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ABSTRACT: We report a rapid solution-phase strategy to synthesize alloyed PtNi nanoparticles which demonstrate outstanding
functionality for the oxygen reduction reaction (ORR). This one-pot coreduction colloidal synthesis results in a monodisperse
population of single-crystal nanoparticles of rhombic dodecahedral morphology with Pt-enriched edges and compositions close to
Pt;Ni,. We use nanoscale 3D compositional analysis to reveal for the rst time that oleylamine (OAm)-aging of the rhombic
dodecahedral Pt;Ni, particles results in Ni leaching from surface facets, producing aged particles with concave faceting, an
exceptionally high surface area, and a composition of Pt,Ni;. We show that the modi ed atomic nanostructures catalytically
outperform the original PtNi rhombic dodecahedral particles by more than two-fold and also yield improved cycling durability. Their
functionality for the ORR far exceeds commercially available Pt/C nanoparticle electrocatalysts, both in terms of mass-speci ¢
activities (up to a 25-fold increase) and intrinsic area-speci ¢ activities (up to a 27-fold increase).
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ommercial carbon-supported platinum nanoparticles now, this outperforms most of the Pt Ni particle-based
(Pt/C) are e ective electrocatalysts for both the anodic catalysts. Open-framework Pt;Ni nanostructures have been
hydrogen oxidation reaction (HOR, 4H,  4H* + 4e ) and found to display enhanced functionality as a result of their high
the cathodic oxygen reduction reaction (ORR, O, + 4H* + 4e surface area, high-index surface facets, and Pt enrichment at
2H,0) in polymer electrolyte membrane fuel cells surface sites,” whereas introducing rougher or concave
(PEMFCs).»* The commercial viability of PEMFCs is, topography to Pt Ni nanoparticles can provide a conservative
however, limited by the high cost of Pt and the sluggish  improvement in ORR activities.>'® Crystal faceting is another
kinetics of the ORR.“** Research has shown that alloying Pt important factor to optimize ORR catalytic activities. It is
with 3d transition metals enhances catalytic functionality while ~ found that anisotropic morphologies bounded by {111} crystal

planes, display enhanced catalytic performance compared to

reducing the Pt load with potential cost savings.>® Substantial
J p i the lower-index ({100} and {110} bounded) surfaces due to

e orts have therefore been directed at novel solution-phase
synthesis methods for Pt-based nanoalloys, which can exhibit

enhanced catalytic activity as a result of the surface structure Received:  February 23, 2021
and chemistry.>® ” Li et al. have shown that dealloyed Pt Ni Revised:  March 25, 2021
nanowires exhibit massively enhanced mass activity (52 times Published: April 26, 2021

improvement versus commercial Pt/C),% which is attributed to
the formation of ultra ne jagged nanowires with highly
stressed, undercoordinated surface con gurations. Up to
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Figure 1. Structural characterization of PtNi nanoparticles. (a d) and (a, e g) Characterization of as-synthesized nanoparticle PtNi-OLEA-Solid
and PtNi-TOA-Solid, respectively. (h m) STEM EDXS analysis of as-synthesized PtNi nanoparticles revealing the elemental distribution within
single crystalline particles. (h,k) HAADF STEM images and (i,l) composite EDXS maps of Pt (red) and Ni (green) for PtNi-OLEA-Solid and
PtNi-TOA-Solid, respectively. Line pro les extracted from the composite maps (i,l) are shown in (j,m) to illustrate the core shell shell PtNi
nanoparticle structures. (n q) and (n, r t) Characterization of aged nanoparticles PtNi-OLEA-Aged and PtNi-TOA-Aged, respectively. (a,n)
Schematic structures of these nanoparticles before and after OAm-aging. (b,e,0,r) TEM images of nanoparticle populations. (cfp,s) High-
resolution HAADF-STEM images with measured lattice spacings and (d,g,q,t) are the corresponding fast Fourier transforms with indexed
di raction spots. (u) PXRD patterns of PtNi-OLEA and PtNi-TOA nanoparticles before and after aging showing fcc solid solutions of Pt and Ni.
The positions of pure Pt(111) and Ni(111) peaks are indicated by dashed lines.

the favorable adsorption of hydroxyl rather than oxygen on
high-index surfaces.** ** However, all of the available
nanoparticle systems for ORR have limitations associated
with the complexity of the synthesis route, their cycling
stability, or reduced catalytic function after prolonged
operation.

The scalability and controllability of wet chemistry synthesis
makes it an attractive route for developing alloged nano-
catalysts with good control of surface morphology.”***> The
nucleation and growth of metallic nanostructures from solution
is governed by kinetic growth parameters as well as by the
nature and strength of surfactants, local concentration,
temperature, and so forth.®> '’ Particularly for bimetallic
systems, the shape, size, and composition of the product can be
highly sensitive to the exact synthesis conditions, thus a robust
synthetic route is highly desirable for subsequent scale
up'll,15,16

Here, we report a facile, scalable, and robust synthetic
procedure for the preparation of monodisperse PtNi nano-
alloys with controllable morphology and surface composition.
This novel route uses tetrabutylammonium borohydride
(TBAB) as the reductant in a mixture of hydrophobic
surfactants, oleylamine (OAm), and octadecylamine (ODA),
with oleic acid (OLEA) or trioctylamine (TOA) as the third
surfactant component, and results in PtNi nanoparticles with a
predominantly rhombic dodecahedral morphology. Aging in
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OAm is then performed where OAm is added as a surfactant to
de occulate the aggregated nanoparticles and improve their
processability by creating a homogeneous dispersion. We
measured the ORR performance of our as-synthesized PtNi
nanoparticles and the OAm-aged PtNi nanoparticles and found
that both exhibit signi cantly enhanced ORR functionality and
improved stability compared with commercially available Pt/C
electrocatalysts with ORR functionality values exceeding the
DoE target.® We found that our OAm-aged PtNi nanoparticles
catalytically outperformed the as-synthesized PtNi nano-
particles so we used an accurate 3D atomic model of the
nanoparticles based on high-angle annular dark eld scanning
transmission electron microscopy (HAADF-STEM) single
particle reconstruction and energy dispersive X-ray spectros-
copy (EDXS) to understand the changes in morphology and
elemental distribution due to aging. We found that OAm aging
results in preferential etching to produce Pt rich, concave
surfaces by leaching of Ni, which is likely responsible for the
improved performance.

PtNi nanostructures were successfully solution-grown via a
simultaneous reduction of nickel(Il) acetate tetrahydrate and
chloroplatinic acid solution (precursor salts), using TBAB as
the reductant. The synthesis medium was a ternary mixture of
hydrophobic surfactants OAm, ODA, and OLEA in a high
boiling point solvent 1-octadecene (1-OD). The e ect of the
surfactant OLEA was investigated by replacing OLEA with
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Figure 2. Comparison of the 3D atomic reconstruction with experimental TEM images for PtNi-OLEA-Aged nanoparticles, viewed along (a h) a
110 zone-axisand (i p) a 100 zone-axis. (a,i) Isosurface rendering of the 3D reconstruction representing the averaged morphology of PtNi-
OLEA-Aged nanoparticles. (b,j) Visualization of the proposed atomic model of rhombic dodecahedral shape. (c,k) Simulated HRTEM images of
the atomic model and (d, I) HRTEM images of an PtNi-OLEA-Aged nanoparticle. (e,m) Enlarged view of the HRTEM images for the atomic
model in (¢c,k). (fn) FT of the HRTEM images of the atomic model. (g,0) Enlarged view of the HRTEM images in (d,l). (h,p) FT of the real

HRTEM images. Scale bars for (c,dk,I) are 10 nm.

TOA in this synthesis protocol. Particles synthesized with the
OLEA surfactant are referred to here as PtNi-OLEA-Solid
while those synthesized with TOA are referred to as PtNi-
TOA-Solid. After aging in OAm, the samples are referred to as
PtNi-OLEA-Aged and PtNi-TOA-Aged for the OLEA syn-
thesis and TOA synthesis, respectively. We note here that
nucleation was slow, followed by rapid growth. Our capacity to
monitor the growth mechanisms of these colloidal alloys was
accordingly limited.

The two as-synthesized types of PtNi alloy nanoparticles
(PtNi-OLEA-Solid and PtNi-TOA-Solid) are observed to have
similar morphologies, consisting of smoothly faceted rhombic
dodecahedra with predominantly {110} facets (Figure la d
for PtNi-OLEA-Solid and Figure 1a, e g for PtNi-TOA-Solid).
For both PtNi-OLEA-Solid and PtNi-TOA-Solid, high quality
monodispersed nanoparticles are observed. Histograms show-
ing the diameters of the as-synthesized nanoparticles,
calculated from transmission electron microscope (TEM)
images of 250 300 randomly selected individual nanoparticles,
show a narrow average particle size distribution (means +
standard deviations) of PtNi-OLEA-Solid (17.3 = 1.6 nm),
PtNi-TOA-Solid (16.8 % 1.3 nm), PtNi-OLEA-Aged (17.9 +
1.5 nm), and PtNi-TOA-Aged (16.6 £ 1.5 nm) nanoparticles
(Figure Sla d), thus requiring no size-selective processing to
achieve uniform particle size. Both TOA and OLEA protocols
produced similar rhombic dodecahedral-shaped nanoparticles,
demonstrating that substituting the OLEA and TOA had little
in uence on the nal synthesized structure. We conclude that
the procedure is robust to changes in surfactants and solvents,
highlighting the scale up potential of this nanostructure
synthesis route.

OAm serves to de occulate the nanoparticles and also acts
as an etchant to increase surface area. Aging as-synthesized
nanoparticles in OAm for 3 weeks, we observe selective
dissolution of nanoparticle surfaces during aging, creating
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concave facets in the rhombic dodecahedral structure although
the overall size distribution is una ected (Figure 1n t and
Figure S1).

Atomic resolution HAADF-STEM imaging of Solid and
OAm-Aged nanoparticles revealed the internal crystal structure
and geometry of these nanoparticles (Figure 1c,f,p,s). Fourier
transforms (FTs) obtained from atomic resolution images of
individual nanoparticles and selected area electron di raction
(SAED) reveal these are perfect single crystals with the
expected face centered cubic (fcc) structure despite their
unusual morphology (Figure 1d,g,qt and Figure Slef). A
lattice parameter of 0.38 + 0.02 nm was measured for both
PtNi-OLEA-Aged and PtNi-TOA-Aged samples via HAADF-
STEM images (see Table S1).

Powder X-ray di raction (PXRD) (Figure 1u) further
con rmed a fcc phase solid solution of Pt and Ni (Table
S1). Partial incorporation of smaller atoms like Ni into the Pt
crystal lattice induces a shift to higher 2 angles relative to pure
Pt. This in turn facilitates ORR catalytic performance by
creating a favorable surface platform to weaken oxygen bindin
energy or surface-adsorbed hydroxyl (OH) species on Pt.**
A simple analysis of the {111} di raction peaks using Vegard’s
rule gives the composition of the PtNi-OLEA-Solid and the
PtNi-TOA-Solid particles as Pt,gNi;; and Pt;;Nigs respectively.
The high-angle di raction peaks become more prominent after
OAm-aging, suggesting lower lattice strain and enhanced
nanoparticle crystallinity compared to the as synthesized
structures. Aging of the PtNi nanoparticles is observed to
also result in a shift of the di raction peaks toward lower
angles, for example, the {111} di raction peak of PtNi-TOA
shifts from 2 = 41.841° to 41.023°. This indicates that the
interplanar spacings are increased on aging from 0.216 to 0.220
nm, which is in agreement with the change in d-spacing
calculated from electron di raction patterns (Table S1). The
increasing d-spacing after aging is attributed to partial
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dissolution of Ni from the PtNi fcc lattice (Vegard analysis
gives compositions of PtNi-OLEA-Aged and PtNi-TOA-Aged

Scherrer analysis of the PXRD data revealed average
nanoparticle crystallite sizes of 194 + 0.01 nm and 17.3 =
0.01 nm for PtNi-OLEA-Aged and PtNi-TOA-Aged, respec-
tively. Both of these values are slightly larger than the average
values obtained from the TEM/STEM size analysis although
they are within the standard deviation of both techniques.”

To further characterize the unusual nanoparticle morphol-
ogy after etching, the averaged 3D structure of the nanoparticle
population was determined by HAADF-STEM single particle
reconstruction using about 400 PtNi-OLEA-Aged nano-
particles (Figure 2 and Figure S4; for details, see experimental
methods and ref 21). The reconstruction revealed a 3D
morphology consisting of a rhombic dodecahedron with
concave facets. The rhombic dodecahedron morphology was
further con rmed to be representative of the wider population
by comparison of the projected 3D structure with experimental
images for di erent nanocrystals (Figure S4). A full 3D atomic
model (Figure 2b,j) was determined by combining the
reconstructed mean 3D structure and crystallographic
information from the atomic resolution TEM images (Figure
2d,). Comparing multislice image simulations (Figure 2ce,f
and k,m,n) with experimental atomic resolution TEM images
of aged nanoparticles with di erent crystal orientations (Figure
2d,g,h and l,0,p) reveals a good qualitative match between the
broad intensity distribution and atomic structure.

The composition and elemental distribution within these
bimetallic nanoparticles before and after OAm-aging were then
analyzed by EDXS (Figure 1h m, Figure 3, Figure S3, and
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Figure 3. STEM EDXS elemental distribution analysis of PtNi-
OLEA (a @) and PtNi-TOA (h n) nanoparticles after OAm-aging.
HAADF STEM images (a,e,h,l) are shown alongside STEM EDXS
elemental maps for Pt (c,j) and Ni (d,k) in the same specimen region.
Composite elemental maps demonstrate the relative locations of Pt
and Ni (b,fim). Line pro les extracted at the positions shown in the
composite maps (f,m) are shown in (g,n) to illustrate the
inhomogeneous spatial distributions of Pt and Ni within individual
nanoparticle structures, as well as the Pt-enriched cores.
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Figure S5). This showed the as-synthesized bimetallic
nanocrystals to have mean compositions of Ptz,Nigg (PtNi-
OLEA-Solid) and Pt3,Nigs (PtNi-TOA-Solid), close to Pt;Ni,
and consistent with the PXRD prediction. Subsequent to aging
in OAm, the nanoparticles exhibited substantial reduction in
their Ni content having average compositions of Ptg;Nisg
(PtNi-OLEA-Aged) and PtsgNi,, (PtNi-TOA-Aged). These
are close to Pt,Ni; providing further evidence of OAm induced
Ni surface and subsurface dissolution during aging.” Intensity
pro les from the STEM EDXS elemental maps reveal
compositional inhomogeneity within individual nanoparticle
structures (Figure 3e g and | n). The Pt-rich core could be
the remnants of the Pt seed from nucleation at the initial
coreduction.”” Note that this seed is usually close to the
geometric center of the particle but can also be found to be 0 -
center. The preferential segregation of Pt to the apexes or
surfaces might be expected thermodynamically, as pure Pt has
a larger lattice parameter than Ni so this segregation will
reduce the total lattice strain of the system, consistent with the
pure “Pt skin” reported previously in model surfaces.****® On
the basis of atom column intensities and interatomic distances
in atomic resolution HAADF images of an aged nanoparticle,
the estimated Pt-rich skin is about 3 4 atom layers (Figure
S7) consistent with X-ray photoelectron spectroscopy (XPS)
analysis (Figure S8). More detailed 3D characterization via
spectroscopic single particle reconstruction revealed that the
aged PtNi nanoparticles possess concave Ni-rich surfaces and a
Pt-rich outer frame, alongside the Pt-rich core.”*

The nanoparticle’s monodispersity, high surface area and Pt-
rich surface atop a PtNi subsurface is highly promising for their
catalytic performance. To test the catalytic activity, four
samples (PtNi-OLEA-Solid, PtNi-TOA-Solid, PtNi-OLEA-
Aged, and PtNi-TOA-Aged) were dispersed on highly
conductive, high surface area carbon supports (Vulcan XC-
72R), via a colloidal-deposition method (see Supporting
Information Methods for details). These carbon supported
samples are referred to as PtNi-OLEA-Solid/C, PtNi-TOA-
Solid/C, PtNi-OLEA-Aged/C, and PtNi-TOA-Aged/C.
Bright- eld (BF) TEM images of Solid-samples (Figure
S9a,b) and Aged-samples (Figure 4ab) show their good
dispersion with no apparent alteration in surface structure and
particle size distribution. This allowed electrochemical
investigations of their true catalytic speci ¢ activities.

Both cyclic voltammograms (CV) (Figure 4c) and CO
stripping curves (Figure S10b, solid lines) were used to
estimate the electrochemically active surface area (ECSA) of
the synthesized nanocatalysts (20 wt % loading) and the
commercial Pt/C electrocatalyst (Alfa Aesar, HiSpec, 20 wt %
loading) (see Supporting Information Methods for details).
The CV curves show the hydrogen adsorption/desorption
( 0.05 0.35 V vs standard hydrogen electrode, (SHE)) and
oxide formation/reduction ( 0.70 1.00 V vs SHE) curves.
Peak currents for these nanostructures were PtNi-TOA-Aged/
C > PtNi-OLEA-Aged/C commercial Pt/C. Both
ECSAuupa (Hupd = under-potentially deposited hydrogen)
and ECSA.o, were calculated via normalization of the
measured charges Qy (hydrogen adsorption) and CO,q (CO
adsorption), adsorbed on the electrocatalysts using 210 C/
cm? and 420  C/cm,” respectively. The ECSAy,q scaled as
commercial Pt/C (70.9 m? gp, 1) > PtNi-TOA-Aged (68.1 m?
Opt 1) > PtNi-OLEA-Aged (65.7 m? gp, 1) whereas the
ECSAco scaled as commercial Pt/C (87.2 m? gp, 1) > PtNi-

https://doi.org/10.1021/acs.nanolett.1c00706
Nano Lett. 2021, 21, 3989 3996


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c00706/suppl_file/nl1c00706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c00706/suppl_file/nl1c00706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c00706/suppl_file/nl1c00706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c00706/suppl_file/nl1c00706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c00706/suppl_file/nl1c00706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c00706/suppl_file/nl1c00706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c00706/suppl_file/nl1c00706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c00706/suppl_file/nl1c00706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c00706/suppl_file/nl1c00706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c00706/suppl_file/nl1c00706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c00706/suppl_file/nl1c00706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c00706/suppl_file/nl1c00706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c00706/suppl_file/nl1c00706_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00706?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00706?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00706?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00706?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c00706?rel=cite-as&ref=PDF&jav=VoR

Nano Letters

pubs.acs.org/NanoLett

Figure 4. BF-TEM images of (a) PtNi-OLEA-Aged/C and (b) PtNi-TOA-Aged/C nanoparticles. (c) Cyclic voltammograms of activated binary
PtNi-OLEA-Aged/C (red, solid plot), PtNi-OLEA-Solid/C (red, dashed plot) PtNi-TOA-Aged/C (blue, solid plot), PtNi-TOA-Solid/C (blue,
dashed plot), and commercial Pt/C (black), (d) ORR polarization curves of samples before and after OAm aging (insert is the corresponding Tafel
plots), (e) intrinsic area-speci ¢ activities, and (f) mass-speci ¢ activities at +0.90 V (vs SHE) after 30 potential cycles of activation of

electrocatalysts.

TOA-Aged (74.7 m? gp, 1) > PtNi-OLEA-Aged/C (71.7 m?
gpe 1) (Table S2).

The good ECSAs of these binary alloy nanoparticles are
believed to be associated with the high concentration of surface
defects such as hollow edges/corners associated with the
complex 3D morphology demonstrated in Figure 2. In
addition, electrochemical Ni dissolution (dealloying) during
activation may have created nanoporous surfaces, further
increasing the surface area of these nanostructures.®*>?® The
ECSAo/ECSAyy,q ratios for these binary alloy nanoparticles
were 1.1, indicative of nominal di erences in terms of both
H.i and CO,y surface coverage. All of the CO-stripping
oxidation peaks for these nanostructures are located between
+0.55 and +0.75 V (vs SHE). The presence of incorporated Ni
just beneath the Pt surface resulted in the CO stripping peaks
shifting to a lower potential than the commercial Pt/C
electrocatalysts (between +0.6 and +0.85 V vs SHE) (Figure
4d), suggesting that the presence of Ni incorporated into Pt
surfaces improves CO tolerance through Pt electronic
modi cation and weakening of the Pt-CO bond*"?® for both
PtNi-OLEA-Aged/C and PtNi-TOA-Aged/C.
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The ORR polarization curves show two regimes: (a) the
mixed kinetic-di usion controlled-region (the true measure of
the catalyst functionality) in the region between +0.85 and
+1.00 V (vs SHE) and (b) the di usion limited current density
regime from 0.10 to 0.85 V (vs SHE) (Figure 4d). All of
the polarization curves reached the di usion limited-current
density at 6.0 mA cm 2 (geometric) for ORR on all four
PtNi nanostructures (Figure 4d, consistent with reported
theoretical values ( 5.8 6.02 mA cm 2).* This underlines the
negligible in uences of mass transport di usion of molecular
O, to the working electrode as a result of the homogeneity and
thinness of the tested Ims. Inset Tafel plots (Figure 4d
obtained from the potentials in the range of +0.85 0.95 V (vs
SHE), exhibit the following activity trend: PtNi-OLEA-Aged/
C > PtNi-TOA-Aged/C > PtNi-OLEA-Solid/C > PtNi-TOA-
Solid/C  commercial Pt/C, indicating the superior catalytic
performance of these synthesized binary nanoparticles. The
mass activities and speci ¢ activity at +0.90 V (vs SHE) were
obtained by normalizing the kinetic currents (I,) with the
ECSAnpa and the Pt catalyst mass immobilized on the
electrode, respectively. The kinetic current (I,) can be
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calculated using the Koutecky Levich eq (Supporting
Information Methods).*

The intrinsic area-speci ¢ activities (Figure 4e) of PtNi-
OLEA-Aged/C and PtNi-TOA-Aged/C display  27-times
(139 mA c¢cm 2) and 21-times (1.10 mA cm 2) activity
improvement, respectively, compared with the commercial Pt/
C electrocatalyst (0.052 mA cm 2). The Pt mass-speci ¢
activities of PtNi-OLEA-Aged/C and PtNi-TOA-Aged/C
exhibit  25-times (0.91 A/mgp) and 20-times (0.75 A/
mge) ORR enhanced functionality, respectively, compared
with the commercial Pt/C electrocatalyst (0.037 A/mgp,)
(Figure 4f). We associate the higher activity of the PtNi-
OLEA-Aged/C electrocatalyst with its more concave nano-
particle morphology, relative to the less concave PtNi-TOA-
Aged/C electrocatalyst, resulting in greater surface area. The
atomic surface sites on the concave surfaces of the PtNi-
OLEA-Aged sample may also contribute to higher activity;
previous studies have shown that electrocatalyst nanoparticles
with stepped and terraced surfaces show improved catalytic
activity when compared to nanoparticles with at surfaces.”'

The ORR area-speci c activities of as-synthesized structures
showed an increase of 11 times (PtNi-OLEA-Solid/C, 0.59
mA cm 2) and 10 times (PtNi-TOA-Solid/C, 051 mA
cm 2) with respect to the commercial Pt/C electrocatalyst.
The ORR mass-speci ¢ activities observed for PtNi-OLEA-
Solid/C (0.33 A/mgp;) and PtNi-TOA-Solid/C (0.30 A/mgp;)
nanostructures showed a slightly smaller increase of 9-times
and 8-times higher than the commercial Pt/C, respectively.
The OAm-aged nanostructures displayed an  2-fold increase
in terms of mass-speci ¢ activity and an  3-fold enhancement
of area-speci ¢ activities compared to the nanoalloys before
aging. In addition, compared to the PtNi nanoframes by Chen
et al.,> the PtNi-OLEA-Aged/C here (regarded as an
intermediate morphology between nanoframes and the faceted
rhombic dodecahedrons) shows a slightly greater improvement
in mass activity (25-fold increase versus their 22-fold increase)
and area speci c activities (27-fold increase versus their 16-fold
increase), where both are compared to the Pt/C references.
These activity enhancements highlight the exigent need to
exploit ne chemical surface etching techniques for the
creation of next-generation advanced hybrid nanocatalysts for
catalytic reactions with uniquely uncoordinated Pt atomic
surface arrangements. Table S3 compares the ORR activities
for PtNi and other Pt alloys nanocatalysts from this and
previous work. Although our system cannot currently compete
with the best nanostructured PtNi catalysts: elaborately made
with exotic morphologies consisting of jagged nanowires or
nanoframes, the catalytic data presented here shows that these
relatively solid PtNi particles (with 2 times larger diameters)
can achieve competitive speci ¢ activities compared with most
PtNi nanoparticle catalysts by introduction of concave surfaces.

The development of durable electrocatalysts has been the
focus of much recent research.>?° ' Durability testing of our
nanoalloys over 5000 cycles (see Supporting Information
Methods for details) showed that the ECSAs,,, decreased,
relative to their initial value, by 40% for PtNi-OLEA-Aged/C
and 36% for PtNi-TOA-Aged/C (Figure S11 and Table S2). In
addition, CO stripping curves display a drop in current peaks
(ECSAq loss of 40% for PtNi-OLEA-Aged/C and 33% for
PtNi-TOA-Aged/C) and positive potential shift (from lower to
higher) (Figure S10 and Table S2). All of these observations
suggest selective Ni atomic surface and near-surface dissolution
from the bulk alloys, resulting in diminished electrocatalytic

3994

performance and CO tolerance of the dealloyed nanoparticles.
There was also substantial ORR functionality deterioration
(Figure S10). These deteriorations in ECSA,q, ECSAco and
overall catalytic activities of these binary nanostructures during
prolonged potential cycling could arise from a number of
factors including electrochemical Ni dissolution, particle
surface migration on the carbon support followed by
coalescence/Ostwald ripening growth mechanism, or metal
alloy oxide or hydroxide formation as a result of prolonged
potential cycling and morphological deformations.?*-*?
STEM EDXS analysis revealed substantial changes in the
nanoparticle size, morphological deformation, and atomic
rearrangements with particles becoming more spherical
although Pt-enrichment is still apparent on the particle surface
after cycling (Figure S12). In addition, more metal oxides
exposed on the electrocatalyst’s surface may suppress the
adsorption or di usion of molecular O, species to the working
electrode interface and thus hamper ORR performance.

These results suggest that the higher ORR functionality of
the fresh surface-aged PtNi alloy nanostructures is due to the
newly evolved crystal facets formed via preferential OAm-Ni
surface detachment. This is predicted to be further enhanced
by electrochemical dealloying during the activation mecha-
nism,** thus altering the surface electronic properties and
creating novel Ni subsurface distribution/rearrangement with-
in the Pt nanostructures. In addition, surface defects such as
hollows/corners, interfaces, high density of atomic steps and
kinks, as well as distinct crystallographic planes, are believed to
0 er improved accessibiligy of reacting molecules to the
catalyst surface active sites.>%%>3*

In conclusion, the facile and robust solution-based synthetic
approach reported here resulted in the formation of highly
monodisperse, crystalline PtNi alloyed nanoparticles with
composition of  Pt;Ni,. Aging in the surfactant OAm
stabilized the structure and aged the surface of the nano-
particles, selectively dissolving Ni from the faces of the
nanoparticles. This resulted in the formation of concave
surfaces and many Pt-rich apexes, giving a mean nanoalloy
composition close to Pt,Ni;. The surface-aged rhombic
dodecahedral nanoparticles exhibited excellent electrocatalytic
activity in the ORR, with PtNi mass-speci ¢ activities up to 25
times greater than a commercial Pt/C electrocatalyst.
Preliminary durability measurements showed that mass-speci ¢
activity decayed, but only to a value which is still double the
initial value for a commercial Pt/C electrocatalyst.
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