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Improving the sluggish kinetics of the electrocatalytic oxygen
reduction reaction (ORR) is critical to advancing hydrogen fuel
cell technology.® An important threshold value in ORR catalyst
activity is a 4-fold improvement in activity per unit mass of Pt
over the current commercial carbon-supported Pt (Pt/C) catalysts
that are used in vehicle fuel cellsto allow fuel-cell power trainsto
becomecost-competitivewiththeirinternal -combustion counterparts.22°
While great advancements have been made in recent years, the Pt
area-specific ORR activity of the best catalysts is still far below
the value that has been demonstrated for the Pt3Ni (111) single-
crystal surface, which is 90 times that of Pt/C.%2 A 9-fold enhance-
ment in area-specific activity has been achieved by changing from
the (100) to the (111) Pt3Ni crystal surface. This result is very
intriguing and is an important clue for the development of next-
generation ORR catalysts.?° In the past several years, substantial
research efforts have been directed toward shape and composition
controls of Pt binary metal nanoparticles to meet the challengesin
the preparation of highly active catalysts.® While size, shape, and
composition must be tightly controlled in order to have the proper
surface atomic arrangement and electronic properties, it is also the
case that the conventional thermal treatment cannot be readily
applied to treat the Pt nanoparticles to effectively remove the surface
capping agents that are typically required for producing nanocryst-
als, as the temperature range used is often too high to preserve the
morphologies. Without removal of the surface molecules, active
catalytic sites are often blocked.

In this paper, we present a facile approach to the preparation of
truncated-octahedral Pt3Ni (t,0-Pt3Ni) catalysts that have dominant
exposure of {111} facets. While thermally annealed alloy catalysts
typically take on cuboctahedral or truncated-octahedral shapes,
greater uniformity of shape and higher levels of crystalline and
compositional control within each facet can be expected for shape-
controlled nanocrystals. Butylamine is used in the room-temperature
surface treatment to replace the capping agents used in the synthesis
of t,0-Pt3Ni nanocrystals and to create carbon-supported and shape-
defined active electrocatalysts.

The shape-defined Pt—Ni nanoparticles were made from platinum
acetylacetonate [Pt(acac),] and nickel acetylacetonate [Ni(acac),]
in diphenyl ether (DPE) using a mixture of borane-tert-butylamine
complex (TBAB) and hexadecanediol as the reducing agents (see
the Supporting Information). L ong-alkane-chain amines were used
as the main capping agent, and adamantanecarboxylic acid (ACA)
or adamantaneacetic acid (AAA) was used to affect the reaction
kinetics, which is important in determining the shape of the
nanocrystals.” Figure 1 shows transmission electron microscopy
(TEM) images of cubic and truncated-octahedral nanocrystals made
under three different sets of conditions. The population of truncated
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octahedra depended on the types and amounts of reducing and
capping agents used. Among the various capping agents, short-
alkane-chain amines appeared to favor the formation of {111}
facets. The highest population of cubes was observed when
octadecylamine was used (Figure S1 in the Supporting Information),
and a small portion of cubes could still be observed when
hexadecylamine was chosen (Figure 1lab). Only octahedra and
truncated octahedra were formed when dodecylamine was used
(Figure 1c). The d spacing of the lattice was 0.219 nm for the
truncated octahedron, which closely matches that of the (111) plane
of PtzNi aloy (0.221 nm) (Figure 1d). The cube had a d spacing
of 0.190 nm, which could be assigned to the (200) plane of Pt3Ni
dloy (0.191 nm) (Figure S2). Both cubes and truncated octahedra
had a distance of ~5 nm between the opposite faces for the particles
shown in Figure 1a,c and ~7 nm for the particles shown in Figure
1b. In addition to the akane chain length, the reduction rate is
critical for controlling both the composition and shape of Pt—Ni
alloy nanoparticles. A combination of strong (TBAB) and mild
(hexadecanediol) reducing agents was necessary to achieve the
proper nucleation and growth rate. When only TBAB was used,
irregularly faceted particles were formed (Figure S3).

Figure 1. TEM images of PtNi nanocrystals with truncated octahedron
populations of (a) 70%, (b) 90%, and (c) 100%. (d) High-resolution TEM
image of a truncated octahedron showing the (111) lattice.

Figure 2 shows a high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image and its
corresponding Pt and Ni elemental maps along with arepresentative
energy-dispersive X-ray (EDX) anaysis of the 100% t,0-PtsNi
nanoparticles. Both Pt and Ni were distributed evenly in each
nanoparticle (Figure 2a—c; Figure $S4 shows an enlarged figure).
The Pt/Ni atomic ratio was 76/24, which is close to the composition
of Pt3Ni (Figure 2d). Similar Pt/Ni atomic ratios were observed
for the other two t,0-Pt3Ni samples (Figure S5).

The powder X-ray diffraction (PXRD) patterns of these truncated
octahedra could al be indexed to (111), (200), (220), and (311)
diffractions of a face-centered-cubic (fcc) structure with the peak
positions in between those of Pt and Ni metals (Figure 2€). The
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lattice constant was caculated to be 3.84 A for the cube-free
nanoparticles on the basis of the PXRD data. This value corresponds
to a composition around Pt3Ni calculated according to Vegard's
law and assuming ag = 3.923 A and ay; = 3.524 A. The crystalline
domain size was measured to be ~6 nm using the full width at
half-maximum of the (111) diffraction and the Debye—Scherrer
formulation. Thisvalueis close to the dimension shown in the TEM
images (Figure 1c). The other two types of nanoparticles had similar
PXRD patterns, though the 90% t,0-Pt;Ni sample had sharper peaks
than the others because of a larger particle size.
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Figure 2. (@) HAADF-STEM image, its corresponding (b) Pt (M line)
and (c) Ni (K line) elemental maps, and (d) an EDX spectrum of t,0-PtsNi
nanoparticles. (€) PXRD patterns of the three Pt;Ni samples.

These shape-controlled Pt3Ni nanoparticles were loaded onto a
carbon support (Vulcan XC-72) and subsequently treated with
butylamine (see the Supporting Information). This mild room-
temperature treatment was an important step in the production of
active catalysts, as butylamine did not cause any changes in the
morphology of the nanoparticles (Figure S6). Figure 3 shows the
electrochemical properties of these carbon-supported Pi;Ni catalysts
and a Pt reference catalyst (TKK, 50 wt % Pt, 3 nm diameter on
Vulcan carbon; Figure S7). The electrochemical surface areas
(ECSAY9) for these Pt3Ni catalysts were found to be 33.8, 53.7, and
62.4 m?/ge, for the 70, 90, and 100% t,0-Pt3Ni catalysts, respectively,
on the basis of the calculated hydrogen adsorption/desorption charge
using cyclic voltammetry (CV) data (Figure 3a and Table S1),
assuming 210 uClem?p.2

Rotating disk electrode (RDE) polarization curves showed that
al three Pt3Ni catalysts had more positive onset potentials and were
more active than Pt (Figure 3b and Table Sl1). From these
polarization curves, we determined the area-specific ORR activities
(is) to be 850 uAlcm?p at 0.9 V for the 100% t,0-PtsNi catalyst
and 215 uAlcm?y, for the Pt catalyst, showing an ~4-fold enhance-
ment in ORR kinetics (Figure 3b). In comparison, the area-specific
activity reported for vacuum-prepared extended-single-crystal
PtsNi(111) was 18 mA/cm? at 0.9 V,? suggesting that an order-of-
magnitude further improvement should be possible.

The corresponding ORR mass activity (i) was 0.53 A/mgg for
the 100% t,0-Pt3Ni catalyst, which is ~4 times higher than that of
the standard Pt/C catalyst (0.14 A/mgg; Figure 3c)° and 1.8 times
higher than that of carbon-supported octahedral Pt;Ni catalysts
prepared using W(CO)s as an additive (0.3 A/mgg).5°

The area-specific activity for ORR has been observed to increase
with a change from the (100) to the (111) Pt;Ni surface.>¢>° The
observed differences in the mass and area-specific ORR activities
increased almost proportionally with the increase in the fraction of
(111) surface over the entire surface areas of the catalysts, agreeing
well with the general trend observed in the single-crystal surface
study (Figure 3d; see the Supporting Information for a detailed
analysis).

In summary, this work provides an approach to the production
of shape- and composition-controlled Pt3Ni catalysts that have
shown as much as 4 times the mass activity of the commercial Pt
catalyst and have potential for significantly greater improvements
if the facet size and surface treatment can be further optimized.
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Figure 3. (a) Polarization and (inset) CV curves and (b) area-specific (mA/
cm?e) and () mass (A/mgey) ORR activities for the t,0-PtsNi and reference
Pt catalysts. (d) Correlations of the area-specific and mass activities with
the fraction of (111) surfaces of these Pt3Ni catalysts. The ORR polarization
curves were collected at 1600 rpm.
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