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ABSTRACT: This communication describes the syn-
thesis of Pt−M (M = Au, Ni, Pd) icosahedral nanocrystals
based on the gas reducing agent in liquid solution method.
Both CO gas and organic surface capping agents play
critical roles in stabilizing the icosahedral shape with {111}
surfaces. Among the Pt−M alloy icosahedral nanocrystals
generated, Pt3Ni had an impressive ORR specific activity
of 1.83 mA/cm2

Pt and 0.62 A/mgPt. Our results further
show that the area-specific activity of icosahedral Pt3Ni
catalysts was about 50% higher than that of the octahedral
Pt3Ni catalysts (1.26 mA/cm2

Pt), even though both shapes
are bound by {111} facets. Density functional theory
calculations and molecular dynamics simulations indicate
that this improvement may arise from strain-induced
electronic effects.

I cosahedron is a polyhedral structure that exists in both
organic and inorganic materials in nature.1 The best-known

icosahedral materials include carbon fullerene (C60),
1a virus,2

and metal nanocrystals.3 Unlike typical crystalline solids, the
icosahedral particle cannot exist as a single crystal. Twin
boundary defects have to be built into the icosahedral (Ih)
nanoparticle.3a For a regular icosahedral nanocrystal, it is made
of 20 tetrahedral subunits with 30 twin boundaries, resulting in
a surface enclosed by 20 {111} facets.
While icosahedral nanocrystals of Ag,4 Au,5 and Pd6 can be

synthesized through chemical reactions in solution phase, it is
rare for Pt or Pt-based metallic materials to form icosahedral
nanocrystals that have multiple twin boundaries, as the internal
strain energy is high for Pt twinned crystals.3a,7 Icosahedral Pt
alloy nanocrystals are not common either through solution-
phase synthesis. Pt and Pd bond relatively strongly with oxygen
compared with Au and Ag, which makes twin boundary defects
susceptible to oxidation and greatly accelerates the etching of Pt
and Pd multiple-twinned particles (MTPs).6c,8 Therefore, a
strongly reductive environment in an inert reducing gas may
limit the oxidative etching of these twinned particles.9 In this
paper, we show a general method for the preparation of
uniform icosahedral nanocrystals of several Pt−M (M = Au, Ni,
Pd) alloys. The synthesis is based on the gas reducing agent in
liquid solution (GRAILS) method,10 which requires the use of
carbon monoxide (CO) to create a strong reductive condition

and organic surface capping agents. Compositions are readily
controllable for these icosahedral nanocrystals, a clear
affirmation of our approach.
One important characteristic of the icosahedral nanocrystals

is their surfaces are bound by {111} facets exclusively. This
structural feature may result in unique properties where surface
atomic structures are critically important. For Pt−Ni alloys, the
(111) surface is catalytically more active than other low-indexed
surfaces toward the oxygen reduction reaction (ORR) which
involves various types of adsorptions and reactions of hydrogen
and oxygen atoms.10a,11 The (111) surface-dominant Pt3Ni
alloy nanocrystals are still the best-known catalyst for ORR.
Herewith, we show that the Pt3Ni icosahedral nanocrystal
catalyst is much more active than its {100} surface-bound cube
counterpart. The ORR area specific activity is also higher than
another {111} facet-enclosed octahedral nanocrystals of similar
size.
The synthesis of icosahedral Pt−M alloys was carried out in

nonhydrolytic solutions using the GRAILS method.10a In this
approach, CO is used primarily as the reducing agent, but also
functions as a capping agent in stabilizing selected growing
surfaces.10,12 Oleylamine (OAm) and oleic acid (OA) at a
volumetric ratio of 9:1 were used in the synthetic mixture.
Figure 1 shows representative transmission electron microscopy
(TEM) micrographs of the icosahedral Pt3Ni alloy nanocrystals
formed using the GRAILS method.
A TEM study on a large population of icosahedral Pt3Ni

nanocrystals further shows the size and shape were uniform
(Figure S1). The average size, i.e. the distance between two
opposite surfaces, was 13 ± 0.3 nm (Figure 1a). The patterns of
contrast in the TEM micrographs suggest the existence of twin
defects in these nanocrystals. The scanning electron micros-
copy (SEM) image of a nanocrystal clearly shows the
icosahedron shape and the characteristic 5-fold symmetry
(inset of Figure 1a), which was also observed in the TEM
micrograph (Figure S2). High resolution TEM (HRTEM)
micrographs show the {111} and {200} planes in the
tetrahedral crystal domains. The twin planes and characteristic
tetrahedral structures were readily visible (Figures 1b and S3).
This 5-fold symmetry and twinned boundaries were observed
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by tilting the stage under different imaging directions with more
than a dozen of individual particles recorded in the HRTEM
mode. The HRTEM micrograph matches very well with those
schematic illustrations of the three-dimensional (3D) models of
an icosahedral nanocrystal oriented with a (111) plane (Figure
1c,d). The graphics illustrated using spheres are meant to
depict the surface atomic structures (Figure 1c), while those
using dots facilitate the visualization of the 3D structures and
twin planes (Figure 1d). If the crystal orientation with regards
to the imaging beam direction changed, the patterns of light−
dark contrast due to the twinning changed accordingly (Figures
1e and S3). Such contrast patterns and the 2D hexagon
geometry in TEM micrographs match those simulated using
the 3D models of icosahedral nanocrystals (Figure 1f,h). Thus,
despite the pattern variations in contrast among these projected
2D hexagon shapes, these nanocrystals were made of the same
type of tetrahedral subunits.
Scanning TEM (STEM) micrographs and energy dispersive

X-ray (EDX) element mapping indicate that both Pt and Ni
were distributed evenly in each nanoparticle (Figure S4a−c).
Further analysis based on an SEM-EDX spectrum indicates that
the composition of these icosahedral nanoparticles were close
to Pt3Ni (Figure S4d). The powder X-ray diffraction (PXRD)
patterns of this sample could be indexed to (111), (200),
(220), and (311) diffractions of a face-centered-cubic (fcc)
structure with the peak positions in between Pt and Ni
diffractions, respectively (Figure S4e). The lattice constant was
calculated to be 3.83 Å, corresponding to a composition close
to Pt3Ni based on the calculation according to Vegard’s law (aPt
= 3.923 Å and aNi = 3.524 Å). By using the full width at half-
maximum (fwhm) of the (111) diffraction and the Debye−
Scherrer formulation, the crystalline domain size was calculated
to be ∼7 nm, which is smaller than the observed overall size of
the icosahedral particles and close to the size of the tetrahedral
subunits. Such a result agrees with the TEM study showing the
average distance between two opposite {111} surfaces of the
icosahedral particles was ∼13 nm.
Besides Pt3Ni alloy, PtAu icosahedral nanocrystals were

synthesized using the GRAILS method under similar reaction
conditions and with the same volumetric ratio between OAm
and OA. The representative TEM micrographs show the as-
made PtAu icosahedral nanocrystals were uniform (Figure 2a).
The fcc crystal phase was confirmed by the XRD, and the

composition of PtAu was determined by SEM-EDX (Figure
S5). The typical size of these icosahedral nanocrystals was 11 ±
0.2 nm for PtAu alloy (Figure 2a). The STEM image and the Pt
and Au elemental maps indicate that Pt and Au were
distributed across the entire particle (Figure S6), despite the
fact that Pt and Au do not readily form a solid solution in a
macroscopic form.13 Introducing a metal element that reduces
the formation energy of the twin boundary, i.e. Au, might help
the formation of PtAu icosahedral nanocrystals. By replacing
OA with an equal volume of diphenyl ether, icosahedral
nanocrystals were produced at two different Pt−Pd composi-
tions, as confirmed by TEM micrographs showing the
characteristic patterns of contrast (Figure 2b,c). HAADF-
STEM and their corresponding elemental maps indicate these
two Pt−Pd nanocrystals have compositions close to Pt3Pd and
PtPd, respectively (Figures S7−S9). Both (111) planes and
characteristic tetrahedral domains could be readily observed in
these three icosahedral Pt−M nanocrystals using HRTEM
(Figure 2d−f). Small shifts of the diffraction peaks were
observed at high angles in the XRD patterns for Pt−Pd alloy
nanocrystals (Figure S10). The effect of composition on the
shift of peak position was relatively small because the unit cell
lengths for Pt and Pd lattices are very close. The formation of
Pt−Pd alloy icosahedral nanocrystals with different composi-
tions further indicates the CO-based GRAILS method is quite
generic for the preparation of icosahedral nanocrystals.
The seed plays a key role in determining the shape of a

nanocrystal.6b A seed can be a single crystal, a single twin, or
multiple twins. The slow reduction process under which
nucleation of metal atoms and growth of nuclei are kinetically
controlled promotes the formation of twinned seeds when mild
reducing agents or a low concentration of metal precursors are
used.6d,e Icosahedral structures of selected noble metals, such as
Pt, Au, and Pd, are expected to be stable below certain sizes.14

The critical sizes are about 55 atoms for Pt (or 3 atomic layers),
147 atoms for Au, and 309 atoms for Pd metals.4b,6d,14,15 Above
these sizes, an icosahedron is less stable than a decahedron and
cuboctahedron. Thus, a Pt icosahedron usually transforms into
a cuboctahedron or truncated octahedron at very small
sizes.4b,16 Our experimental data on the formation of alloy
icosahedral nanocrystals indicate that the size-dependent
stability of the above three types of morphologies changed
dramatically when two metals mixed. The relative stability
among the different types of facets also changed greatly in the
presence of surface capping agents. For instance, with the Pt−
Pd alloy nanocrystals the icosahedral seeds bound by {111}
facets were more easily formed than the {100} facets in the
presence of CO and phenyl groups which preferentially
stabilized the (111) surface.10a,12b For Pt−Ni alloys, icosahedral
nanocrystals formed in a narrow composition range and were

Figure 1. (a) TEM and SEM (inset) and (b−g) HRTEM micrographs,
and 3D models of Pt3Ni icosahedral nanocrystals at two different
orientations, respectively. The scale bars correspond to 2 nm.

Figure 2. (a−c) TEM and (d−f) HRTEM micrographs of (a,d) PtAu,
(b,e) Pt3Pd, and (c,f) PtPd icosahedral nanocrystals.
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sensitive to the types of capping agents used. When
octadecylamine and 1-adamantaneacetic acid were used, a
PtNi3 cubic crystal formed.10a

The ORR activity was measured for carbon-supported Pt3Ni
icosahedral nanocrystal electrocatalysts based on a rotating disk
electrode (RDE) technique (Figure S11).10a The mass and area
specific ORR activity were calculated by normalizing the kinetic
current with the loading amount of Pt and electrochemical
surface area (ECSA), respectively. The ECSA value was
obtained from the hydrogen adsorption region of a cyclic
voltammetry (CV) curve, between 0.05 and 0.4 V (Figure
S11a). The area-specific ORR activity at 0.9 V was 1.83 mA/
cm2

Pt for the icosahedral Pt3Ni catalyst (Figure 3). Noticeably,
this specific activity of the icosahedral Pt3Ni alloy was an 8×
improvement over that of the highly active Pt/C catalyst (TKK,
d = 3 nm on Vulcan carbon, 0.20 mA/cm2

Pt).
11c,e

The Pt mass activity of this icosahedral Pt3Ni catalyst was
0.62 A/mgPt (Figure 3). After iR compensation, the area
specific activity became 2.78 mA/cm2

Pt and the mass activity
became 0.94 mA/gPt (Figure S12 and Table S1). These ORR
activities of the icosahedral Pt3Ni catalyst are better than those
of the other {111} faceted Pt3Ni/C catalysts, and dendritic Pt−
Pd/C catalysts tested under similar conditions.10a,11c,d,17 The
half wave potential of icosahedra was 0.90 vs 0.88 V, indicating
a shift of 15 mV (Figure S11b, inset). The onset potentials
between icosahedral and octahedral Pt3Ni catalysts, both with
the {111} surfaces, were relatively small and ∼4 mV (Figure
S13). To verify the ORR catalytic pathways of octahedral and
icosahedral Pt3Ni, we used a rotating ring-disk electrode
(RRDE) to monitor the formation of peroxide (H2O2) during
the ORR process (Figure S14).18 The measured H2O2 yields
are below 11% for the octahedron and 3% for the icosahedron
at the potential range of 0.10−0.80 V, suggesting that the {111}
facets on icosahedral Pt3Ni might restrain the generation of
H2O2. Interestingly, the activity of icosahedral Pt3Ni catalysts
was also 50% higher than that of the octahedral with a similar
size (Figure 3),10a despite the fact that both shapes are bound
by {111} facets (Figure S15). This observation suggests that
the facet is not the only major factor to determine the catalytic
activity of nanocrystals.
To understand the origin of the observed difference in

activity between icosahedral and octahedral nanoparticles, both
of which are bounded by {111} facets, we performed density
functional theory (DFT) calculations. As the surfaces of Pt
alloy catalysts under acidic conditions are made exclusively of
Pt, pure Pt shapes were used in the simulation for simplicity.
Generally, coordination numbers (CN) of atoms on the edge of
icosahedral and octahedral nanoparticles are 8 and 7,
respectively, while on {111} facets the CN is 9 (Figure 4a,b).
Atoms with a lesser CN number would have stronger

adsorption strengths, resulting in a different catalytic activity.
However, DFT calculations show that the adsorption energy
differences of a hydroxyl (OH), an important ORR reaction
intermediate, on the edge of icosahedral and octahedral Pt
nanoparticles is only 0.05 eV (details in Supporting Information
(SI), Figure S16).19 Using atomic models of nanoparticles with
a diameter of 10 nm,20 we found the percentage of edge atoms
relative to all atoms on the surface is only 14% for icosahedral
and 7% octahedral geometry. So it is unlikely that such a small
difference in adsorption energies on a small portion of surface
atoms can result in an observable large change in catalytic
activities. This assertion is supported by our recent theory of
reactivity sensitivity to material energetics and microkinetic
modeling, where we found the true reactivity sensitivity is much
smaller than what the naive Arrhenius law (exp(0.05 eV/
kBTroom)) would have predicted, due to surface coverage
effects.21

Another possible factor is the elastic strain,22 which is
particularly pronounced for an icosahedral nanoparticle with
the high density of twin. We use molecular dynamics (MD)
simulations to obtain the strain fields on the surface of
icosahedral and octahedral Pt nanocrystals with a diameter of
10 nm (details in SI).23 As shown in Figure 4c,d, the surface
strain on an icosahedral nanoparticle is tensile (averaging
+1.6%), while it is compressive (averaging −1.6%) on an
octahedral nanoparticle. Such surface strain differences (3%−
4%) could significantly change the ORR catalytic activity, which
was observed by studies on core−shell Pt−Cu nanoparticles.24

The direct role of surface strain is to tune the electronic
structure of surface atoms by shifting their d-band center, which
results in the variations of adsorption strength.25 Our DFT
calculations indeed show that there is a large difference in the
d-band center (0.36 eV) and hydroxyl adsorption energy (0.26
eV) even for atoms on the {111} facet of small Pt icosahedral
and octahedral nanoparticles (Figures S16 and S17).
More calculations suggest that although the absolute strain

values may change, differences in strain, electronic structures,
and adsorption energies between their icosahedral and
octahedral nanocrystals should have similar trends for Pt3Ni
and other bimetallic alloys, such as Al3Cu (details in SI, Figures
S18−S21), because they are determined by the icosahedral
geometry, namely the need to elastically stretch the subunits to
meet at the twin boundaries and compensate for misfit angles
between the 20 subunits, which does not exist in the octahedral
single crystal. Previous theoretical studies on the periodic
surface model suggests that the adsorption strength on the
(111) surface of Pt3Ni with a pure Pt top layer is slightly weaker

Figure 3.Mass- and area-specific activities of the Pt3Ni icosahedral and
octahedral nanocrystal and Pt reference catalysts at 0.9 V. Figure 4. Atomic structures of (a) Pt icosahedral cluster with 309

atoms and (b) Pt octahedral cluster with 146 atoms. Different color
means different coordination number. Surface strain fields of Pt (c)
icosahedral and (d) octahedral nanocrystals with diameter of 10 nm.
Color indicates strain labeled in the color map.
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than the value to reach possible maximum ORR activity,26 and
increasing/decreasing the tensile/compressive strain would
increase the adsorption strengths because it shifts up d-band
center.25b These tendencies are consistent with the activity and
strain changes on both pure Pt and bimetallic alloy icosahedral
and octahedral nanoparticles observed in our studies.
In summary, several types of Pt alloy icosahedral nanocrystals

have been synthesized based on the GRAILS method. Our
experimental results and theoretical studies together suggest
that the diffuse elastic strain seen on the surface, induced by
stretching the 20 tetrahedra, should be the dominant factor for
the increase in ORR activity of the Pt3Ni icosahedral
nanoparticle relative to its octahedral counterpart. It provides
us with a new route for controlling the catalytic activity by
manipulating the nanoparticle geometry.11a,27
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