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Annealing Temperature under H, /°C

ABSTRACT: The ability to tune the atomic-level structure of alloy . o g Ternp Pk o0

nanoparticles (NPs) is essential for the design and preparation of
active and stable catalysts for fuel cell reactions such as the oxygen
reduction reaction (ORR), which is highly sensitive to the structure
of the catalysts. We report here structurally tunable PdCu
nanoparticle catalysts for the ORR obtained by varying the
thermochemical treatment conditions. The phase type and the
atomic structure of the nanoalloy catalysts strongly depend on the
thermochemical treatment temperature and atmosphere, especially 1
at low temperatures. While PdCu nanoalloys feature both body-

centered cubic (bcc) and face-centered cubic (fcc) phase structures, ey

a pure fcc structure, prepared at an unusually low thermochemical Iﬁ:
treatment temperature, showed the highest catalytic activity for the

ORR. This was evidenced by a mass activity 8 times higher than that of commercial Pd catalyst. This activity enhancement was
shown to be linked to the nanostructural tuning between fcc and bcc structures, as supported by systematic characterization
using X-ray diffraction (XRD) coupled with pair distribution function (PDF) analysis. The impact of phase structure on the
catalytic properties of the nanocatalyst is further substantiated by computational modeling based on density functional theory
(DFT). These findings provide a fresh insight into the nanostructure—activity correlation at the atomic scale, which has
significant implications for the design, synthesis, and processing of highly active nanoalloy catalysts.
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1. INTRODUCTION

Fuel cells represent an important vector of a sustainable, clean,
and efficient energy source in applications ranging from
portable electronic devices to automobiles. However, the
practical applications are impeded largely by a lack of active
and economic cathode catalysts.' > A considerable amount of
research effort has been dedicated to Pt- and Pt-based alloy
catalysts, since they have higher catalytic activities than other
catalysts for the oxygen reduction reaction (ORR) at the
cathode.*™"* However, there is a rising interest in developing
Pd-based catalysts largely because they have been shown to
exhibit comparable or higher catalytic activities than Pt
catalysts for ORR. This finding provides a new way to cut
down the high cost of cathode catalysts for fuel cells."*™*°
Alloying Pd with Cu can further help to improve the catalytic
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performance, since PdCu nanoalloys exhibit a strong
synergistic effect. This constitutes the motivation for exploring
PdCu nanocatalysts.'”'®'*?"*> The composition—activity
correlation of PdCu nanocatalysts for the ORR had been
investigated by several studies. A maximum of mass activity for
the ORR was obtained for the Pds,Cuy,/C nanocatalyst based
on different compositions in our previous work.'® The lowest
barrier energy of O, bond breaking and the weakest adsorption
energies of O,, O, OH, and OOH were obtained at the Pd/Cu
ratio of 50:50, where the highest ORR activity was achieved.”
It is commonly believed that a PdCu nanocatalyst with a molar
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ratio of 1:1 shows the highest catalytic activity for the
ORR.""**? The activity of transition metals strongly depends
on the valence electronic structure, especially for the d-band
center, which has been theoretically examined by Nerskov and
co-workers in terms of the so-called volcano-type plot.”*~*
This model predicts that only a certain d-band center for
surface Pt atoms favors a high ORR catalytic activity. The d-
band center of PdCu alloys as a function of composition were
calculated by Henkelman and co-workers,” showing that the
addition of Cu lowers the d-band center of Pd, whereas the
addition of Pd raises the d-band center of Cu. According to the
d-band center theory, PdCu alloys may improve the ORR
activity with respect to pure Pd, as supported by our previous
experimental work."®

However, understanding how the catalytic activity is
influenced by the phase structure of PdCu nanoparticles
(NPs) remains elusive. The atomic-level structure of the
nanocatalyst is highly sensitive to the thermal treatment
conditions.******" Kariuki et al.”* showed that a mixture of
face-centered cubic (fcc) and body-centered cubic (bcc)
nanophases of a PdCu/C catalyst was obtained after thermal
treatment at 500 °C in H, atmosphere, which revealed the best
catalytic activity for the ORR. Wang et al.'* demonstrated that
PdCu nanocatalysts with Pd:Cu molar ratios of 1:3 and 1:1
treated at 600 °C in H, exhibited the highest ORR activities.
Shan et al** revealed that PdCu/C catalysts treated at
relatively low treatment temperature (200 °C) in H, with an
fcc structure showed the best catalytic activity for CO
oxidation. PdCu/C catalysts treated at higher temperature
(600 °C) in H, showed the coexistence of fcc and bcc
structures, leading to a decrease in activity. The effect of
thermal treatment on the ORR activity was also observed for
the ternary catalysts.”” In particular, PdCuM NPs (M = none,
Co, or Ni)"” showed a change from a disordered fcc structure
to an ordered bcc structure after annealing at 375 °C in H,
atmosphere and a better catalytic performance for the ORR
and the ethanol oxidation reaction (EOR) in NaOH solution.
Those phenomena were attributed to the ligand effect and the
compressive strain on the Pd surface. In comparison with a
PdCu random alloy, superior activity for the ORR was
obtained by ordered PdCu NPs in 0.1 M HCIO, solution.*
Sha et al.”* calculated the structural preference of PdCu as a
function of the crystal structure using DFT and revealed that
the layered L1, surface structure (fcc) exhibited significant
enhancement of ORR kinetics compared to that of pure Pd.
These experimental and theoretical studies arrived often at
contradictory conclusions in terms of the correlation between
the ORR activity and the nanophase type structure (fcc vs
bec).

Despite the extensive studies, the question of whether fcc- or
bcee-structured nanocatalysts have better catalytic activity for
the ORR remains unresolved. We report here new findings by
studying a nanocrystal phase structure tunable PdCu (1:1)
catalyst through varying the calcination temperatures in a H,
atmosphere and its correlation with the electrocatalytic activity
for the ORR. Density functional theory (DFT) calculations for
PdCu catalysts with two types of crystal structures were also
performed using a periodical surface model, which is superior
to cluster models in this case for >5 nm particle size. Studies of
the close-packed (111) surface for the fcc structure, (110)
surface for the bee structure, and open-packed (100) surfaces
for both fcc and bec structures were conducted on the
elementary step of the O, molecule cleavage reaction to

explain the experimental phenomenon at an atomic scale.
While the cleavage of molecular oxygen may not be the rate-
determining step of the ORR, an understanding of the reaction
energetics and OH species is important for assessing the
correlation of the activity with the catalyst’s phase structures.
The structure of the PdCu (1:1) catalyst was further
characterized by high-energy X-ray diffraction (HE-XRD)
coupled to atomic pair distribution functions (PDFs). While X-
ray absorption fine structure (XAFS) techniques have been
utilized in our previous studies to analyze the first-neighbor
atomic coordination structures,35 HE-XRD/PDFs analysis was
demonstrated to be a powerful tool for analyzing the phase
type of the atomic level structure of metallic NPs, which is
particularly important for studying the phase structure change
under different calcination temperatures. We demonstrate for
the first time that the nanocatalyst’s structure can be
maneuvered between a pure fcc type and a mixture of fcc/
bec type structures simply by adjusting the thermal treatment
temperatures (Scheme 1), and the nanocatalyst with a pure fcc

Scheme 1. An Illustration of the Possible Phase Evolution of
PdCu Nanocrystal in Terms of Fcc and Bcc Structures That
Affect the Catalytic Activity for the Oxygen Reduction
Reaction

fectbec
C e

structure prepared by an unusually low thermochemical
treatment temperature (100 °C) exhibits higher ORR activity
than that with a mixture of fcc and bcc structures.

2. MATERIALS AND METHODS

Chemicals. Palladium(II) acetylacetonate [Pd(acac),,
99%], copper(Il) acetylacetonate [Cu(acac), 98%], 1,2-
hexadecanediol (90%), oleic acid (99%), oleylamine (70%),
benzyl ether (99%), and Nafion (5 wt %) were purchased from
Aldrich. Ethanol, hexane, 2-propanol, perchloric acid, and
potassium chloride were purchased from Fisher Scientific.
Commercial unreduced Pd catalyst (20 wt % metal loading on
activated carbon) was purchased from Strem Chemicals.
Vulcan carbon XC-72 was purchased from Cabot. Millipore
Milli-Q water (18.2 MQ) was used. All gases, such as N, H,,
and O,, were obtained from Airgas. Note that all chemicals
were used as received.

PdCu Nanoparticle Synthesis. PdCu NPs were synthe-
sized following a protocol reported previously.'®*° In brief, 1
mmol of palladium(Il) acetylacetonate and 1 mmol of
copper(II) acetylacetonate were mixed into 150 mL of benzyl
ether solvent with constant stirring and purging with N,. Then,
a controlled amount of oleic acid (S mmol) and oleylamine (S
mmol) as the capping agents and 1,2-hexadecanediol (3
mmol) as the reducing agent were added to the solution with
continuous N, purging. The solution was heated to 105 °C, at
which N, purging was stopped. Afterward, the solution was
heated to 220 °C, during which period the color of the
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Figure 1. A representative set of HAADF-STEM images of PdCu/C (H,/100 °C) catalyst (a) with the corresponding elemental maps (b) for Pd,
(¢) for Cu and a closeup view of HAADF-STEM images of PdCu/C (H,/100 °C) catalyst (d) with corresponding elemental maps (e) for Pd and
(f) for Cu. (g) A representative TEM image and (h) HRTEM image for as-synthesized PdCu NPs. (i) A STEM-EDS spectrum of PdCu/C (H,/

100 °C) catalyst.

solution turned from dark green to light brown and finally
completely dark at about 150 °C, which demonstrated the
formation of NPs. The solution was further refluxed at 220 °C
for 30 min with stirring and then cooled down to room
temperature. An amount of 300 mL ethanol was added to the
final solution to wash the organic solvent, followed by
centrifuging (3000 rpm) to precipitate the NPs. The resulting
PdCu NPs were dispersed in hexane.

Catalyst Preparation. The assembly of NPs on the
support was conducted by mixing a controlled amount of
PdCu NPs and carbon support (XC-72) in hexane, followed by
sonicating for 30 min and stirring overnight. The resulting
carbon-supported PdCu NPs (PdCu/C) were dried under N,.
The activation of PdCu/C was implemented by a modified
thermochemical process reported previously.'® Briefly, PdCu/
C was first treated at 120 °C under pure N, for 10 min to
remove the remaining low boiling point organics. This process
prevented the catalysts from burning. The PdCu/C catalysts
were then treated at 260 °C under O, for 1 h to remove the
remaining high boiling point capping agent. Then, the catalysts
were treated under a H, atmosphere at different temperatures
ranging from 30 to 800 °C. The samples are denoted as PdCu/
C (H,/T), where “H,/T” represents the thermal treatment
temperature under H,. The absence of this label means O,
treatment without H, treatment. Note that during the process
of O, treatment, the O, concentration varied as 0%, 10%, and
20% O,, balanced by N, at a specific flow rate of 150 mL/min.
Flow rates of 20, 50, 100, and 150 mL/min at a constant O,
concentration of 20% were also investigated in this work.

Physical Characterization. The chemical composition of
PdCu/C NPs was analyzed by inductively coupled plasma—
optical emission spectroscopy (ICP-OES) using a PerkinElmer
2000 DV ICP-OES instrument.”® A Hitachi H-7000 electron
microscope and JEM-2200FS instrument were employed to
carry out transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM),
respectively. A FEI Talos F200X microscope, used to
characterize the morphology of the NPs in scanning trans-
mission electron microscopy (STEM) mode, is equipped for
energy-dispersive X-ray spectroscopy (EDS) (Super X) for
precise and fast mapping. A Phillips X’pert PW 3040 MPD
diffractometer was used to collect X-ray diffraction (XRD) data
from 15° to 90° 20 with a step size of 0.033° at room
temperature. Cu Ka radiation (1 = 1.5418 A) and a sealed Xe
proportional detector were used. High-energy X-ray diffraction
(HE-XRD) experiments were carried out using Ag Ka
radiation (4 = 0.559 A) with higher energy to collect XRD
data from 13° to 90° 26 with a step size of 0.05° at room
temperature. HE-XRD data were reduced to atomic pair
distribution functions (PDFs) G(r). A Physical Electronics
Quantum 2000 scanning ESCA microprobe was used to
conduct X-ray photoelectron spectroscopy (XPS) experiments.
An excitation source of focused monochromatic Al Ka X-ray
(1486.7 eV), a 16-element multichannel detection system, and
a spherical section analyzer were assembled on the instrument.
A 100 pym diameter X-ray beam was rastered over a 0.2 X 1.4
mm rectangular spot on the sample. The binding energy (BE)
was calibrated by the C s peak at 284.6 eV. The mass metal
loading of the catalysts was determined by thermogravimetric
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Figure 2. (a) XRD patterns for samples of PdCu/C catalysts as a function of H, thermal treatment conditions. (b) A magnified view of the boxed

region in panel a for a better visual comparison.

analysis (TGA) conducted on a PerkinElmer Pyris 1-TGA
instrument. The exact weight loadings of the PdCu/C catalysts
studied here were within 23—25% and are shown in Table S1
of the Supporting Information (SI).

Electrochemical Measurement. Glassy carbon (GC)
disks (geometric area 0.196 cm?®) were polished by 1 ym and
then 0.05 pm Al,O; powders. The catalyst inks were prepared
by suspending 10 mg of PdCu/C NPs catalysts in S mL of
deionized aqueous solution containing Nafion and 2-propanol
(4.5:0.05:0.4S, v/v/v), followed by ultrasonicating for 30 min
to achieve a well-suspended solution. The polished GC was
then coated with 15 uL of homogeneous ink and dried under
room temperature for 1 h to be used as the working electrode.
The cyclic voltammetry (CV) and rotating disk electrode
(RDE) measurements were implemented by an electro-
chemical analyzer (CHI620a, CH Instruments) in a three-
electrode cell at 23—24 °C. Before CV, the solution (0.1 M
HCIO,) was deaerated with high-purity nitrogen. Afterward,
the solution was saturated with oxygen for RDE measurements.
A coiled Pt wire electrode (with a large surface area) was used
as the counter electrode and a reversible hydrogen electrode
(RHE) filled with 0.1 M HCIO, was used as the reference
electrode.

Computational Details. Periodic DFT calculations were
carried out using the DMol’ package in the Materials Studio
software. The Perdew—Burke—Ernzerhof (PBE) functional
with a generalized gradient approximation (GGA) was used to
describe the exchange—correlation interaction. The spin
unrestricted DFT calculations were performed, and a double-
numerical basis set with polarization functions (DNP) was
used. Two types of crystal structural bulks, ie., fcc and bcc,
were used to create the surface models. The (111) and (100)
facets of fcc structure and the (110) and (100) facets of bec
structure were used to study the O, cleavage reaction.””** A (5
X § X 1) k-point mesh was carried out to sample the surface
Brillouin zone. A 15 A vacuum along the z-direction was used
between the repeated slabs. The adsorption species described
were fuuy relaxed, and AEad = Eadsorbate + Emetal surface
E dsorbate/metal surface Was used to calculate the adsorption energies
of adsorbates on each surface, where E, . pater Emetal surfacer 20d
E . dsorbate/metal surface a7€ the total energy for the isolated
adsorbate molecule, the isolated metal surface model, and
the adsorbate adsorption on metal surfaces, respectively. The
transition states on each model were located and optimized for

11305

an O, cleavage reaction, with only one imaginary frequency.
The barrier of the reaction was calculated by AE, = E¢ — Ejg,
where the energies of the transition state (Erg) and the
reactant (Ej5) were obtained with ZPE corrections. The d-band
centers of pure metal and alloy surfaces were also calculated for
the surface layer atoms.

3. RESULTS AND DISCUSSION

Nanoparticle Composition and Morphology. The
composition of as-synthesized PdCu NPs was determined by
ICP-OES. The results were highly consistent with the feeding
ratio of the two metal precursors (1:1). A representative set of
HAADEF-STEM and EDS mapping for PdCu/C (H,/100 °C)
catalyst provided detailed information on the elemental
distribution of Pd and Cu, as seen in Figure la—c, which
shows the uniform distribution of the bimetallic composition
across the nanoalloy. The uniformity of the bimetallic
composition distribution was further confirmed for both
small and large size particles after thermochemical processing
over PdCu/C (H,/100 °C) catalyst, as shown in Figure 1d—f.
A representative set of TEM and HRTEM images for as-
synthesized PdCu NPs are shown in Figure 1gh. The average
size of the as-synthesized PdCu NPs was 4.2 + 0.4 nm. As
shown by the HR-TEM image in Figure 1h, the lattice fringe of
0.217 nm is characteristic of the (111) plane of the fcc
structure. An EDS spectrum was collected which showed the
presence of Pd and Cu elements, as shown in Figure 1i.

As shown in Figure S1 (SI), the particle size of PdCu/C
without thermal treatment under H, showed a slight increase
to 5.1 + 0.5 nm. For the PdCu/C (H,/100 °C) catalyst, as
shown in Figure Sla (SI), the average particle size decreased
slightly to 4.6 + 0.5 nm and the PdCu NPs exhibited a very
uniform distribution on the carbon support. The average
particle sizes of the PdCu NPs showed 5.7 + 1.1, 7.6 + 2.2,
13.8 + 3.8, and 52.7 & 18.8 nm for H, treatments at 200, 400,
600, and 800 °C, respectively, exhibiting a certain degree of
sintering for thermal treatment at elevated temperatures under
H,.
Phase and Structural Properties. The phase structures
of the nanocatalysts were analyzed by both in-house XRD and
HE-XRD characterizations. Figure 2 shows in-house powder
XRD patterns for PdCu/C catalysts treated at different
temperatures under H,. The peaks at 41.5°, 48.4°, and 71.0°
correspond to 111, 200, and 220 atomic planes of the fcc
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structure, respectively. The peaks at 30.0° and 43.2°
correspond to 100 and 110 atomic planes of the bcc structure,
respectively.”” In Figure 2, a single broad diffraction peak
characteristic of CuO oxide phase is observed for the sample
without H, treatment, indicative of oxidation under O, thermal
treatment. After H, thermal treatment at 30 °C, the oxide was
partially reduced and a peak of 111 Bragg peak of an fcc alloy
emerged. At 100 °C, the NPs were fully reduced and a single,
broad peak characteristic to fcc alloy appeared. The treatments
at 200 and 400 °C under H, led to the phase separation in the
NPs. The bcc structure emerged when the H, thermal
treatment temperature was equal to or greater than 200 °C.
The fcc and the bee structures appeared to coexist in a broad
temperature range (200—800 °C). At 600 °C, the fcc peaks
become very sharp, indicative of a particle size increase. The
XRD patterns of samples treated under different O,
concentrations and flow rates were also measured (see Figure
S2, SI), showing subtle difference in both fcc and bec peaks.
Detailed phase structures of the nanocatalysts were revealed
by analyzing the atomic PDFs extracted from HE-XRD
patterns (see Figure S3, SI). The PdCu/C (H,/400 °C)
catalyst was first examined using HE-XRD/PDF, which
revealed a clear phase segregation (Figure S3a, SI) consistent
with our early findings.’””> We systematically examined the
phase structures of the catalyst treated at different temper-
atures. The PDF results in Figure 3 show that the phase states

Pure Cu
1.6 4
1.4 v/ X
A PdCU/400 °C; 49% fcc &
£ 7P YARRMPARAPAA St
© ol PACu/200 °C; 52% fec &
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Figure 3. Experimental (symbols) and crystal structure model-derived
(lines) atomic PDFs for PdCu/C H, thermally treated under different
temperatures varying as 30, 100, 200, and 400 °C, along with PDFs
for pure Pd and Cu. Red lines represent the best fit of the respective
model to the experimental data. Note that blue lines represent the
contribution of the fcc structure and green lines denote the bcc
structure of the PdCu alloys processed at 200 and 400 °C. The
corresponding lattice parameters of pure Cu, pure Pd, PdCu/C (H,/
30 °C), and PdCu/C (H,/100 °C) are 3.626, 3.902, 3.803, and 3.812
A, respectively. Lattice parameters of fcc and bec phases for PdCu/C
(H,/200 °C) are 3.808 and 2.972 A, respectively. Lattice parameters
of fcc and bec phases for PACu/C (H,/400 °C) are 3.791 and 2.973
A, respectively.

of PdCu/C catalysts strongly depend on the H, thermal
treatment temperatures. PdCu/C (H,/30 °C) and PdCu/C
(H,/100 °C) catalysts feature single-phase alloys with
chemically disordered fcc structure. Note that HE-XRD has
a deeper penetration depth than regular XRD. However, HE-
XRD/PDF examination of PdCu/C (H,/30 °C) revealed no

oxide species. Moreover, PdCu/C (H,/200 °C) and PdCu/C
(H,/400 °C) showed phase segregation into a mixture of
chemically disordered fcc and chemically ordered bcc
structures, with 52% fcc and 48% bcc for the PACu/C (H,/
200 °C) catalyst. The percentage of fcc structure decreased
slightly to 49% when the temperature was raised to 400 °C. A
fcc-type lattice parameter of 3.812 A was obtained from the
data of the PdCu/C (H,/100 °C) catalyst.

The nanocatalysts were further examined by XPS analysis to
determine the electronic structures of the catalysts and the
valence states of the surface metals. Figure 4a shows a set of
XPS spectra in the Cu 2p region for PdCu/C NPs treated at
different temperatures under H,. The two doublet features
correspond to Cu’ (932.0 eV 2p;), and 951.8 eV 2p, ;) and
Cu (9342 eV 2p,), and 954.2 eV 2p,,,) chemical states.
Similarly, the Pd 3d spectra containing the Pd 3d;,, and Pd
3d,, states also exhibit two doublets, corresponding to Pd°
(335.4 eV 3ds, and 340.8 eV 3d;),) and Pd*" (336.5 eV 3ds),
and 342.0 €V 3d;,) chemical states,'””" respectively, as shown
in Figure 4b. The deconvoluted XPS peak positions are shown
in Table S2 (SI). The majority of the Cu and Pd atoms in
PdCu/C NPs after annealing (from 100 to 800 °C) under H,
are in the metallic state. The peak intensity for Cu®** and Pd**
weakens significantly for PdCu/C (H,/600 °C) and PdCu/C
(H,/800 °C), indicating that the surface metallic oxide was
mostly reduced. However, the Cu’ and Pd° peaks disappeared
and the Cu®* and Pd** states are dominant characteristics for
PdCu/C without H, treatment, as shown in Figure 4ab,
meaning that the surface metals stayed mostly in the oxidized
state. The ratios of Cu/Cu** and Pd/Pd** species in PdCu
nanoalloys are shown in Table S3 (SI). It was found that the
relative ratio of Cu’ to Cu®* increases gradually from 0.70 to
1.42 as the H, thermal treatment temperature increases from
100 to 800 °C. The relative ratio of Pd’ to Pd*" also increases
gradually as the annealing temperature increases, showing a
predominant Pd° state when the annealing temperature is
higher than 600 °C. The size change of the NPs is believed to
play an important role in this observation. The ratio of surface
atoms to atoms in the core for smaller NPs is greater than that
of larger-sized NPs. NPs with smaller sizes are oxidized more
easily than bigger ones, since they have a higher specific surface
area. Note that the samples were exposed to air before XPS
experiments, so the surfaces were oxidized to a certain degree
to Cu®* and Pd>** states. In terms of binding energy shifts, there
is a subtle difference among PdCu/C catalysts annealed in H,
under different temperatures. The position of the binding
energy of Cu® 2p;,, was slightly positively shifted for PdCu/C
catalysts treated at temperatures lower than 800 °C under H,
compared to that of PdCu/C (H,/800 °C), suggesting the
appearance of partial positive charges on Cu. This likely
reflects the charge transfer from Cu to Pd due to the difference
in electronegativity between Pd (2.2) and Cu (1.9).

The relative surface compositions of PdCu/C catalysts were
also analyzed (Figure S4, SI). The surface composition
percentage of Pd decreased slightly with increasing H,
treatment temperature. These results reflected a subtle
difference in terms of the relative surface enrichment on the
catalysts.

Electrocatalytic Properties for the Oxygen Reduction
Reaction. The ORR over PdCu/C catalysts treated at
different thermochemical treatment conditions were studied
to assess the electrocatalytic activity. Three different sets of
thermal treatment conditions were investigated, including the
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H, treatment temperature, the O, concentration, and the flow
rate. The CV and the RDE data were collected to access the
electrocatalytic performance of the ORR in terms of the
electrochemical active surface area (ECSA), mass activity
(MA), and specific activity (SA).

A representative set of CV curves for PdCu/C catalysts
treated at different temperatures under H, is shown in Figure
Sa, revealing clear differences between different samples. The
voltammetric peak characteristics in the hydrogen adsorption
and desorption regions (0.135—0.400 V) were used to
determine ECSA (Figure Sb). The PdCu/C (H,/30 °C)
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catalyst showed an ECSA value of 41.4 m*/gps. A maximum
ECSA value of 44.8 m*/gpy was observed on the PdCu/C (H,/
100 °C) catalyst. The ECSA decreased upon further increasing
the annealing temperature under Hy; an especially sharp ECSA
drop was shown on catalysts thermally annealed under H, at
temperatures which are higher than 400 °C, reflecting mostly
the particle size increase. Note that PdCu/C without H,
treatment still showed an ECSA of 42.8 m?/gps. This is
attributed to the electrochemical reduction of the oxidized
species on the NPs, a detailed study of which is part of our
ongoing work. The ECSA was also examined by CO stripping
measurements (Figure SS, SI) for validation. On the basis of
the CO stripping results, a ratio of 1.0:1.1 was found for
ECSA:ECSA((, which is consistent with those reported in
the literature.*® Therefore, these findings demonstrated that
the ECSA values determined by the hydrogen adsorption peaks
from the cyclic voltammetric measurements were very similar
to those from the CO stripping measurements.

The RDE measurements for different temperatures of H,-
treated catalysts were performed in O,-saturated 0.1 M HCIO,,
electrolyte to obtain the kinetic currents, as revealed in Figure
Sc. The mass activity and specific activity data as a function of
thermal treatment temperature are shown in Figure 5d based
on the kinetic currents read at 0.850 V (vs RHE). As shown in
Figure Sc,d, the PdCu/C (H,/30 °C) catalyst showed a mass
activity of 0.64 A/mgpg, which is attributed to the insufficient
calcination at low temperatures in a H, atmosphere.

The PdCu/C (H,/100 °C) catalyst was found to exhibit the
highest mass activity (0.78 A/mgp,) for the ORR, which is
almost 8 times higher than that of the commercial Pd/C
catalyst (see Table S1 and Figure S6, SI). This unprecedented
low annealing temperature (100 °C) while yielding extremely
high activity was first demonstrated in this paper. This catalyst
has a pure fcc structure and shows considerably high catalytic
activity for the ORR. The PdCu/C (H,/200 °C) catalyst
features a mixture of fcc and bcc structures, which exhibits a
much lower catalytic activity than that for PdCu/C (H,/100
°C) catalyst. The mass activity is shown to drop significantly
with the increase in H, treatment temperature. Details of the
correlation between the catalytic activity and the phase
structure will be discussed in the next section. PdCu/C
without H, treatment revealed a medium mass activity of 0.53
A/mgpg, suggesting that the electrochemical activation process
plays a crucial role in the catalytic activity, an in-depth
understanding of which is part of our future work. In general,
PdCu/C catalyst with an fcc structure shows a higher catalytic
activity than catalyst with a mixture of fcc and bec structures.
Similar trends were shown for the MA and SA values extracted
at 0.900 V (vs RHE), as shown in Figure S7 (SI). The
stabilities of the catalysts with fcc structure (100 °C) and those
with a mixture of fcc and bcc structures (400 °C) were also
examined (Figure S8, SI) in an accelerated durability test.
While the catalyst with fcc structure showed a clear decay of
stability, the mass activity was still much higher than for those
with the mixed phase structures after the durability test.

We also examined the impact of O, concentration during the
thermal treatment, a key step in removing the organic capping
materials on the NPs,>” on the catalyst’s catalytic activity. A
slight increase of MA was observed for catalysts treated under
an increased O, concentration (Figure S9, SI). However, we
point out here that a higher concentration of O, (>20% O,)
could cause severe burning of the carbon support, thus leading
to severe particle aggregation. Hence, to prevent the catalyst

from burning while effectively removing the capping agent,
20% O, for the thermal treatment was found to be an optimal
balance. We also investigated the effect of O, flow rate on the
catalyst’s catalytic activity (Figure S10, SI). The mass activity
strongly depends on the flow rates of O,, showing a maximum
catalytic activity for catalysts treated under an O, flow rate of
50 mL/min (0.21 A/mgpg). A higher flow rate apparently
favors the removal of the organic species, but an overheating or
burning could also happen, which leads to particle aggregation.
A flow rate of 50 mL/min was found to be the optimal balance.
Note that the RDE measurements were repeated for every
sample, showing repeatable limiting currents. The measure-
ments were also performed at different rotation speeds (Figure
S11, SI), ensuring the accurate determination of the kinetic
currents.

Structure—Activity Correlation. To aid the understand-
ing of the correlation between the nanocrystal structure and
the catalytic activity, DFT calculations of two types of PdCu
crystal structures, ie., fcc and bec, were performed. Models
with a Pd:Cu ratio of 1:1 in different crystal structures and
different surfaces were built. We note here that the fcc-type
model has a combination of Pd and Cu atoms on the surface. It
is generally believed that the surface Cu is not stable under
harsh acidic solution and may leach out during the initial
potential scans. Indeed, the formation of a Pt/Pd skin upon
leaching the base metals is currently the most often accepted
viewpoint, which is largely based on a thermodynamic
argument of bulk materials. However, recent findings of our
in situ HE-XRD studies of Pt(Pd)M (M = base metals)
catalysts suggested an alternative pathway for the remaining
base metals in the nanoparticles, i.e., realloying, leading to a
stable realloyed state in the nanoparticle and on the surface.*'
We therefore believe that the active sites of the nanoscale
catalyst for ORR involved a combination of noble metals and
base metals alloyed on the surface, in addition to those sites
consisting of pure noble metal skin. It is the presence of
alloyed surface sites that constitutes the basis for our
computational modeling, while we do not rule out the
possibility of active sites from a pure noble metal shell
Nevertheless, the surface activation and composition change
did occur during potential cycling. On the basis of our previous
study, PdCu catalyst with a composition of 50:50 could
undergo about as much as 60% of Cu leaching out in acidic
solution during the activation and electrochemical potential
cycling processes.'®

The calculation results are shown in Figures 6 and S12 (SI)
and Table 1. The O, cleavage elementary reaction, a good
descriptor of the ORR,*” on an open surface plane (100) was
studied first for both the fcc- and bec-structured PdCu alloys.
We considered the O—O cleavage reaction as a good
descriptor of the activity for the ORR. While the rate-
determining step was not assessed in this work, the results
provided information for the fundamental understanding of the
correlation between the phase structure and the catalytic
activity. Considering that the removal of OH groups was
reported previously as the rate-determining step for the
ORR,"** we examined the adsorption energies of OH species
on PdCu alloy surfaces with different phase structures. As
shown in Figure 6 and Table 1, the adsorption energy of O, on
fce-structured PdCu(100) surface (1.46 eV) is greater than
that on bee-structured PdCu(100) surface (1.32 eV). In terms
of the O, cleavage step on fcc-structured (100) surface, a
reaction barrier (0.21 eV) and a reaction energy (=124 eV)
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Figure 6. Energetics of the O—O bond cleavages of O, molecule on
the PdCu(100) surface of bcc and fec crystal structure. The key
geometrical parameters are provided in angstroms. The big blue and
coral balls are palladium and copper atoms, respectively; small red
balls are O atoms.

were given. In comparison, a higher reaction barrier (0.30 eV)
and a lower exothermic reaction energy (—0.79 eV) were
obtained on bec-structured PdCu(100). The product is more
stable on the fcc-structured (100) surface. It is shown that the
fce-structured (100) has a higher catalytic activity for the O,
bond-breaking step than the bcc-structured (100). The
configurations of the reactants, transition states, and products
are shown in Figure 6. The O—O bond distance in the reactant
of fcc (100) surface model (IS2, 1.453 A) is longer than that in
the bee (100) surface model (IS1, 1.405 A). This phenomenon
was also found in the configurations of the transition states, i.e.,
1.906 A (in TS2) > 1.855 A in (TS1). The fcc-structured
(100) surface stretches the O—O bond in O,, favoring an
easier cleavage of the O—O bond. The partial charge transfer
on two O atoms in the reactant on the fcc (100) surface are
—0.256 and —0.255 electrons, respectively, which are more
negative than —0.232 and —0.231 electrons obtained on the
bce (100) surface (Table S4, SI). This finding indicates that
the PdCu(100) surface with fcc structure can donate more
electrons to the adsorbed O, molecule than the bec-structured
PdCu(100) surface, which favors breaking the O—O bond,
leading to a more stable product. This theoretical finding is
consistent with the experimental (XPS) finding that the charge
on Cu is more positive than that on Pd. The rate constant of
the forward reaction for O, cleavage on a fcc (100) surface is
6.4 times that on a bee (100) surface, as shown in Table 1. In
summary, the combination of O, adsorption energy, reaction
barrier, product stability, configurations of reactants and

transition states, charge distribution, and kinetics is suggestive
of a higher catalytic activity for O, cleavage reaction on the fcc
(100) surface than that on the bec (100) surface.

The same elementary reaction, i.e, O—O bond cleavage in
O,, on close-packed PdCu alloy surfaces was also investigated,
as shown in Table 1 (see also Figure S12, SI). In terms of fcc
structure, PdCu(111) surface is the dominant facet. The
adsorption energy of O, on PdCu(111) is 0.68 eV (weak
chemisorption). The reaction barrier is 0.25 eV and the
reaction energy is —1.24 eV, suggesting an extremely
exothermic reaction. The O—O bond of O, is easy to break
on the PACu(111) surface but difficult to form, with a reverse
reaction barrier of 1.45 eV. The reaction barrier on the (111)
surface is higher than that of the (100) surface based on a fcc
structure. The O—O bond distance in the transition state is
1.819 A, which is 1.3 times higher than the O—O bond
distance in the reactant (Figure S12, SI). This is consistent
with the results reported previously, in which the bond
distance in the transition state is 1.1—2.0 times the initial bond
distance in the reactant.*® In regard to the bcc structure, close-
packed PdCu(110) surface is the most stable and dominant
surface, which has been validated by the study done by
Goddard’s group.” In comparison with the PdCu(111) surface
based on the fcc structure, a higher adsorption energy of 0.86
eV for O, species and a higher reaction barrier of 0.32 eV for
the O, cleavage reaction were obtained on the PdCu(110)
surface. The fcc alloy structure clearly has a higher catalytic
activity for the O, cleavage reaction than the alloy with a becc
structure. This coincides with the results from the experiment
where the PdCu/C (H,/100 °C) catalyst with the pure fcc-
type structure exhibited the highest catalytic activity for the
ORR. For H, treatment at higher temperatures, a mixture of
fcc and bec structures was obtained, leading to lower catalytic
performance. Moreover, fcc-structured (100) surface has
higher catalytic activity for the O, cleavage reaction than
both the fcc-structured (111) surface and the bcc-structured
(100) surface.

Table 1 summarizes the results of the DFT calculation for
the ORR on PdCu surfaces with different crystal structures.
The adsorption energies of O, on the (100) surface of the fcc
structure (1.46 eV) and on the (100) surface of the bcc
structure (1.32 eV) are much higher than those on close-
packed surfaces, i.e., 0.68 eV on the (111) surface of the fcc
structure and 0.86 eV on the (110) surface of the bcc structure.
Meanwhile, open surfaces also show a higher catalytic activity
than close-packed surfaces. Those results suggest that stronger
adsorption energies on open surfaces correspond to higher
catalytic activities for ORR, while weaker adsorption energies
on close-packed surfaces are related to lower activities. The
activities of the catalysts could also be explained in terms of the
valence electrons of the metals, especially the d-electrons.”®™**
The d-band center was calculated (see Table SS, SI). A higher

Table 1. Adsorption Energies of Reactant (AE,,), Reaction Barriers (AE,), Reaction Energies (AE), Bond Distances in

Reactant (dy_o ) and Transition State (dy_q,rs), the Forward Reaction Rate Constants (k) at 373.15 K (100 °C), and the
Only Imaginary Frequency () on Each Type of Surface for the O, Cleavage Reaction

crystal structure surface Apgo, (eV) AE, (eV) AE (V) do—or (A) do—o,rs (A) k(s v (cm™)
fec 100 1.46 021 —1.24 1.453 1.906 2.34 x 10"° 302i
bee 100 1.32 0.30 —-0.79 1.408 1.855 3.67 x 10° 332i
fec 111 0.68 0.26 -1.19 1.436 1.819 3.82 x 10° 4241
bee 110 0.86 0.32 -1.31 1.434 1.897 1.27 x 10° 391i
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and the mass activities (red squares) for the ORR with PdCu/C catalysts annealed at different temperatures under H, atmosphere.

d-band center translates to stronger binding between the
adsorbates and the metal.””* In terms of the Pd,Cus, alloy, a
fcc-structured (111) surface reveals a lower d-band center
(—2.07 V) than that of a bee-structured (110) surface (—1.68
eV). The lower energy d state is related to the Fermi level. The
lower in energy the antibonding states are, the weaker the
bond. The adsorption energy of atomic oxygen (4.33 eV) on
the fcc-structured (111) surface is lower than that on the bcc-
structured (110) surface (4.42 eV). The weakened adsorption
of atomic oxygen on the fcc-structured catalyst in comparison
with that of bee-structured catalyst leads to a higher activity for
the ORR. By examining the calculated chemisorption energies
for OH on PdCu alloy surfaces with different phase structures

11310

(fec/bec) (see Table S6, SI), a weaker adsorption energy of
OH species was found on PdCu alloy with a fcc structure in
comparison with that on PdCu catalyst with a bcc structure.
This finding suggests a higher activity for PdCu alloy with a
fcc-type structure than that for PdCu alloy with a bec-type
structure. On each of these different phase structures, it was
shown that a larger adsorption energy value was obtained for
OH species on Cu—Cu bridge site than that on Pd—Pd bridge
site. Upon protonation of the dissociated O species to form
OH, the larger adsorption energy of OH on Cu sites would
facilitate the migration of OH moiety from Pd to Cu sites,
followed by further protonation to form a water molecule. Cu
could thus play an important role in removing the intermediate
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OH species, but an assessment of the mechanistic details is
part of our ongoing work.

The relationship between the mass activity and the d-band
center for metals or alloys is depicted in Figure 7a. The
addition of Cu into Pd to form the Pds(Cus, alloy makes the d-
band center of Pd negatively shift from —1.88 to —2.07 eV,
which is also higher than that of Cu with —2.43 eV. The
Pd;,Cus, alloy with the moderate d-band center reveals a
significant enhancement of the catalytic activity compared to
pure Pd or Cu. There is a clear synergy between Pd and Cu
from the perspective of electronic properties. As shown in
Figure 7b, the mass activity strongly depends on the adsorption
energies of atomic oxygen on metal or alloy surfaces. Cu binds
with O too strongly, making it difficult to desorb, thus
poisoning the catalyst and reducing the activity. Pd binds O
weakly. Pd,Cus, alloy has moderate adsorption energy for the
atomic oxygen, leading to the highest activity. On (111) or
(100) surfaces, there is a good linear relationship between the
adsorption energies of O and the d-band centers, as shown in
Figure 7c. Furthermore, two different PdCu alloy lattice
parameters, i.e., 3.802 and 3.812 A, were used to calculate the
reaction barriers of O—O bond breaking in O, on the (111)
surface of the fcc structure. The results revealed negligible
difference between the two different lattice parameters in terms
of the reaction barriers.

From the above DFT results, it is concluded that PdCu
alloys with an fcc structure exhibit a higher catalytic activity for
the ORR than the bcc-structured catalyst. Open surfaces (100)
revealed better activity than the close-packed (111) surface of
the fcc structure and the (110) surface of the bcc structure.
This finding has a significant implication for the design of fcc-
structured PdCu alloy catalyst with open surfaces to achieve a
higher catalytic activiy for ORR. Figure 8a shows the specific
activity for the ORR and the percentage of fcc structure in the
catalysts in correlation with the thermal treatment temperature.
Overall, an excellent agreement was found for the specific
activity and the percentage of fcc structure. PdCu/C (H,/100
°C) catalyst features pure fcc and shows the highest specific
activity. For the catalysts with a mixture of fcc and bec
structures obtained at 200—800 °C, the specific activity
showed a drop before 400 °C and an increase after 400 °C.
Both SA and the percentage of fcc decreased significantly for
PdCu/C (H,/200 °C) catalyst in comparison with those for
PdCu/C (H,/100 °C) catalyst. The minimal SA and
percentage fcc were found for PdCu/C (H,/400 °C) catalyst
simultaneously. The percentage of fcc structure increased again
to 83% and 86%, respectively, when the annealing temperature
increased to 600 and 800 °C, at which point the particle sizes
grew much bigger. For the bigger-sized NPs, the bcc structure
transforms back to the fcc structure. The SA values showed an
increase, which can be understood by taking the particle size
effect into consideration. The particle size increased only
slightly for treatments from 100 to 400 °C but increased
greatly for treatments from 400 to 800 °C. The latter was
reflected by the increase of SA. Therefore, the decrease of SA
from 100 to 400 °C can be mainly attributed to the impact of
the percentage of fcc structures on the activity. While the
particle size also plays a role in the catalytic activity, the
assessment of the activity using SA instead of MA took the
particle size effect into consideration.””*® To further
substantiate the findings, the synthesis of PdCu nanoalloy
catalysts with pure bcc structure and similar particle sizes will
be needed, which is part of our future work.

11311

Figure 8b shows plots of the lattice parameter of the fcc
structure and the mass activity in correlation with the thermal
treatment temperature. The lattice parameters of the fcc
structure were obtained from HE-XRD (Figure 3). A
maximum lattice parameter of 3.812 A was obtained for the
PdCu/C (H,/100 °C) catalyst. In terms of the H, annealing
temperature, the lower (30 °C) or higher annealing temper-
ature (200 or 400 °C) all lead to shrinkage of the lattice
parameters. A maximum mass activity was also obtained at
PdCu/C (H,/100 °C). The lattice parameter is a crucial
parameter in terms of its effect on the catalytic activities. The
observation of the maximization of both the lattice parameter
and the mass activity for the catalyst is intriguing, which is a
subject of our future investigation.

4. CONCLUSION

Taken together, the results for the PdCu/C catalysts treated
under controlled thermal treatment conditions have demon-
strated the tunability of the nanocrystal alloy structures for
ORR. The PdCu/C (H,/100 °C) catalyst prepared by
unprecedented low-temperature (100 °C) thermochemical
treatment features a pure fcc structure and shows a higher
catalytic activity for ORR than PdCu NPs featuring a mixture
of fcc and bec phases. The catalyst displays about 8 times
greater mass activity than the commercial Pd/C catalyst. This
activity is much higher than those of PdCu catalysts reported
in the earlier work.” The fcc and bec phase structures are
shown to coexist over a broad temperature ranging from 200 to
800 °C under H, thermal treatment, which is substantiated by
structural assessment based on HEXRD/PDFs analysis. While
our conclusion was drawn largely by the catalysts treated at less
than 200 °C that showed a similar particle size, we do
recognize the increase of the particle size at higher temper-
atures, for which a further study of the relationship between
catalytic activity and phase structure in terms of the particle
size will be needed in our future investigations. Nevertheless,
the finding that PdCu alloy catalysts with fcc structure have a
higher catalytic activity for the ORR than those with bcc
structure is further supported by DFT calculation, which aids
the theoretical understanding of the experimental results. The
results not only identified a new pathway to control the phase
type of nanoalloy catalysts but also shined a new light onto the
nanostructure—activity correlation at the atomic scale for the
design, synthesis, and processing of highly active nanocatalysts.
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