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ABSTRACT: Gaining an insight into the relationship
between the bimetallic composition and catalytic activity is
essential for the design of nanoalloy catalysts for oxygen
reduction reaction. This report describes findings of a study of
the composition—activity relationship for PtPd nanoalloy
catalysts in oxygen reduction reaction (ORR). Pt,Pd;y,.,
nanoalloys with different bimetallic compositions are synthe-
sized by wet chemical method. While the size of the Pty Pds,
nanoparticles is the largest among the nanoparticles with
different compositions, the characterization of the nanoalloys
using synchrotron high-energy X-ray diffraction (HE-XRD)
coupled to atomic pair distribution function (PDF) analysis
reveals that the nanoalloy with an atomic Pt:Pd ratio of 50:50

Oxygen Reduction Reaction

exhibits an intermediate lattice parameter. Electrochemical characterization of the nanoalloys shows a minimum ORR activity at
Pt:Pd ratio close to 50:50, whereas a maximum activity is achieved at Pt:Pd ratio close to 10:90. The composition—activity
correlation is assessed by theoretical modeling based on DFT calculation of nanoalloy clusters. In addition to showing an
electron transfer from PtPd alloy to oxygen upon its adsorption on the nanoalloy, a relatively large energy difference between
HOMO for nanoalloy and LUMO for oxygen is revealed for the nanoalloy with an atomic Pt:Pd ratio of 50:50. By analysis of the
adsorption of OH species on PtPd (111) surfaces of different compositions, the strongest adsorption energy is observed for
PtosPd, o5 (Pt:Pd = 50:50) cluster, which is believed to be likely responsible for the reduced activity. Interestingly, the adsorption
energy on Pt,,Pd;,, (Pt:Pd ~ 10:90) cluster falls in between Pto;Pd,os and Pd,,; clusters, which is believed to be linked to the
observation of the highest catalytic activity for the nanoalloy with an atomic Pt:Pd ratio of 10:90. These findings have
implications for the design of composition-tunable nanoalloy catalysts for ORR.

1. INTRODUCTION

Pt is currently a choice of catalysts for the cathode reaction in a
proton exchange membrane fuel cell (PEMFC). However, the
high cost of Pt is one of the bottlenecks for the ultimate
commercialization of PEMFCs. The development of electro-
catalysts of Pt alloyed with different transition metals has been
an important pathway toward decreasing Pt loading in the
catalysts for oxygen reduction reaction (ORR), including
transition metals such as Ni, Co, Cu, Fe, Pd, Ag, etc.'™®
Among them, the study of PtPd for ORR is particularly
remarkable. One important focus is alloying Pt and Pd atoms to
form nanoparticle alloy catalysts. For example, two kinds of
PtPd supported on carbon were prepared by coimpregnation
and sequential impregnation of Pt on Pd/C [Pt(Pd/C)] for
ORR.” While both showed lower ORR activities than Pt/ C,
they showed largely enhanced activity compared to Pd/C. The
catalytic activity of PtPd nanoparticles is related to the
composition. A previous study of the influence of Pt: Pd
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atomic ratios (1:2—1:8) on ORR activity showed that
decreasing the atomic ratio of Pt:Pd led to an increase in the
particle size with decreased electrochemical surface area (ECA)
and electrocatalytic activity, in which a maximum activity of
ORR was revealed at an atomic ratio of Pt: Pd = 1:2.'% A recent
theoretical study of the composition-dependent thermal
stability of PtPd clusters with 5SS atoms found that PdPt;,
exhibits the highest stability due to its weakest O, adsorption
strength compared to the Pts;, Pdss, and Pd;3Pt,, clusters,
indicating good catalytic activities toward ORR."' PtPd/C
catalysts prepared by polyol process in ethylene glycol solution
showed that the catalytic activity of Pt;Pd;/C for ORR is
improved compared with Pt/C or Pt;Pd,/C catalyst."” On the
other hand, PtPd alloy with particular shapes, such as hollow
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nanocages, nanocubes, nanoporous, polyhedron and core—shell
structures, is another focus of the recent studies.”>™"° For
example, the PtPd nanocages prepared by potential cycling
treatment showed superior catalytic activity and good structural
stability toward ORR in comparison with core—shell Pd@Pt
nanodendrites and commercial Pt catalysts.*’

Despite the previous studies showing the preparation of PtPd
catalysts toward enhanced catalytic activities, the question of
how the catalytic activity is correlated with the atomic-scale
structure and bimetallic composition in the nanoparticles
remains elusive. Recently, our studies of PdNi and PdCu
nanoalloys revealed an intriguing composition-activity correla-
tion for ORR with the help of high-energy X-ray diffraction
(XRD) coupled to atomic pair distribution function (PDF)
analysis’" and DFT calculation.”” The understanding of how
this type of structural correlation operates for PtPd nanoalloys
could provide further information for assessing the general
structure-catalytic synergy of the bimetallic nanoalloy catalysts.
This paper mainly focuses on the study of composition-activity
correlation for PtPd nanoalloys in ORR, the understanding of
which is aided by DFT calculations of cluster models involving
the adsorption of OH and oxygen species in the process of
ORR.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Platinum(II) acetylacetonate (Pt (acac),,
97%), palladium(Il) acetylacetonate (Pd(acac),, 97%), dioctyl
ether ([CH;(CH,),],0, 99%), oleylamine (CH;(CH,),CH
CH(CH,)sNH,, 70%), oleic acid (CH;(CH,),CH CH-
(CH,),COOH, 99+%), and 1,2-hexadecanediol (90%) came
from Aldrich. Other chemicals including ethanol, hexane, and
potassium choloride were purchased from Fisher Scientific.
Vulcan carbon XC-72 was from Cabot. All gases were obtained
from Airgas.

2.2, PtPd Nanoalloy Synthesis and Catalyst Prepara-
tion. Pt,Pd, ., alloy nanoparticles (NPs) (n represents atomic
percentage of Pt in the NPs) were synthesized following the
protocol. First, Pt(acac), and Pd(acac), as metal precursors
were mixed into dioctyl ether solvent following a controlled
molar ratio; meanwhile, the capping agents involving oleic acid
and oleylamine were also added into the solvent, as well as 1,2-
hexadecanediol as the reducing agent. Sequentially, the solution
was heated gradually to 220 °C with reflux for 30 min under N,
atmosphere. Finally, the solution was cooled back to room
temperature, followed by precipitating out of the resulting PtPd
NPs by washing and centrifugation. Details for the synthesis are
included in Supporting Information.

The preparation of PtPd catalysts involved the assembly of
PtPd NPs on the carbon support hereafter referred as PtPd/C,
and then its activation. In assembly process, a controlled
amount of PtPd NPs and carbon (XC-72) were adequately
mixed in hexane solution through sonication and overnight
stirring. The resulting PtPd/C NPs were then dried under N,
atmosphere. The activation of PtPd/C NPs was performed by
thermochemical treatment.>>>** Briefly, PtPd/C NPs were
first kept at 260 °C under N, atmosphere for 0.5 h to remove
the organic capping molecules on the NP surface, and further
treated at 400 °C under 15% H, — 85% N, atmosphere for 2 h
for calcination in a programmable furnace. The weight loadings
on the carbon support were 30% for Pt;,Pdgs/C, 14% for
Pt,,Pds;/C, and 24% for PtePdss/C, as determined by
thermogravimetric analysis (TGA) performed on a PerkinElm-
er Pyris 1-TGA. It is important to note that the preparatory

feeding values in supporting the PtPd NPs on carbon were the
same for all samples. The differences in the final metal loading
after the thermochemical treatment were due to a subtle
difference in carbon burning among these catalysts which
occurred during the thermochemical treatment. Note also that
these differences did not affect the assessments of the catalytic
activities since the measured currents were normalized against
the total metal mass.

2.3. Morphology, Composition and Structural Char-
acterization. The chemical composition of the PtPd NPs was
analyzed by inductively coupled plasma—optical emission
spectroscopy (ICP—OES). It was performed on a PerkinElmer
2000 DV ICP—OES instrument using a Meinhardt nebulizer
coupled to a cyclonic spray chamber with the following
parameters: 18.0 L of Ar(g)/min for plasma; 0.63 L of Ar(g)/
min for nebulizer; 0.3 L of Ar(g)/min for auxiliary; 1500 W for
the power; 1.00 mL/min for peristaltic pump rate. After every 6
or 12 samples, laboratory check standards were analyzed to
make the standards be within +5% of the initial concentration.

High-angle annular dark-field scanning TEM (HAADF-
STEM) was employed to determine the morphology of the
PtPd/C catalysts on a JEOL JEM 2100F instrument equipped
with a CEOS hexapole probe. The instrument was operated at
200 keV in STEM mode. The lens settings combined with the
corrector tuning gave a spatial resolution of ~90 pm. High-
resolution TEM (HRTEM) measurements were performed on
a JEOL JEM 2010F with an acceleration voltage of 200 kV and
a routine point-to-point resolution of 0.194 nm. During the
measurements, the hexane suspension of the PtPd NPs as
samples was dropped onto a carbon-coated copper grid
followed by solvent evaporation at room temperature.

X-ray photoelectron spectroscopy (XPS) measurements were
performed following a protocol reported previously.”* The
measurements were done on a Kratos AXIS Ultra DLD
spectrometer using monochromatic Al source. The spectrom-
eter was calibrated with respect to the Au 4f,/, (84.0 eV) and
Cu 2ps/, (932.7 €V) lines. The pass energy was fixed at 20 eV
for the detailed scans. The percentages of near-surface Au and
Pd species in the NPs were determined by analyzing the areas
of the respective XPS peaks.

Synchrotron high-energy XRD (HE-XRD) with atomic pair
distribution functions (PDFs) measurements were performed
in ex situ mode using X-ray (wavelength, A = 0.1080 A) at
Sector 11 of the Advanced Photon Source, Argonne National
Laboratory. HE-XRD patterns of PtPd/C samples were
reduced to the structure factors, S(q), and further to atomic
PDFs, G(r) by Fourier transformation. Note that G(r)
represents experimental quantities that oscillate around zero
and shows positive peaks at real space distances, r, where the
local atomic density p(r) exceeds the average one p,. By
definition, G(r) = 4nrp,[p(r)/p, — 1], where p(r) and p, are
the local and average atomic number density, respectively. It is
pretty efficient to study the atomic-scale structure of nanosized
materials, including metallic alloy NPs by using high-energy
XRD and atomic PDFs.”>™’

2.4. Electrochemical Measurements. Cyclic voltammetry
(CV) and rotating disk electrode (RDE) measurements were
performed in three-electrode electrochemical cells with a Pt
wire as the counter electrode and Ag/AgCl (KCI sat.) as the
reference electrode on a computer controlled electrochemical
analyzer (CHI600a, CH Instruments) at room temperature.
Glassy carbon disk (geometric area, 0.196 cm?; polished with
0.05 pm ALO; powders) coated with a layer of PtPd/C
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catalysts was the working electrode. To prepare the working
electrode, a typical suspension of the catalysts was prepared by
adding S mg catalyst (PtPd/C) to S mL of 0.25 wt% Nafion
solution, followed by ultrasonication for 10 min. Then 10 yL of
the suspension was quantitatively dropped to the surface of the
polished GC disk and dried under a lamp. The electrolytic
solution (0.1 M HCIO,) was deaerated with N, before the CV
measurements, or saturated with oxygen for RDE measure-
ments. Before CV and RDE measurements, the samples
underwent 10 potential cycles between 0.02 and 12 V (vs
RHE) in N,-saturated 0.1 M HCIO, solution at 50 mV/s to
remove possible surface contaminants.

2.5. Computational Modeling. Density functional theory
(DFT) calculations are carried out in DMol3 program of
Materials Studio suite (Accelrys Inc.) and Gaussian 09 software.
First, a small while realistic, Pt,Pd,_, (x = 0, 1, 2, 3, 4) clusters
were used to investigate electronic properties and molecular
orbital analysis of PtPd catalyst through Gaussian 09 software
by B3LYP functional with LanL2DZ basis set. The structures
were relaxed without imposing any symmetry constraints and
vibrational frequencies were calculated to verify that the
optimized structures were at energy mimimum.”®™*° Then,
building the adsorption configuration of O, on PtPd clusters
using Materials Studios, and simulating its parameters by
Dmol3.>'7¢ In order to be closer to the realistic condition,
herein a tetrakaidecahedron model of Pd,Pt,,, .. (x = 201, 144,
105, 57, 0) cluster including solvation was used. In the
calculations, the generalized gradient approximation (GGA)
with Perdew—Burke—Ernzerh (PBE) exchange correlation
functional was used. The localized double numerical basis
sets with polarization functions (DNP) was employed for the
valence orbitals, and DFT semicore pseudopots employed to
freeze the core electrons of metallic species. The interactions
between the model atomic configurations and OH or O,
molecule were explored. The adsorption energy of OH and
O, on the model atomic configurations was used as a measure
of the adsorption strength. It was calculated by E4 =
_(EOZ—metal - Emetal - EOZ)) Where) EOZ—metall E and EOZ
are total energy for the O,—metal complex, the isolated metal
cluster and the isolated O, molecule, respectively. Figure 1
illustrates the four-atom and tetrakaidecahedron models of Pd
clusters used in this work.

‘metal

(A) (B)

Figure 1. Schematic illustrations of four-atom model of Pd4 cluster
(A) and tetrakaidecahedron model of Pd201 (B) clusters.

3. RESULTS AND DISCUSSION

3.1. Composition and Morphology of PtPd Nano-
particles. The composition of as-synthesized Pt,Pd,q,.,
nanoparticles was analyzed by ICP—OES to determine the
controllability of the synthesis protocol with respect to the
bimetallic composition. Figure 2 shows the composition of as-
synthesized Pt,Pd, o, (n = 14, 47 and 64) nanoparticles vs the
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Figure 2. Plot of Pt atomic composition in Pt,Pd,q., nanoparticles
(from ICP—OES analysis) vs the synthetic feeding composition. The
dashed line represents a 1:1 relationship. The solid line represents the
linear fitting to the NPs/C data (slope = 1; R* = 0.934).

synthetic feeding ratio (also see Table S1, Supporting
Information). The close 1-to-1 relationship of Pt % in as-
synthesized PtPd NPs vs the feeding Pt % demonstrates that
the composition of the binary alloy PtPd NPs can be controlled
well by controlling the feeding ratio of the metal precursors in
the synthesis.

The nanoparticles were su}z;)iported on carbon using the
protocol reported previously.” The sizes of the carbon-
supported nanoparticles, Pt,Pd,y.,/C NPs, are 4.7 + 0.5, 5.6
+ 1.0, and 4.1 + 0.6 nm for n = 14, 47, and 64, respectively.
Figure 3 shows an example for the Pt,,Pds; nanoparticles. High

Figure 3. TEM (left panel) and high-angle annular dark field scanning
TEM (upper panel) and high-resolution TEM (lower panel) for
Pt,,Pds;/C nanoparticles.

resolution analysis of the lattice fringe yields a value of ~0.225
nm, which is characteristic of (111) facets on the nanoparticles.
Similar lattice fringes have also been observed for PtPd
nanoparticles of the other compositions. TEM images of the
other samples are shown in Figure S2 in Supporting
Information.

The nanoparticles were examined using high angle annular
dark field (HAADF) scanning transmission electron micros-
copy (STEM) and energy dispersive spectroscopy (EDS),
which provided further information for analyzing the detailed
morphology and elemental distribution of Pt and Pd atoms in
the Pt,Pd,y,., (n = 14, 47, and 64) NPs. A representative set of
HAADF-STEM images (top panel) and elemental EDS maps
(bottom panel) is shown in Figure 4.
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Figure 4. High-angle annular dark field scanning HAADF-STEM images (top panel) and elemental EDS maps of Pt and Pd for Pt,Pd,y,, (n = 14
(A), 47 (B), and 64 (C)) nanoparticles (Pt species are in red and Pd species are in yellow) .
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Figure S. (A) Experimental (symbols) and model-derived (lines) atomic PDFs for carbon supported Pt,Pd,o., (n = 14, 47 and 64) nanoparticles
thermal-treated under N, + H,; Lines in red represent the best model approximation to the experimental data. (B) Plot of the fcc-lattice parameters

as a function of relative Pt content in the nanoparticles.

The results show that the PtPd NPs are crystalline, especially
for Pt,Pd,o., (n = 14, 47, and 64) NPs. Pt and Pd species
appear to distribute uniformly across the NPs. This is
consistent with the randam alloy characteristic of the PtPd
NPs with different compositions. In addition, the values of
lattice fringes (top panel of Figure 4) are characteristic of (111)
facets on the nanoparticles. The lattice constants increase with
increasing the atomic ratio of Pt in the nanoparticles. From the
elemental mapping images (see bottom panel of Figure 4), the
orientation of Pt (red) and Pd (yellow) in the alloyed crystal
planes can be clearly identified for Pt;,Pdgs and Ptg,Pd;4 For
Pt ,Pdgs, the alloying appear to increase the lattice for Pt
(~0.240 nm) and decrease for Pd (~0.220 nm), respectively.
While the lattice constants for Pt and Pd atoms were kept
almost same (~0.228 nm), showing overlap of their crystal
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planes, there was an apparent disorder for the arrangement of
Pt and Pd atoms in Pt,;Pds;, making it hard to distinguish their
respective lattice fringes. These composition-dependent lattice
shrinking and atomic disordering characteristics are believed to
be related to the structural correlation of their catalytic
activities, as discussed in the next subsections.

3.2. Lattice Parameters of PtPd/C Catalysts. The
alloying structures of PtPd catalysts were examined by HE-
XRD/PDE. A representative set of atomic PDFs extracted from
HE-XRD patterns is shown in Figure SA for the thermochemi-
cally treated PtPd nanoparticles with different compositions.
The thermal treatment was performed under N, at 260 °C
followed by H, at 400 °C. The three compositions of Pt,Pd,.,
(n = 14, 47 and 64) all feature an fcc-type structure. The
changes of fcc-lattice parameters are shown in Figure 5B. It is
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Figure 6. CV (A) and RDE (B) curves for Pt,Pd,y.,/C (1 = 14 (a, black), 47 (b, red), 64 (c, blue)) catalyst. Electrode: glassy carbon (0.196 cm?)
inked with 10 ug catalysts. Electrolyte: 0.1 M HCIO, saturated with N, for CV and saturated with O, for RDE. Scan rate: S50 mV/s (CV) and 10

mV/s and 1600 rpm (RDE).

evident that the lattice parameter increases with atomic ratio of
Pt in the nanoparticles, which is consistent with the lattice
constant in Figure 4. There is a linear trend of the lattice
parameters for different Pt/Pd ratios of PtPd nanoalloy (also
see Figure S1, Supporting Information). The fact that the slope
differs somewhat from Vegard’s law, which applies very well for
bulk materials, reflects the structural distortion in the alloy
nanoparticles, which is common in nanoparticles due to finite
size and surface relaxation effect. The lattice parameters for
Pt,,Pdgs and Ptg,Pd;4 are quite close to the bulk Pd and Pt,
respectively. In other words, there is a lattice shrinking for low-
Pt nanoalloys and lattice expansion for high-Pt nanoalloys.

3.3. Electrocatalytic Activity for Oxygen Reduction
Reaction. The carbon-supported Pt,Pd,o, (n = 14, 47, 64)
catalysts were examined by electrochemical measurements for
assessing their electrocatalytic activity for ORR. A typical set of
CV and RDE data is shown in Figure S for Pt,Pd,q., (n = 14,
47 and 64) catalysts. For the CV curves in Figure 6A, Pt;,Pdg,/
C catalyst exhibits the largest hydrogen adsorption (—0.2—0.1
V) and Pd-oxide reduction peaks (0.6—0.9 V), indicative of the
largest electrochemical active area (ECA), which is in units of
m’/gpi,pq (see Figure S3 and Table S2, Supporting
Information). Meanwhile, the comparison of RDE curves in
O,-saturated 0.1 M HCIO, solution (Figure 6B) shows a clear
difference in the kinetic region of ORR with respect to the
composition of the catalysts as well as the metal loading. While
there were differences in metal loading on the electrode surface
for the three PtPd nanoalloys, the changes of the kinetic
currents with the composition of the catalysts are translated to
changes in mass activity and specific activity by Koutecky—
Levich equation in order to compare their electrocatalytic
activities.

Figure 7 shows the data of mass activity and specific activity
for Pt,Pd,.,/C (n = 14, 47, 64) catalysts as well as commercial
Pd/C and Pt/C catalysts, which were obtained from the kinetic
current at 0.85 V vs RHE (see values in Table S2, Supporting
Information). Apparently, a minimum value was observed at n
~ 50% Pt for both mass activity and specific activity. Instead,
relatively large mass activity and specific activity were observed
for Pt ,Pdg/C and PtgPdss/C, exhibiting two maxima of
activity as a function of the bimetallic composition. Particularly,
for the composition with a very low Pt% in the alloy (ie.,
Pt,,Pdgs/C), a mass activity higher than those of the other alloy
compositions is evident. Note that the mass activity data were
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0.85 V for Pt,Pd,q.,/C (n = 0, 14, 47, 64, 100) catalysts. Electrode:

Glassy carbon (0.196 cm?) inked with 10 g catalysts. Electrolyte: 0.1

M HCIO,,

obtained without IR-drop compensation, which is known to
increase the values of mass activity and specific activity. Since
IR-drop compensation depends on the actual measurement
methods, the possible variations could complicate the
comparison with most of the literature works.

The electronic properties of Pt and Pd atoms in the
nanoalloys were further analyzed using XPS, as shown in Figure
8A. The binding energies of Pt 4f atom in Pt,Pd,y,.,/C
nanoparticles were also analyzed.

The Pt 4f peaks are found to shift slightly to a lower binding
energy, showing a minimum for Pt,,Pds;/C, and then shift to a
higher binding energy as Pt is increased in the nanoalloy
(Figure 8B). While the values of electronegativity are very
similar between Pd (2.20) and Pt (2.28), the shifts of the
binding energy suggest that there is subtle electron transfer
from Pd to Pt when Pt% increases to ~50% in the alloy, and
there is an electron transfer from Pt to Pd when the alloy is Pt
rich.

To the best of our knowledge, this high mass activity at such
a low Pt content in the bimetallic catalysts appears entirely new
for ORR. We note that a similar finding was reported in a
previous study of electrocatalytic oxidation of formic acid over
PtPd/C catalysts, where Pd,4Pt,,;/C was found to be the
optimum catalyst among their PdPt;_,/C (x = 0.5—1)
samples.”” However, the origin for the catalytic synergy
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Figure 8. (A)XPS spectra in the Pt 4f binding energy range and the shift value of its peaks, and (B) plots of the peak position of Pt 4f 5/, (a) and Pt

4f,,, (b) vs composition for Pt,Pdq,.,/C (n = 14, 47, 64) catalysts.
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Figure 9. (A) Optimized geometric structure (B) isosurface map and (C) contour map of electrostatic surface potential (ESP) of Pt,Pd, . (x =0, 1,
2, 3, 4) clusters by DFT calculation. The calculations used Gaussian 09 and GaussView 5.0, with a model of 4-atom Pt—Pd cluster, involving
Optimization; Method via B3LYP functional with LanL2DZ basis set was used to obtain electronic properties and molecular orbitals.

remains elusive, which is further assessed by theoretical
modeling based on DFT calculation.

3.4. DFT Calculation. The results of our DFT calculations
are discussed in terms of the electronic properties and
molecular orbital analysis, and the OH adsorption on the
PtPd surface, as detailed below.

3.4.a. Electronic Properties and Molecular Orbital
Analysis. In order to understand the correlation between
structure and catalytic activity in PtPd bimetallic catalysts, small
and basic models of Pt,Pd,, (x = 0, 1, 2, 3, 4) clusters were
chosen for the DFT calculation (using Gaussian 09 software),
aiming at providing insights in terms of the electronic
properties in comparison with the experimental compositions
of the bimetallic nanoparticles.

Figure 9 shows a set of the optimized geometric structures
(Figure 9A) and electrostatic surface potential (ESP) of
Pt,Pd,. (x =0, 1, 2, 3, 4) clusters. The negative region (red)
of the ESP corresponds to the nucleophilic reactivity, which
could offer adsorption sites for oxygen molecules, while the
positive region (blue) is related to the electrophilic reactivity.”®

As it can been seen from the isosurface map (Figure 9B) and
contour map (Figure 9C) of ESP, the red and blue regions
distribute uniformly around four atoms for Pd,, Pt;Pd; and Pt,
clusters, which means these clusters are chemically stable. In
the red region in terms of the electron density, there is an
enrichment localized around Pt atoms in the Pt;Pd; and Pt,Pd,
clusters, indicating that Pt atoms in these clusters are active
sites for oxygen adsorption by donating electrons to oxygen
atom (There is an electron transfer from Pt atom in the clusters
to O atom during the adsorption process). The electron
transfer between Pt and Pd atoms in Pt,Pd,, (x =0, 1,2, 3,4)
clusters is shown by the natural population analysis in Table S3.
It is interesting to note that Pt;Pd; is more active to adsorb
oxygen because the electron density of Pt,Pd; is larger than that
of Pt,Pd,. In contrast, the relative distribution of negative and
positive regions of ESP for Pt;Pd, is rather uniform, suggesting
that the active site in Pt;Pd cluster is dispersed around both Pt
and Pd atoms.
Considering that electrons transfer occurs from clusters to O
atom during the adsorption process, the bonding of O with the
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Figure 10. Frontier molecular orbitals, and the energy of LUMO of O atom and HOMO of Pt,Pd, . (x = 0, 1, 2, 3, 4) clusters.
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Figure 11. (A) Models of the stable adsorption configurations of OH adsorption, and (B) their deformation electron density on the surface of
Pt,Pd,,., (x =0, 24, 96, 144, 201) clusters. The calculations used DMol3 program of Materials Studio, with a model of 201-atom Pt—Pd cluster in
supercell (6 X 6 X 6 cubic) to enlarge the cell to obtain tetrakaidecahedron, involving first Optimization and then Energy Methods via generalized
gradient approximation (GGA) with Perdew—Burke—Ernzerh (PBE) exchange correlation functional, localized double numerical basis sets with
polarization functions (DNP) and constraints all atoms. Also, the model puts oxygen molecule on the 201-atom Pt—Pd model surface, followed by

Optimization and then Energy methods (color code: Pt in gray, Pd in blue, O in red, and H in white).

nanocluster is further analyzed in terms of the frontier
molecular orbitals. The highest occupied molecular orbital
(HOMO) of Pt,Pd,, (x =0, 1, 2, 3, 4) clusters and the lowest
unoccupied molecular orbital (LUMO) of O atom are shown in
Figure 10. According to the frontier molecular orbital theory,
the reaction of two molecules depends on an interaction
between HOMO of one molecule and LUMO of the other one,
which depends on the energy difference (AE) between HOMO
(LUMO) of one molecule and LUMO (HOMO) of the other.
Specifically, these clusters have similar HOMO mainly
consisting of ¢ antibonding, thus they have similar interactions
with O to form adsorption complexes. The energy difference,
AE = E(LUMO, O) — E(HOMO, Pt.Pd,,), for Pt,Pd, and
Pt;Pd, is relatively small, indicating that the adsorption and
desorption of O atom on Pt,Pd; and Pt;Pd, (corresponding to
Pt,,Pdgs and Ptg,Pd,, respectively) are more favorable than the
others including Pt,Pd,, Pt,, and Pd,. This difference provides
some useful information to understand why Pt,,;Pd;; has lowest
catalytic activity than Pt;,Pdgs and Pt,Pd;4 catalysts.

3.4.b. OH Adsorption on the PtPd (111) Surface. One of
the reasons responsible for the sluggish ORR kinetics is the
reduction of active sites for O, adsor gtlon caused by coverage
of OH intermediate during the ORR.” Considering that (111)

facets are dominant on the PtPd nanoparticles studied in this
work, and the (111) surface is preferable for the fcc structure,*
we investigated the adsorption energy of OH on PtPd (111)
surface model. A more realistic model for the Pt,Pd,,, . (x = 0,
24, 96, 144, 201) clusters, corresponding to the composition of
Pt,Pd,.,/C (n =0, 14, 47, 64, 100) catalysts, is established for
the analysis of the adsorption of OH on PtPd (111) surface
(using Materials Studio software).

Figure 11A shows a set of the stable adsorption
configurations of OH on the PtPd (111) surface. Values of
the adsorption energy are reported in Table 1. By comparison,
the adsorption configurations of O, on PtPd (111) surface are
also analyzed (see Figure S4 and Table S4, Supporting
Information). It can be seen that the adsorption site for O
atom of OH on the Pd,y and PtyPd,ys clusters features a
bridge site, while those on Pt),Pd,,, Pt Pds;, and Pty

Table 1. Values of Adsorption Energy (eV) for OH on
Pt Pd,,,. (x = 0, 24, 96, 144, 201) Clusters

Pty Pt,44Pdg; PtosPd 05 Pty,Pd,; Pdyy,
OH —1.59 —-1.67 —-1.85 —1.80 —-1.82
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clusters feature top site. This result indicates that the
adsorption strengths on Pd,; and PtyPd;os clusters are
stronger than those on Pt,,Pd,;, Pt;,,Pds; and Pty clusters.
In other words, desorption of the O atom from Pd,y, and
PtysPdgs clusters would be more difficult, resulting in a
decrease of the catalytic activity (see Figure 7).

The deformation electron density for the most stable
adsorption structure is shown in Figure 11B. In deformation
electron density,* the electron density is accumulated around
atoms (indicated by the red area), and depleted around atoms
(indicated by the blue area). Clearly, O atom of OH (located in
the red area) receives electrons, whereas Pt or Pd atoms
connected to O (in blue area) lose electrons. This finding
reveals that some electrons move from Pd and Pt atoms to O
atoms, forming the O—Pd and O—Pt species.

Figure 12 shows a plot of the OH adsorption energies vs
concentration of Pt in PtPd alloy clusters. This result exhibits a
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Figure 12. Plot of OH adsorption energy with concentration of Pt in
Pt Pd,,.. (x = 0, 24, 96, 144, 201) clusters.

trend similar to that observed for the mass activity as a function
of the bimetallic composition in the nanoparticles (see Figure
7), reflecting an important role played by the OH intermediate
species on the nanoalloy catalysts.

There is a valley appearing at a Pt:Pd ratio of about 50:50.
The OH adsorption is thermodynamically favored on that alloy
composition in comparison to other compositions. However,
the OH formation on PtPd alloys is an important step during
ORR, and the high coverage of OH species on the Pt or Pd
sites block the Pt or Pd sites for O, reduction. The latter may
be the reason for the low catalytic activity for that alloy
composition.

4. CONCLUSION

In conclusion, Pt,Pd,.,/C catalysts prepared in this work were
shown to exhibit fcc-type alloy structure with the lattice
parameters shrinking or expanding depending on the bimetallic
composition. With nanoalloys of different compositions,
Pd,Pts; is shown to exhibit the lowest ORR activity, whereas
the low-Pt nanoalloy, Pd,,Ptg, is shown to display the highest
mass activity. The finding of preparing the PtPd catalysts with
significantly reduced loading of Pt but high activity is intriguing.
With the help of the DFT calculation, the results indicate that
Pt atoms in PtPd clusters are active sites for oxygen adsorption
by donating electrons to oxygen. The low-Pt nanoclusters are
more active to adsorb oxygen because its electron density is

larger than that of the high-Pt clusters. This finding is
supported by XPS data showing a subtle electron transfer
from Pd to Pt for Pd-rich nanoalloy, and from Pt to Pd for Pt-
rich nanoalloy. It is the formation of OH intermediate species
which has played an important role during ORR by reducing
the coverage of OH-species on the active sites for the low-Pt
nanoalloys, which correlates well with the experimental results
in terms of the mass activity. These findings have implications
for the design of composition-tunable nanoalloy catalysts for
ORR.
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