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C
atalyticmaterials containing an atom-
ically thin Pt surface layer are a pro-
mising alternative to pure Pt nano-

particle catalysts for the oxygen reduction
reaction (ORR). Pt-shelled catalysts can be
stable, have significantly less Pt loading
than commercial alternatives, and can show
higher activities.1�3 Recent progress has
also been made using near-surface alloys
to tune the activity of the catalytic surface.
One such promising geometry is a mono-
layer shell covering a random alloy core of
variable composition. These alloy-core@shell
nanoparticles have both the robustness of
core@shell structures and the tunability of
randomalloy particles.4 In a recent example,
Adzic and co-workers reported that adding
Au to a Pd nanoparticle core covered by a Pt
monolayer shell enhances stability under
ORR conditions.5,6

In this study, we predict ORR activity
trends of 2 nm alloy-core@Pt-shell nano-
particles using density functional theory
(DFT) calculations using oxygen binding as
the reactivity descriptor. The combination
of Au and Pd in the nanoparticle core is
found to be particularly interesting because
variations of the core composition between

pure Au and pure Pd are calculated to shift
the oxygen binding on the Pt shell to values
both weaker and stronger than bulk Pt. Our
predicted trends in ORR activity, as well as
the optimal core composition, provide a
testable model for experiments. Accordingly,
we show that the measured ORR activities
of AuPd@Pt dendrimer-encapsulated nano-
particles (DENs) are in good correlation
to our theoretical model, and that a 28%
Au/72% Pd alloy-core supports a Pt-shell
with activity that is higher than that of
monometallic Pt particles.
DENs are well-suited for comparison with

theory for the following reasons: (1) they
are of a size (<2 nm) where intrinsic nano-
scale properties are observed and direct
DFT simulations are manageable;7,8 (2) they
can be synthesized in a variety of structural
configurations with a degree of atomic level
control;9,10 and (3) the dendrimer surround-
ing the nanoparticle not only prevents nano-
particle ripeningduring catalytic reactionsbut
also separates the nanoparticle from the sup-
port (electrode), thereby eliminating the need
tomodel support interactions. Crooks and co-
workers have shown that different configura-
tions of bimetallic DENs, including random
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ABSTRACT We report that the oxygen binding energy of alloy-

core@Pt nanoparticles can be linearly tuned by varying the alloy-

core composition. Using this tuning mechanism, we are able to

predict optimal compositions for different alloy-core@Pt nanopar-

ticles. Subsequent electrochemical measurements of ORR activities

of AuPd@Pt dendrimer-encapsulated nanoparticles (DENs) are in a

good agreement with the theoretical prediction that the peak of

activity is achieved for a 28% Au/72% Pd alloy core supporting a Pt

shell. Importantly, these findings represent an unusual case of first-principles theory leading to nearly perfect agreement with experimental results.
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alloy and core@shell structures, can be synthesized by
various homogeneousmethods.11 They have also used
an electrochemical method, originally developed by
Adzic and co-workers,12 to synthesize core@shell DENs
via underpotential deposition (UPD) and subsequent
galvanic exchange.13,14

Calculated oxygen (and hydroxyl) binding energies
have been demonstrated to be an effective descriptor
of ORR activity.15 A good review of this subject is
provided by Mukerjee and Srinivasan, who have sum-
marized the earlier work regarding the correlation
between the electrocatalytic activity and the bond
strength of the adsorbate for ORR.16 Using a micro-
kinetic model, including molecular oxygen activation
and oxygen species desorption, Nørskov and co-work-
ers have established a volcano-shaped correlation be-
tween the oxygen binding energy and ORR activity.17,18

On the strong-bindingbranch, theoverall activity is limited
by the removal of oxygen species, while on the weak-
binding branch, oxygen molecule activation limits the
reaction. An optimal compromise is found for O binding
slightly weaker than that on the bulk Pt(111) surface.18

In this study, a target O binding energy was chosen,
calculated to be �1.51 eV on a five-layer 3 � 3 Pt(111)
slab model, using a gas-phase molecular O2 reference.
Although oxygen binding on bulk Pt(111) is not
necessarily optimal for ORR, it gives a close enough
estimate of the location of the volcano peak to under-
stand trends in nanoparticle activity.

RESULTS AND DISCUSSION

Following our previous work on Pd-shelled parti-
cles,4 the coremetals can be classified into two groups:
Pd, Cu, Ir, Ru, and Rh reduce the O binding to the Pt
shell when they are added into the core, while Au and
Ag increase theObinding energy. The target O binding
can be achieved by alloying metal X from the first
group (X = Pd, Cu, Ir, Rh, and Rh) and metal Y from the
second group (Y = Au and Ag) in the core. Figure 1
shows the average O binding energies of (a) XxAu1�x@Pt
and (b) XxAg1�x@Pt as a function of core composition.
The near-linear O binding trends are consistent with our
earlier reports for alloy-core@Pd-shell nanoparticles.4

Optimal alloy-core compositions are predicted at the
intersections of linear O binding trends and the target
O binding energy (solid and dashed lines in Figure 1,
respectively). The predicted optimal alloy-core compo-
sitions are listed in Table 1.
The thermodynamic stability of a core�shell struc-

ture is also very important if the nanoparticle is to
function as a catalyst. Stability can be quantified with
calculations of the core/shell segregation energy.19�21

The segregation energy of Pt-shell NP140 with various
monometallic core elements was calculated as the
energy required to swap one Pt atom on the (111)
facet and its neighboring subsurface core atom.
The presence of a surface O adsorbate was also

considered to model the oxidizing environment of
the ORR. Figure 2 shows the calculated segregation
energy of the monometallic-core@Pt-shell nanoparti-
cles with and without bound surface oxygen. Au@Pt,
Ag@Pt, Ir@Pt, and Rh@Pt are thermodynamically stable
in both vacuum and an oxygen-rich environment. Pd
and Ru are expected to be stable as the core of Pt-shell
nanoparticles in vacuum. However, the bound oxygen
species facilitate the swapping of core and shell atoms
under ORR conditions. The Cu@Pt particle is found to
be thermodynamically unstable. Notably, although the
thermodynamic stability of the Pd@Pt nanoparticle is
reduced with surface-bound oxygen species, it has
been reported that introducing Au or Ag to the Pd

Figure 1. Oxygen binding energy trends for (a) XxAu1�x@Pt
and (b) XxAg1�x@Pt NP140 (X = Pd, Ir, Rh, Ru, and Cu). The
gray dashed line represents the target oxygen binding
energy.

TABLE 1. Optimal Ratio of Metal X Alloyedwith Au and Ag

in the Core of a Pt-Shelled Particle

metal Y

metal X Au Ag

Pd 0.72 0.30
Ir 0.35 0.09
Rh 0.30 0.08
Ru 0.22 0.07
Cu 0.19 0.05
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core can enhance the stability and durability of a Pt
surface layer under ORR conditions.5,22

Because Au is easier to work with than Ag, we
selected PdAu@Pt DENs as our model system for
comparison with the foregoing calculations. Briefly,
PdnAu140�n@Pt DENs were synthesized electrochemi-
cally by Cu UPD onto PdnAu140�n alloy cores, followed
by galvanic exchange of the Cu layer for Pt. The
methodology used to prepare these alloy-core@shell
DENs is similar to one we have previously reported8

and is discussed in detail in the Supporting Informa-
tion. The ORR activity of Au140, Pt140, Pd70Au70, and
PdnAu140�n@Pt (n = 70, 90, 105, and 120) DENs was
then determined using rotating disk voltammetry.10

Note that the subscripts used here reflect the nominal
elemental compositions of the DENs based on the
percentages of Pd and Au used to prepare them. We
have previously shown that these values are good (but
not perfect) estimates of the experimentally deter-
mined stoichiometry of the nanoparticles.23,24

Figure 3a shows a series of rotating disk voltammo-
grams (RDVs) for glassy carbon electrodes modified
with PdnAu140�n@Pt and Pt140 DENs, and Figure 3b
shows an expanded portion of these RDVs in the
vicinity of the onset of current. The RDVswere obtained
in O2-saturated, aqueous 0.10MHClO4 using a rotation
rate of 1600 rpm at a scan rate of 5 mV/s. The onset
potential for the ORR, which is defined as the potential
of the inflection point on the quasi-steady-state polar-
ization curve, at the Pd70Au70 DEN-modified electrode
is�0.30 V. However, upon addition of the Pt shell, this
value shifts positive to 0.10 V. For comparison, the ORR
onset potential for the Pt140 DENs is at 0.15 V, which is
more positive than that of the Pd70Au70@Pt electro-
catalyst. However, the ORR onset potentials for
Pd90Au50@Pt and Pd120Au20@Pt DENs are shifted even
more positive, to 0.17 V. The onset potential for the
Pd105Au35@Pt DENs shifts much more positive, to
0.23 V, than any of the other DENs, and hence it has
the lowest overpotential and highest activity. Figure 3c
summarizes the RDV data by showing the onset

potential for the ORR as a function of corresponding
O binding energy calculated from DFT. The measured
activities exhibit a volcano-shaped trend when plotted
against the theoretically determinedObinding energy.
The peak of the volcano, corresponding to Pd105Au35@Pt

Figure 3. (a) Rotating disk voltammograms for glassy car-
bon electrodes modified with PdnAu140�n@Pt (n = 70, 90,
105, 120) and Pt140 DENs. The electrode rotation rate
was 1600 rpm, the scan rate was 5 mV/s, the electrolyte
solution was O2-saturated, aqueous 0.10 M HClO4, and the
electrode was scanned from �0.6 to 0.3 V (vs Hg/Hg2SO4).
(b) Enlargement of part (a) in the region of the onset
potential for the ORR. Note that the current axes in (a) and
(b) are normalized to the electrochemical surface area of Pt
determined by measuring hydrogen UPD. Full details are
provided in Table S1 in the Supporting Information. (c)
Onset potential for theORR at PdxAu1�x@PtDENsmeasured
by RDVs and plotted as a function of the corresponding
oxygen binding energy calculated by DFT. The dashed line
corresponds to the linear fit of the two branches of the
activity volcano.

Figure 2. Stability of Pt-shell particles with various core
elements. The insets indicate the stable structures along
each axial direction.
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or 75% Pd in the core, is in very good agreement with
our theoretical prediction of 72% Pd. Additionally, a Pt
shell reduces the Pt loading as compared to a pure Pt
particle.
Figure 4 shows the average oxygen binding energy

trend of PdAu@Pt NP140 in comparison to a bulk PdAu
alloy substrate supporting a monolayer of Pt, denoted
as PdAu/Pt. The latter system was chosen to compare
with the larger (5.4 nm) PdAu@Pt nanoparticles stu-
died by Adzic and co-workers.5 Details of these slab
calculations can be found in the Supporting Informa-
tion. Notably, there is a shift in optimal core composi-
tion for our∼2 nmDENs (72%) as compared to the slab
geometry (90% Pd). The later composition was chosen
by the Adzic group for their 5.4 nm nanoparticles. The
shift of the activity peak with composition can be
explained from two factors: (1) there is weaker O
binding to the DENs; and (2) alloying Au to Pd has a
more significant effect on the O binding energy to the
slab. These factors correspond to the differences in
intercepts and slopes of the trend lines in Figure 4,
respectively. These two factors can be understood in

terms of a strain effect. The shell of Pd@PtNP140 has an
average Pt�Pt bond length of 2.68 Å, which is about
0.07 Å shorter than the surface Pt layer of the Pd/Pt
slab. The shorter Pt�Pt bond length causes a higher
strain, leading to a weaker oxygen binding energy. On
the other hand, the Pt�Pt bond length difference
between Pd@Pt and Au@Pt is 0.04 Å, which is smaller
than the difference between Pd/Pt and Au/Pt (0.14 Å),
resulting in a reduced effect of alloying Au to Pd on the
O binding energy.

CONCLUSIONS

In conclusion, we have shown that the oxygen
binding energy of alloy-core@Pt-shell nanoparticles
can be linearly tuned by varying the composition of
the alloy core. An important point pertains to the way
this experiment was carried out. First, we obtained the
experimental data shown in Figure 3c for just two DEN
compositions: Pd70Au70@Pt and Pd105Au35@Pt. On the
basis of these results, we anticipated a simple linear
relationship between alloy-core composition and ORR
activity. Second, DFT calculations were carried out, and
they predicted a volcano-shaped relationship between
the onset potential for the ORR, catalyzed by PdAu@Pt
NP140 nanoparticles, and the oxygen binding energy.
The peak activity was predicted to occur at a core
composition corresponding to 105 Pd atoms and 35 Au
atoms (Figure 3c). Third, we synthesized and tested
additional PdnAu140�n@Pt DEN compositions andwere
gratified to find that the activity of these electrocata-
lysts fell almost exactly on the predicted trend lines.
Hence, this is an unusual case of first-principles theory
leading to nearly perfect agreement with experimental
results. We believe that this tuning mechanism is a
general property of the alloy-core@shell system and
hence provides a systematic means for designing
nanoparticles to have desirable catalytic activity.

METHOD

Spin-polarized DFT was used to calculate all oxygen binding
energies using the Vienna ab initio simulation package.25,26

Calculation details can be found in the Supporting Information.
The nanoparticles were modeled as face-centered cubic (fcc)
crystallites in the shape of a 140 atom truncated octahedron
(NP140) with 44 core atoms and 96 shell atoms. The alloy
core@Pt shell is denoted as XxY1�x@Pt, where X and Y are the
twometals constituting the core, which are chosen fromAu, Ag,
Pd, Cu, Ir, Ru, and Rh. The fraction of metal X in the alloy core is
designated as x. The O binding energy, Eb, was calculated by
averaging over the hollow binding sites in the center of each of
the eight (111) facets, using eq 1

Eb ¼ 1
8
(ENPþ 8O � ENP � 4EO2 ) ð1Þ

where ENPþ8O is the energy of the particle with eight oxygen
atoms adsorbed, ENP is the energy of the bare particle, and EO2

is
the energy of the O2 molecule chosen as the oxygen reference.
Ten different random alloy configurations were generated to

calculate the average O binding energy for each core composi-
tion (80 binding sites, total).
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Figure 4. Trends of average oxygen binding energy as a
functionof core composition for PdxAu1�x@Pt (nanoparticle
geometry) and PdAu/Pt (slab geometry).
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