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Nanocrystals made of Pt-Ir alloys are fascinating catalysts towards the oxygen reduction reaction
(ORR), but the lack of control over their surface atomic structures hinders further optimization of their
catalytic performance. Here we report, for the first time, a class of highly active and durable ORR
catalysts based on Pd@Pt-Ir nanocrystals with well-controlled facets. With an average of 1.6 atomic
layers of a Ptylr alloy on the surface, the nanocrystals can be made in cubic, octahedral, and icosahedral
shapes to present Pt-Ir {100}, {111}, and {111} plus twin boundaries, respectively. The Pd@Pt-Ir
nanocrystals exhibit not only facet-dependent catalytic properties but also substantially enhanced ORR
activity and durability relative to a commercial Pt/C and their Pd@Pt counterparts. Among them, the
Pd@Pt-Ir icosahedra deliver the best performance, with a mass activity of 1.88 A-mgp at 0.9 V, which is
almost 15 times that of the commercial Pt/C. Our density functional theory (DFT) calculations attribute
the high activity of the Pd@Pt-Ir nanocrystals, and the facet dependence of these activities, to easier
protonation of O* and OH* under relevant OH* coverages, relative to the corresponding energetics on
clean Pd@Pt surfaces. The DFT calculations also indicate that incorporating Ir atoms into the Pt lattice
destabilizes OH-OH interactions on the surface, thereby raising the oxidation potential of Pt and greatly
improving the catalytic durability.

Introduction

Primarily owing to the acidic and oxidizing environment,
together with the slow kinetics of oxygen reduction reaction
(ORR) in a polymer electrolyte membrane fuel cell (PEMFC), a
Pt-based catalyst has to be deposited on the cathode in order to
accelerate the ORR and thereby maintain the performance of
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such a device [1,2]. However, because of its extremely low abun-
dance and the increasing demand from various industries, the
high cost associated with Pt has become a major barrier to the
commercialization of PEMFCs [3]. To make a Pt-based catalyst
cost-effective, one has to enhance its catalytic activity while
reducing the usage of Pt. Previous work has demonstrated that
the catalytic activity of Pt-based catalysts towards the ORR could
be greatly enhanced by engineering the exposed catalytic surface
structure [4,5], tuning the elemental composition [6-8], con-
structing a core-shell or hollow nanostructure [9-11], or a com-
bination of these strategies [12-14]. For example, Pt;Ni
octahedra enclosed by {1 1 1} facets have been shown to exhibit
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significantly improved catalytic activity towards ORR relative to
Pt(111) and Pt3Ni(1 00) surfaces [15,16]. Recently, we have
developed a series of Pd@Pt core-shell nanocrystals with differ-
ent surface atomic structures, and thus facet-dependent catalytic
properties, showing marked enhancements in both activity and
durability relative to a commercial Pt catalyst [17-19]. Despite
the robust success achieved towards the rational design of such
catalysts, they still lack sufficient stability because of the selective
electrochemical leaching and/or dissolution of other less stable
metals (e.g., Ni and Pd) during accelerated durability tests.

Under ORR conditions, Ir is one of the few elements that is
thermodynamically stable and resistant against surface segrega-
tion and leaching in acidic environments [20,21]. According to
density functional theory (DFT) calculations, when alloying Pt
with Ir, especially Pt4lr, Pt-OH coverage will decrease, speeding
up the sluggish kinetics associated with the ORR relative to pure
Pt, due to lateral repulsion between the OH* (* denotes the
adsorbed species) adsorbed on surface Pt atoms and the O*
and/or OH* adsorbed on neighboring Ir [22]. Benefiting from
these intrinsic physicochemical properties and related elec-
tronic/synergistic effects, Pt-Ir alloy nanocrystals have been con-
sidered as some of the most promising catalysts towards ORR for
their substantially enhanced activity and durability [23-27].
However, in further optimizing their catalytic properties, facet-
controlled synthesis of Pt-Ir alloy nanocrystals has been met
with limited success [28-30]. To this end, precisely engineering
the type of facet exposed on the surface of Pt-Ir alloy nanocrys-
tals, and thus rationally optimizing their performance towards
ORR, remains an unmet challenge.

Here we report the facet-controlled synthesis of Pd@Pt-Ir
core-shell nanocrystals via atomic layer-by-layer co-deposition
of Pt and Ir atoms on Pd seeds with different shapes (e.g., cubes,
octahedra, and icosahedra). The Pd@Pt-Ir nanocrystals, includ-
ing cubes, octahedra, and icosahedra, could be readily made with
ultrathin Pt-Ir alloy shells of only 1.6-atomic-layer thick with a
composition of ca. Ptylr to present well-defined and controllable
Pt-Ir {100}, {111}, and {111} facets combined with twin
boundaries, respectively. When examined as catalysts towards
ORR, the Pd@Pt-Ir core-shell nanocrystals exhibited facet-
dependent catalytic properties. All of them showed substantially
enhanced activity and durability relative to a commercial Pt/C
and their Pd@Pt counterparts, with the Pd@Pt-Ir icosahedra
exhibiting the maximal activity.

Results and discussion

Synthesis and characterization of Pd@Pt-Ir nanocrystals: We first
prepared Pd cubic, octahedral, and icosahedral seeds with aver-
age edge lengths of 17.8+3.1, 20.6+3.2, and 129+ 1.6 nm
(Figs. S1, S2), respectively. Their surfaces were mainly covered
by {1 0 0} facets, {1 1 1} facets, and {1 1 1} facets plus twin bound-
aries, respectively. We then synthesized Pd@Pt-Ir core-shell
cubes, octahedra, and icosahedra with an ultrathin Pt-Ir alloy
shell of only about 1.6-atomic-layer thick through conformal,
layer-by-layer co-deposition of Pt and Ir atoms on the Pd seeds.
Specifically, on the basis of similar reduction potentials for Pt
(IV)/Pt and Ir(Ill)/Ir and strong reducing power of ascorbic acid
[31], the Pt and Ir atoms were expected to be simultaneously

deposited on the surface of each Pd seed as a conformal shell
when a mixed precursor solution containing Pt(IV) and Ir(IlI)
at a molar ratio of 4:1 was slowly (1 mL-h™') introduced at
190 °C. A combination of co-reduction and co-deposition at a
low injection rate and a high reaction temperature ensured the
formation of Pd@Pt-Ir nanocrystals with a fixed shell composi-
tion, a uniform shell thickness, and a smooth surface terminated
in controllable facets. Although this work is focused on Pd@Pt-Ir
nanocrystals with an elemental composition of roughly Pt,Ir for
the shell less than 2-atomic-layer thick, the protocol could be
readily extended to Pd@Pt-Ir nanocrystals with other composi-
tions and shell thicknesses. It should be pointed out that, in view
of the scarcity and high price of Pd, more earth-abundant and
cheaper materials should be used for the core in developing sus-
tainable and cost-effective products.

Fig. la—c shows typical transmission electron microscopy
(TEM) images of the Pd@Pt-Ir cubes, octahedra, and icosahedra,
respectively, revealing good retention of cubic, octahedral, and
icosahedral shapes during the synthesis. Fig. 1d-f shows high-
angle annular dark-field scanning TEM (HAADF-STEM) images
taken from an individual Pd@Pt-Ir cube, octahedron, and icosa-
hedron, respectively, suggesting that the surface atomic struc-
tures of the respective Pd cores were all devotedly repeated by
the Pt-Ir shells for the generation of ordered structures spreading
across the surface. The overlayers can be identified owing to the
clear contrast between the Pt-Ir shells (brighter) and Pd cores
caused by the large difference in atomic number. The atomic-
resolution HAADF-STEM images (Fig. 1g-i) confirm the presence
of about 2 atomic layers of Pt-Ir in the shells of all Pd@Pt-Ir
nanocrystals. The lattice spacing of about 0.19 and 0.23 nm
can be assigned to the (200) and (111) planes of face-
centered cubic Pt/Ir, confirming that the Pd@Pt-Ir cubes and
octahedra were enclosed by Pt-Ir {1 0 0} and {1 1 1} facets, respec-
tively. The well-resolved twin planes and a lattice spacing of
0.23 nm in the Pd@Pt-Ir icosahedron suggest that particle was
bounded by Pt-Ir {11 1} facets with twin boundaries. We also
quantitatively analyzed the average number of atomic layers in
the shell by using inductively coupled plasma mass spectrometry
(ICP-MS). The shells were 1.63, 1.57, and 1.55 atomic layers in
thickness, respectively, for the Pd@Pt-Ir cubes, octahedra and
icosahedra (Table S1), which were in good agreement with the
atomic-resolution HAADF-STEM images. Due to the co-
deposition of Pt and Ir atoms with the nearly same deposition
efficiency of about 80% during a synthesis (Table S1), the molar
ratios of Pt to Ir obtained by ICP-MS were 4.14:1, 4.06:1, and
3.95:1 for the Pd@Pt-Ir cubes, octahedra and icosahedra, respec-
tively, in consistency with the feeding ratio of Pt(IV) to Ir(IIl) pre-
cursors. Energy-dispersive X-ray spectroscopy (EDX) mapping
(Fig. 1j-1) and X-ray photoelectron spectroscopy (XPS) (Fig. S3)
further verified the formation of Pd@Pt-Ir core-shell structures,
with the shells composed of metallic Pt and Ir in the form of a
Pt-Ir alloy.

During the growth of a core-shell nanocrystal, the relative
rates of co-deposition and surface diffusion of Pt and Ir adatoms
play a key role in forming a conformal, uniform Pt-Ir shell on the
surface of a Pd seed [32]. Similar to the synthesis of the Pd@Pt,
Pd@Ir, and Pd@Ru nanocrystals [17,33-35], the surface diffusion
could be tuned by varying reaction temperature, while the co-
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FIGURE 1

TEM images of Pd@Pt-Ir core—shell nanocrystals: (a) cubes, (b) octahedra, and (c) icosahedra (scale bars: 50 nm). HAADF-STEM images of a single (d) cube, (e)
octahedron, and (f) icosahedron (scale bars: 5 nm). (g—i) Atomic-resolution HAADF-STEM images taken from the region boxed in (d-f), showing about two
atomic layers of Pt-Ir in the shell (with a brighter contrast) and the Pd atoms in the core (scale bars: 2 nm). (j-I) EDX mapping analyses of the distribution of
Pd, Pt, and Ir, confirming a core-shell structure and an alloyed shell on each nanocrystal.
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deposition was largely dependent on the precursor injection rate
and KBr concentration in the growth solution. Taking the
growth of Pd@Pt-Ir cubes as an example, when reducing the tem-
perature to 120 °C, the surface diffusion of Pt and Ir adatoms was
decelerated, and most of the deposited Pt and Ir atoms tended to
stay at the corners and edges, leading to the production of con-
cave cubes (Fig. S4a). When the injection rate was increased to
40 mL-h~! or no KBr was introduced, we obtained cubic multi-
pods and even small particles with irregular shapes (Fig. S4b,
¢). In these cases, surface diffusion failed to catch up with the
co-reduction and/or co-deposition of Pt and Ir atoms, causing
the accumulation of adatoms at the corners, or even the homo-
geneous nucleation and growth of the atoms.

Electrocatalytic activity of the PA@Pt-Ir nanocrystals: Because it is
well-established that Pd- and Ir-based nanocrystals are much less
active than Pt-based nanocrystals towards ORR in acidic media
[1,2], in this work, we only benchmarked the ORR electrocat-
alytic performance of the Pd@Pt-Ir nanocrystals (deposited on
Vulcan XC-72 carbon support, Fig. S5) against a commercial Pt/
C catalyst. We used cyclic voltammetry (CV) to measure the elec-
trochemical active surface area (ECSA) of each catalyst (Fig. S6a).
Attributed to their ultrathin shells of only 1.6-atomic-layer thick,
the specific ECSAs of the Pd@Pt-Ir cubes/C, octahedra/C, and
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FIGURE 2

icosahedra/C (93.2, 101.4 and 121.7 mz-gﬁthr, respectively) were
much higher than that of the commercial Pt/C (59.4 m?gp)
(Fig. Séb), even though the sizes of Pd@Pt-Ir nanocrystals were
almost 4-7 times as high as that of the Pt particles in commercial
Pt/C. Taken together, the dispersion of Pt and Ir can be improved
even when switching to larger particles, as long as the Pt and Ir
atoms are located into ultrathin overlayers consisting of a few
atomic layers only.

Fig. 2a shows the ORR polarization curves of Pd@Pt-Ir/C cata-
lysts, together with that of the commercial Pt/C. We calculated
the kinetic currents of the ORR polarization curves according
to the Koutecky-Levich equation, and then normalized the
kinetic currents against the ECSAs, and the Pt mass and/or the
total mass of Pt and Ir to obtain the specific and mass activities
(i, specific and jx mass), T€SPectively. (Fig. 2b and c). Similar to the
ORR activity trend of Pd@Pt cubes, octahedra, and icosahedra
[17-19], the ji, speciic and ji, mass Of PA@Pt-Ir/C catalysts showed
a direct correlation with the number of {1 1 1} facets and twin
boundaries (identified to be favorable for ORR) [36,37], and the
activities ranked as follows: Pd@Pt-Ir icosahedra/C > Pd@Pt-Ir
octahedra/C > Pd@Pt-Ir cubes/C. Compared to the commercial
Pt/C, the jx specific and ji, mass Of all the PA@Pt-Ir/C catalysts were
greatly enhanced. Specifically, at 0.9 V, the ji, specisic Of the PA@Pt—
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(a) ORR polarization curves recorded from the commercial Pt/C, Pd@Pt-Ir cubes/C, Pd@Pt-Ir octahedra/C, and Pd@Pt-Ir icosahedra/C. (b) Specific and (c) mass
ORR activities given as kinetic current densities (ji) normalized to the ECSAs, and Pt and/or Pt + Ir masses of the catalysts, respectively. (d) ORR mass activities
at 0.9 V of the Pd@Pt-Ir/C catalysts relative to their Pd@Pt/C counterparts [17-19], highlighting the substantial enhancement in activity (see Table S2 for the

details).
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Ir cubes/C, octahedra/C, and icosahedra/C (0.57, 1.05, and
1.27 mA-cm 2, respectively) showed 2.6-, 4.8-, and 5.8-fold
enhancements relative to the commercial Pt/C (0.22 mA-cm 2).
Per Pt mass, the Pd@Pt-Ir cubes/C, octahedra/C, and icosahe-
dra/C had ji, jass of 0.67, 1.34, and 1.88 A~mg§tl at 0.9 V, which
were almost 5.2, 10.3, and 14.5 times, respectively, as high as that
of the commercial Pt/C (0.13 A-mgp.). Even when normalized
against the total mass of Pt and Ir, the ji 45 Of PA@Pt-Ir cubes/
C, octahedra/C, and icosahedra/C still delivered 4.2-, 8.4-, and
11.6-fold enhancements relative to the commercial reference,
respectively. In Fig. 2d, S7 and Table S2, we compare the jx mass
and ji, specific Of the PA@Pt-Ir cubes/C, octahedra/C, and icosahe-
dra/C with those of the previously reported Pd@Pt cubes/C [17],
octahedra/C [18], and icosahedra/C [19], revealing greatly
enhanced activities towards ORR for the Pd@Pt-Ir/C catalysts. Rel-
ative to their Pd@Pt/C counterparts, the Pd@Pt-Ir cubes/C, octahe-
dra/C, and icosahedra/C, respectively, exhibited 2.1-, 2.8-, and 2.9-
fold enhancement in jx, s (Normalized against the Pt mass) at
0.9 V. It should be noted that, similar to the Pd core promoting
the ORR activities of Pd@Pt nanocrystals [17-19], the ligand and
strain effects generated by the Pd core should also be able to
enhance the ORR activities of the Pd@Pt-Ir nanocrystals. Taken
together, the excellent ORR activities of the Pd@Pt-Ir catalysts
could be attributed to a combination of a high dispersion for Pt
and Ir atoms, and the possible electronic/synergistic effects arising
from the Pd core underlying the Pt-Ir surface and the Ir atoms
trapped in the Pt lattice. Moreover, one can rationally optimize
the catalytic properties of the PA@Pt-Ir nanocrystals by controlling
their surface atomic structure. Speaking of facet effects, it is inter-
esting to note that part of the reason why cubes are inferior to
octahedra and icosahedra in terms of activity is unlike on Pd
(111), Pt and Ir may prefer to dig into Pd(1 0 0) and push Pd to
the surface of the cubes during synthesis, enriching the surface
of a cube with more Pd, a metal that is less active toward ORR than
Pt [38].

DFT calculations: To gain a fundamental understanding of the
beneficial role of Ir, and to rationalize the facet dependence of
the experimentally-observed activities, we performed periodic
DFT calculations (GGA-PW91, see the SI for details) for the
ORR mechanism on a number of model surfaces reflecting our
synthesized nanocrystals [39-41]. Specifically, we employed a
simple electrochemical model to calculate the free energies of
protonation for adsorbed O* (to form OH*) and OH* (to form
H,0) on the {111} and {100} facets of Pt, Pd@Pt,;, Pd@Pt,;,
Pd@Pt-Iry;, and Pd@Pt-Ir,;, where the subscripts 1L or 2L refer
to the thickness of the shell on top of the Pd slab [42]. This last
category of Pd@Pt-Ir,; encompassed its own family of surfaces
(for either facet) which accounted for all possible permutations
of the positions of Ir atoms in the predominantly Pt shell
(Figs. S8-S11). Since the HAADF-STEM images (Fig. 1) and ICP-
MS analysis (Table S1) indicated the presence of ca. 1.6 atomic
layers of the shell, we confined our discussion here to surfaces
with shells comprised of 2 atomic layers. Furthermore, we con-
fined the discussion regarding the Pd@Pt-Ir,;, family to the sur-
faces with the most energetically-stable permutations under
relevant OH* coverage (see SI for details), namely: Pd@Pt-Ir,; .
b-linear fOr the {1 0 0} facet, in which both Ir atoms in unit cell
were in the bottom layer of the shell as nearest neighbor atoms,

and Pd@Pt-Ir;14.pnear fOr the {1 1 1} facet in which both layers of
the shell had a single Ir atom with both Ir atoms coordinated to
each other in a unit cell. We presented all ORR results on all sys-
tems in Tables S3-S5 and the discussion thereof.

We started by reporting the calculated free energies of proto-
nation for O* and OH* at 0.9V on the Pd@Pt,; {111} and
{1 0 0} surfaces. On the Pd@Pt,;, {1 1 1} surface, O* protonation
was endergonic by 0.21 eV, while OH* protonation was easier
at 0.09 eV. This trend in sequential protonation steps was
reversed for the more strongly-binding {1 00} facet in which
O* protonation was facile at 0.06 eV but OH* removal from the
surface (i.e., protonation to water) was endergonic by 0.23 eV.
Fig. 3 shows the free energy of protonation for the more difficult
of the two elementary steps on the Pd@Pt,;, surfaces. We then
turned our attention to the Pd@Pt-Ir,; surfaces. Examining the
data in Table S3, we found two clear, facet-independent trends:
i) both protonation steps are, in general, significantly more
endergonic than they were on the Pd@Pt, surfaces, and ii)
OH* protonation was more endergonic than O* protonation.
This indicates that O* and OH* are significantly more strongly
bound to the Pd@Pt-Ir,;, surfaces compared to the Pd@Pt,;, sur-
faces. These observations are understandable, given the stronger
binding of oxygenated species to Ir as compared to Pt and the
propensity of Ir electrodes to form oxides at low potentials
[43,44]. Clearly, the high thermodynamic barriers (generally, in
excess of 0.50eV) for the protonation of O* and OH* on
Pd@Pt-Ir,;, surfaces contradicted the experimentally-measured
higher activity of the Pd@Pt-Ir,;/C catalysts relative to the
Pd@Pt/C or Pt/C catalysts. These results implied that there was
a higher coverage of oxygenated species on the Pd@Pt-Ir,; sur-

0.25 0.0 ML OH* 0.5 ML OH* ~0.25
Pd@Pt, PA@PtIr,

0.20 0.20
— 0.15 F0.15
(O] (O]
<~ 0.10 Lo.10 <

0.05 0.05

0.00 - L0.00

I (100}
|I'° Pd -{111} Pt 0. HoO
FIGURE 3

Calculated free energy of protonation at 0.9V for O*and OH* on
cubic {100} (in blue) and octahedral {111} (in green) facets of
Pd@Pt,. and Pd@Pt-Ir,, surfaces. The Pd@Pt-Ir, surfaces shown here are
Pd@Pt—Iry pp-linear aNd PA@Pt-Iry c.pnear for the {1 00} and {1 1 1} facets,
respectively (see Sl for details). The results for Pd@Pt;, systems are given for
clean surfaces, while the results for Pd@Pt-Ir,_ systems are given under 0.5
ML total coverage of OH* spectators. The insets show the working
coverages and structures of both systems. Solid bars indicate that the
more difficult of the two protonation steps is from OH* to H,O, while
hatched bars indicate that the more difficult of the two protonation steps is
from O* to OH*. In the insets, gray, blue, pink, red, and white spheres
represent Pt, Pd, Ir, O, and H species, respectively.
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faces as compared to the Pd@Pt,;, surfaces. More specifically, the
fact that OH* protonation was more endergonic than O* proto-
nation on the Pd@Pt-Ir,;, surfaces indicated that these surfaces
would likely be covered with OH* species, which is in agreement
with literature [25]. Taken together, a relevant model for these
Pd@Pt-Ir,; surfaces must explicitly include relevant OH*
coverage.

We then calculated the free energies of protonation of O* and
OH* on Pd@Pt-Ir,; surfaces pre-covered with 0.25 ML and 0.50
ML of OH* spectators (Table S3-S5). Fig. 3 shows the free energies
of the more difficult of the two protonation steps under 0.50 ML
OH* coverage on PA@Pt-Ir;1p pjinear {1 0 0} and PA@Pt-Ir; ¢pnear
{11 1}. Importantly, lower free energies of protonation corre-
spond to higher activities. The comparison to the corresponding
facets of the Pd@Pt,; surfaces is favorable, and a clear trend is
revealed: i) for either facet, the Pd@Pt-Ir,; surface is more active
than the corresponding Pd@Pt,;, counterpart, and ii) for either
system (Pd@Pt,;, or Pd@Pt-Ir,;), the {1 1 1} facet is more active
than the {100} facet. In that order, these qualitative trends
explain the beneficial role of Ir, as well as the experimentally-
observed structure sensitivity. This agreement was only found
by explicitly modeling relevant OH* coverage on the strongly-
binding Pd@Pt-Ir;, surfaces and comparing these results to the
corresponding clean Pd@Pt,; surfaces (i.e. “clean” indicates sur-
faces not pre-covered with OH*). We also showed in Fig. 4 and
Table S6 that OH-OH interactions are generally weaker on the
Pd@Pt-Ir,; surfaces compared to Pd@Pt,; surfaces, further
explaining the high activity of the Pd@Pt-Ir,; /C catalysts, consis-
tent with literature [22,25]. Specifically, the {1 0 O} PA@Pt-Irp.p.-
linear and the {1 11} Pd@Pt-Iryipnear (the most energetically-
stable Pd@Pt-Ir,;, surfaces) have OH-OH interaction energies of
—0.07 and +0.44 eV relative to Pd@Pt,; (1 0 0) and Pd@Pt,; (1 1 1),
respectively. This indicates that OH-OH interaction is marginally

0.6 -

{100}

0.5

(eV)
o
+

interaction
o
w
1

Relative E
Pd@Pt'lrsz-b-unear
Pd@Pt-l I )Lb.b-dlagonal
Pd@Pt-l r2Lt-t-dlagonaI

&
-
a
®
b=
o

P d@Pt'Irzu-t-unea
Pd@Pt-lrm_b

FIGURE 4

more attractive (by 0.07 eV) on {1 0 0} Pd@Pt-Irs1pp1inear COM-
pared to Pd@Pt,; (1 00) and is strongly repulsive (by 0.44 eV)
on {111} Pd@Pt-Iry;¢pnear cOmpared to Pd@Pt, (11 1). The
strongly repulsive OH-OH interaction energies on the {11 1}
PA@Pt-Ir; +.p.near further explain the higher activity of the octa-
hedra compared to the cubes. These results shed light on the
importance of adequate representation of coverage effects in
electrocatalysis.

As a final note on activity, we would like to discuss the activity
of the Pd@Pt-Ir/C icosahedra, the highest among our surfaces.
Both octahedra and icosahedra preferentially expose the more
active {1 1 1} facets, but unlike octahedra, the twin boundaries
of icosahedra impart tensile strain on the side faces [35]. Previous
work has shown that this tensile strain allows for the incorpora-
tion of additional Pt atoms in the shell of Pd@Pt icosahedra
nanocrystals, thus imparting a net compressive strain on the Pt
shell and thereby higher ORR activity [19]. This effect could also
account for the higher activity of the Pd@Pt-Ir icosahedra in this
work.

Electrocatalytic durability of the PA@Pt-Ir nanocrystals: In addi-
tion to the substantially enhanced specific and mass activities,
the Pd@Pt-Ir/C catalysts exhibited superb catalytic durability.
We evaluated the catalytic durability of the Pd@Pt-Ir/C catalysts
through an accelerated durability test. Judged by the specific
ECSAs and mass activities at 0.9 V, the durability of the Pd@Pt—
Ir/C was significantly improved relative to the commercial Pt/C
as well as their Pd@Pt counterparts even with thicker Pt atomic
layers (Figs. 5, S12, S13 and Table S2). After 10,000 cycles of test,
the Pd@Pt-Ir/C catalysts only exhibited a 3-9% drop in their
specific ECSAs, as opposed to a 35-47% drop for the specific
ECSAs of the commercial Pt/C (after 5,000 testing cycles only)
and the Pd@Pt counterparts (Fig. 5a and b). At 0.9 V, the mass
activities of Pd@Pt-Ir/C catalysts after 10,000 cycles of test
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OH-OH interaction energies (Einteraction) ON all surfaces relative to the OH-OH interaction energy on the Pd@Pt,, surface (shown with zero relative E;nteraction)
for each facet. Positive relative Ejeraction refers to repulsion or weaker attraction compared to the OH-OH attraction on the Pd@Pt,, surface. Negative relative
Einteraction refers to stronger attraction compared to the OH-OH attraction on the Pd@Pt,, surface. The total OH* coverage is 0.50 ML, corresponding to a total
of two OH* on the surface per unit cell. Blue bars refer to cubic Pd@Pt-Ir, surfaces, green bars refer to octahedral Pd@Pt-Ir,_ surfaces, and black bars refer to

Ir-free surfaces (irrespective of facet).
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tests.

showed only 13-16% losses, while the commercial Pt/C, Pd@Pt
cubes/C [17], octahedra/C [18], and icosahedra/C [19], exhibited
much greater losses of 46% (after 5000 testing cycle only), 22%,
27% and 46%, respectively (Fig. 5c and d). Relative to the pristine
Pt/C, after 10,000 testing cycles, the Pd@Pt-Ir cubes/C, octahe-
dra/C, and icosahedra/C still showed 4.5-, 8.8-, and 12.2-fold
enhancements in mass activity (normalized against the Pt mass)
at 0.9 V. TEM images of the Pd@Pt-Ir catalysts after durability test
revealed the favorable structural integrity without any obvious
destruction of the Pd cores (Fig. S14), while the Pd cores of the
Pd@Pt counterparts underwent severe dissolution and degrada-
tion, diminishing the ligand and strain effects and thus causing
the activity to decrease [17-19]. This could be attributed in part
to the higher resistance of the surface Pt atoms to oxidation
(and thus dissolution) in the presence of Ir atoms. The incorpo-
ration of a small amount of an oxophilic metal to a Pt monolayer
atop a single crystal of Pd(1 1 1) could impart stronger repulsions
(relative to a pure Pt monolayer) between oxygenated species,
leaving their removal easier on the Pt sites than in the absence
of such oxophilic metals [22,25]. As a proof of this concept, we
tabulated OH-OH interaction energies on all surfaces in

Table S6, and we showed in Fig. 4 that these interactions were
generally repulsive for the Pd@Pt-Ir surfaces compared to
Pd@Pty;, as discussed in more detail above. In essence, this phe-
nomenon raised the oxidation potential of Pt, which was similar
to the postulated effect of Au clusters on Pt nanoparticles for the
ORR [45]. Taken together, incorporation of Ir atoms into Pt lat-
tice to form a Pt-Ir alloy shell could bring a better passivation
of the Pd core, thereby greatly improving the catalytic durability
of Pd@Pt-Ir catalysts.

Conclusions

In this work, we have demonstrated a facile synthesis of Pd@Pt-Ir
nanocrystals with cubic, octahedral, and icosahedral shapes and
further explored their facet-dependent activity and durability
towards ORR. These Pd@Pt-Ir nanocrystals present well-defined
Pt-Ir {100} facets, {111} facets, and {11 1} facets plus twin
boundaries, respectively, on their surface. For the proof-of-
concept study, we have focused on nanocrystals with a shell
thickness of 1.6 atomic layers while the elemental composition
was controlled at roughly Ptylr. Owing to their favorable merits,
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such as high dispersion of Pt and Ir atoms and the coverage
effects arising from the Ir atoms incorporated in the Pt lattice,
which were further rationalized by our DFT calculations, the
Pd@Pt-Ir nanocrystals showed substantial enhancements in both
activity and durability towards ORR relative to a commercial Pt/C
and their Pd@Pt counterparts, with the Pd@Pt-Ir icosahedra
exhibiting the best performance. This work opens the door to
the design and rational synthesis of highly-efficient and long-
lived electrocatalysts towards ORR.

Experimental methods

Chemicals and materials: The chemicals obtained from Sigma-
Aldrich include ascorbic acid (AA, 99%), potassium bromide
(KBr, 99%), sodium hexachloroplatinate hexahydrate (Na,PtCls-
-6H,0, 98%), sodium hexachloroiridate hydrate (NazIrCls-xH,O,
99%), sodium tetrachloropalladate (Na,PdCly, 98%), poly(vinyl
pyrrolidone) (PVP, MW = 55,000), aqueous formaldehyde solu-
tion (HCHO) with HCHO concentration of 36.5-38%, diethy-
lene glycol (DEG, 99%), and acetic acid (99.7%). Other
chemicals include ethylene glycol (EG, 99%, J. T. Baker), ethanol
(200 proof, KOPTEC), and aqueous perchloric acid (HCIO,4, PPT
Grade, Veritas) solution with a concentration of 70%. All aque-
ous solutions were made up by using deionized water with a
resistivity of 18.2 MQ-cm™! at room temperature.

Synthesis of the 10.4-nm and 17.8-nm Pd cubes: In a typical syn-
thesis of 10.4-nm Pd cubes [46], 8 mL of water, 60 mg of AA,
300 mg of KBr, and 105 mg of PVP were introduced into a 20-
mL vial and then magnetically stirred and heated at 80 °C in
an oil bath for 10 min. Subsequently, 3 mL of Na,PdCl, aqueous
solution at a concentration of 19 mg mL~! was injected into the
mixture. The vial was capped and further heated at 80 °C for 3 h.
The product was centrifuged and collected, washed twice with
water, and then dispersed in water at a concentration of
1.58 mg-mL~'. The 17.8-nm Pd cubes were produced by increas-
ing the amount of KBr from 300 to 600 mg, with all other condi-
tions unchanged. The 17.8-nm Pd cubes were well dispersed in
EG at a concentration of 1.38 mg-mL™".

Synthesis of the 20.6-nm Pd octahedra: In a typical synthesis
[47], HCHO (0.1 mL), PVP (105 mg), water (7.66 mL), and
0.34 mL of a suspension of the 10.4-nm Pd cubes were placed
in a 20-mL vial and then magnetically stirred and heated at
60 °C for 10 min in an oil bath. Subsequently, an aqueous Na,-
PdCl, solution (3 mL) at a concentration of 9.67 mg-mL~! was
one-shot added into the pre-heated mixture. The vial was capped
and then heated at 60 °C for additional 3 h. The product was cen-
trifuged and collected, washed twice with water, and finally dis-
persed in EG at a concentration of 0.78 mg-mL™".

Synthesis of the 12.9-nm Pd icosahedra: In a typical synthesis
[48], 2.0 mL of DEG containing PVP (80 mg) was placed in a
20-mL vial and then magnetic stirred and heated at 130 °C for
10 min in an oil bath. Subsequently, a Na,PdCl, solution in
DEG (1 mL) at a concentration of 15.5 mg-mL~! was one-shot
added into the pre-heated mixture. The vial was capped and fur-
ther heated at 130 °C for 3 h. The final product was centrifuged
and harvested, washed once with acetone and twice with DI
water, and dispersed in EG at a concentration of 0.85 mg-mL™".

Synthesis of the Pd@Pt-Ir core-shell nanocrystals: The Pd@Pt-Ir
cubes were synthesized through seed-mediated growth. In a stan-
dard procedure, a suspension (0.36 mL) of the 17.8-nm Pd cubes,
EG (3.5mlL), AA (30 mg), KBr (50 mg), and PVP (50 mg) were
placed into a 20-mL vial and then magnetic stirred and heated
at 110°C for 1 h in an oil bath. The reaction temperature was
then rapidly raised to 190 °C within 20 min. Subsequently, Na3-
I1Clg-xH,0O (0.066 mg) and Na,PtCls-6H,0 (0.30 mg) dissolved
together in EG (6 mL) were pumped into the reaction solution
at a rate of 1.0 mL-h™'. After introducing the solution of the pre-
cursors, the vial was further heated at 190 °C for 1 h. The final
product was centrifuged and collected, washed once by using
acetone and twice with water, and dispersed in 1 mL of water.
The Pd@Pt-Ir octahedra and icosahedra were produced by
switching 0.36 mL of the suspension of 17.8-nm Pd cubes to
0.64 mL of a suspension of 20.6-nm Pd octahedra and 0.39 mL
of a suspension of 12.9-nm Pd icosahedra, respectively, while
all other conditions were kept the same.

Structural and compositional analyses: A Hitachi HT7700 micro-
scope operated at 120 kV was used to take transmission electron
microscopy (TEM) images of the samples. The metal contents of
the samples were measured by inductively coupled plasma mass
spectrometry (ICP-MS, NexION 300Q, PerkinElmer). High-angle
annular dark field (HADDF) scanning transmission electron
microscopy (STEM) and energy-dispersive X-ray spectroscopy
(EDX) images were acquired by using an aberration-corrected
Hitachi HD-2700 200 kV STEM equipped with a Briiker Quantax
400/S-STEM EDX detector. X-ray photoelectron spectroscopy
(XPS) measurements were completed on each sample using a
Thermo Scientific K-Alpha spectrometer equipped with an Al
Ko microfused monochromatized source.

Preparation of the working electrode: In a typical procedure, the
Pd@Pt-Ir core-shell nanocrystals (2 mg) and Vulcan XC-72 car-
bon support (8 mg) were dispersed in 4 and 16 mL of water,
respectively, and then mixed in a 50-mL conical flask under
ultrasonication at room temperature for 3 h. To make their sur-
face clean, the collected carbon-supported Pd@Pt-Ir nanocrystals
(denoted as Pd@Pt-Ir/C) were treated in 10 mL of acetic acid at
60 °C for 3 h and subsequently washed 8 times with ethanol
and/or water. After drying, 4.3, 4.9, and 3.3 mg of the Pd@Pt-Ir
cubes/C, octahedra/C, and icosahedra/C, respectively, were
evenly dispersed in a mixture of 1 mL of isopropanol, 1 mL of
water, and 40 uL of 5% Nafion under ultrasonication for
20 min. 20 pL. of each suspension was deposited onto a pre-
cleaned glassy carbon rotating disk electrode (RDE, Pine Research
Instrumentation) with a geometric area of 0.196 cm? and then
dried at 50 °C in an oven. According to ICP-MS analysis, the
loading amounts of Pt for all of the Pd@Pt-Ir/C catalysts on RDEs
were 6 pg-cm 2. A commercial Pt/C catalyst (20 wt% 3.2 nm Pt
particles on Vulcan XC-72 carbon support, Premetek Co.) was
used as a reference for benchmarking purposes. Similar to the
Pd@Pt-Ir/C catalysts, 4.0 mg of the commercial Pt/C was well dis-
persed in a mixture of 2.0 mL of isopropanol, 2.0 mL of water,
and 80 pL of 5% Nafion under ultrasonication for 20 min.
10 pL of the suspension was deposited on a pre-cleaned glassy
carbon RDE and dried at 50 °C. As determined by ICP-MS, the

loading amount of Pt on RDE for Pt/C catalyst was 10 ug-cm™2.
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Electrochemical measurements: A CHI 600E potentiostat (CH
Instruments) and glassy carbon RDEs were applied to conduct
electrochemical measurements. We used a Pt wire and a Hydro-
Flex hydrogen reference electrode (Gaskatel) as the counter and
reference electrodes, respectively. All potentials were obtained
with reference to the reversible hydrogen electrode (RHE). We
measured the cyclic voltammetry (CV) curves in a Ny-saturated
0.1 M HCIO, solution at room temperature in the potential range
of 0.08-1.1V at a scanning rate of 50 mV-s~!. We calculated the
electrochemically active surface area (ECSA) of each catalyst on
the basis of the charges associated with the desorption of hydro-
gen in the potential range of 0.08-0.45 V after double-layer cor-
rection, with the reference values of 210 pC-cm 2 for the
commercial Pt/C and Pd@Pt-Ir cubes/C, and 240 pC-cm 2 for
the Pd@Pt-Ir octahedra/C and icosahedra/C, respectively. We
recorded the oxygen reduction reaction (ORR) polarization
curves in an O,-saturated 0.1 M HCIO4 solution at room temper-
ature in the potential range of 0.08-1.1 V by the RDE method
(with a rotating rate of 1600rpm) at a scanning rate of
10 mV-s~'. The background current was measured in a Nj-
saturated 0.1 M HCIlO, solution, while all other conditions were
kept the same. We corrected all of the ORR curves by removing
the background currents and ohmic iR drop compensation. We
performed the accelerated durability tests via CV in the potential
range of 0.6-1.1 V for 5,000 and 10,000 cycles at room tempera-
ture in an O,-saturated 0.1 M HCIlO,4 solution at a speed of
0.1V.s™.
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