we performed MD simulations
and DFT calculations to determine the most reasonable
structure and chemical ordering. There are many studies to
find the most stable structure of Ag—Cu and Au—Cu bimetallic
nanoparticles in various compositions and sizes by using the
genetic algorithm®~*" or Monte Carlo simulation.** These are
famous and general methods to find the global minimum of a
nanoparticle. However, in this study, the following three steps
were used to find the structure of a Ag—Cu bimetallic
nanoparticle that best represented experimentally obtained
structures, which are certainly not the global minimum
configuration but the metastable or local minimum config-
uration. The first step was the “nanoparticle generation” step
that generates 12 random nanoparticles at 1000 K by changing
the equilibration time from 200 to 2400 ps at an interval of 200
ps. The second step was the “nanoparticle cooling” step (i.e.,
the SA procedures) using the 12 nanoparticles generated by the
first step. In the SA procedures, the 12 generated nanoparticles
were cooled from 1000 to 300 K with a rate of 20 K per 600 ps
(about 30 K ns'). The final step was the “nanoparticle
optimization” step. In this step, we carried out geometry
optimization with DFT calculations for the 12 stable nano-
particles produced by the second step. Finally, we determined
the most stable Ag—Cu bimetallic nanoparticle of our interest
by comparing the relative energy difference among the 12
bimetallic nanoparticles.

Using the Cu and Ag—Cu bimetallic nanoparticle systems,
we calculated the O, adsorption energies by varying the
number of adsorbed O, molecules (up to seven O, molecules
were adsorbed on each nanoparticle). The adsorption energies
(E.q) were calculated using the following equation

B4 = E,o,sxp — (Eu—1)o,+xp + Eo,)

where E,q ,\p is the energy of the entire system after n number
of O, molecules have adsorbed, and Eg is the chemical
potential of the O, molecules.

3. RESULTS AND DISCUSSION

3.1. Galvanic Displacement for the Preparation of
Ag—Cu Bimetallic Nanoparticles. We used a modified
thermal decomposition process to synthesize the monodisperse
Ag—Cu bimetallic nanoparticles.”** The key differences were
the stepwise injection of precursors and the variation in
temperature to separate the nucleation of Cu and the galvanic
displacement. Cu® nanoclusters were first synthesized by adding
Cu(acac), to the reaction flask with 90 mL of oleylamine at 220
°C, as shown in Scheme 1. After several hours, the reaction
mixture was cooled to 180 °C, and the Ag precursor (ie.,
AgNO;) was immediately added to the solution. The high Cu
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Scheme 1. Schematic Representation of the Synthesis of Ag—
Cu Nanoparticles”

.

© Ag
© Cu

Oleylamine + Cu(acac),

“Galvanic displacement and reduction of Cu occur due to the
difference in Ag and Cu redox potentials and oleylamine-based thermal
decomposition, respectively.

synthesis temperature and the lower Ag precursor addition
temperature after the reduction of Cu were used for the
following reasons. First, when Cu nanoparticles are synthesized
at lower temperatures (ie, lower than 180 °C), Cu (I, 1)
oxides are easily formed.** In addition, when the synthesis
temperature is decreased, the growth process dominates instead
of the nucleation process.* Therefore, we obtained more
uniform nanoparticles by increasing the temperature. A lower
Ag precursor addition temperature was used to minimize/
eliminate growth during the galvanic displacement of Cu by Ag.
When the Ag precursor chemically decomposes, electron
transfer between Ag" and Cu’ occurs. On the basis of the
reduction potentials, Cu is more easily ionized than Ag (ie.,
Cu’ loses its electrons to the Ag ion leading to the coexistence
of Ag and Cu in each nanoparticle). At the same time,

reduction of the Cu ion occurs competitively for 6 h at 180 °C.
As a result of these reactions, nanoparticles with randomly
mixed but separate Ag and Cu domains are formed.

3.2. Ag—Cu Bimetallic Nanoparticles in the Mixed
Structure. Figure la presents a TEM image and Figure 1b
XRD results of the synthesized nanoparticles. The narrow size
distribution of the synthesized nanoparticles can be readily
seen. The XRD analysis was conducted with a fully dried
powder of the nanoparticles. Uniform and spherical nano-
particles with a diameter of 13.9 nm (6 < 7.6%, standard
deviation) were obtained. The size distribution of the Ag—Cu
nanoparticles was calculated using images obtained from the
TEM analyses (an example shown in Figure 1a) where more
than 100 nanoparticles were counted. The results show a highly
controlled size compared to previous reports.'® Figure 1c shows
a HRTEM image of a nanoparticle. The observed lattice
spacing values match the expected lattice parameters. Table 1

Table 1. XRD Data for Lattice Parameters

peak position (20) (degree) lattice parameter (A)

(111) (200) dlll d200
Ag 38.100 44.187 2.360 2,048
Cu 43.261 50.521 2.090 1.805

shows the lattice parameters obtained from XRD analysis (i.e.,
dag111y= 2-360 A and dg,(;;)= 2.090 A), consistent with the
HRTEM results. In addition, there were no obvious signs of an
oxide layer surrounding the nanoparticle (a previous report
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Figure 1. (a) TEM image of the Ag—Cu nanoparticles synthesized at 220 °C for 2 h (initial Cu nanoparticle nucleation and growth) and 180 °C for
6 h. (b) Characterization by XRD of the synthesized Ag—Cu nanoparticles. (c¢) HRTEM image of a nanoparticle. (d) SAED patterns of the Ag—Cu

nanoparticles.
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suggested that such oxide layers can be confirmed by HRTEM
analysis).* Figure 1d shows the SAED pattern of a Ag—Cu
bimetallic nanoparticle, indicating that the nanoparticle is
polycrystalline.

Although the TEM, HRTEM, XRD, and SAED results are
consistent, they are not sufficient to confirm the bimetallic
shape of the Ag—Cu nanoparticle. Therefore, energy-dispersive
X-ray spectroscopy (EDS) analysis, as shown in Figure 2, was

b
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Figure 2. (a) TEM-EDS image of a Ag—Cu bimetallic nanoparticle
synthesized at 220 °C for 2 h for initial Cu nanoparticle nucleation and
growth and 180 °C for 6 h for the galvanic displacement and reduction
to the bimetallic nanoparticle. (b) Line scan showing the distribution
of Ag and Cu for a mixed structure along the direction denoted by the
yellow line in (a).

also carried out. The line scan in Figure 2b shows that Ag and
Cu are mixed well in the nanoparticle. The line scans from
more than five samples all showed a similar distribution of Ag

and Cu. The atomic ratio of Ag:Cu was 74.5:25.5% and was
nearly constant within each particle.

On the other hand, the Cu—Ag core—shell nanoparticles
have been synthesized using galvanic replacement, %1354
Yang et al.*” also fabricated the Ag—Au core—shell nanoparticle
by strong reduction of the shell layer with suppressing galvanic
replacement during the synthetic process. Furthermore, Gao et
al.*® conducted the surface-protected annealing process with
SiO, to fabricate the fully alloyed Ag—Au nanospheres at the
very high temperature. The difference in configuration seems to
come from the use of a weak reducing agent, oleylamine, in this
study.

3.3. Oxidation of Ag—Cu Bimetallic Nanoparticles. To
confirm the crystallinity and the oxidation state of the Ag—Cu
nanoparticles, XPS analysis was conducted. The results were
compared to the results for pure Cu nanoparticles. For this
purpose, the Cu nanoparticles were synthesized by the same
thermal decomposition process in oleylamine without the
galvanic displacement reaction. The XPS analysis also verified
the ability of the Ag—Cu nanoparticles to resist oxidation. To
conduct the XPS analysis, the synthesized bimetallic Ag—Cu
and monometallic Cu nanoparticles were fully dried under
vacuum for more than 10 h. Then the samples were prepared
by putting powder of nanoparticles on carbon tape on a silicon
wafer piece. The XPS measurements were conducted on Ag—
Cu and Cu nanoparticles using the same preparation. Figure
3a,b presents the Cu 2p;/, curves of the monometallic Cu
nanoparticles and Ag—Cu bimetallic nanoparticles, respectively.
In Figure 3a, two peaks at 932.3 and 934.0 eV, which are based
on Gaussian curve fitting, can be observed. These peaks can be
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Figure 3. XPS spectra of the Cu 2p3/2 for the pure Cu nanoparticles synthesized at 220 °C for 6 h (a) and the Ag—Cu nanoparticles prepared at
220 °C for 2 h and 180 °C for 6 h (b). XPS O 1s regions of the Cu nanoparticles (c) and the Ag—Cu nanoparticles (d).
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attributed to the zerovalent copper (Cu®) and Cu** of CuO,
respectively.*”*® The existence of the oxide was confirmed by
the presence of the oxygen peak at 529.5 eV. In the case of
monometallic Cu nanoparticles, the atomic ratio of Cu’:Cu*"
was 1:3.7, suggesting that Cu is easily oxidized without any
intentional oxidation treatments. On the other hand, Figure 3b
shows that Ag—Cu bimetallic nanoparticles exhibit better
resistance to oxidation. The main peak at 932.2 eV is attributed
to Cu’, and the smaller peak at 934.1 €V corresponds to Cu*".
Following the reported full-width-at-half-maximum value of the
Cu 2p;; peak (3.4 eV for CuO), the broader peak at 934.1 eV
can be assigned to CuO.*' On the basis of the curve fitting
results, the atomic ratio of Cu®:Cu®* was estimated to be 1:1,
indicating the presence of significantly smaller amounts of
CuO.

The O 1s peaks are typically observed between 528 and 535
eV in the XPS.>> The lattice O is expected to exhibit a binding
energy between 529.0 and 530.0 eV. Two peaks at 529.5 and
530.9 eV were observed in Figure 3c.>> These two peaks can be
attributed to the lattice O and the chemisorbed O, on the
surface, respectively.54 For the Ag—Cu, the intensity of O 1s is
much lower, aﬁppearing at 530.4 eV to indicate the presence of
Cu oxides.”>*

Although a small amount of O, can be chemisorbed on the
surface, the above XPS result confirmed that the Ag—Cu
bimetallic nanoparticles exhibit enhanced resistance to
oxidation compared to the monometallic Cu nanoparticles.
The amount of zerovalent Cu increased from 21.3% in the
monometallic Cu nanoparticles to 49.3% in the Ag—Cu
bimetallic nanoparticles. To support the finding of enhanced
resistance to oxidation and gain insights on the reason for this
enhancement, the adsorption energies of oxygen on the Ag—Cu
bimetallic nanoparticles and pure Ag and Cu nanoparticles were
calculated using DFT.

3.4. Optimization of the Ag—Cu Bimetallic Nano-
particles. As shown in Scheme 2, Cu and Ag—Cu bimetallic

Scheme 2. Established Nanoparticle Systems Composed of
55 Atoms: (a) Cu (Orange) Nanoparticle with an Th
Structure and (b) Ag (Blue)—Cu Bimetallic Nanoparticle
with an Ih Structure, Which Were Optimized Using MD
Simulations and DFT Calculations®

“The specific parts of the core and shell layer are shown in (c).

nanoparticles composed of 55 atoms in the optimized Ih
structure were obtained from the MD simulations and DFT
calculations. The optimization of the nanoparticle was carried
out as follows. A SS5-atom nanoparticle composed of 38 Ag
atoms and 17 Cu atoms was first melted at 1000 K. The
composition corresponds to approximately 31 at. % Cu, which
is similar to the experimental value obtained for our
nanoparticles. A total of 12 melted random nanoparticles
were generated (“nanoparticle generation” step) by varying the
optimization time and simulated annealing (SA) procedures
(“nanoparticle cooling” step) to obtain a stable nanoparticle at
room temperature. Finally, geometry optimization was carried
out using DFT calculations (“nanoparticle optimization” step)
to acquire more accurate energies for each nanoparticle. Details
are given in the Computational Procedure section. The results
are shown in Figure 4.
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Figure 4. Relative energies of the 12 Ag—Cu bimetallic nanoparticles.
There are two configurations due to a Cu position change represented
by the black and red lines. The difference between black and red is the
number of Cu atoms in the second and third layers. More Cu atoms
are located on the surface for the black than for the red.

After the SA procedures (“nanoparticle cooling” step) were
complete, the 12 stable nanoparticles were obtained at room
temperature. At first, 10 nanoparticles were examined to choose
stable nanoparticles with structures that were compatible to and
as similar as possible with the experimentally synthesized ones.
Two types were identified (black and red in the inset of Figure
4). The tenth configuration is less stable than the ninth one,
and thus two more nanoparticles were simulated to confirm
that this trend of two configuration types persisted. As a result,
we conclude that even if we take more configurations into
account we end up with two types identified as red and black.
Every configuration after SA has the Ih structure because it is
extremely stable when a nanoparticle is composed of a magic
number (13, 55, and 147) of atoms.>” As shown in Scheme 2c,
there are three layers in the 5S5-atom icosahedral nanoparticle
that include the core (first layer), subsurface (second layer),
and surface (third layer). There are two types of nanoparticles
based on the position of the Cu atoms. The major difference
between the black and the red types in Figure 4 is the number
of Cu atoms in the surface layer (i.e., the third layer). Either 11
(black) or 10 (red) Cu atoms are positioned in the third layer
of each nanoparticle, and either 5 (black) or 6 (red) Cu atoms
are located in the second layer of each nanoparticle. The only

dx.doi.org/10.1021/jp506069c | J. Phys. Chem. C 2014, 118, 26324—26331



The Journal of Physical Chemistry C

distinguishable difference is the number of Cu atoms on the
surface (third layer) for the states shown in black in Figure 4,
which indicates that all of the structures in red are more stable.
In general, the different surface energies of elements can
determine the position of each element in a given system. An
element with higher surface energy prefers to occupy the inner
layer of a nanoparticle (first and second layers). The surface
energy of Cu (1.77 ] m™) is higher than that of Ag (1.32 ]
m™2).>® Therefore, one more Cu atom positioned in the third
layer (configurations in black) would increase the total energy
and result in the configurations in red being more stable.
According to the surface energy argument, the Cu—Ag core—
shell nanoparticle is the most stable among various structures.
However, our experimental results indicate that our product of
synthetic process is a randomly mixed one even though it may
be energetically less stable. Thus, we simulated the Ag—Cu
bimetallic nanoparticle having a randomly mixed configuration
(approximately 31 at. % of Cu) by MD simulation.

3.5. Oxygen Adsorption Trend Based on Varying
Numbers of Oxygen Molecules. The O, adsorption
energies of the optimized Cu and Ag—Cu bimetallic nano-
particles were calculated by varying the number of adsorbed O,
molecules. Up to seven O, molecules were used to identify the
adsorption trends. Among the 12 generated Ag—Cu bimetallic
nanoparticles in Figure 4, the seventh configuration was chosen
because it was the most stable. We considered four adsorption
sites of hollow-top_1 (h-t 1), hollow-top_2 (h-t 2), hollow-
top_3 (h-t_3), and bridge (b) in Figure Sa. The three h-t sites
are almost the same in the middle of (111) with the only
difference being the molecular orientation. The b site connects
two metal atoms on the (111) edge. Calculation results indicate
that the h-t sites were more stable than the b site, and the h-t 2
site was the most stable in both Cu monometallic and Ag—Cu
bimetallic nanoparticles. Oxygen molecules were then added
one by one as shown in Figure Sb,c. When oxygen molecules
were placed on Cu, they were placed on the opposite side
compared to the previously adsorbed one (see Figure Sb),
while all the adsorption sites were confined to h-t 2 of Figure
Sa. However, this rule could not be followed exactly for Ag—Cu
bimetallic nanoparticles because oxygen is strongly adsorbed
near the Cu atoms in all circumstances (see Figure Sc). Thus,
all oxygen molecules were placed on Cu atoms that were as far
away as possible from the previously adsorbed oxygen
molecule.

The adsorption energy under each condition was calculated,
and the results are shown in Figure 6. Second-order polynomial
fitting highlights the adsorption trends for each nanoparticle. A
negative value indicates that the O, molecules were adsorbed
with larger energies corresponding to stronger adsorption or a
more stable state. In contrast, a positive value indicates that O,
molecules were difficult to adsorb. For the first O, molecule,
the adsorption energy difference (approximately 0.225 eV)
between the Cu and Ag—Cu bimetallic nanoparticles is not
large. However, there are substantial differences (i.e.,
approximately 0.849 eV) in the adsorption energy for the last
O, molecule. The reason for the weak adsorption energy on the
Ag—Cu bimetallic nanoparticle arises from the difference in the
redox potentials of Ag and Cu. Ag has a higher redox potential
and can accept electrons from Cu. Thus, Cu atoms in the Ag—
Cu bimetallic nanoparticles have lower electron densities
compared to those in the Cu nanoparticles. Indeed, when we
calculated the atomic charge of the Ag—Cu bimetallic
nanoparticle using Mulliken charge analysis, the atomic charge

PEHS

hollow-top_1 hollow-top_2 hollow-top_3 bridge

(h-t_1) (h-t_2) (h-t_3) (b)

Figure S. (a) Four adsorption sites for O,. Stable adsorption site when
we added O, one by one on the (b) Cu and (c) Ag—Cu bimetallic
nanoparticle is presented. In each system, O, is added one by one on
the nanoparticle by following arrows until the seventh O, is adsorbed.
O, in red color means newly added O,, and O, in gray color means
already adsorbed O,.

0.2 T T T T T T T

0.0 -

Adsorption energy of O,(eV)
)
H
T

1 2 3 4 5 6 7
# of adsorbed O,

Figure 6. Adsorption energy of O, molecules on different nano-
particles. The gray squares represent the adsorption energies on the
Cu nanoparticles; the blue circles represent the adsorption energies on
the Ag—Cu bimetallic nanoparticles; and the red star represents the
adsorption energies on the Ag nanoparticles.

of Cu in the Ag—Cu bimetallic nanoparticle had a positive value
(+0.373 ¢).* This result strongly supports the electronic
interaction between the Ag and Cu, which was assumed to
explain the peak shift in the XPS from the experimental
analysis.'® The lower electron density makes Cu less active in
bonding with the O, molecules. However, the Ag atoms that
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accept electrons from Cu do not lead to a significant increase in
the affinity to O, molecules because the electrons donated by
the Cu atoms are diluted over a larger number of Ag atoms in
the nanoparticle. Thus, the first O, adsorption energy on the
Ag—Cu bimetallic nanoparticle is weaker than that on the Cu
nanoparticle. The deficiency of electrons in the Cu becomes
more severe when additional O, is adsorbed. As a result, the
adsorption energy difference between the Ag—Cu bimetallic
nanoparticle and the Cu nanoparticle rapidly increases. As
shown in Figure 6, eventually, the adsorption energy of the
seventh O, molecule on the Ag—Cu bimetallic nanoparticle is
similar to that of the Ag nanoparticle. That is, the Ag—Cu
bimetallic nanoparticle shows noble Ag nanoparticle-like
characteristics when the seventh O, molecule is adsorbed. In
addition, the adsorption energy of the seventh O, molecule on
the Ag—Cu bimetallic nanoparticle has a positive value, which
indicates an unstable or unfavorable state. The Ag—Cu
bimetallic nanoparticle is more resistant to O, adsorption
compared to the Cu nanoparticle because there is a smaller
number of surface-exposed Cu atoms compared to the number
of entire Cu atoms in this Ag—Cu bimetallic nanoparticle and
electronic interaction between Ag and Cu atoms in the Ag—Cu
bimetallic nanoparticle. This smaller number of surface-exposed
Cu atoms can directly affect the adsorption energy of O,
molecules because a smaller number of surface Cu atoms can
accelerate deficiency of electrons in Cu atoms.

4. CONCLUSIONS

In summary, highly monodisperse Ag—Cu bimetallic nano-
particles were synthesized by sequential thermal decomposition
and galvanic displacement reactions. Several independent
experiments (HRTEM and cross-sectional EDS analysis)
indicated randomly mixed shape of nanoparticles. XPS
measurement showed that the Cu atoms of the Ag—Cu
bimetallic nanoparticles were less oxidized than those in the
Cu-only nanoparticles. To provide a deeper understanding of
the oxidation resistance, computer simulations were conducted
based on the experimental results. The calculated O,
adsorption energy for the Ag—Cu S55-atom nanoparticle
decreased dramatically as the numbers of adsorbed molecules
increased, whereas the adsorption energy of the Cu $S-atom
nanoparticle had a much weaker dependence on the number of
O, molecules. This finding suggests that Ag—Cu bimetallic
nanoparticles can solve the oxidation problem of Cu as well as
the cost issue of Ag without the need for complex capping or
reduction processes.
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