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The activity and stability of nanoalloy catalysts for chemical reactions driving devices for clean energy
conversion, in particular the oxygen reduction reaction (ORR), depend critically on optimizing major
structural characteristics of the nanoalloys, such as the phase composition, surface area and bonding
interactions between the constituent atoms, for the harsh operating conditions inside the devices. The
effort requires good knowledge of the potential effect of changes in these characteristics on the
catalytic functionality of the nanoalloys and, hence, on the devices' performance. We present the results
from an in operando high-energy X-ray diffraction (HE-XRD) study on the concurrent changes in the
structural characteristics and ORR activity of Pd—Cu nanoalloy catalysts as they function at the cathode
of a proton exchange membrane fuel cell (PEMFC). We find that the as-prepared Pd—Cu nanoalloys with
a chemical composition close to Pd;Cu; are better ORR catalysts in comparison with Pd;Cu,, i.e. Pd-
poor, and PdzCuy, i.e. Pd-rich, nanoalloys. Under operating conditions though, the former suffers a big
loss in ORR activity appearing as a slow-mode oscillation in the current output of the PEMFC. Losses in
ORR activity suffered by the latter also exhibit sudden drops and rises during the PEMFC operation.
Through atomic pair distribution function (PDF) analysis of the in operando HE-XRD data, we identify the
structural changes of Pd—Cu alloy NPs that are behind the peculiar decay of their ORR activity. The
results uncover the instant link between the ever-adapting structural state of ORR nanocatalysts inside
an operating PEMFC and the performance of the PEMFC. Besides, our results indicate that, among
others, taking control over the intra-particle diffusion of metallic species in nanoalloy catalysts may
improve the performance of PEMFCs significantly and, furthermore, in operando HE-XRD can be an
effective tool to guide the effort. Finally, we argue that, though showing less optimal ORR activity in the
as-prepared state, monophase Pd—Cu alloy catalysts with a composition ranging between Pd;Cu; and
PdzCu; may deliver optimal performance inside operating PEMFCs.
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is the lack of affordable, highly active and sufficiently stable
catalysts for the sluggish oxygen reduction reaction (ORR)
taking place at the PEMFC cathode.*® Without loss of gener-
ality, the reaction can be expressed as O, + 4H' + 4e~ — H,0,
that is, oxygen molecules adsorbed and reduced at the PEMFC
cathode react with protons supplied by the PEMFC anode to
form water. Though the exact mechanism of the ORR is still
under debate, there is strong experimental evidence that the

Introduction

Devices for clean energy conversion such as proton exchange
membrane fuel cells (PEMFCs) are a very promising technology
for meeting the ever-increasing global energy demand.'” A
major obstacle on the road to the commercialization of PEMFCs
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ORR over a catalytic site proceeds via a number of elementary
steps involving, among others, a cleavage of the strong O-O
bond in molecular oxygen and removal of reaction intermedi-
ates such as atomic oxygen and hydroxyl (OH) groups. Gener-
ally, it is believed that an efficient catalyst for the ORR would
bind oxygen molecules with ample strength to allow the
cleavage of O-O bonds but weakly enough to liberate the
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reaction intermediates and product when the reaction ends. In
addition, it is believed that the binding energy of atomic oxygen
can serve as an indicator for catalytic activity for the ORR.”®

Pure Pt is the best monometallic catalyst for the ORR, even
though, according to theory, it binds oxygen a bit too strongly by
about 0.2 eV.'"* For comparison, 3d-transition metals (TMs)
such as Cu and Ni bind oxygen from 0.5 eV to 1 eV stronger than
Pt does it. Hence, under typical ORR conditions, their surface
would oxidize fast thus becoming unreactive. On the other
hand, the binding energy of oxygen on some noble metals
(NMs) such as Au is about 1.5 eV smaller than that on Pt. For
these metals the cleavage of O-O bonds, that is the dissociation
of adsorbed O, molecules, would render the ORR Kkinetics
slow.”” Unfortunately, though exhibiting an excellent ORR
activity, pure Pt is not suitable for large-scale applications
largely because it is one of the world's rarest metals. The same
pertains to Pt nanoparticles (NPs). The problem has been
addressed by numerous studies and NPs of the NM-TM alloy
family, where NM = Pt, Pd and Au and TM = Ni, Co, Fe, Cu, V
and Mo, have been found both more affordable and active
catalyst for the ORR as compared to pure Pt NPs.”*” Note,
following the widely adopted definition,'® here we use the term
“alloy” to describe any mixture of distinct metallic species,
irrespective of the degree of their mixing and way of mixing.
Despite the progress made, PEMFCs are not on the market yet
for the NM-TM nanoalloy catalysts would fail to function as
expected inside operating PEMFCs thus severely limiting their
performance. The failure is because under the highly corrosive
conditions at the PEMFC cathode, NM-TM alloy NPs undergo
specific atomic-scale changes that inflict substantial losses in
their ORR activity. The changes can occur simultaneously and
on largely different length-scales, ranging from sub-A fluctua-
tions in the positions of atoms inside individual NPs and local
nanophase transformations to nm-sized growth involving
effective mass transport across the PEMFC cathode.*** As such,
the changes can be difficult to disentangle and so rank in terms
of contribution to the undue ORR activity losses when NM-TM
NPs are studied outside operating PEMFCs, i.e. ex situ. One of
the reasons is that, typically, ex situ studies are done within
timeframes that do not necessarily fit well the dynamics of the
atomic-scale changes of NM-TM alloy NPs during PEMFCs'
operation.”” Besides, NM-TM alloy NPs exposed to the gas-
phase environment inside operating PEMFCs do not neces-
sarily follow the trajectory of structural changes experienced by
NM-TM NPs exposed to the liquid phase environment inside
laboratory electrochemical cells.”

When aiming at improving the functionality of NM-TM alloy
NPs as ORR catalysts for PEMFCs, it is important to assess
accurately both the atomic-scale changes and decay of the ORR
activity of the NPs taking place during the PEMFC operation,
establish their relationship and then use it to design a strategy
for reducing the latter through taking control over the former.
In addition, it is important to use a probe that does not disturb
the NPs during the PEMFC operation.***” Here we employ high-
energy X-ray diffraction (HE-XRD) to probe the concurrent
evolution of major structural characteristics, such as the
nanophase type, surface area and interactions between the
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constituent atoms, and ORR activity of three members of the
family of Pd—Cu nanoalloy catalysts with a composition close to
Pd;Cu,, Pd;Cu, and Pd;Cu,, as they function at the cathode of
an actual PEMFC. It is to be noted that, recently, Pd alloyed with
TMs, in particular Cu, has been actively pursued as a low-cost
alternative to Pt-based catalysts for the ORR, alcohol and for-
mic acid oxidation, low-temperature oxidation of CO, and other
reactions of technological and environmental importance.**>*
We analyze the in operando HE-XRD data in terms of atomic pair
distribution functions (PDFs) and find that Pd-Cu alloy NPs
wherein the concentration of Pd species =50%, i.e. Pd;Cu, and
Pd;Cu, NPs, are composed of a bee-type core and fee-type shell.
On the other hand, Pd-Cu alloy NPs rich in Pd, i.e. Pd;Cu, alloy
NPs, appear as a single fcc-type nanophase. Also, we find that
the as-synthesized Pd;Cu; NPs are superior to both Pd-poor
(Pd;Cu,) and Pd-rich (Pd;Cu,;) NPs with regard to catalytic
activity for the ORR. Under actual operating conditions though,
the former appears less stable at an atomic scale and so suffer
a larger loss in ORR activity as compared to the latter. Notably,
we find that bonding interactions between atoms in Pd-Cu alloy
NPs relax significantly and so the ORR activity of the NPs drops
irreversibly soon after the PEMFC starts operating. Changes in
the nanophase composition of the NPs also contribute to that
drop. On the other hand, the gradual growth of the NPs during
the PEMFC operation and the related loss in surface area
become a factor contributing significantly to the loss in ORR
activity only after the PEMFC has operated for a while. Hence,
we argue that efforts to produce Pd—-Cu alloy NPs that are both
highly active and stable catalysts for the ORR in PEMFCs should
aim at restraining not only the NP growth involving exchange of
atomic species between individual NPs but also the local atomic
relaxation and nanophase fluctuations within the NPs involving
mere intra-particle diffusion of Cu and Pd atoms. Also, we argue
that, though showing less optimal ORR activity in the as-
prepared state, monophase Pd-Au alloy catalysts with
a composition ranging between Pd;Cu, and Pd;Cu; may deliver
optimal performance inside operating PEMFCs.

Experimental

Pd-Cu alloy NPs were synthesized following a wet chemistry
route described in the Methods section of the ESL.{ The as-
synthesized NPs were deposited on carbon black and acti-
vated for catalytic applications by a post-synthesis treatment
involving heating at 260 °C in N, for 30 min followed by heating
at 400 °C in 15 vol% H, for 120 min.

The overall chemical composition of activated Pd-Cu alloy
NPs, hereafter referred to as fresh Pd-Cu NPs, and Pd-Cu NPs
used as ORR catalysts inside an operating PEMFC was deter-
mined by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES). Measurements were done on a Perkin Elmer
2000 DV ICP-OES instrument. As desired, fresh Pd-Cu alloy NPs
appeared with an overall chemical composition close to Pd;Cus,,
Pd,Cu, and Pd;Cu,, that is, Pd;,Cugs, Pds;Cuye and Pd;5Cu,s,
respectively. Upon undergoing 1450 potential cycles between
0.6 V and 1.2 V inside an PEMFC, the overall chemical compo-
sition of the NPs changed to Pd,;Cus;, Pde;Cuzg and Pd;sCus,,,
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respectively. Evidently, due to their relatively low reduction
potential (0.337 V for Cu vs. 0.987 V for Pd) and the corrosive
conditions at the PEMFC cathode, Cu species have leached from
the Pd-Cu alloy NPs during the PEMFC operation. Pd;,Cugs and
Pds;Cuyo alloy NPs though have suffered a larger loss in Cu
species as compared to Pd;5Cu,s NPs. In line with the results of
others, our data indicate that, when in clear majority, Pd (NM)
species in Pd(NM)-Cu(TM) protect the minority Cu (TM) species
from dissolution to a certain degree.***33%

The size and shape of fresh Pd-Cu alloy NPs were deter-
mined by Transmission Electron Microscopy (TEM) on a JEM-
2200FS instrument operated at 200 kV. Exemplary TEM and
high-resolution (HR)-TEM images are summarized in Fig. S1.}
As can be seen in the figure, the NPs are approximately 5.1
(£0.5) nm in size, spherical in shape and with fairly low dis-
persity. In addition, the NPs possess a good degree of crystal-
linity as indicated by the clear lattice fringes appearing in the
respective HR-TEM images. The size of the NPs was also
determined from the full width at the half maximum (FWHM)
of strong Bragg-like peaks in the respective HE-XRD patterns
shown in Fig. 1. Within the limits of the experimental accuracy,
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XRD and TEM determined sizes of fresh Pd-Cu NPs appeared
about the same.

The near surface electronic structure and chemical compo-
sition of fresh Pd-Cu NPs were determined by X-ray photo-
electron spectroscopy (XPS). Note, though soft X-rays used in
XPS can penetrate a substantial distance into metallic NPs, the
XPS signal diminishes exponentially with that distance. Hence,
XPS is much more sensitive to the near surface area than to the
interior of metallic NPs. Measurements were carried out on
a Physical Electronics Quantum 2000 scanning ESCA micro-
probe equipped with a focused monochromatic Al Ko X-ray
(1486.7 eV) source, a spherical analyser and a 16-element
multichannel detector. The binding energy (BE) scale of the
instrument was calibrated using C 1s peak at 284.8 eV, Cu 2pz,
peak at 932.7 eV and Au 4f,, peak at 83.96 eV as internal
standards. The percentages of individual atomic species near
the NP surface were determined by analysing the area of the
respective XPS peaks. Exemplary XPS spectra of fresh Pd-Cu
NPs are shown in Fig. S2.1 As can be seen in the figure, the Cu
2psy, core-level peak position in Pd,Cu;gy_, alloy NPs (x = 34,
51, 75) is shifted by —0.41 eV, —0.5 eV and —0.82 eV,
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(First row) Selected polarization curves representing the PEMFC current output recorded during 1450 potential cycles in the range from

0.6 Vto 1.2 V. The curves tend to collapse, i.e. the current diminishes during the PEMFC operation, as emphasized by the vertical black arrows.
That is because under actual operating conditions, the PEMFC cathode catalyst, i.e. Pd—Cu alloy NPs, suffer substantial loss in ORR activity.
Following the protocol of ex situ catalytic studies, the current output of the PEMFC at 0.9 V on the polarization curves (follow the orange vertical
arrows) is used as a measure of the effective MA of Pd—Cu NPs for the ORR.#275 The so-obtained MA values are summarized in Fig. S5.1 Also, for
completeness, all polarization curves are summarized in Fig. S16.7 (Second row) In operando HE-XRD patterns of Pd—Cu NPs as a function of the
number of potential cycles. (Third row) Atomic PDFs of Pd—Cu NPs derived from the respective in operando HE-XRD patterns.
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respectively, in comparison to the bulk value of 932.7 eV. As can
also be seen in the figure, the Pd 3d;,, core-level peak position
in the NPs is shifted by —0.07 eV, —0.1 eV and —0.19 eV,
respectively, in comparison to the bulk value of 340.7 eV. The
shifts and their systematic change with the Pd concentration
indicate that Pd and Cu atoms in the NPs strongly interact with
each other, i.e. alloy.*® Independent EXAFS studies have also
indicated that Pd and Cu tend to interact strongly when inter-
mixed at the nanoscale.’” In the framework of the electronega-
tivity principle, upon alloying, charge would be expected to flow
from Cu to Pd atoms because the latter is more electronegative
(2.2) than the former (1.9). However, a simple charge transfer
model cannot explain the same sign of Cu 2p;, and Pd 3d;,
core-level shifts in Pd-Cu alloy NPs.*® Other factors such as the
particular bimetallic composition, details in the synthesis and
post-synthesis treatment, changes in the geometry of the first
coordination sphere, nanophase type, and others, have to be
accounted for.** The XPS determined near-surface composition
of fresh Pd,Cu,q_, alloy NPs (x = 34, 51, 75) turned out to be
“Pd39Cue;”, “PdsgCuy,” and “Pdg;Cuye”, respectively. Evidently,
regardless the surface energy of Pd (2.05 ] m~?) being higher
than that of Cu (1.85 J m™~?), the near-surface region of fresh Pd-
Cu alloy NPs appeared somewhat Pd-enriched. As discussed in
the work of others, when within certain limits, the latter would
enhance the catalytic activity and stability of Pd-Cu alloy NPs
for the ORR under the acidic conditions inside PEMFCs.*>**"**

The catalytic activity of fresh Pd-Cu alloy NPs for the ORR
was determined by cyclic voltammetry (CV) and rotating disk
electrode (RDE) experiments carried out on a standard 3-elec-
trode electrochemical cell at room temperature. The electrolyte
in the cells (0.1 M HCIO,) was de-aerated with high purity N,
before the CV experiments. For the RDE experiments, the elec-
trolyte was saturated with O,. Data of the electrochemical active
surface area (ECSA), mass activity (MA) and specific activity (SA)
of fresh Pd-Cu NPs for the ORR are summarized in Table S1.}
Data show that fresh Pds;Cuy alloy NPs are superior to fresh
Pd-poor (Pd;,Cuge) and Pd-rich (Pd;5Cu,s) NPs in terms of both
MA and SA for the ORR.

An actual PEMFC optimized for HE-XRD experiments was
used to assess the catalytic functionality of Pd,Cu;o_, alloy NPs
(x = 34, 51, 75) for the ORR under actual operating conditions.
The schematic of the PEMFC is shown in Fig. S3.7 Membrane
electrode assemblies (MEAs) for the PEMFC were prepared as
described in the Methods section of the ESI. The PEMFC was
cycled between 0.6 and 1.2 V for about 5 h (1450 cycles)
following a protocol recommended by DOE.” During the
cycling, high purity hydrogen and nitrogen gas were fed to the
PEMFC anode and cathode compartments, respectively. Pure Pt
NPs were used as the PEMFC anode (hydrogen oxidation reac-
tion) catalyst and Pd—-Cu alloy NPs were used as the PEMFC
cathode (ORR) catalyst. The current output of the PEMFC was
non-stop recorded during the voltage cycling. Selected polari-
zation curves showing the current output of the PEMFC
resulting from the repetitive application of external voltages are
shown in Fig. 1. The curves are typical for accelerated tests for
activity and stability of NM-TM nanoalloy catalysts for the ORR
(e.g. see Fig. 2 in ref. 45).
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Atomic-level changes in Pd-Cu alloy NPs functioning as ORR
catalysts at the cathode of the PEMFC were probed by HE-XRD.
Experiments were done at the 11-ID-C beamline of the Advanced
Photon Source at the Argonne National Laboratory using X-rays
with an energy of 115 keV (1 = 0.1080 A) and a large area detector
(41 cm x 41 cm amorphous Si flat panel detector made by Per-
kin Elmer; see Fig. S31). HE-XRD patterns were collected in
intervals of 3 min, for 1 min each, throughout the PEMFC
operation (potential cycling). HE-XRD data of the PEMFC with
a MEA containing the anode catalyst alone were taken separately
and used to correct the HE-XRD patterns of Pd-Cu NPs taken
during the PEMFC operation, as exemplified in Fig. S17.}
Experimental in operando HE-XRD patterns of Pd,Cu,go_, alloy
NPs (x = 34, 51, 75), as corrected for the PEMFC hardware and
other background-type (air, etc.) scattering, are shown in Fig. 1.
As can be seen in the figure, the HE-XRD patterns exhibit a few
strong Bragg-like peaks at low diffraction angles and almost no
sharp features at high diffraction angles, i.e. are rather diffuse in
nature. This rendered the well-established, sharp Bragg peaks-
based procedures for characterizing the atomic-scale structure
of bulk metals and alloys difficult to apply to the NPs studied
here. Therefore, the diffuse in operando HE-XRD patterns were
analysed in terms the so-called atomic pair distribution func-
tions (PDFs) which have proven very useful in structure studies
of metallic NPs.*****” The PDFs are shown in Fig. 1. More details
of the derivation of the atomic PDFs and their interpretation can
be found in the Methods section of the ESIL.{ Here it is to be
underlined that experimental HE-XRD patterns and so their
Fourier counterparts, the atomic PDFs, reflect ensemble aver-
aged structural features of all metallic NPs sampled by the X-ray
beam in a way traditional powder XRD patterns reflect ensemble
averaged structural features of all polycrystallites sampled by the
X-ray beam in those experiments. Using NP ensemble averaged
structural features to understand and explain NP ensemble
averaged properties (e.g. catalytic, magnetic, optical, etc.) puts
the exploration of atomic-scale structural characteristics and
properties of metallic NPs on the same footing.

Discussion

Among all other late-TMs, Pd can be considered as the most Pt-
like metal in terms of catalytic properties. The binding of
oxygen species to Pd though is about 0.3 eV stronger than
optimal and so pure Pd catalysts lack sufficient ORR activity.
Remarkably, although pure Cu binds oxygen species stronger
than both Pd and Pt, studies have shown that adding Cu to Pd
would result in alloy catalysts with improved ORR activity in
comparison to pure Pd.******* In general, the improved ORR
activity of NM-TM alloy NPs is attributed to one or more of the
following factors: (i) ligand/electronic effects arising from
charge transfer between TM and NM atoms,*'*" (ii) strain
effects arising from the difference between the size of NM and
TM atoms®*** and (iii) geometric effects where a particular
number and configuring of nearby surface NM and TM atoms
are needed for the ORR reaction to persist.***

Studies have suggested that nearby surface Pd and Cu atoms
in Pd-Cu alloy NPs are likely to exchange charge, including
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strong hybridization between Pd 4d and Cu 3d orbitals, because
of the significant energy overlap of the d-bands of Pd and Cu.*>**
Furthermore, the studies suggested that the charge exchange
would increase the filling of the d-band of Pd and so its energy
position would shift downwards with respect to the Fermi
energy in the NPs. On the other hand, the average d-band level
of surface Cu atoms would shift up in energy. Based on the d-
band center theory on the catalytic properties of transition
metals and alloys,”® the studies concluded that, due to charge
exchange effects, the Pd-O,qs binding energy would decrease
gradually as the Cu concentration in Pd-Au alloy NPs increases
towards 50%, thereby significantly increasing the catalytic
activity of the NPs for the ORR. At high Cu concentrations
though, the binding of oxygen species onto the NPs would be
dominated by the strong Cu-O interactions and so the ORR
activity of the NPs would drop, as observed by experiment.
Recent DFT studies concluded that the interrelated lowering of
the energy barrier for O, dissociation and weakening of the
adsorption strength of O, OH, and OOH species induced by Cu
— Pd charge transfer are indeed responsible for the superb
ORR activity exhibited by Pd,Cu;go_x alloy NPs with x ~ 50%.%®
Considering the difference in the elemental size of Pd (2.76 A)
and Cu (2.56 A) atoms, other studies have pointed out that Pd-
involving bonding distances in Pd-Au alloy NPs would gradually
shrink as the concentration of Cu in the NPs increases, for
minimizing atomic-level stresses.***”"* Furthermore, the
studies argued that the shrinking of Pd-involving bonding
distances in Pd-Cu alloy NPs would strengthen d electron-
d electron interactions, broaden the d-band of surface Pd atoms
and so its center would move downward with respect to the
Fermi level in the NPs. The opposite would be true for the d-
band of surface Cu atoms. Based on the d-band center theory,
the studies concluded that, due to local strain effects, the
overlap between d-orbitals of surface Pd atoms and 2p-orbitals
of the adsorbed oxygen species would decrease and so the Pd-
O,4s binding energy become just about optimal, rendering
Pd,Cu; o alloy NPs with x ~ 50% superb catalysts for the ORR.
The importance of surface Cu atoms as sites for O-O bond
breaking and forming of O,qs species has also been empha-
sized. According to these studies, the concentration of surface
Cu species in Pd-Cu alloy NPs should be close to 30% for the
ORR to persist.®*"** Altogether, studies conducted so far have
indicated that the catalytic functionality of Pd-Cu alloy NPs is
highly dependent on (i) their phase type, including the relative
ratio and mutual distribution of the constituent Pd and Cu
atoms with respect to each other, (ii) the strength of interactions
between nearby Pd and Cu atoms, including charge exchange
and changes in near-neighbor/bonding distances, and (iii) the
availability of surface sites active for the ORR, including an
optimum concentration of surface Cu atoms. Hence, to reveal
the atomic-level changes of Pd—Cu alloy NPs that contribute the
most to the decay of their ORR activity, we concentrated on
determining the evolution of the phase type, including the
strength of interaction between the constituted atoms, and
surface area of the NPs as a function of the potential cycles of
the PEMFC. Note, according to Pauling's theory of chemical
bonding,**” and as shown by independent experimental® and

This journal is © The Royal Society of Chemistry 2017

Journal of Materials Chemistry A

DFT studies,* the length and strength of metal-to-metal atom
bonds and charge exchange between the metal atoms involved
in the bonds are intimately coupled and so difficult to tell apart.
For that reason, we consider that strain and ligand effects in Pd-
Cu NPs largely act together at an atomic level and refer to them
as bonding effects. Also, in line with the work of others,?>*5%%°
we use Pd-involving bonding distances as a measure of the
bonding effects, i.e. strength of interactions between atoms in
Pd—Cu alloy NPs.

It has been recognized that the large surface to volume ratio
affects strongly the thermodynamic properties of metals and
alloys confined to nanoscale dimensions and so can lead to
a stabilization of particular nanophases at the expense of
others. The nanophases can have novel functional properties
such as, for example, unparalleled catalytic activity for the ORR.
Furthermore, it has been recognized that under the constraint
of a small particle size, the nanophases may not necessarily
have bulk counterparts.””* Hence, to determine the phase type
of Pd,Cu,g0_, alloy NPs (x = 34, 51, 75) we generated several
plausible Pd-Cu nanophases including fcc Pd-Cu random alloy
NPs, fcc Pd-Cu alloy NPs with a surface enriched in Pd, Janus-
type Pd-Cu NPs, fcc Pd-Cu NPs with a surface enriched in Cu,
bee Pd-Cu alloy NPs, pure Cu core@Pd shell NPs, pure Pd
core@Cu shell NPs, Pd-Cu-Pd sandwich type NPs and NPs
whose core(interior) and shell(near surface region) are a bec and
fcc alloy enriched in Pd, respectively. The nanophases reflected
both the structural diversity of Pd-Cu alloy NPs, as revealed by
prior structure studies,”” and the complex phase diagram of
bulk Pd-Cu alloys, exhibiting coexisting chemically disordered
and ordered face-centered-cubic (fcc)-type and body-centered-
cubic (bee)-type alloys.” Besides, to be as realistic as possible,
the nanophases reflected the size, shape and chemical compo-
sition of Pd,Cuo_, alloy NPs (x = 34, 51, 75) studied here, as
determined by TEM, HR-TEM, ICP-AES and XPS experiments.
Moreover, the nanophases were optimized in terms of energy,
i.e. stabilized at atomic level, by Molecular Dynamics (MD)
simulations described in the Methods section of the ESIL.{ The
MD optimized nanophases are shown in Fig. S8-S10.7 Atomic
PDFs computed from the nanophases were matched against the
experimental PDFs of Pd,Cu;go_, alloy NPs (x = 34, 51, 75), as
exemplified in Fig. S11-S14,1 and the actual nanophase type of
the NPs was determined strictly following the “search and
match”-type approach used in the “phase analysis” of bulk
metals and alloys.™

The results of the “nanophase analysis” showed that fresh
Pd;,Cugs and Pds;Cuyg NPs are composed of a beec Pd—-Cu core
and fcc Pd-Cu shell rich in Pd. On the other hand, fresh
Pd;5Cu,s NPs were found to be an fcc Pd-Cu nanoalloy rich in
Pd at the surface. The average Pd-involving bonding distances
in the fresh Pd-Cu NPs, as estimated by the position of the
peaks in the respective atomic PDFs, turned out to be 2.62 A,
2.67 A and 2.72 A, that is, contracted by 5%, 3% and 1.5%,
respectively, as compared to those in pure Pd (2.76 A). Alto-
gether, in line with the results of prior studies,**** we found that
Pd-Cu alloy NPs (i) with an overall composition close to Pd;Cu,,
(ii) surface enriched in Pd (surface Pd concentration of 59% per
XPS vs. average concentration of 51% per ICP-AES) and (iii)
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a bee-type core and fce-type shell wherein the constituent atoms
interact strongly and so the Pd-involving bonding distances are
shrunk considerably (3%) are optimal catalysts for the ORR. On
the other hand, Pd-Cu alloy NPs (i) with an overall composition
close to Pd;Cu; and Pd;Cu; and (ii) constituent atoms inter-
acting a bit too strongly and weakly leading to a very large (5%)
and relatively small (1.5%) shrinking of Pd-involving bonding
distances, respectively, are not optimal catalysts for the ORR. As
shown by prior studies,*>*”-** the rather high and low concen-
trations of surface Cu atoms in the former (61% per XPS) and
latter (19% per XPS), respectively, would not be beneficial to
ORR kinetics either.

Next, we considered the evolution of the ORR activity of
Pd,Cugo_, alloy NPs (x = 34, 51, 75) during the PEMFC oper-
ation as reflected by the evolution of the current output of the
PEMFC exemplified in Fig. 1 and summarized in Fig. S15.7 As
can be seen in the figures, the polarization curves, that is the
current output of the PEMFC vs. the applied external voltage,
flatten out with the number of voltage cycles signalling the
deteriorating performance of the PEMFC as the ORR at its
cathode proceeds. Following the protocol of ex situ catalytic
studies,"*>”* we designate the current output of the PEMFC at
0.9 V on the polarization curves as a measure of the effective MA
of PEMFC cathode catalysts, i.e. Pd-Cu alloy NPs, for the ORR.
The resulting MA values are summarized in Fig. S5.1 Note, here
we use the term “effective” to draw attention to the fact that MA
values obtained on a standard 3-electrode cell and functioning
PEMFC may exhibit similar trends but may not necessarily
appear the same.*>'?°

As can be seen in the figure, the ORR activity of Pd,Cu;go_x
alloy NPs (x = 34, 51, and 75) decays very fast within the first few
hundred PEMFC cycles amounting to about 2 h of the PEMFC
operation. Then, the decay becomes nearly gradual. The total
loss in the ORR suffered by the different NPs though is signif-
icantly different. In particular, Pd-Cu NPs poor and rich in Pd,
that is Pd;,Cues and Pd;sCu,s NPs, suffered, respectively, 35%
and 28% loss in ORR activity whereas the MA of Pds;Cuyo for the
ORR dropped by 60% for 1450 potential cycles. Control experi-
ments on the evolution of MA of Pds;Cu,s alloy NPs for the ORR
during potential cycling inside a standard 3-electrode cell
showed that, regardless the experimental conditions, Pds;Cuye
alloy NPs tend to suffer big loss in (MA) activity for the ORR
(~40 to 60 %) soon after the potential cycling starts (see
Fig. S167).

For a given amount of atomic species in a spherical NP, the
surface area that can be associated with the species, usually
referred to as a geometric surface area (GSA), is inversely
proportional to the diameter, i.e. size of the NP. Studies have
shown’®”” that the GSA and ECSA of metallic NPs used as ORR
catalysts are strongly related to each other and, hence, changes
in the former can be used as a relative measure of changes in
the latter. The average size of Pd-Cu alloy NPs functioning at the
cathode of the operating PEMFC was determined by analysis of
the width of Bragg-like peaks in the respective in operando HE-
XRD patterns using the Scherrer formalism.”™ As it may be ex-
pected,**>" it was found that the NPs grow in size, that is, their
GSA decreases during the PEMFC operation. The evolution of
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the GSA of Pd-Cu alloy NPs with the number of PEMFC cycles is
shown in Fig. S6.1 As can be seen in the figure, the GSA, and very
likely ECSA, of Pd-Cu alloy NPs decreases gradually to about
90% of its initial value during 1450 potential cycles. In general,
losses in GSA are considered detrimental to the ORR activity of
NM-TM nanoalloys.**>”**%> Hence, the gradual loss in GSA
(ECSA) seen in Fig. S61 would definitely contribute to the total
loss in ORR activity suffered by Pd-Au alloy NPs during the
PEMFC operation. The likely magnitude of this contribution is
discussed below.

Changes in the bonding distances in Pd,Cu;go-, alloy NPs
(x =34, 51, 75) during the PEMFC operation are summarized in
Fig. S7.7 The changes reflect the increasing shift in the position
of the peaks in the respective in operando atomic PDFs towards
larger r-values with the number of PEMFC cycles (e.g. Fig. 2a). As
can be seen in Fig. S7, bonding distances in Pd-Cu alloy NPs
tend to approach those in pure Pd (2.76 A) during the PEMFC
operation. In particular, bonding distances in Pd,Cu,q,_, alloy
NPs (x = 34, 51, 75) which have undergone 1450 PEMFC cycles
increase t0 2.65 A, 2.70 Aand 2.73 A, i.e. by 0.3 A,0.3Aand0.1A,
respectively, as compared to those in the fresh NPs. Hence, for
reasons discussed above, bonding effects that promote the ORR
over Pd-Cu alloy NPs, such as exchange of charge between Cu
and Pd atoms and related compressive strain, would weaken
during the PEMFC operation. As a result, the ORR activity of Pd-
Cu alloy NPs would drop, as indeed observed (compare with
data in Fig. S5t). As can also be seen in the figure, changes in
the bonding distances in Pd,Cuy,_, alloy NPs (x = 34, 51, 75)
do not scale linearly with the number of PEMFC cycles remi-
niscent of the concurrent decay of the (MA) ORR activity of the
NPs.

Changes in the nanophase composition of Pd,Cu;go_, alloy
NPs (x = 34, 51, 75) during the PEMFC operation were explored
by the “search and match” procedure described in the Methods
section of the ESL{ The procedure consists of a systematic
comparison between in operando and nanophase model
computed PDFs, as illustrated in Fig. S12-S14.7 The results of
the “nanophase analysis” indicated that, under operating
conditions, the NPs largely preserve their distinct nanophase
type (see Fig. 2b), that is, Pd;,Cues and Pds;Cuse NPs remain
nanoalloys whose interior and exterior regions are with a bcc-
and fce-type structure whereas Pd,5;Cu,s NPs persists as fce-type
nanoalloys. Also, the results indicated that the surface of cycled
NPs is further enriched in Pd species as compared to that of
fresh NPs (see Fig. 2a).

To quantify the relationship between the structural changes
and loss in ORR activity experienced by Pd,Cu;go_x alloy NPs
(x = 34, 51, 75) during potential cycling inside the PEMFC,
experimental data for the GSA, MA for the ORR and phase
composition of the NPs were summarized as a function of the
number of PEMFC cycles in Fig. 3-5, respectively. Experimental
data for the evolution of Pd-involving bonding distances in the
NPs and colour maps of the respective in operando atomic PDFs
are also shown in the figures. As can be seen in the figures, the
sharp drop in the ORR activity of the NPs occurring within the
first few hundred potential cycles coincide with a sharp decline
in the bonding effects in the NPs, as reflected by the fast shift of
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Fig. 2 (a) Experimental atomic PDFs of fresh and cycled Pdz4Cuge
NPs. The chemical composition of the NPs changes during the cycling
to Pd43Cusy, as determined by ICP-AES. Accordingly, corresponding
peaks in the PDFs of fresh and cycled NPs show differences in intensity
and shape (follow the arrows). Besides, peaks in the PDF of cycled
Pd34Cuge NPs are systematically shifted to higher-r distances. The shift
reflects the increase in the bonding distances in cycled Pdz4Cugg NPs
toward those in pure Pd. (b) Experimental atomic PDFs of Pds4Cuge
and Pd;sCups undergone 1450 potential cycles. The chemical
composition of the NPs has changed during the cycling to Pd4zCus;
and Pd;gCu,,, respectively, as determined by ICP-AES. The PDFs are
markedly different reflecting the different nanophase state of the NPs.
That is, as per the results of nanophase analysis described in the
Methods section of the ESI (see Fig. S11-S14%), Pd4sCus; NPs are
composed of a bcc core and fcc shell while Pd;gCu,, NPs are an fcc
Pd—Cu nanoalloy with a surface enriched in Pd. The nanophases are
shown in Fig. S8 and S10,} respectively.

the bonding distance characteristic for the fresh NPs towards
those in pure Pd. The observation indicates that the former, i.e.
the drop in the ORR, is very likely due to the latter, i.e. the sharp
decline in the bonding effects. The observed correlation
between the fast decay of the MA for the ORR and “decom-
pression” of bonding distances experienced by the NPs cycled
inside the PEMFC can be rationalized as follows: as per ICP-AES
data, Cu atoms leach from Pd-Cu alloy NPs during the PEMFC
operation. As soon as the leaching process starts, that is, as
soon as the PEMFC starts operating, near-surface Cu and Pd
atoms remaining in the NPs would start seeking and forming
energetically more favourable local configuration through
interdiffusion. As a result, the near-surface region of the NPs

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (Upper panel) Colour map of the low-r part of the in operando
atomic PDFs of Pds4Cuge alloy NPs. Slanted arrows highlight the
gradual evolution of PDF features at about 5 A, 8 A and 12 A with the
number of potential cycles. Vertical arrow highlights the sudden
change in the intensity of several PDF features occurring within the
initial 500 potential cycles. The highlighted changes in the experi-
mental PDF data reflect specific structural changes of Pdz4Cuge NPs.
As discussed in the text, the latter can be related to distinct stages in
the evolution of the effective ORR (MA) activity of Pds4Cueg during the
PEMFC operation. Note, the intensity of the presented PDF features
increases as their colour changes from blue towards red. The increase
is at a constant rate indicated by the colour bar on the right. (Lower
panel) Rate of retention (in %) of the ORR (MA) activity (red squares) and
GSA (orange rhombs) of Pds4Cugg NPs with the number of potential
cycles. The relative percentages of the total volume of the NPs
occupied by a bcc Pd—Cu core (gray area) and Pd—Cu shell rich in Pd
(green area) are determined by “nanophase analysis” as explained in
the text. A thick black line tracks the evolution of the percentages with
the number of potential cycles. That is, for 1450 potential cycles, the
volume fraction of the bcc core increases from 33% to 40% and that of
the fcc shell decreases from 67% to 60%. Note that, as per ICP-AES, the
overall chemical composition of the NPs changes to Pd4;zCus;
because of dissolving of Cu species under the corrosive conditions
inside the operating PEMFC. The rate of retention (in %) of the bonding
(ligand & geometric) effects in the NPs (blue circles) with the number
of potential cycles, as reflected by changes in the bonding distances in
the NPs, is also shown. Note, for legibility purposes, the vertical axis
starts from 40%.

would undergo a fast reconstruction because the interdiffusion
of atomic species in metallic NPs can be several orders of
magnitude faster than that in their bulk counterparts.**** Such
a reconstruction would disrupt cooperative interactions
between near-surface Pd and Cu atoms in the NPs to a large
degree, in particular the bonding (ligand and strain) effects
discussed above, and so the atoms would relax towards their
elemental state in the respective solid, including a relaxation of
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Fig. 4 (Upper panel) Colour map of the low-r part of the in operando
atomic PDFs of Pds;Cuyg alloy NPs. U-shaped arrow highlights a slow-
mode oscillation of the intensity of several PDF features occurring
within the initial 500 cycles. Slanted arrow highlights the gradual
evolution of a PDF feature emerged after the initial 500 potential
cycles. The highlighted changes in the experimental PDF data reflect
specific structural changes of Pds;Cusg NPs. As discussed in the text,
the latter can be related to distinct stages in the evolution of the
effective ORR (MA) activity of Pds;Cus9 NPs during the PEMFC oper-
ation. Note, the intensity of the presented PDF features increases as
their colour changes from blue towards red. The increase is at
a constant rate indicated by the colour bar on the right. (Lower panel)
Rate of retention (in %) of the ORR (MA) activity (red squares) and GSA
(orange rhombs) of Pds;Cusg NPs with the number of potential cycles.
The relative percentages of the total volume of the NPs occupied by
a bcc Pd—-Cu core (gray area) and fcc Pd—Cu shell rich in Pd (green
area) are determined by “nanophase analysis” as explained in the text. A
thick black line tracks the evolution of the percentages with the
number of potential cycles. That is, for 1450 potential cycles, the
volume fraction of the bcc core increases from 38% to 44% and that of
the fcc shell diminishes from 63% to 57%. Note that, as per ICP-AES,
the overall chemical composition of the NPs changes to Pdg;Cusg
because of dissolving of Cu species under the corrosive conditions
inside the operating PEMFC. The rate of retention (in %) of the bonding
(ligand & geometric) effects in the NPs (blue circles) with the number
of potential cycles, as reflected by changes in the bonding distances in
the NPs, is also shown. Note, for legibility purposes, the vertical axis
starts from 40%.

metal-to-metal atom bonding distances. Hence, it may be ex-
pected that, due to a weakening of the catalytic synergy between
near-surface Cu and Pd atoms triggered by the dissolution of
the former, the ORR activity of Pd-Cu alloy NPs would drop
soon after they are exposed to the highly corrosive environment
inside the operating PEMFC. Furthermore, it may be expected
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Fig. 5 (Upper panel) Colour map of the low-r part of the in operando
atomic PDFs of Pd;sCuys alloy NPs. U-shaped arrow highlights the
sequence of sudden dips and rises of several PDF features occurring
within the initial 600 cycles. Vertical arrow highlights a sudden change
of several PDF features that occurred after 1300 potential cycles. The
highlighted changes in the experimental PDF data reflect specific
structural changes of Pd;sCu,s NPs. As discussed in the text, the latter
can be related to distinct stages in the evolution of the effective ORR
(MA) activity of Pd;sCu,s NPs during the PEMFC operation. Note, the
intensity of the presented PDF features increases as their colour
changes from blue towards red. The increase is at a constant rate
indicated by the colour bar on the right. (Lower panel) Rate of reten-
tion (in %) of the ORR (MA) activity (red squares) and GSA (orange
rhombs) of Pd;sCu,s NPs with the number of potential cycles. The NPs
remain single fcc Pd-Cu nanophase rich in Pd at the surface
throughout the cycling. As per ICP-AES though, the overall chemical
composition of the NPs changes to Pd;gCus,, because of dissolving of
Cu species under the corrosive conditions inside the operating PEMFC.
The rate of retention (in %) of the bonding (ligand & geometric) effects
in the NPs (blue circles) with the number of potential cycles, as re-
flected by changes in the bonding distances in the NPs, is also shown.
Note, for legibility purposes, the vertical axis starts from 40%.

that Pd—Cu alloy NPs suffering a relatively large loss in Cu
species during the PEMFC operation, such as Pds;Cuyy alloy
NPs (Cu loss > 10%), would undergo a relatively large-scale near-
surface reconstruction, including a relatively large relaxation of
the characteristic for the NPs bonding distances. Thus, the NPs
would suffer a relatively large loss in ORR activity as compared
to Pd—-Cu alloy NPs suffering a relatively small loss of Cu species
during the PEMFC operation, such as Pd,sCu,s NPs (Cu loss ~
3%). Indeed, this is exactly what a comparison between data in
Fig. 3-5 shows. Note, the observed sharp drop in the ORR
activity of Pd,Cu,o_, alloy NPs (x = 34, 51, 75) may not be due

This journal is © The Royal Society of Chemistry 2017



Paper

to a sharp decrease in their GSA\ECSA because, as the analysis
of the width of Bragg-like peaks in the in operando HE-XRD
patterns shows, the growth of the NPs is rather limited during
the first few hundred potential cycles inside the PEMFC. As data
in Fig. 3-5 indicate though, the gradual growth of Pd-Cu alloy
NPs during a prolonged PEMFC operation is likely to become
increasingly responsible for the further loss in ORR activity
suffered by the NPs as the number of potential cycles
approaches 1000, and beyond.

Last but not least, it may be expected that the envisaged
interdiffusion of Pd and Cu atoms in Pd,Cu;o_, alloy NPs (x =
34, 51, 75) would not be limited to the NP surface alone and,
furthermore, would carry on until its major driving force, that is
the leaching of Cu species from the NPs, lasts, i.e. until the
PEMFC operates. This may lead to relatively long-lived (e.g. ~1
h) nanophase fluctuations within the NPs, often associated with
the so-called “compositional waves”,*®’*”* such as those expe-
rienced by Pds;Cuys alloy NPs during the initial 700 potential
cycles. Intermittent fluctuations in the bonding effects/
distances in the NPs, such as those experienced by Pd;5;Cu,s
alloy NPs that have undergone approximately 600 and then
a further 700 (1300 in total) PEMFC cycles, are also likely to
occur. Both the relatively long-lived and intermittent structural
fluctuations would result in proportionate in magnitude dips
and rises in the ORR activity of the respective NPs. On the other
hand, gradual structural changes of Pd-Cu alloy NPs, such as,
for example, a gradual increase in the concentration of surface
Pd atoms leading to a gradual change in the relative volume
ratio of the bece core and fce shell forming the NPs, would render
the ORR (MA) activity of the NPs slowly drifting towards lower
values. That is because, concurrently, the adsorption energy of
O, and intermediate O-species onto the NP surface and the
number of surface Cu sites necessary for the ORR reaction over
the NPs to proceed at a high rate would gradually increase and
decrease, respectively, to inapt values.******* Indeed, as data in
Fig. 3-5 show, major changes in the ORR activity, including
sudden drops, rises and slow-mode oscillations of its values,
and in the structural state of Pd-Cu alloy NPs, including
changes in the nanophase composition, GSA and interactions
between the constituent atoms as reflected by Pd-involving
bonding distances, are highly correlated in both magnitude
and timing. The latter are revealed by the evolution of specific
features of atomic PDFs obtained by in operando HE-XRD (see
the arrows running through the colour maps of the respective
PDFs). The former is revealed by the evolution of the current
output of the PEMFC, as derived from standard polarization
curves. Altogether, data in Fig. 3-5 evidence the instant link
between the ever-adapting structural state of ORR nanoalloy
catalysts inside operating PEMFCs and the performance of the
PEMFCs.

Conclusions

The as-prepared Pd-Cu alloy NPs with a composition close to
that of Pd;Cu, show high catalytic activity for the ORR. It can be
attributed to the fcc-type surface of the NPs that is enriched in
Pd and, furthermore, strained by both surface Cu atoms and the
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bcee-type interior of the NPs. Under actual operating conditions
though, the NPs quickly suffer big loss in ORR activity due to
a surface reconstruction and the associated weakening of
bonding interactions between the constituent atoms. The NPs
suffer further loss in ORR activity due to nanophase fluctua-
tions, an increased depletion of Cu at their surface and
a gradual growth leading to a decrease in their GSA. The fast
weakening of bonding interactions is due to intra-particle
diffusion of Pd and Cu atoms triggered by leaching of Cu
atoms from the NPs during the PEMFC operation. Eventually,
the leaching causes nanophase fluctuations in the NPs and
likely exchange of atomic species between individual NPs
leading to a sizable NP growth. Coalescing of nearby Pd-Cu NPs
though may also contribute to the latter. Hence, further efforts
to improve the catalytic functionality of Pd-Cu alloy NPs inside
operating PEMFCs should aim at restraining both the inher-
ently fast intra-particle diffusion of Cu and Pd atoms and the
mass transport at the cathode side of MEAs. As our present in
operando and earlier ex situ studies show,**® though optimal
catalysts for the ORR in the as-prepared state, Pd-Cu alloy NPs
with a composition close to Pd;Cu,; are less durable inside
operating PEMFCs (MA loss ~60% for 1450 potential cycles; see
Fig. 4 and S167) in comparison with Pd-Cu alloy NPs with
a composition close to Pd;Cu; (MA loss ~28% for 1450 potential
cycles; see Fig. 5). In part, this may be due to the fact that the
former comprises two nanophases whereas the latter, though
definitely inhomogeneous at atomic level, appears as a mono-
phase fcc-type nanoalloys. Besides, being in a clear majority, Pd
species in Pd;Cu; NPs seem to protect the minority Cu species
from dissolution to a high degree. Hence, considering our
findings, affordability issues and predictions of some DFT
studies,” we argue that Pd-Cu alloy NPs with a composition
close to Pd,Cuy, i.e. in the composition range from Pd;Cu, to
Pd;Cuy, may turn optimal as catalysts for the ORR taking place
at the cathode of operating PEMFCs. Certainly, approaches
based on optimizing the synthesis and post-synthesis treat-
ment, the NP size, doping with a third metal,*® and others, may
also turn fruitful. In operando HE-XRD can be an effective tool to
guide such efforts.
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