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he colloidal nanocrystals form

through nucleation, followed by a

growth process in which nutrients
are consumed.'”7 Recently, in situ transmis-
sion electron microscopy (TEM) studies
show that final resulting nanoparticles can
be generated from the primary colloidal
nanoclusters.8~'% In some cases, primary
particles can grow into nanowires through
oriented attachment."~'® For semiconduct-
ing quantum dots and oxides, dipolar inter-
action seems to the key driving force for
the formation of such nanowires. The ori-
ented attachment however can lead to the
formation of low dimensional morphologies
in materials with no permanent dipole as
well, suggesting factors other than dipolar
interaction may also be important.'17-20

Nanostructured platinum alloys are se-

lected for this study, because they are im-
portant in a range of industrial applications,
from electronics to catalysts and
electrocatalysts.?'~2° The needs for green
technology and sustainable industrial pro-
cesses put new challenges in the design
and synthesis of highly active and selective
nanocatalysts,?%?” which requires better un-
derstanding on how to precisely control
crystal morphology, as shape and surface
composition of nanocrystals are typically
governed by the underlying crystal symme-
try. For Pt alloy nanowires, PtAg, PtCo, PtCu,
and PtFe have been synthesized in both
molecular solvents and ionic liquids.'828-34
These alloy nanowires have been obtained
through the reduction of metal salts and
thermal decomposition of metal carbonyls
in the presence of capping agents.3°~34 It
has also been found that PtAg not only can
form alloys at the nanometer-sized scale,
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ABSTRACT The understanding of shape control of colloidal nanoparticles is still rather limited even after
well over a decade of intensive research efforts. While surface capping agents can greatly influence the growth
habit of nanocrystals in solution, the formation of certain morphology can hardly be understood based on both
experimental data and simulations. Without a good understanding of the origins for shape formation,
deterministic approaches to the synthesis of nanostructures can be hard to realize. In this paper, we describe the
synthesis and formation of PtAg alloy nanowires in the presence of oleylamine and oleic acid through the oriented
attachment. Transmission electron microscopy study shows the formation of wormlike nanowires occurs largely
at the composition around PtsyAgso. Both Pt and Ag rich alloy nanostructures form sphere-like or faceted
nanoparticles under the same reaction conditions. Density functional theory calculation is used to understand
the interactions between the functional groups of capping agents and low index planes of PtAg alloys. The
structural order of interfaces after collision between primary particles is obtained by molecular dynamic
simulation. The results indicate that the formation of alloy nanowires is mostly driven by the interplay between
the binding energy of capping agents on alloy surfaces and the diffusion of atoms at the interface upon the
collision of primary nanoparticles.

KEYWORDS: morphology - platinum silver - nanowire - oriented
attachment - potential energy - adsorption energy - surface diffusion

but also possess different nanostructures
when they are produced in a nonhydrolytic
system.'®

In this paper, we present the formation
of Pts3Ags; nanowires in the presence of
oleic acid and oleylamine, while Pt- or Ag-
rich alloys form faceted or sphere-like nano-
particles. This composition-dependent
growth provides us with a model in under-
standing the key factors that govern the for-
mation of Pt metal alloy nanowires. In this
context, density functional theory (DFT) is
used to compare the absorption energy be-
tween the functional groups of capping
agents and low index surfaces of Pt—Ag al-
loys, while molecular dynamic (MD) simula-
tion is used to examine the collisions be-
tween individual particles and surface
atomic diffusion. The experimentally
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TABLE 1. Compositions of Pt—Ag Alloy Nanostructures

Prepared at Different Pt(acac),/Ag(St) Feeding Ratios
PtAg nanoalloys’

sampleno.  Pt(acac),/Ag(St) molarratio  Pt(atom %) Ag(atom %) composition

1 /4 256*05 744+ 05 PtysAgss
2 12 392+02 60.8 = 0.2 PtsoAgs
3 7 53106 46.9 = 0.6 Pts;Ags;
4 21 731*04 269 * 0.4 Pt3Agy
5 41 86.4 =08 13.6 =08 PtssAgns

20 nm N oo

Figure 1. TEM images of (a) Pt6Ag74, (b) PtssAgs, (c, d) Pts3Agay, (€)
Pt;3Ag,7, and (f) PtgsAgq4 Nanostructures, respectively.

observed formation of PtAg nanowire can be explained
well by the simulation data.

RESULTS AND DISCUSSION

Experimental Results. Figure 1 shows the TEM images
of Pt—Ag nanostructures made at different platinum
acetylacetonate/silver stearate (Pt(acac),/Ag(St)) molar
ratios. Energy dispersive X-ray (EDX) analysis was used
in obtaining the composition of these alloy nanostruc-
tures and the results are summarized in Table 1
(Supporting Information, Figure S1). There was a clear
correlation between the shape and composition of
Pt—Ag nanostructures. Sphere-like nanoparticles, ob-
tained at Pt(acac),/Ag(St) molar ratio of 1/4, had an av-
erage composition of PtysAgs, and a diameter of 3.2 =
0.4 nm (Figure 1a and Table 1). Similarly, 3.4 = 0.4 nm
Pt39Age; nanoparticles formed at Pt(acac),/Ag(St) molar
ratio of 1/2 (Figure 1b). When this ratio increased to 1/1,
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“The atomic percentage and composition of the alloys were obtained based on EDX
analysis.

the shape of nanoparticles was dominated by worm-
like nanowires (Figure 1c). The average diameter of the
nanowires was 2.8 = 0.4 nm based on the TEM mea-
surement. High-resolution TEM (HR-TEM) images reveal
that these nanowires were composed of multiple crys-
talline domains, and the observed fringes were from
{111} planes (Figure 1d). The domains of primary crys-
tals were about 3 nm, comparable to diameters of
nanoparticles prepared at low Pt(acac),/Ag(St) molar ra-
tios. These observations suggest the growth of nano-
wires undergo an oriented attachment process where
the primary nanoparticles form first and grow into
nanowires.'"12 EDX analysis indicates that the average
composition of these nanowires was Pts3Ag,;, which
was similar to the Pt(acac),/Ag(St) feeding ratio. The
length of the nanowires decreased dramatically when
Pt(acac),/Ag(St) molar ratio was changed to 2/1 (Figure
1e). EDX data indicate that the nanoparticles had an av-
erage composition of Pt;3Ag,;. Nanowires could hardly
be observed, when Pt(acac),/Ag(St) molar ratio
changed to 4/1, and composition in the resulting nano-
structures reached PtgsAgq4 (Figure 1f). Supporting In-
formation Figure S2 shows the PXRD pattern of Pts3Ag,;
nanostructures made at Pt(acac),/Ag(St) molar ratio of
1/1. The diffraction pattern could be readily indexed to
(111), (200), (220), (311), and (222) planes of a face-
centered cubic (fcc) lattice and in between those for
pure Ag (87-0719, JCPDS-ICDD) and Pt metals (70-2057,
JCPDS-ICDD). This observation indicates that Pt and Ag
formed alloy in the form of a solid solution.® Similar dif-
fraction patterns at different diffraction positions can
be obtained for the nanoparticles made at other Pt(a-
cac),/Ag(St) molar ratios.

The growth of Pts3Agy; nanostructures was further
studied by TEM (Figure 2). Both small primary particles
and some short rodlike nanostructures formed 2 min af-
ter the injection of metal precursors (Figure 2a). With
the increase of reaction time, wormlike morphology ap-
peared (Figure 2b,c). The nanowires reached their maxi-
mum length after 1 h, and no major changed in mor-
phology even after 3 h (Figure 2d). The width of
nanowires changed very little throughout the process,
suggesting that these Pts3Ags; nanowires grow from
the primary nanoparticles through the oriented
attachment.”""”
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HR-TEM is used to study the shape evolution of
Pts3Ag4; nanowires and the data show the attachment
occurred mostly on {111} facets (Figure 3). Two growth
modes, namely, lattice matched attachment (MA) and
twinning attachment (TA) were observed. The grain
boundary and lattice defect were not obvious if two pri-
mary particles attached and grew together via the MA
mode (Figure 3b). A twin plane with the mirror image-
like orientation could be observed if two particles at-
tached through the TA growth on {111} surfaces (Fig-
ure 3¢). Both linear and bending morphologies could be
obtained when additional particles attached to the ex-
isting nanostructures through either MA or TA growth
(Figure 3d—i).

Theoretical Analysis. The above experimental results in-
dicate that the formation of composition-dependent
PtAg nanowires was through the oriented attachment
of primary nanoparticles, which is different from those
material systems that undergo anisotropic growth. In
the later case, the formation of twin planes in the seed
crystals is a useful approach to the synthesis of
nanowires.>>~3’ For instance, the existence of 5-fold
twin plane in the seeds is important for reducing the
symmetry of Ag nanocrystals, when poly(vinylpyrroli-
done) (PVP) is used as the capping agent.>’” These seeds
led to the growth of nanowires. For oriented attach-
ment no defect is necessary for the formation of low-
dimensional nanostructures.

In a typical wet synthesis, the precursors react to
form seeds and subsequently grow into nanoparticles.
These nanoparticles are stabilized by capping agents
and move in the liquid phase due to Brownian motions.
In this colloidal system, the particles collide at a fre-
quency that can be estimated according to the follow-
ing equation:3®

kT
© 3mnR

(M

where p is the density of the nanoparticle with a ra-
dius of R in a solution with viscosity of 1, and T is tem-
perature. When two nanoparticles get in close proxim-
ity with each other, van der Waals forces begin to
dominate in the interactions. If surfactant capping
agents are present, they most likely adsorb on the vari-
ous surfaces of nanoparticles to form buffer layers that
prevent the nanocrystals from getting in contact with
each other. Only under the conditions that nanocrystal
surface is loosely protected and the van der Waals inter-
action is strong enough to overcome the capping ef-
fect, the surface atoms can then be in direct contact
with each other upon the collision between two par-
ticles, and diffuse across the interface to form anisotro-
pic structures. The key factors in determining the forma-
tion of nanowires from primary nanoparticles should
largely be governed by both the spontaneous expo-
sure of nanocrystal surfaces and the likelihood of bond
formation at the interface. The binding strength of cap-
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Figure 2. TEM images of Pts3Ag,; alloy nanostructures made after
the reaction for (a) 2, (b) 10, (c) 30, and (d) 180 min, respectively.

ping agents on crystal surfaces can be modeled
through calculating the adsorption energy, which is a
thermodynamic effect. The effective bond formation,
which is a kinetic effect, can be understood based on
the surface reconstruction upon the collision between
two particles. Such approach has so far not been sys-
tematically examined. In this paper, we focus on under-
standing the effects of these key thermodynamic and
kinetic factors on the observed composition-dependent
shape evolution of PtAg nanowires.

Thermodynamic Effect: Potential Energy of Nanoparticles.
The potential energy (E,) profiles due to atomic interac-
tion between two 3-nm nanoparticles of PtspAgsg (to
mimic composition of Pts3Ag,), pure Pt and Ag were
calculated using MD simulation (Figure 4, see methods
section for details).>*~*> The minimal E, was obtained
when the interparticle distance was around 2.6 A,
roughly equal to the lattice spacing of (111) planes. Fur-
ther decrease in interparticle distance led to a sharp in-
crease in potential energy, associated with the repul-
sive forces from the overlapping electrons. The E,—d
profile between two PtspAgso nanoparticles resembled
those of atomic interactions in some aspects.®* The val-
ues of E, depended strongly on the composition of
nanoparticles, with platinum having the largest de-
crease in minimal £, followed by PtsqAgso. Silver nano-
particles had the smallest decrease in minimal £, value.
This simulation result indicates that if two nanocrystals
are in close contact, PtspAgso should have more E, gain
than Ag, but less E; gain than Pt.

Thermodynamic Effect: Adsorption Energy of Functional
Groups. As these Pt—Ag nanostructures were produced
in solution with capping agents, the effect of oley-
lamine (OAm) and oleic acid (OA) needs to be consid-
ered carefully. In the DFT calculation, carboxylic acid
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Figure 3. TEM images and the corresponding schematic illustrations showing the early growing stages: (a) a primary par-
ticle; two particles connected through (b) MA and (c) TA growths; and (d—i) three particles connected through either MA
or TA growth, respectively. The twin planes were indicated by red arrows.

and amine were considered to be the key functional
groups in obtaining the adsorption energy (E,q) on
metal and metal alloy surfaces. To simplify the simula-

10

¥ Pt Al
+Asu Js0

Figure 4. Potential energy (E;) as a function of distance between
two 3-nm Pts0Agso, Pt and Ag nanoparticles.
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tions, we used short carbon-chain molecules, propy-
lamine and propanoic acid, to model the functional
groups of oleylamine and oleic acid, respectively (Sup-
porting Information, Figure S3). This approach was vali-
dated by comparing the values of adsorption energy
between oleylamine and propylamine on Ag (100) sur-
face. It was found that the E,q was —0.485 eV for oley-
lamine and —0.491 eV for propylamine. The difference
in E,q between these two values was about 1%, which is
insignificant. For simplicity, an ordered PtsoAgs, alloy
surface was employed in the DFT calculation. For a
given family of PtspAgs, alloy surface, there can be more
than one configuration of surface atomic arrangement
and for the adsorption of the headgroup of capping
agent.

Figure 5 shows the side and top views of the two
most likely configurations of amine functional group
on PtsoAgso {111} surfaces. In this case, the structure of
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Figure 5. Side (top images) and top (bottom images) views
of the two possible configurations of amine functional group
on PtspAgso {111} surfaces: orange, Ag; dark blue, Pt; yellow,
H; gray, C; and blue, N.

adsorbing molecule was fully optimized before the
DFT calculation.*#> Adsorption energy of the capping
agent was obtained by calculating the energy differ-
ence before and after the adsorption of functional
groups on the PtspAgs, surfaces. The E,q is —0.762 eV
when nitrogen atom is adsorbed on surface Pt atoms,
and —0.506 eV when the adsorption is on Ag atoms
(Figure 5). The more negative the E,4 value is, the stron-
ger the adsorption is. Thus, the more negative E,4 value
of the two was used to represent the adsorption
strength of the functional group on a given surface,
when multiple possible configurations for the adsorp-
tion on the alloy surface existed. Similarly, there are two

(a) (b)

Figure 6. Schematic illustrations of side (top images) and top (bottom images) views of the four possible configurations of
carboxylic acid functional group on PtspAgs, {111} surfaces. The calculated E,4 values are (a) —0.139, (b) —0.059, (c) —0.056,
and (d) —0.020 eV, respectively: orange, Ag; dark blue, Pt; yellow, H; gray, C; and red, O.
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possible adsorption configurations of functional group
for oleylamine adsorbed on PtspAgs, {100} surfaces
(Supporting Information, Figure S4), and two on
PtsoAgso {110} surfaces (Figure S5), respectively.

For the adsorption of OA on PtspAgs surfaces, there
should be multiple configurations for the adsorptions
on the above three low index PtspAgs, surfaces because
both oxygen atoms of carboxylic acid group can inter-
act with either Pt or Ag atom. Figure 6 shows the four
possible adsorption configurations for calculating E.q
of OA functional group on PtspAgso {111} surfaces us-
ing propanoic acid as the model molecule. The calcu-
lated adsorption energy ranged from —0.020 eV for the
case where carbonyl oxygen of the COOH group ad-
sorbed on Ag atom and the hydroxyl oxygen on Pt
atom to —0.139 eV for both oxygen atoms on Ag (Fig-
ure 6). There are six most likely configurations for car-
boxylic group adsorbed on PtsoAgs, {100} surfaces (Sup-
porting Information, Figure S6) and four on PtsoAgso
{110} surfaces (Figure S7). The E,q values were calcu-
lated for all these configurations of Pts,Agso low index
surfaces, together with those of pure Pt and Ag metal
surfaces. The most negative E,q4 values represent the
strongest adsorptions of amine and carboxyl acid
groups on these surfaces and are summarized in Sup-
porting Information, Table S1. These values can be used
to compare to the strength of molecular adsorption on
surfaces and the ability to prevent the alloy surfaces of
primary particles from directly contacting with each
other because of the steric hindrance effect of the cap-
ping agents.'346

Figure 7 shows bar diagram of these calculated E,4
of functional groups for OAm and OA on the three low
index surfaces of PtspAgsg alloys. In general, amine func-
tional group bounded more strongly than carboxylic
acid group. Among the configurations of amine func-

(c) (d)
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a function of temperature for PtspAgs, alloy, and Pt

?,’) and Ag metals (Figure 9a). The results show that Ag at-
1) oms could diffuse easily at PtsyAgs, interfacial regions
under the reaction temperature of 200 °C (or 473 K). In-
terestingly, Pt nanoparticles show almost no change in
MSD at this temperature. Experimentally, we observed
the formation of highly faceted Pt nanoparticles under
the same reaction conditions as those for making the
wormlike alloy nanowires (Figure 8b) despite the at-
tachment between two Pt nanoparticles is favored ther-
modynamically based on the analysis of potential en-
ergy (Figure 4). The lack of atomic diffusion upon
collision suggests that Pt—Pt bond cannot be readily
broken and reconstruct at the reaction temperature.
Therefore the formation of faceted Pt nanocrystals

—~——
2l
a0

PtspAgdsy  Ag Pt

PtsoAdso  Ag Pt

Figure 7. Adsorption energy (E,q) of functional groups for (a) OAm
and (b) OA molecules on the three low index surfaces of PtspAgso, Ag,
and Pt, respectively.

tional group on the three low index surfaces, (111)
plane had the least negative E,q, suggesting OAm
should preferably reside on the surface of nanoparti-
cles and the {111} facets be the least protected by the
capping agent. These calculations explain the experi-
mental observation that the oriented growth happened
preferably on the {111} surfaces. As the adsorptions of
both oleic acid and oleylamine had relatively less nega-
tive E,q values on Ag surfaces than those on either
PtsoAgso or Pt, these ligands should displace most
readily from Ag nanoparticles, leaving behind the less
covered surfaces. However, Ag had the smallest poten-
tial energy gain upon collision, which is not favored for
the attachment to occur (Figure 4). Experimentally, we
observed that Ag nanoparticles could not form worm-
like structures under the similar reaction conditions
(Figure 8a), suggesting the low potential energy gain
should be the main reason for the formation of
nanoparticles.

Kinetic Effect: Surface Reconstruction at the Collision
Interface. Collision between two primary nanoparticles
is only the precondition for the formation of nanowires
through oriented attachment. The metal atoms at the
colliding interfaces need to form strong metallic bonds
in order to grow into nanowires. To understand the
bond formation and interfacial structures upon the col-
lision between two nanoparticles, we used MD simula-
tion to obtain the mean square displacements (MSD) as

should largely be determined by this kinetic effect.
While Pt atoms in PtspAgso alloy had a larger change in
MSD value than Pt at 200 °C, Ag atoms in PtspAgs, alloys
had a even more dramatic increase in MSD value than
Pt, suggesting the diffusion should be driven preferably
by Ag atoms (Figure 9a).

Changes in both particle—particle center distance
(D) and total energy (E) of the colliding PtssAgso alloy
particles were calculated as a function of simulation
time (Figure 9b,c). The results indicate that collision be-
tween two PtspAgs, nanoparticles was inelastic as the
changes in both D and E were gradual. The
particle—particle center distance decreased rapidly af-
ter the collision, and the process was dominated by the
plastic deformation (Figure 9b). In this inelastic defor-
mation, the nanostructure could go through a recon-
struction due to the slide of atomic planes and surface
atom diffusion. The primary particles could rotate to
match the crystal planes. Our simulation data further in-
dicate that the surface atoms of Pt—Ag alloy particles
reorganized and moved fairly rapidly to the neck region
between the colliding particles (Supporting Informa-
tion, Movie S1). This fast movement was likely driven
by the difference in chemical potential between the
convex and concave regions.®#

The time-dependent pair correlation function (g(r))
versus the distance between neighboring atoms to a
given atom, r, is used to evaluate the structure order of
the interfaces after two PtsoAgs, particles collided (Fig-
ure 9d—f). The narrower the peak is, the higher the crys-
talline order is. The peaks for PtsoAgs, interface be-
came narrow with the increase of simulation time,
indicating the atoms in this region changed from disor-
dered to ordered structures. In comparison, two collid-
ing Pt nanoparticles reached stable states in a much
shorter simulation time than PtspAgs particles, and with
little relaxation in both D and E (Figure 10a,b and Sup-
porting Information, Movie S2). The corresponding g(r)
as a function of r for Pt nanoparticles show no large lat-
tice deformations (Figure 10c—e). This result suggests
that even if two Pt nanoparticles get in contact with
each other, reconstruction and the formation of metal-

lic bonds at the interface most likely cannot occur
readily.

Figure 8. TEM images of (a) Ag and (b) Pt nanoparticles prepared under
the same conditions as those for making Pts3Ag,; nanowires.
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Figure 9. Simulation of time-dependent (a) mean square displacement (MSD) of surface atoms of 3-nm nanoparticles of PtAg al-
loys, Ag and Pt metals; (b) changes in particle—particle distance (D) and (c) total energy (E); and (d—f) pair correlation function, g(r),
as a function of r at the interfacial regions between two colliding Pts,Ags, particles.

CONCLUSION of nanowires through oriented attachment is driven by
Composition-dependent formation of Pts3Ag,; several factors of both thermodynamics (surface ad-
wormlike nanowires provides an excellent platform to sorption energy and potential energy) and kinetics (sur-
understand the key factors for the shape control of Pt face reconstruction). Thus, a deterministic approach to
alloys. The oriented attachment, which contributes to the shape control of colloidal nanocrystals is plausible
the formation of metal nanoparticles in a solution, is the by changing the key reaction parameters (such as com-
dominant mode of formation of Pt—Ag nanowires. position, surface capping agent and reaction tempera-
Our experimental results, together with the DFT calcu-  ture) to create synthetic conditions that meet both the

lation and MD simulation data, indicate that formation  thermodynamic and kinetic requirements.

METHODS were purchased from Aldrich. All chemicals and reagents were
Materials. Platinum acetylacetonate (Pt(acac),, Strem Chemi-  Used as received.

cals, 98%) and silver stearate (Ag(St), Alfa Aesar) were purchased Preparation of PtAg Alloy Nanostructures. All experiments were car-

from VWR. Oleic acid (OA, 90%, technical grade), oleylamine ried out under argon atmosphere using a standard Schlenk tech-

(OAm, 70%, technical grade), 1,2-hexadecanediol (HDD, 90%, nique. In a typical procedure, HDD (0.49 g or 1.9 mmol), OA (0.3

technical grade), and diphenyl ether (DPE, 99%, ReagentPlus) mL or 0.9 mmol), and OAm (0.3 mL or 0.9 mmol) were mixed with
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Figure 10. (a) Particle—particle distance (D), (b) potential energy (E), and (c—e) pair correlation function, g(r), as a function of r at
the interfacial regions of two 3-nm Pt nanoparticles at three different simulation times upon collision.

DPE (4 mL or 25.2 mmol) in a 25-mL three neck round-bottom
flask and preheated to 200 °C. In a separate flask, Pt(acac), (0.025
g or 0.0625 mmol) and Ag(St) (0.025 g or 0.0625 mmol) were
mixed with DPE (1 mL or 6.3 mmol) and heated to 80 °C until
all solids were dissolved. The latter solution, which had a light
yellow color, was injected into the flask at 200 °C and held for 1 h
unless stated otherwise. PtAg alloy nanostructures with differ-
ent Pt/Ag molar ratios were made by using predetermined
amounts of Pt(acac), and Ag(St), while keeping the sum of these
two precursors constant at 0.125 mmol. For comparison, pure
Pt and Ag nanoparticles were prepared using the same proce-
dure. After the reactions, the resulting mixtures were washed
twice with 2 mL of hexane and 6 mL of ethanol, followed by cen-
trifugation at 6000 rpm for 5 min. The precipitate was redis-

persed in 2 mL of hexane for further characterizations.
Characterization. Transmission electron microscopy (TEM) im-

ages were taken on a Hitachi 7100 microscope at the accelerat-
ing voltage of 80 kV. High-resolution transmission electron mi-
croscopy (HR-TEM) images were obtained using a FEI TECNAI
F-20 field emission microscope operated at 200 kV, which has
an optimal resolution of 1 A in TEM mode. Energy dispersive
X-ray (EDX) analysis on ensembles of nanoparticles was carried

VOL. 4 = NO.3 = PENG ET AL.

out on a field emission scanning electron microscope (FE-SEM,
Zeiss-Leo DSM982) installed with an EDAX detector. Powder
X-ray diffraction (PXRD) patterns were recorded using a Philips
MPD diffractometer with a Cu Ko X-ray source (\ = 1.5405 A).
DFT Calculation. The Dmol3 code developed by Delley was
used to obtain the adsorption energy (E,q) of the two functional
groups on metal and alloy surfaces.*** The structures were opti-
mized using Perdew—Wang exchange-correlation function
(PW91) based on the generalized gradient approximation (GGA).
No symmetry and spin restrictions were applied in the calcula-
tion. A double numerical basis set plus a polarization p-function
(DNP), DFT semicore pseudopots (DSPP), and an octupole
scheme were selected to describe the multipolar expansion of
the charge density and Coulomb potential. A thermal smearing
of 0.005 hartree (0.136 eV) was set for the energy level of occu-
pied orbits in order for them to converge. The following criteria
were used to obtain the optimized final structure. First, conver-
gence tolerance of self-consistent field (SCF) energy was less
than 1078 hartree (2.72 X 107° eV) in the conjugate gradient al-
gorithm. Second, the maximum displacement of an atom was
less than 0.005 A, and the force due to the displacement was less
than 0.002 hartree/A (0.054 eV/A). For PtsyAgs alloy, ordered sur-
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faces were used in the simulation. The structures of both cap-
ping agents and metal surfaces were fully optimized before they
were brought together. The entire structure containing both
the adsorbed molecule and metal surface was then optimized
to get the most stable form. The E,4 was obtained using the fol-
lowing equation:

Ead = Etotal - Es - Em (2)
where Ea, Es, and E, are the bond energy of the whole sys-
tem, metal surface, and free molecule, respectively.

MD Simulation. The MD simulations were performed in an
atomic number-volume-temperature (NVT) canonical ensemble
and the simulation time step was set to be one femtosecond (fs)
for all calculations. The atomic interactions were described with
the PCFF30 force field in the Forcite package, which is obtained
by using the ab initio principle and empirical parameters.3°~4
The potential energy (E,) between metal nanoparticles was cal-
culated by using two 3-nm particles at an initial distance of 3 nm.
Randomly mixed PtspAgsy nanoparticles were optimized using
PCFF force field and then used in all the MD simulations. £, value
was obtained by calculating the difference in total energy of
the two particles before (E) and after (E the interaction, which
can be depicted as

E,=E—E (3)

The atom diffusions on the surface of 3-nm metal nanoparti-
cles were simulated at different temperatures ranging from 2 to
1000 K with a step size of 50 K. A simulation time of 200 ps was
used at each temperature. The formation of nanowires due to
the attachment of primary nanoparticles was modeled using two
fully optimized 3-nm nanoparticles. The initial distance between
these two particles was set at T nm and the temperature was
set at 480 K, which was used in the experiments. Changes in
particle—particle distance (D), total energy (E), and pair correla-
tion function (g(r)) as a function of simulation time were
calculated.
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