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Introduction

Nanoscale

Deviations from Vegard’s law and evolution of the electrocatalytic
activity and stability of Pt-based nanoalloys inside fuel cells by in
operando Xx-ray spectroscopy and total scattering

Valeri Petkov,”* Yazan Maswadeh,? Jorge Vargas Tellez,® Shiyao Shan,” Haval Kareem,’
Zhipeng Wu,” Jin Luo,” Chuan-Jian Zhong,” Sarvjit Shastri © and Peter Kenesei ©

Catalysts for energy related applications, in particular metallic nanoalloys, readily undergo atomic-level
changes during electrochemical reactions. The origin, dynamics and implications of the changes for the
catalysts’ activity inside fuel cells though are not well understood. This is largely because they are studied on
model nanoalloy structures under controlled laboratory conditions. Here we use combined synchrotron x-ray
spectroscopy and total scattering to study the dynamic behaviour of nanoalloys of Pt with 3d-transition
metals as they function at the cathode of an operating proton exchange membrane fuel cell. Results show
that the composition and atomic structure of the nanoalloys change profoundly, from the initial state to the
active form and further along the cell operation. The electrocatalytic activity of the nanoalloys also changes.
The rate and magnitude of the changes may be rationalized when the limits of traditional relationships used
to connect the composition and structure of nanoalloys with their electrocatalytic activity and stability, such
as Vegard’s law, are recognized. In particular, deviations from the law inherent for Pt-3d metal nanoalloys
can well explain their behaviour under operating conditions. Moreover, it appears that factors behind the
remarkable electrocatalytic activity of Pt-3d metal nanoalloys, such as the large surface to unit volume ratio
and “size misfit” of the constituent Pt and 3d-transition metal atoms, also contribute to their instability
inside fuel cells. The new insight into the atomic-level evolution of nanoalloy electrocatalysts during their
lifetime is likely to inspire new efforts to stabilize transient structure states beneficial to their activity and
stability under operating conditions, if not synthesize them directly.

intermediates and product

14

Fuel cells are a viable alternative to mankind’s reliance on fossil
fuels. Fuel cells though are not on the mass market yet, mostly
because of the lack of efficient catalysts for the sluggish chemical
reactions driving cells’ operation, such as the oxygen reduction
reaction (ORR). The reaction takes place at the cathode of virtually
all fuel cells, where oxygen molecules adsorbed and reduced at the
cell’s cathode react with protons supplied by the cell’s anode to
form water. Studies have shown that the ORR proceeds via a
number of steps including, among others, a dissociative adsorption
of molecular oxygen and removal of reaction intermediates such as
atomic oxygen and hydroxyl (OH) groups. The current
understanding is that an efficient catalyst for the ORR would bind
oxygen molecules with sufficient strength to facilitate the breaking
of O=0 bonds but infirmly enough to release the reaction
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when the reaction ends. Pure Pt is the best monometallic
catalyst for the ORR but is not suitable for large-scale application
largely because it is one of the world's rarest metals. Extensive
studies carried out so far found that nanoalloys of Pt with earth-
abundant 3d-transition metals (TMs), such as Ni, Co and Cu, are
rather affordable and more active catalysts for the ORR as
compared to pure Pt nanoparticles (NPs).‘r"8 Qualitatively, the
improvement has been attributed to charge transfer from the less
electronegative TM atoms to the more electronegative Pt atoms
(~1.9 for Ni, Co and Cu vs. 2.3 for Pt) and, furthermore, shortening
of Pt-Pt bonding distances, i.e., compressive strain. The latter
occurs because of the difference in the elemental size of Pt (2.778
R), Ni (2.49 A), Co (2.50 A) and Cu (2.56 A) atoms. Both the charge
transfer and compressive strain are thought to lead to a downshift
of the d-electron states of surface Pt atoms with respect to the
Fermi level of the nanoalloy particles, thus reducing the “poisoning”
effect of ORR intermediates.**™ In addition, it is considered that
the presence of two types of transition metal atoms in the
nanoalloys creates opportunities for manoeuvring of oxygen species
over different surface sites, thereby enabling an extra bi-functional
mechanism for accelerating the ORR kinetics.>®'™3 Among others,
the so-called Pt-skin, Pt-skeleton, TM core-Pt shell, Pt-octahedral
and Pt-frame type alloy NPs have emerged as particularly
promising.s's'”"15 Note that, following the widely adopted definition,
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here we use the term “nanoalloy” to describe any nanosized
mixture of Pt and TM metallic species, irrespective of the degree of
their mixing and way of mixing.16

Unfortunately, the very promising nanoalloy catalysts
developed so far cannot quite deliver the expected high
performance inside fuel cells. The reason is that under operating
conditions, TM species would leach from the catalyst particles,
thereby adversely affecting their electrocatalytic activity. Currently,
the problem is alleviated by annealing the NPs at high temperature
to achieve better alloying between the Pt and TM species, including
formation of Pt-TM intermetallics. Conditioning the NPs by chemical
etching to remove the “unalloyed” TM species before the catalyst is
utilized, controlled electrochemical de-alloying of the NPs to
achieve a TM core-Pt shell or Pt-frame type structure and
depositing Pt layers on the surface of pre-made TM-rich cores have
also been found useful. Typically, these efforts are guided and their
success evaluated using separately obtained characteristics of the
pristine, purposely conditioned/de-alloyed and used catalyst
particles such as their composition, size, atomic arrangement,
lattice parameter, and electronic structure of the constituent Pt and
TM species. To facilitate the efforts, semi-empirical relationships
borrowed from metallurgy, such as the Vegard’s law, are used to
connect the composition and structure of studied catalysts with
their electrochemical activity and stability. 734 Here we scrutinize
this relationship by studying simultaneously the composition,
atomic-level structure and activity of binary and ternary Pt-TM
nanoalloy catalysts for the ORR (TM=Ni, Co and/or Cu) as they
evolve from a pristine to active state and then function for hours at
the cathode of an operating proton exchange membrane fuel cell
(PEMFC). The study involves combined energy-dispersive
synchrotron x-ray spectroscopy (EDS) and total scattering coupled
to atomic pair distribution function (PDF) analysis, including 3D
structure modeling.35

Experimental

Binary and ternary Pt-TM alloy NPs with a broad range of
compositions were synthesized by a wet chemistry route described
in the Supplementary Information (SI). The as-synthesized NPs were
deposited on carbon black and subjected to 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 treatment helps
both clean up the surface of the NPs from organic capping agents
and maximize the degree of alloying of the constituent Pt and TM
species. The overall chemical composition of post-synthesis treated
Pt-TM NPs, hereafter referred to as fresh NPs, was determined by
inductively coupled plasma atomic emission spectroscopy (ICP-AES)
and confirmed by independent EDS as described in the SI. The fresh
NPs comprising Ni and Co species appeared with an overall
chemical composition of PtggCos,, PtsgNii;Co,s, PtszNizgCo,s and
Pt;,Nis3Co35. Those comprising Cu species instead of Ni or Co
species appeared with a composition of Pt;;NisCuzs and
Pts;Co45Cus;. For completeness, standard Pt and Pt,gNiy; NPs were
also studied.

The size and shape of the fresh NPs were determined by
Transmission Electron Microscopy (TEM), as described in the SI.
Exemplary TEM and high-resolution (HR)-TEM images are shown in
Figure S1. As can be seen in the Figure, the NPs are approximately
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8.7 (£1.5) nm in size and rounded in shape. In addition, the NPs
possess a good degree of crystallinity as indicated by the clear
lattice fringes appearing in the respective HR-TEM images.

A PEMFC optimized for total x-ray scattering studies, involving
high-energy x-ray diffraction (HE-XRD) and atomic PDF analysis of
the diffraction data, was used to reveal the simultaneous changes in
the atomic-level structure and catalytic activity of Pt-TM alloy NPs
under operating conditions. The PEMFC is shown in Figure S2.
Membrane electrode assemblies (MEAs) for the PEMFC were
prepared as described in the SI. Here we concentrate on changes
caused by the highly corrosive environment at the PEMFC cathode
alone, including interfacial acidity, high humidity, elevated
temperature and dynamic load cycling. Hence, and following a
protocol recommended by DOE,*® the PEMFC was cycled between
0.6 V to 1.0 V for about 5 to 6 hours, corresponding to about 1600
potential cycles. During the cycling, humidified hydrogen and
nitrogen gas were fed to the PEMFC anode and cathode
compartments, respectively, and the operating temperature was
maintained at 80 °C. The current output of the PEMFC was non-stop
recorded during the potential cycling. Exemplary polarization curves
showing the current output of the PEMFC resulting from the
repetitive application of external voltages are summarized in Figure
1. In line with the work of others, the curves are seen to collapse
with the potential cycling. 3740 Following the proven practices of ex
situ catalytic studies, changes in the electrocatalytic activity of the
cycled nanoalloys were assessed from changes in the current
output of the PEMFC at a fixed potential, in particular 0.9 V on the
polarization curves."*** As discussed in the Sl, the rationale is that
this output is sensitive to the formation and reduction of
oxygenated surface species, such as Pt(O) and Pt(OH), which are an
important factor in determining the kinetics of ORR over the surface
Pt-TM nanoalloys. Note that the formation and reduction of Pt(O)
and Pt(OH) species is a process actually taking place during the
cycling of Pt-TM nanoalloys under humidified atmosphere, be it

humidified oxygen, air or nitrogen. 3745

Furthermore, it has been
suggested that a primary route to diminishing the degradation of
ORR activity indeed lies through suppressing oxide adsorption up to
higher potentials, thus leaving more surface Pt sites available to

1,36,41
reduce O,.

Changes in the area of the polarization curves with
the potential cycling, which are related to changes in the
oxidation/reduction charge during the cycling, provide an equally
of changes in the ORR activity of the

respective nanoalloys (compare data in Figures S3 and S4). Studies

informative measure

have shown, however, that due to intrinsic differences (e.g. in pH,
temperature, humidity, cell configuration, MEAs preparation etc.)
between laboratory and fuel cell testing of ORR catalyst, full
quantitative agreement between measures for electrocatalytic
activity derived from data obtained under laboratory and operating
conditions cannot be expected. It is important though that trends
between different catalysts and with respect to their aging
behaviour are correctly represented.46’ 47 Hence, changes in the
“redox” current at 0.9 V on the polarization curves with the
potential cycling were represented in terms of percentage
differences from the initial value of the current and considered
merely as a quantity describing relative changes in the apparent (as
measured) ORR activity of cycled nanoalloys. Relative changes in
ORR activity derived as described above were cross-checked against

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 (top row) Experimental in operando HE-XRD patterns (~300 in number) for pure Pt and Pt-TM alloy NPs (TM=Ni, Co) cycled inside the PEMFC
for about 5 hours. (bottom row) Also shown are the concurrently collected polarization curves (~¥1600 in number) representing the PEMFC current
output resulted from the repetitive application of external voltage in the range from 0.6 V to 1.0 V. The curves tend to collapse with the potential cycling
indicating a deterioration in the apparent ORR activity of the NPs for reasons discussed in the text. As shown in Fig. S5, the magnitude and rate of the

collapse with the potential cycling is significant and different for the different NPs. Selected polarization curves are shown in Figure S3.

similarly normalized data for changes in ORR activity obtained on a
standard 3-electrode cell. Results from the comparison are shown
in Figure S5. As can be seen in the Figure, overall, trends of data for
relative changes in ORR activity of Pt-TM nanoalloys obtained by
laboratory and in operando experiments agree, testifying to the
reliability of the results reported here.

HE-XRD experiments were conducted at the 1-ID-C beamline of
the Advanced Photon Source at the Argonne National Laboratory
using a focused x-ray beam with energy of 84.917 keV (A=0.1458
A).48 Details of the experimental set-up are shown in Figure S2. HE-
XRD patterns were collected in intervals of 1 min throughout the
PEMFC operation. Exemplary in operando HE-XRD patterns are
shown in Figure 1. As can be seen in the Figure, the patterns exhibit
a few strong Bragg-like peaks at low diffraction angles and almost
no sharp features at high diffraction angles. The average size of the
NPs cycled inside the PEMFC was determined from the FWHM of
the strongest Bragg-like peak in the respective HE-XRD patterns
using the Scherrer formalism.* Results showed that the average
size of cycled particles increased by about 10 % to 15 % at most.
The so-called geometric surface area (GSA) of nanoalloy catalysts is
inversely proportional to the size of nanoalloy particles. In turn,
generally, the GSA is proportional to the so-called electrochemical
active surface area (ECSA) of the catalysts, which is an important
factor in determining their mass activity for ORR. 364130 The GSA of
the cycled catalyst particles was calculated from the experimental
values for their average size and found to diminish gradually during
the PEMFC operation. The rather diffuse nature of the in-operando
HE-XRD patterns though prevented applying well-established
procedures for in-depth structural characterization of bulk metals
and alloys to the nanoalloy particles studied here. Therefore, the

This journal is © The Royal Society of Chemistry 20xx

patterns were analysed in terms of atomic PDFs shown in Figure S6.
Details of the derivation of atomic PDFs from HE-XRD patterns can
be found in the SI. Here it is to be underlined that experimental
total x-ray scattering data, i.e., data comprising both Bragg-like and
diffuse x-ray intensities, and so their Fourier counterparts, the
atomic PDFs, reflect ensemble-averaged structural features of all
metallic alloy NPs sampled by the x-ray beam in a way traditional
powder XRD patterns reflect ensemble-averaged structural features
of all polycrystalline particles sampled by the x-ray beam in those
experiments. Using NP-ensemble averaged structural features to
understand and explain NP-ensemble averaged functional
properties (e.g. catalytic,c magnetic, optical, etc.) puts the
exploration of atomic-level structure and functionality of metallic
alloy NPs on the same footing.51

EDS spectra were taken concurrently with the HE-XRD patterns,
that is, in intervals of 1 min. Exemplary EDS spectra are shown in
Figure S7. From the spectra, changes in the overall chemical
composition of the catalyst particles during the PEMFC operation
were determined following standard procedures.52 The observed
changes in the EDS spectra, i.e., chemical composition of the cycled
NPs and the concurrent change in their average size signal the
presence of an effective mass transport within the cathode side of
MEAs. The magnitude of the mass transport was evaluated by
measuring and comparing the elemental and mass distribution
(loading) of the catalyst particles over the PEMFC cathode at the
beginning and end of the cycling. The measurements were done by
scanning a 4.5 mm by 4.5 mm cross section of the MEAs using an x-
ray beam with a footprint of about 40 um by 20 um. Exemplary
maps of the elemental and mass distribution of pure Pt and Pt-TM
alloy NPs over the scanned MEA’s area are shown in Figures 2, 3

J. Name., 2013, 00, 1-3 | 3
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and S8. The maps reveal that, during the PEMFC operation, the NPs
gather in some and largely disappear from other spots of the MEAs.
The particle’s chemical composition fluctuates over the MEAs in a
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Fig. 2 (left) Mass distribution (loading) of fresh (top row) and 300 min
cycled (bottom row) Pt NPs over a 4.5 mm x 4.5 mm area of the MEA.
The distribution does not exhibit large fluctuations about the average
catalyst loading for that area. (right) Experimental (symbols) and
computed (red line) atomic PDFs for fresh and cycled Pt NPs. The
computed PDFs are derived from a model featuring a uniform fcc-type
lattice. The duration of cycling and refined parameter of the model fcc-
lattice are given for each data set. Residual difference (blue line)
between the experimental and computed PDF data is shifted by a
constant factor for clarity. Modeling quality factors, R,,, defined in the
SI, for all fits are in the order of 15 (+ 3) %.

similar manner, though to a much smaller extent.

Experimental atomic PDFs derived from in operando HE-XRD
patterns collected from different spots of the MEA loaded with
Pt1,Nis3Co35 alloy NPs undergone 1500 potential cycles are shown in
Figure S9. The PDFs are similar to each other, indicating that the
atomic-level structure of cycled NPs positioned at different spots of
the MEAs evolves in a similar manner during the PEMFC operation.
Note that the studied nanoalloys were not conditioned prior the in
operando experiments because it would had prevented an accurate
assessment of the effect of the harsh operating conditions inside
the PEMFC on their atomic-level structure and, hence,
electrocatalytic activity for the ORR. Thus, the collection of
experimental data, including the PEMFC current output, HE-XRD
patterns and EDS spectra, started as soon as the MEAs loaded with
fresh NPs were placed inside the PEMFC and external voltage was
applied.

Results and discussion

A Traditional Analysis of the Experimental Difraction Data

To ascertain the structure type of fresh and cycled pure Pt and Pt-
TM alloy NPs, the respective experimental atomic PDFs were
approached with a simplistic model constrained to an fcc-type
crystal structure. The model made sense because the crystalline
counterparts are fcc metals and alloys. ** The unit cell parameter of
the lattices was refined such that model-derived atomic PDFs
approached the corresponding experimental PDFs as closely as

4| J. Name., 2012, 00, 1-3

possible. Computations were done with the help of the program
PDFgui.”*

As can be seen in Figure 2(right), atomic PDFs for fresh and cycled
pure Pt NPs are very well approximated with a model featuring a
uniform fcc-type structure (S.G. Fm-3m). In line with the results of
others,”>™ the lattice parameter for fresh Pt NPs (3.919 A) appears
slightly shorter than the bulk value of 3.924 A. It approaches the
bulk value when the NPs are cycled for 5 hours. As can be seen in
Figure 3(right), the atomic PDF for fresh PtggCos, alloy NPs is very
well approximated with a model featuring a chemically ordered
(Pt3TM) fce-type structure (S.G. Pm-3m) with a lattice parameter of
3.855 A. The parameter is shorter than that for fresh Pt NPs, which
is to be expected considering the difference in the elemental size of
Co and Pt atoms. A model featuring a chemically disordered fcc-
type structure (S.G. Fm-3m) with a lattice parameter of 3.862 A
approximates very well the PDF for cycled PtggCos, alloy NPs. As can
be seen in Figure 4(a), the atomic PDFs for fresh and cycled
PtsgNi;;Coys alloy NPs are reasonably well approximated with a
model featuring a chemically disordered fcc-type structure (S.G.
Fm-3m). The lattice parameter for fresh Pts3Ni;;Co, alloy NPs (3.825
A) is shorter than that for fresh PtgCos, alloy NPs, reflecting the
larger percentage of TM species in the former as compared to that
in the latter. The fcc-lattice parameter for PtsgNi;;Co,s alloy NPs
undergone 5 hours of electrochemical cycling increases to 3.838 A.
Data in Figure 4(b) indicate that fresh Pt3;NizsCo,4 alloy NPs are
disordered Pt-TM nanoalloys with an fcc-lattice parameter of 3.750
A. Major features in the PDFs for cycled Pt;;NizgCo,, alloy NPs are
reasonably well reproduced by a model based on a 3D periodic fcc-
type structure. However, the agreement between the model-
derived and experimental PDF data is seen to deteriorate with the
potential cycling (see the increasing residual difference between
the experimental and model PDF data shown as a blue line below
the respective fits). The observation indicates that, under operating
conditions, the arrangement of Pt and TM species in the cycled
Pt5;Ni3oCo,4 alloy NPs becomes increasingly dissimilar to that in a
uniform fcc-type structure. Nevertheless, Pt;;NizgCo,, alloy NPs
cycled for 5 hours still may be assigned a relevant fcc-lattice
parameter of 3.789 A. A model envisioning a uniform fcc-type
lattice barely reproduces the experimental PDF data for both fresh
and cycled Pty,Nis3Cos5 nanoalloy particles (see Figure 4c). Using fit
results and position of individual peaks in the experimental PDF
data, fresh and 5 hours cycled Pt;;Nis3Coss NPs were assigned an
apparent fcc-lattice parameter of 3.639 A and 3.740 A, respectively.
Results from the traditional analysis of the experimental PDF data
for fresh and 300 min cycled pure Pt and Pt-TM alloy NPs are
summarized in Table S1. Data in Figures 3, 4 and Table S1 show
that the lattice parameter for Pt-TM alloy NPs increases with the
potential cycling, reflecting the significant loss of TM atoms and
related to it relaxation of the compressive stresses experienced by
Pt atoms remaining in the cycled particles. The mutual distribution

of Pt and TM atoms in the nanoalloys though is well captured only
for the NPs rich in Pt species. That is because models constrained
to an fcc-type lattice pertain to 3D periodic Pt-TM structures
wherein distinct atoms can form only a few possible chemical
patterns (e.g. an ordered or disordered fcc alloy) whereas the
arrangement of distinct atoms observed with the typically non-3D
periodic metallic alloy NPs can be rather diverse. To reveal how Pt

This journal is © The Royal Society of Chemistry 20xx
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and TM species in Pt-TM alloy NPs are intermixed together, we

carried out with LAMMPS, using a second nearest-neighbour
conducted nanophase analysis of the NPs, as described below.

modified embedded atom method potentials for Pt and TM

metals.?®
B Nanophase Analysis Substantiated by Experimental EDS, TEM

and PDF Data

The relaxed nanostructures were tested and, when
found plausible, refined against the experimental PDF data by
reverse Monte Carlo computations. More details can be found in
the SI. A model nanostructure relaxed in terms of energy by MD
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Fig. 3 (a) Mass distribution (loading) of fresh (top row) and 300 min cyc
the MEA. The distribution is irregular showing large fluctuations (up to ~

led (bottom row) PtesCos; alloy NPs particles over a 4.5 mm x 4.5 mm area of
100 %) from the average catalyst loading for thatarea. (b) Distribution of Pt

species over the same MEA area for fresh (top row) and cycled (bottom row) NPs. The distribution is normalized against the average chemical

composition of the NPs, as determined by EDS. Note that, due to le
compositions of the NPs changes from Pts3Co3; to Ptg;Coss. Nevertheless,

aching of Co species during the PEMFC operation, the average chemical
the fluctuations of the chemical composition of the NPs at different spots of

the MEA do not exceed a few at. %. (c) Experimental (symbols) and computed (red line) atomic PDFs for fresh and cycled PtsCos, alloy NPs. The

computed PDFs are derived from a structure model featuring a uniform

fcc lattice. The duration of cycling and refined parameter of the model fcc-

lattice are given for each data set. Residual difference (blue line) between the experimental and computed PDF data is shifted by a constant factor

for clarity. Modeling quality factors R,, defined in the SI, for all fits are in t

It has been recognized that the large surface to unit volume ratio

affects strongly the thermodynamic properties of metallic NPs and
so can lead to a stabilization of particular atomic and chemical
ordering patterns in the NPs at the expense of others. The patterns
can endow the NPs with novel functional properties such as, for
example, improved electrocatalytic activity for the ORR.
Furthermore, it has been recognized that under the constraint of a
small particle size, the patterns may not necessarily have bulk
counterparts.sg’59 Hence, to determine the atomic ordering in fresh
Pt-TM alloy NPs and how it evolves with the potential cycling in
better detail, we generated several plausible nanostructures for the
respective NPs. The nanostructures included near phase segregated
“sandwich”-, Janus-, TM core-Pt shell and Pt core-TM shell type
NPs. Structures representing NPs with a Pt-enriched core and TM-
enriched near surface region, and vice versa, were also generated.

To be as realistic as possible, the nanostructures reflected the size
(~11000 atoms), shape (rounded) and chemical composition of the

modeled NPs as obtained by the ex situ TEM, HR-TEM, ICP-AES, in
operando EDS and HE-XRD experiments conducted here. For
completeness, pure Pt NPs were also modeled. The models were
relaxed in terms of energy, ie., stabilized at atomic scale, by
Molecular Dynamics (MD) computations. The computations were

This journal is © The Royal Society of Chemistry 20xx

he order of 18 (+ 3) %.

and minimizing the residual between the model computed and
experimental PDF data was considered a realistic representation of
the nanophase content/chemical pattern of the modeled NPs. Here
it is to be underlined that determining the (nano)phase type of
materials through comparing experimental diffraction data with
data for reference phases, known as “phase-analysis”, is a widely
applied technique in materials research and technology.62 The
success of nanophase analysis of ORR metallic alloy nanocatalyst
using MD and in operando PDF data has already been
demonstrated in our prior studies.®® Extra evidence is provided in
Figure S10. As an example, results from the nanophase analysis of
Pt,,Nis;Cos5 nanoalloy particles undergone potential cycling inside
the PEMFC are shown in Figure 5. The results indicate that, among
others tested (see Figure 5a), a model envisioning NPs with a core
entirely formed of TM atoms and surface exhibiting isolated islands
of Pt atoms (see Fig. 5b) performs best. When cycled for 100 min,
the NPs become of a fully TM core-Pt shell type. Upon further
potential cycling, the NPs suffer extra loss in TM species and
become of a rich TM core-rich Pt shell type. The respective
nanostructure models are shown in Figure S11 in better detail.
Results from the nanophase analysis of pure Pt and Pt-TM alloy NPs

J. Name., 2013, 00, 1-3 | 5
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studied under PEMFC operating conditions are summarized in
Figure 6.

B Composition, Structure, Stability and Electrocatalytic Activity of

strain and restructuring of the nanoalloys.B’zg’64 Results of the

studies conducted here help reveal the individual contributions of
these factors to ORR activity losses occurring under operating
conditions in more detail. In particular, fresh PtggCos, alloy NPs

Pl Cofor = PtNi,Co, | 1.0 PlaNinCouf =< = =PtNi Loy} | 1 j#F’t NigCoy | ====- = Pt,Niy,Co,q|
! 0.54 | ! \ 0.5
! H H 1 a_._ =3.789 A =3.740 Al
‘ u'wwwm 0.0/l W\ NM\"WM 0.0 ﬁ*g\ﬂ!‘!fm\/mﬁ»ww—
300min | 05 300 min | 1 300 min
NWMAWJ AP AN AR A o] . "lf\f ‘Ift"r \IV \ /‘ Wy WMWM
- 1= 051 | } 1 ., = 05
5 ' a__ =3785 A& =3.734 A
E E 0.0 \ UM\,W&%‘VW o 00y f;‘ [\;\j‘ WWWWA—
Q Q.05 o 200 min g 0.51 N 200 min|
o Il Nn\.,\f”\r\f“mf\/\wmfwwmwmwfwumu o ".u"‘\ﬂ p.nf\ M 'qll"f\uf\d\/v\f\/\fmwﬂw
2 2 '!"""“""'01-0-[, 1
I[€ 05 | ‘ _ 2 1
§ a..=3835Al|§ 1% | "1 2., =3TBOAE 05| |y L =3721A
E E V7 -\j‘v‘yﬁi JUM\«W -~ 0.0-‘1 (‘ \[I‘V
100 min| | -0.5. mim g, & 100 min|
_ nu\mf‘\/\/\’\f A i 1 IW mwvm/\/uv\,ﬁwmm
' 1
4 I
051 =3825A]| °° M =3750 Al °S7 1 p b =3.639 A
0.0+ °'°"’\J\Ju'w'u !\’JWW O'O‘WWW J\/W\fvwde.
0 min 0.5 min| 05] 0 min|
067 \J‘U\N A A AR A A 1.0 AR AN ’ Pu\FNMWﬁWWMMMMVWm
. A.0+—— : - . . 1.0
1'00 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30 35
(a) Radial distance (A) (b) Radial Distance (A) (c) Radial distance (A)

Fig. 4 Experimental (symbols) and computed (red line) atomic PDFs for fresh and cycled (a) PtsgNi17Coas, (b) Pts;NisgCoas and (c) Pti;NissCoss alloy

NPs. The computed PDFs are derived from a model featuring a uniform fcc-type lattice. The duration of cycling and refined parameter of the model

fcc-lattice are given for each data set. Residual difference (blue line) between the experimental and computed PDF data is shifted by a constant

factor for clarity. Modeling quality factors R,, for fresh and cycled PtsgNi;;Coys are in the order of 19 (+ 3) %. The modeling quality factor for fresh

Pt3,Ni3C0,4 NPs is 20 %. The modeling quality factor for 300 min cycled Pt3;Ni;gCo,4 NPs deteriorates to 27 %. Modeling quality factors for both fresh

and cycled Pt;,Nis3Coss NPs are in the order of 30 % to 40 %, indicating that Pt and TM species in the NPs do not sit on the vertices of a uniform fcc-

type lattice. Finite size models exhibiting non-uniform patterns describe the NPs to a much better extent (see Figure 5b). Note that, due to leaching

of TM species, the relative percentage of Pt in the cycled NPs increases during the PEMFC operation (follow the dotted arrows on top of the plots).

Pt-TM Nanoalloys under Operating Conditions

In operando data indicative of the evolution of the chemical
composition, atomic-level strain and apparent electrocatalytic
activity of pure Pt and Pt-TM alloy NPs as deposited as deposited on
MEAs and cycled inside an PEMFC are summarized in Figure 6. Also
shown in the Figure are MD-modeled and PDF-data verified
structures representing the (nano)phase state of the NPs. As can be
seen in Figure 6a, the intrinsically low atomic-level strain in pure Pt
NPs relaxes by a fraction of a percent at the beginning of the
potential cycling. Concurrently, the relative, i.e. with respect to the
initial state, catalytic activity of the NPs drops by a few percent. The
activity gradually diminishes with further potential cycling, most
likely due to the gradual decrease of the GSA, and so ECSA, of the
NPs.*®*! Relative losses in ORR activity experienced by fresh Pt-TM
alloy NPs at the beginning of the potential cycling are much larger in
comparison to pure Pt NPs. Furthermore, the losses appear
proportional to the percentage of TM species leached from the NPs
and related fast decrease of the atomic-level strain. Such sharp
drops in the apparent activity of barely utilized Pt-TM nanoalloy
catalysts for ORR, e.g. near 50 % drop in the ORR current for fresh
Pt35Nigs nanoalloy electrochemically cycled for only a few minutes,
have been reported in ex situ studies of others (see Figures 9 and 10
in Ref. [28]). The drops have been tentatively attributed to the
combined effect of loss in TM species, diminished atomic-level

6 | J. Name., 2012, 00, 1-3

appear as a chemically ordered nanoalloy. As soon as the PEMFC
starts operating, the NPs suffer about 25 % loss in TM species.
Concurrently, the compressive strain in the NPs diminishes from 1.9
% to 1.75 % and their apparent ORR activity drops by about 23 %.
Ultimately, the particles transform into a chemically disordered
nanoalloy whose surface is depleted of Co species. That would be
“conditioned”) state. During further
potential cycling (up to 5 hours), the activated NPs lose a small
amount of TM(Co) species and relax at atomic level by further 0.05
%. The GSA of the NPs though diminishes by about 10 % and their
apparent ORR activity decays further by 15 % (follow the horizontal
dotted red line in Figure 6b). Fresh PtsgNi;;Co,5 particles appear as a
near random nanoalloy. When deposited on a MEA and cycled
inside a PEMFC, the particles experience near instant 40 % loss in
TM species and 30 % loss in ORR activity. Concurrently, the
compressive strain in the particles diminishes from 2.65 % to 2.4 %.
As a result, they emerge as largely Pt NPs comprising small domains
of TM atom, which will be their catalytically active state. During
further potential cycling, the NPs relax at atomic level by further
0.05 %, lose a small amount of TM species and have their GSA
diminished by about 10 %. As a result, the apparent ORR activity of
the NPs decays further by 10 % (follow the horizontal dotted red
line in Figure 6¢). Within the first 30 min of the PEMFC operation,
near random alloy Pt3;Ni;sCo,, alloy NPs suffer about 55 % loss in
TM species and transform into nanoalloy particles with a TM-rich

their catalytically active (or

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 (a) In operando (symbols) and computed (red line) atomic PDFs
for Pt3,Nis3Coss alloy NPs cycled for 100 min. The computed PDFs are
derived from structure models shown as insets. Residual difference
(blue line) between the experimental and model computed PDFs is
shifted by a constant factor for clarity. The difference is large,
indicating the inability of the models to reproduce the experimental
data. (b) /In operando (symbols) and computed (red line) atomic PDFs
for Pt;,Nis3Coss alloy NPs cycled for 0, 100, 200 and 300 min. The
computed PDFs are derived from structure models shown as insets.
line) between the experimental and

Residual difference (blue

computed PDF data is small, indicating the high quality of the
respective models. A more detailed rendition of models in (a) and (b)
is given in Figure S11. Pt, Co and Ni atoms are in gray, green and red,
respectively. Note that, due to leaching of TM species during the
potential cycling, the chemical composition of cycled NPs changes as

shown in the plots (follow the horizontal broken lines).

core and Pt-rich shell. Concurrently, the compressive strain in the
NPs diminishes from 4.6 % to 4.1 % and their apparent ORR activity
drops by about 30 %. When cycled for four extra hours, the NPs
keep losing TM species at a slow pace and relax at atomic level by
further 0.1 %. In addition, the NPs have their GSA diminished by
about 10 %. Concurrently, their apparent ORR activity drops by
further 20 % (follow the horizontal dotted red line in Figure 6d). The
NPs though preserve their TM rich core-Pt rich shell type structure
attained upon activation. The structural evolution of fully TM core-
patchy Pt skin type Pt;,Nis3Coss particles appears more complex.
Initially, the particles experience sharp 65 % loss in TM species and
“decompress” by about 2.5 %. As a result, their apparent ORR
activity drops by about 30 %. In the process, the NPs acquire a fully
TM core-thick Pt shell type structure and their ability to catalyse
ORR seems to rebound a bit. The transient fully TM core-thick Pt
shell structural state though lasts for about 1 hour of potential
cycling. Further cycling induces additional loss in TM species and
renders the compressive strain in the NPs undulate about an
average value of 5 %. Concurrently, the NPs increasingly become of
a TM rich core-Pt rich shell type. Due to structural instability and
increased GSA, the apparent ORR activity of the NPs decays further
by 30 % (see the dotted red line in Figure 6e). Changes in the

apparent ORR activity, composition and atomic-level strain

This journal is © The Royal Society of Chemistry 20xx
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experienced by the cycled Pt-TM nanoalloy particles from the
moment the PEMFC starts operating are summarized in Figure 7b as
a function of the percentage of TM species in the respective fresh
particles. The residual percentage of TM species and compressive
strain in the merely activated, i.e., cycled for up to 30 min only, Pt-
TM alloy NPs are summarized in Figure 7a. The enhancement of the
actual ORR (MA) activity of the activated Pt-TM NPs in comparison
to pure Pt NPs, as obtained from complementary ex situ
experiments in a standard 3-electrode ceII,B’GS'67
the Figure. In line with the findings of prior studies on the
electrocatalytic activity of partially de-alloyed Pt-TM nanoalloy
catalysts for the ORR (TM=Co, Ni and/or Cu),17’31’64 data sets in
Figures 7a and 7b appear strongly correlated to each other. In
particular, data in the Figure indicate that relative losses in TM
species and ORR activity experienced by the fresh Pt-TM nanoalloy
catalysts upon “activation” inside the PEMFC are commensurate
with the initial content of TM species in the NPs. The same pertains
to the concurrent near sudden drop in the atomic-level stresses.
Furthermore, the electrocatalytic activity of merely activated Pt-TM
nanoalloys appears commensurate with the percentage of TM
species retained in the NPs and related to it residual compressive
strain, which, in turn, are commensurate with their values for the
fresh nanoalloys.

According to Pauling’s theory of chemical bonding and
independent experiments, changes in (bonding) distances between
nearby atoms and the spatial/energy distribution of the valence d-
electrons of the atoms involved are intimately coupled and so may
not be considered apart.sg'71 Data for the systematic changes in the
local atomic strain (see Figure 7a, b) and shifts in the core-level
binding energies for fresh Pt-TM nanoalloys (see Figure S13) well
illustrate this interrelationship. As TM and Pt atoms in Pt-TM
nanoalloys have different Fermi levels, E;, (e.g. E; ~9.7 eV for Ni,
10.5 eV for Co, 9.0 for Cu vs. 8.8 eV for Pt), charge may be expected
to flow from the former towards the latter until the Fermi level in
the nanoalloy particles equilibrates. Thus, as is the case with the
residual strain, the electronic structure of activated nanoalloys, in
particular the d-DOS at the Fermi level, would depend on the
percentage of TM species retained in the nanoalloys, thereby
becoming another composition-dependent factor behind their
electrocatalytic activity. Notably, as surface Pt-Pt partial PDFs and
distances shown in Figures 8(a-c) indicate, the surface structural
characteristics of Pt-TM nanoalloys, fresh or activated, do not
match exactly the volume-averaged values, and it is the nanoalloy’s
surface whereat chemical reactions take place. Typically, the
difference is due to surface relaxation effects, including differences
in the coordination of atoms inside and at the surface region of the
nanoalloys. Altogether, it may be considered that the
electrocatalytic activity of Pt-TM NPs deposited on MEAs and briefly
exposed to the corrosive environment inside operating PEMFCs is
determined by the combined effect of the residual compressive

is also shown in

strain, charge transfer due to equilibration of the Fermi level of the
constituent TM and Pt atoms, surface relaxation effects and
particular nanophase state, including the relative percentage of
surface Pt sites available to reduce O,.

For all activated and further cycled Pt-TM alloy NPs, considerable
mass transport is observed all over the cathode side of the

respective MEAs (see Figures 2, 3 and S8). The transport is
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indicative of exchange of dissolved atomic species between
individual Pt-TM NPs, eventually leading to Ostwald ripening,
and/or displacement and partial coalescing of nearby Pt-TM NPs.
Both processes are known to be gradual and effectively reduce the
electrocatalytic activity of functioning Pt-TM nanoalloys through
reducing their ECSA.”? As the time evolution of the experimental
GSA data in Figure 6 indicate, losses in ORR activity experienced by
“activated & functioning”

Pt-TM nanoalloy catalysts largely arise from mass transport related
effects.

C Relationship between the atomic level structure, stability and

where AG, AH and AS is, respectively, the excess free energy,
enthalpy and entropy of the nanoalloy, and T is the temperature.
The physical meaning of the excess free energy is very simple. If AG
< 0 alloying between Pt and TM species is energetically favourable,
otherwise (nano)phase segregation is more likely to occur. Several
factors would affect the structure type and stability of Pt-TM alloy
NPs. Among others, the factors include the electronegativity, “size”
or volume of the Wigner-Seitz (WS) cell,
energy, Fermi level and valence d-band of the constituent Pt and

surface and cohesive

TM atoms. Finite size effects, including relaxation of surface atoms,

shape and faceting of the nanoalloy particles are to be added to the

. 69-70, 73-77 .
list. Notably, as discussed above, these factors are also of
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electrocatalytic activity of Pt-TM Alloy NPs
v v v prime importance to the catalytic activity of Pt-TM nanoalloys. With

The likelihood that a nanosized mixture of Pt and TM species regard to their atomic-level stability, the different Fermi level of the
would adopt a stable nanoalloy structure and so deliver consistent

electrochemical

constituent Pt and TM species and related charge redistribution
performance can be evaluated through the would make a negative contribution to AH, ie. facilitate the

fundamental thermodynamic relation formation of Pt-TM nanoalloys. Equilibration of the different WS
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Fig. 6 Evolution of the atomic-level strain (blue symbols & line), GSA (green symbols & line), chemical composition (magenta symbols) and
apparent ORR activity for pure Pt and Pt-TM nanoalloy catalysts deposited on the cathode of an operating PEMFC. Changes in the atomic-level
strain are obtained from changes in the lattice parameter of the respective NPs as normalized against the lattice parameter of pure Pt.
Changes in GSA values are obtained from changes in the FWHM of Bragg-like peaks in the respective in operando HE-XRD patterns as
normalized against the GSA of fresh catalysts particles. Changes in the apparent electrocatalytic activity are derived from changes in the
PEMFC “redox” current at 0.9 V on the respective polarization curves. MD-built & RMC refined 3D models given as insets show the structural
state of the fresh (model on the left) and active (model on the right) catalysts. The catalysts undergo the following evolution during the PEMFC
operation: (a) Fresh Pt NPs relax a bit and retain their fcc-type structure; (b) {chemically ordered} PtssCos, NPs transform into {chemically
disordered} NPs whose surface is depleted of Co atoms; (c) {near random alloy} PtsgNi;;Co,s NPs transform into {largely Pt NPs comprising
small domains of TM atoms }; (d) {near random alloy} Pt3;NissCo,4 NPs transform into {TM rich core-Pt rich shell} NPs; and (e) {fully TM core-
patchy Pt skin} Pt;;Nis3Coss NPs transform into an intermediate active state with a {fully TM core-thick Pt shell type} structure. This state
evolves with further cycling and becomes of a {TM rich core-Pt rich shell} type. This is to be expected given both the specific structure of the
fresh NPs and extensive change in their chemical composition with cycling. Note that the observed changes in the chemical composition, local
strain, overall atomic arrangement and apparent ORR activity are highly correlated in terms of onset, duration and magnitude, indicating the
presence of an instant link between these fundamental characteristics of nanoalloy catalysts. A more detailed rendition of the structure
models is given in Figure S12. Pt, Co and Ni atoms are in grey, green and red, respectively.
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for Co and 11.8 A® for Cu vs. 15.1 A® for Pt) to the same atomic
volume in the nanoalloy would induce atomic-level stresses and so
make a positive contribution to AH, i.e., hinder the formation of Pt-
TM nanoalloys. The much higher cohesive energy of Pt in
comparison to Ni, Co and Cu (~4.44 eV/atom for Ni, 4.39 eV/atom
for Co and 3.49 eV/atom for Cu vs 5.84 eV/atom for Pt) would favor
clustering in the nanoalloys, including the formation of a TM core-Pt
shell type structure. 4707477 Eurthermore, generally, the smaller
TM and large size Pt atoms would tend to segregate towards the
nanoalloy’s interior and surface, respectively, for minimizing atomic
level streses.

This seems to be the case with fresh Pt;,Nis3Coss alloy NPs, which
appear with a fully TM core and patchy Pt surface. Attaining a
chemically ordered structure at a particular concentration of the

Nanoscale

could also reduce the strain energy and so make a negative
contribution to AH. This seems to be the case with fresh PtgsCos,
alloy NPs. At the same time, due to the loss of complete
randomness, the configurational entropy AS would
making a positive contribution to AG. Adding a third component to
a binary Pt-TM nanoalloy would increase that entropy and lead to
the formation of a chemically disordered ternary nanoalloy, which
seems to be the case with fresh PtsgNi;;Co,5 and Pt3;NizgCo,, alloy
NPs. Certainly, the structure type and stability of Pt-TM nanoalloys
would depend not only on the balance of the above listed factors
but also on details of the nanoaloys’ synthesis, post-synthesis
treatment and working environment (e.g. liquid electrolite in 3-
electrode cells vs humidified gas-phase evirionment in PEMFCs).
Thus, the relationship between

increase,

intermixed Pt and TM species, i.e., forming an Pt-TM intermetallics,

100 10
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Fig. 7 (a) Residual TM percentage (black bars) and atomic-level strain (blue bars) in partially de-alloyed Pt-TM NPs. Enhancement (red
bars) in the electrocatalytic activity (MA for ORR) of de-alloyed/activated NPs in comparison to pure Pt NPs obtained by complementary
ex situ experiments. Dotted lines emphasize the correlation between the composition, structure and catalytic activity of the NPs. (b)
Relative losses in TM species (black bars) and apparent activity (initial loss/red bars and total loss/green bars) experienced by fresh Pt-TM
alloy NPs inside the operating PEMFC. Changes in the local atomic strain (blue bars) are also shown. Comparison between the respective
data sets in (a) and (b) indicate that, regardless having suffered large loss in activity in comparison to their pristine state, partially de-
alloyed Pt-TM NPs perform better as ORR catalysts in comparison to pure Pt NPs. (c) Literature data for the fcc-lattice parameters of
purposefully de-alloyed (closed symbols) and respective fresh (open symbols) Pt-TM alloy NPs (TM=Ni, Co and/or Cu). Data in black are for
4 nm Pt-Ni particles synthesized at 160 °C to 240 °C.” Data in gray are for commercial (E-Tek) 5.4 nm Pt-Co particles.'® Data in green are
for 20 nm polyhedral Pt-Ni particles.”® Data in orange are for 5 nm Pt-Cu particles annealed at 950 °C.° Magenta rectangle denotes data
for 3 nm wide and 100 nm long PtssNiss NWs annealed at 260 °C.”

synthesized at 160 °C.%° Red cross denotes data for space-confined 3 nm Pt-Ni particles annealed at 850 °C.2*

Red star denotes data for sub-nanometer PtNiCo nanowires
Red pentagon denotes data
for 3 nm Pt-Co particles annealed at 950 °C.2 Crossed magenta circle denotes data for 12 nm Pt-Ni particles annealed at 400 °C.** Crossed
Red stars denotes data for 9 nm Pt-Ni octahedra synthesized at 230 °C.** (d)
FCC-lattice parameters for 300 min cycled (closed symbols) and respective fresh (open symbols) Pt-TM alloy NPs obtained by in operando

blue square denotes data for sputtered Pt-Ni nanoalloys.28

experiments. Circles denote Pt;gNi; NPs discussed in ref. [87]. Rhombuses denote data for PtssCos, NPs. Squares denote data for
PtsgNiz7C02s, PtayNisgC0o24 and Pty;Nis3Coss NPs. Triangles denote data for Pts;CoisCus; and Pty;NigCuse NPs. In (c) and (d) blue dotted lines
represent the expected composition dependence of the lattice parameter for Pt-TM random alloys obtained from the elemental volumes
of Pt and TM species (Eq. 3). Red dotted lines represent the expected composition dependence of the lattice parameter for Pt-TM alloy
obtained from the elemental volumes of the intermixed atomic species plus a quadratic correction term involving a quantity Q referred to
as an “excess volume” in the text (Eq. 4). Slanted black lines represent the composition dependence of the lattice parameter for Pt-TM
random alloys as predicted by Vegard’s law (Eg. 2). Solid arrows link data for a given pair of cycled and respective fresh catalysts.
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Fig. 8 (a) Average surface Pt-Pt distance in fresh (open circle) and 300
min cycled (solid circle) pure Pt and Pt-TM alloy NPs. The distance is
obtained from the position of the first peak in the surface Pt-Pt partial
PDFs for fresh (beginning of test/BOT) and 300 min cycled (end of
test/EOT) NPs computed from the respective 3D models shown in
Figure 6. The PDFs are shown in (c) and (b), respectively. Broken line
in (a) is a guide to the eye. Solid slanted line in (a) connects the bulk
values for TM-TM and Pt-Pt bonding distances. Vertical broken lines in
(b) and (c) mark bulk Pt-Pt bonding distance. (d) Representative
HAADF-STEM Pt4sNis3Co,,
nanoparticle cycled for 600 min.¥’ Due to the prolonged cycling and

image and elemental maps of a
leaching of TM species, the nanoparticle has become near hollow.

Nevertheless, its shell has remained a Pt-TM nanoalloy.

the composition, structure, stability and electrocatalytic activity of
Pt-TM nanoalloys inside operating PEMFCs appears difficult to
predict. To assess it, semi-empirical approximations found useful in
connecting the composition and structure of bulk alloys with their
preparation and electrocatalytic activity, such as Vegard’s law, are
often used.

D Deviations from Vegard’s law related to the stability and
electrocatalytic activity of Pt-TM Nanoalloys

Vegard’s law predicts a steady linear change in the lattice
parameter for continuous metallic alloys, including fcc-type Pt-TM
alloys, wherein the distinct atomic species simply substitute for one
another.* That is, the lattice parameter for fcc Pt,TMqq alloys, a,
would be

a(X)= apX + anu(1-X), ()

where 0 < X < 100 is the percentage of Pt in the nanoalloy, ap; and
arv is the fcc-lattice parameter for pure Pt and TM metals,
respectively. Note that Eq. 2 is considered applicable not only for
binary but also ternary fcc-type Pt-TM alloys comprising Ni, Co
and/or Cu because the atomic volume (see above) and lattice
parameter (ay=3.52 A; ag,(fcc)= 3.55 A; ac,=3.62 A) of these T™M
species are close to each other.”®

Experimental fcc-lattice parameters for fresh and cycled Pt-TM
alloy NPs (TM=Ni, Co and/or Cu) derived from in operando PDF data

10 | J. Name., 2012, 00, 1-3

are shown in Figure 7d. As can be seen in the Figure, the variation
of the lattice parameter with the NP composition shows a large
positive deviation from Vegard’s law. This may not come as a big
surprise because Vegard’s law is indeed seldom perfectly obeyed.79'
8 n particular, in an ideal random fcc alloy at a given temperature,
the constituent atoms are randomly distributed (AS is maximized)
and the thermodynamic excess characteristics of the alloy, such as
AH and eventual excess volume AV, are zero. The volume of the unit
cell of the alloy is therefore a linear function of the volumes of the
unit cells of the constituent pure metals. Since the fcc-lattice
parameter is related to the fcc-cell volume by the relation Vs ceny =
(afcc)s, a linear dependence of Vg, ) ON the relative percentage of
the constituent atoms implies a non-linear variation of a¢,. on that
percentage. Then, the dependence of the lattice parameter for an
ideal Pt-TM random alloy on the percentage of Pt species, X, should
indeed be expressed as

a (X)= {VpX + Ve (1)}, (3).

where Vp; and Vqy are the rather different (by ~22 to 28 %)
elemental volumes of atoms in pure Pt and TM metals, respectively.
Accordingly, as shown in Figure 7d, the functional dependence of
a(X) on X would show a positive deviation from Vegard’s law, even
for an ideal Pt-TM random alloy. When the alloy is not ideal, e.g.
due to non-linear variation of the “size”/WS volume of the
constituent atoms with its composition arising from valence charge
redistribution, related atomic-level strain, chemical disordering
effects, and others, the positive deviation from Vegard’s law may
appear even stronger, as exhibited by the experimental fcc-lattice
parameters shown in Figure 7d. Generally, such a strong deviation
from the law may be accounted for by introducing a quadratic
correction term in Eq. 2 as follows 81,82

a(X)= {VpX + Vin(1-X) + X(1-X) Q) (4)

where the quantity Q may be interpreted as an “excess volume”
arising from the “excess” differences in the WS volume (electron
density distribution) of the constituent Pt and TM species in
comparison to their volume in bulk Pt-TM alloys. 69,7078
volume” would make an extra positive contribution to the “excess

The “excess

free energy” of Pt-TM nanoalloys, thus rendering them much less
stable (e.g. melt at lower temperature) in comparison to their bulk
counterparts.”’77 Experimental data for the fcc-lattice parameter
for fresh binary and ternary Pt-TM nanoalloy particles (TM=Ni, Co
and/or Cu) with a largely different morphology (e.g. spheres,
octahedra and wires), synthesized by different protocols, deposited
on different supports (e.g. carbon and silica) and some annealed at
very high temperature (e.g. 900 °C) for hours are summarized in
6171921-23 2883 Thece data also exhibit a strong positive
deviation from Vegard’s law indicating that binary and ternary Pt-
TM nanoalloys (TM=Ni, Co and/or Cu) are intrinsically much less
stable than the corresponding ideal Pt-TM nanoalloys.84 Therefore,
evaluating the composition, degree of alloying and stability of Pt-
TM nanoalloy particles from experimental data for their fcc-lattice
parameter using the Vegard’s law approximation, as defined by Eq.
2, and vice versa, may lead to contradicting results (e.g. see Figure 4
in Ref. [30] and Table 5 in Ref. [19]). On the other hand, when
taken into consideration, observed deviations from Vegard’s law
can help evaluate the stability and, hence, activity of Pt-TM

Figure 7c. .

This journal is © The Royal Society of Chemistry 20xx
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nanoalloys as catalysts for the ORR taking place at the cathode of
operating PEMFCs.

In particular, regardless strained (Vqy and Vp, differing by more
than 20 %,; see Figure 7b), not quite random (AS not maximized; see
model structures in Figure 6) and densely packed (Q significantly >
0; see Figure 7d), fresh Pt-TM catalyst can remain intact under
ambient conditions for a long time. Under the electrochemical
conditions created by the high humidity, electrodes, at the
temperature and gas flow in the operating PEMFC, the catalyst
particles may need to adopt an energetically more favourable
atomic-level structure. Considering the difference in the elemental
“size”, cohesive energy and reduction potential (-0.25 V for Ni, -0.28
V for Co and 0.5 V for Cu vs. 1.18 V for Pt) of the constituent Pt and
TM atoms, one may expect that a dissolution of TM species from
the particles would be favourable at least because it would reduce
the compressive stresses on Pt species. In addition, it may be
expected that a large fraction of TM species would leach from the
particles pretty soon after the PEMFC starts operating. This is
because the interdiffusion of atoms in nanoalloys is several orders
of magnitude faster in comparison to bulk aIons.S‘r”86 The initial
compressive strain and electrocatalytic activity of the nanoalloy
particles would drop accordingly, regardless their GSA hardly
changes. This is indeed what the experimental data in Figure 6
show. The resulting structural state, including the residual
compressive strain, relative percentage and intermixing pattern of
near surface Pt and TM species would largely determine the
electrocatalytic activity of the so “activated” particles during the
PEMFC operation. For any chemical composition of the fresh
nanoalloy catalysts, the dissolution would carry on until the
percentage of TM species, related atomic level strain and/or near
surface relaxation effects leading to significant “excess volume” Q
in the functioning nanoalloy catalysts are reduced to a minimum, as
observed here and elsewhere (follow the solid arrows in Figures 7c
and 7d). For long periods of PEMFC operation, the dissolution may
even render the nanoalloy particles hollow but not necessarily
completely free of TM atoms, as shown in Figure 8d. That is
because Pt and TM atoms remaining in the particles are free to
search and adopt energetically more favourable configurations
through fast interdiffusion, including partial re—aIoning.73'75’87'88 In
the process, and strongly depending on their initial TM content and
phase state, the nanoalloys may adopt transient structural states,
e.g. fully TM core-thick Pt shell type structure (see data in Figure
6e), which have proven beneficial to the ORR kinetics.*%*?
stabilized though, such states may degrade, thereby rendering the

Unless
useful lifetime of nanoalloy catalysts shorter than desired.
Regardless the sustained effort, this problem has not been fully
solved yet.26 Though seemingly not so severe,30 the related problem
with the excessive mass transport (see Figures 2, 3 and S6)
eventually leading to activity losses due to Ostwald ripening,
coalescing and/or and contamination of MEAs with dissolved TM
species also has to be addressed.

Conclusions

Undoubtedly, ex situ characterization of  nanoalloy
electrocatalysts, including Pt-TM nanoalloys, is a necessary starting

point of any effort to improve their stability and activity. However,

This journal is © The Royal Society of Chemistry 20xx
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it has to be recognized that fresh Pt-TM nanoalloys are merely pre-
catalysts, and the actual catalysts are formed as deposited on MEAs
and exposed to high humidity, elevated temperature and fast
repetitive voltage pulses inside PEMFCs. Moreover, the chemical
composition and nanophase state of the actual catalysts keep
changing during their utilization leading to further changes in their
activity. Naturally, for significantly different nanoalloys the changes
differ significantly in dynamics and/or scope. Combined EDS and
HE-XRD experiments make it possible to directly follow the
evolution of Pt-TM nanoalloy catalysts from their initial state, to
their active form and further along their usage with atomic-level
precision (~ 0.02 A) and element specificity (~ 2—3 at%), and link it
to the resulting ORR activity losses in both time (~ 1 min) and space
(~ um) resolved manner. It is essential to study the dynamic
behaviour of nanoalloy catalysts under operating conditions and
derive meaningful relationships between relative changes in their
composition, structure and electrocatalytic activity with respect to
the initial state, and not to resort to imprecise approximation. The
relationships will both help streamline the ongoing synthesis effort
to produce better catalysts and inform the related to it theory.
Together with other established techniques, in operando
synchrotron x-ray spectroscopy and total scattering can assist this
urgent scientific endeavour, thus bringing fuel cell technologies a
step closer to commercialization.
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