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ABSTRACT Fine-tuning nanocatalysts to enhance their catalytic activity and
durability is crucial to commercialize proton exchange membrane fuel cells. The
structural ordering and time evolution of ordered PtsFe;, intermetallic core—shell
nanocatalysts for the oxygen reduction reaction that exhibit increased mass
activity (228%) and an enhanced catalytic activity (155%) compared to Pt/C has
been quantified using aberration-corrected scanning transmission electron micro-
scopy. These catalysts were found to exhibit a static core—dynamic shell regime

wherein, despite treating over 10 000 cycles, there is negligible decrease (9%) in

catalytic activity and the ordered Pt;Fe, core remained virtually intact while the Pt

shell suffered a continuous enrichment. The existence of this regime was further confirmed by X-ray diffraction and the compositional analyses using

energy-dispersive spectroscopy. With atomic-scale two-dimensional (2-D) surface relaxation mapping, we demonstrate that the Pt atoms on the surface are

slightly relaxed with respect to bulk. The cycled nanocatalysts were found to exhibit a greater surface relaxation compared to noncycled catalysts. With 2-D

lattice strain mapping, we show that the particle was about —3% strained with respect to pure Pt. While the observed enhancement in their activity is

ascribed to such a strained lattice, our findings on the degradation kinetics establish that their extended catalytic durability is attributable to a sustained

atomic order.

KEYWORDS: ordered nanocatalysts - proton exchange membrane fuel cells - Pt—Fe - lattice strain -

scanning transmission electron microscopy

esearch in designing electrocatalysts

for various chemical reactions has

witnessed a tremendous progress
especially over the past decade, in terms
of increasing their surface to volume ratios
to reduce catalyst loading and, hence, miti-
gate the cost."? Currently, there is a great
interest in devising such nanocatalysts to
accelerate the oxygen reduction reaction
(ORR) occurring at the cathode in a proton
exchange membrane fuel cell (PEMFC)2
Although carbon-supported platinum nano-
particles (Pt/C) were long thought of as an
ideal ORR catalyst, it is now widely accepted
to be an unrealistic choice owing to their
exceedingly high costs.>* Hence, various
new catalyst designs are in vogue, with
the intention to achieve higher activities
and better durability compared to Pt/C,
primarily dictated by a ground rule to in-
duce compressive strain in the lattice by
introducing 3d transition metals (M = Ni, Co,
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Fe, Cu, Cr).>~ " Thus far, two prominent
regimes are identifiable: the alloyed Pt—M
systems mainly leading to bimetallic'" and
ternary'? nanocatalysts and, a core—shell'?
design comprising a metal core and an
enriched Pt shell. The Pt—Fe system, in
particular, has gathered much attention in
recent years not only as a better catalyst
to Pt/C in PEMFCs but also because of its
magnetic properties that are deployable
in ultrahigh density information storage.'
Disordered Pt—Fe core—shell nanoparticles
reported hitherto lack a subsurface com-
pressive strain in the Pt shell because there
exists a poor d-overlap among Pt atoms,
leading to decreased catalytic activity com-
pared to that of bimetallic regimes."”>~"’
Catalyst design among the bimetallic Pt—Fe
ordered system in the recent past has
been extremely limited mainly because of
the conventional synthesis routes followed
that lead to increased particle sizes due to
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aggregation upon annealing’®2° and partly because

of the model-based calculations on the Pt—Fe system
predicting a monotonically decreasing Pt profile in the
subsurface layers as opposed to Pt—Co and Pt—Ni that
were reported to be oscillatory.’>2"?2 Here we demon-
strate a new intermetallic core—shell (IMCS) regime
among Pt—Fe systems, comprising an ordered PtsFe,
core encapsulated within a bilayer Pt-rich shell. These
catalysts exhibit the highest activity and extended
durability compared to all other Pt—Fe designs re-
ported in the literature.'®*2* While a comparative
discussion on catalyst synthesis, electrochemical mea-
surements, and XRD analysis of these catalysts with
other Pt—Fe designs is presented in a recent article'®
by two of the authors, our current work investigates
structural ordering as a design criterion for developing
nanocatalysts with enhanced activity and extended
catalytic durability. We show that the degradation
kinetics in these IMCSs exhibit a static core—dynamic
shell profile which could more generally be extended
to explain enhanced durability observed in Pt—Co

2 nm

b

ordered systems reported recently,'® over conven-

tional disordered core—shell Pt—Co nanocatalysts.

RESULTS AND DISCUSSION

PtsFe, IMCS nanocatalysts were synthesized by
impregnating'® Pt/C precursors with 0.1381 g of
Fe(NOs);+9H,0. Subsequent annealing in an 8% Hy/Ar
atmosphere at 800 °C resulted in chemically ordered
nanocatalysts with surface-segregated Pt-rich shells,
as shown in Figure 1, typically with an average diameter
of 3.2 nm. XRD analysis on the annealed samples revealed
aslightincrease in the crystallite size postannealing, which
is known to be due to possible particle sintering.'®* We
also found that the amount of Fe salt added primarily
dictates the stoichiometry of ordered cores being formed.
For example, although impregnating 0.0691 g of Fe salt
resulted in a PtsFe ordered core, the Pt was found to
exhibit poorer surface segregation, in turn leading to a
significant decrease in catalyst performance.'®?>**

Atomic-resolution STEM-HAADF images in Figure 1b,c
clearly show the ordered PtsFe, core architecture with

Figure 1. Atomic-resolution BF and HAADF images. (a) TEM bright-field (BF) image of an as-prepared Pts;Fe, intermetallic
core—shell nanocatalyst (IMCS). (b,c) STEM-HAADF images of Pt;Fe, IMCS nanocatalysts showing alternating bright and dark
intensities for Pt and Fe atomic columns, respectively, at the core. However, the shell is Pt-rich, as demonstrated by much
brighter intensity at the surface that is further supported by multislice method image simulations (Supporting Information).
(d) Three-dimensional model of a typical IMCS nanocatalyst. Pt and Fe atoms are represented by gray and yellow, respectively.
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Figure 2. Structure, strain, and activity. (a) Magnified region of an IMCS catalyst nanoparticle acquired as a Gaussian filtered
STEM-HAADF image demonstrating the ordered Pt;Fe, core and Pt-rich shell at atomic resolution. (b) Two-dimensional lattice
strain mapping (method described in the Supporting Information) of particle in (a) indicating a bulk strain of —3% at the core.
The surface appears to be relaxed compared to the ordered core. (c) Bar plot indicating the enhancement in mass activity and
the catalytic activity among Pt;Fe, IMCS compared to Pt/C measured at similar testing conditions.

alternating bright and dark contrast, indicating the
positions of Pt and Fe atomic columns, respectively
(detailed interpretation of STEM-HAADF contrast aided
with multislice method image simulations is discussed
in the Supporting Information section 1, Figures S1
and S2). From these observations, it appears that the
heat treatment induced a selective segregation of Pt at
the surface of the nanoparticle, typically two atomic
layers thick, as further verified by Figure 2a.

From atomically resolved STEM-HAADF images, two-
dimensional (2-D) lattice strain mapping in the bulk of
the nanoparticle core was performed, as demonstrated
in Figure 2a,b (details on the method can be found in
Supporting Information, Figures S3 and S4). It is very
clear that these IMCS nanocatalysts exhibit a nonuni-
form strain distribution®>?® on a 2D-projected plane
rather than a uniform single strain value. This is be-
cause the Pt atoms are slightly relaxed at the surface
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compared to the bulk of the nanoparticle. We will
demonstrate this later experimentally on comparing
surface relaxation observed in noncycled and cycled
nanocatalysts. On the basis of our calculations, we
confirm that the lattice strain in the bulk of these
PtsFe, IMCS nanocatalysts relative to that in pure
Pt/C is about —3%, which is in very good agreement
with the theoretical value (—2.73%) for a 2D-projected
plane viewed along the [110] zone axis (Supporting
Information and Figure S3). The mass activity and
catalytic activities of these nanocatalysts before and
after electrochemical cycling 6000 times is represented
in a bar plot in Figure 2c. Despite being highest among
those of similar design reported in the literature,'®%*
the mass activity subsequently decreases on cycling
following a sequential loss of electrochemical surface
area (Apy).'° We estimate that about 50 and 64% of
the catalyst Ap, is lost after 6000 and 10000 cycles,
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Figure 3. Particle size, morphology, and ordering. (a,b) TEM-BF images of as-prepared sample and the sample after 10 000
potential cycles, respectively, acquired at lower magnification. (c) Particle size distribution of a statistically systematic sample
measured from BF acquisition of images with TEM. The average particle size of cycled nanocatalysts increased by about 1 nm
compared to the noncycled one after treating over 10 000 potential cycles. (d,e) Atomic-resolution STEM-HAADF images of
noncycled and cycled catalysts, respectively. (f) XRD data of the bulk sample.

respectively. However, it is quite intriguing to see a
minimal decrease of 9% in the catalytic activity even
after 6000 electrochemical cycles. While we attribute
enhancement in catalytic activity primarily to lattice
strain induced in the intermetallic PtsFe, core, we
demonstrate in the next section that these catalysts
possess an enduring atomic order that is responsible
for an extended longevity over 10 000 cycles.

Stability assessment on PtsFe,/C IMCSs was performed
by employing three approaches: (1) electrochemical Pt
surface area measurements over the course of 10000
potential cycles,” (2) atomic-resolution STEM-HAADF
characterization, and (3) X-ray diffraction on specimens
to determine time evolution of its structural order, lattice
contraction, and crystallite sizes. Electrochemical mea-
surements that were carried out in a three-component
cell (Methods) validated the Koutecky—Levich relation-
ship,”” ensuring a four-electron transfer following a
complete reduction of O, to H,O on the surface of
IMCS nanocatalysts. Ap; was calculated using a charge
to surface area conversion of 210 uC cm % These
nanocatalysts were characterized over the course of
10000 cycles using STEM-HAADF (Figure 3a—e) and
XRD (Figure 3f) with two major themes: morphol-
ogy and sustenance of chemical ordering in the inter-
metallic core.

Figure 3a,b shows bright-field (BF) images of non-
cycled and electrochemically cycled PtsFe,/C IMCSs,
respectively, obtained under a conventional TEM at
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low magnifications. Though it is visually compelling to
believe from the low-magnification BF images that
these nanocatalysts show a significant increase in their
sizes after cycling 10000 times, such a conclusion is
incorrect because the TEM observation is site-specific.
Hence, we measured particle sizes of over 1030 nano-
catalysts systematically sampled at various sites on
the TEM grid to identify a statistical size distribution
for both noncycled and cycled particles, as shown in
Figure 3c. The average diameter of these nanoparticles
experienced an increase of nearly 1 nm upon treating
over 10000 cycles, which is further validated by XRD
analysis'® that showed about 1.2 nm difference in the
crystallite sizes. The expansion in the size distribu-
tion upon cycling indicates that there is a widely
distributed particle size due to catalyst degradation.
Such an increase in their sizes is due to enrichment in
the nanocatalyst shell thickness, possibly by Ostwald
ripening.?® However, it is important to notice here
that the increase is small compared to previous Pt—Fe
catalyst designs,'® owing to controlled degradation
kinetics that will be demonstrated later in the section.

Changes in the surface morphology due to cycling
are further examined, as shown in Figure 3d,e. Due to
continuous Pt enrichment at the shell, the particles
experienced a reduction in the number of high-index
facets eventually leading to domains with low Miller
indices and, hence, decreasing the total surface en-
ergy. However, the fact that this new surface formed
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Figure 4. Surface relaxation and degradation. (a,c) STEM-HAADF images of noncycled and cycled (10000) Pt;Fe, IMCS
nanocatalysts, respectively, viewed along the [110] zone axis. (b,d) Two-dimensional percentage relaxation mappings of the
particles in (a) and (c), respectively. (e) Percentage relaxation distribution plotted from the data obtained at each color
segment shown in (b) and (d). The plot demonstrates that the cycled particles exhibit relatively more surface relaxation
compared to noncycled ones, similar to the one discussed in (a) and (b). (f) Degradation parameter is plotted across various
particle sizes for both noncycled and cycled nanocatalysts. Region between two regimes is the zone of degradation. Based on
static core—dynamic shell constraint, the degradation parameter exhibits an inverse proportionality with the volume of the

shell.

through cycling is composed of atoms with bond
lengths that are more relaxed relative to the bulk
should not be overlooked. It is important to notice
here that, despite a constant enrichment of the Pt shell
over 10000 electrochemical cycles, the particle still
retained its core ordering as revealed by the XRD
pattern in Figure 3f. Locating two small shoulders at
20 values of 49.2° (due to (002) reflection) and 70.6°
(due to (202) reflection) corresponds to lattice com-
pression from cubic to a tetragonal ordered Pt—Fe type
alloy structure. A rightward shift in the (111) peak
toward more negative 26 values indicates Pt enrich-
ment upon sequential cycling. Most importantly, the
presence of the (110) superlattice reflection at around
20 = 39.77° confirms sustained atomic ordering even
after 10000 potential cycles. This result is consistent
with our atomic-scale STEM analysis, as shown in
Figure 4a,c, and we attribute an enhanced durability
among these nanocatalysts compared to other Pt—Fe
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systems to such endurance in chemical order despite
cycling.

STEM-HAADF characterization of systematically
sampled nanoparticles and the XRD measurements
on the bulk sample confirm that degradation mecha-
nisms are operative during cycling, and yet, the local
chemical order at the core is retained. This is possible
only if the ordered core remains unaffected on sub-
sequent cycling because the phase transformation
toward forming new ordered cores is thermodynami-
cally not favorable. This static core regime will conse-
quently imply that the increase in particle sizes
(Figure 3c) is due to a Pt shell enrichment with the
core virtually intact. To our knowledge, this static
core—dynamic shell (SCDS) regime is being reported
for the first time. In order to explain the existence of the
SCDS regime in these PtsFe, IMCS nanocatalysts, we
atomically resolved both noncycled and cycled parti-
cles in STEM-HAADF mode to perform a 2-D surface
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Figure 5. Ordered core and disordered shell volumes. (a) Plot of ordered core volume versus particle size. Particles in the size
range between 3.2 and 4.2 nm are found to retain comparable core volumes despite 10000 potential cycles. (b) Plot of
disordered shell versus particle size. It is evident that, upon cycling, particles in the size range of 3.2 to 4.2 nm, despite
possessing comparable core volumes, however, showed an increase in their shell volumes due to Pt shell enrichment.

relaxation mapping with respect to the core, as shown
in Figure 4a—e. We found a significant atomic relaxa-
tion in the Pt-rich shells of cycled nanocatalysts as
quantified in the colormap shown. We believe that this
is due to redeposition of Pt atoms on the shells, made
possible by Ostwald ripening. ORR and catalyst layer
degradation operate continuously throughout the life-
time of a fuel cell, and the deposition of Pt atoms on the
oxidized catalyst surface might have led to the ob-
served relaxation. We infer through a rigorous statis-
tical treatment shown in Figure 4e that the cycled
nanocatalyst showed a surface relaxation of about
30% (relative to the core) upon 10000 potential cycles.

A newly developed peak at 39.9° in the XRD pattern
(Figure 3f) is attributed to Pt, which is further supported
by Pt/Fe compositional analyses plotted in Supporting
Information Figure S5, which was obtained by the
SEM-EDXS analysis technique (10 measurements per
sample) at an accelerating voltage of 20 kV with a
15 mm working distance. The evolution of this compo-
sitional measurement clearly highlights that the degra-
dation kinetics is slow with an energy-driven ripening.
A steep increase in the Pt/Fe ratios during the initial
3000 cycles is possibly because of higher probability of
encountering smaller particles leading to a thermody-
namically driven aggregation to form larger particles.
The compositional evolution after 3000 cycles reiterates
the size dependency of degradation kinetics possibly
due to Ostwald ripening?® at the nanoscale. In that case,
it is quite reasonable to predict that a critical size is
approached after successive cycling beyond which
Ostwald ripening would cease to operate. Unlike dis-
ordered core—shell and bimetallic catalysts that are
expected to exhibit significant decrease in activity, the
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IMCS nanocatalysts are more likely to continue func-
tioning at relatively higher activities beyond critical
ripening size owing to their SCDS regime.

Evolution of structural ordering with cycling is quan-
tified in terms of a “degradation parameter (DP)" as
demonstrated in Figure 4f. Here we define the DP of a
nanocatalyst as the volume ratio of its ordered core to
disordered shell with a fairly reasonable assumption
that a nanoparticle is spherical. The shell and core
volumes are calculated by measuring their respective
spherical diameters from STEM-HAADF images
(Supporting Information, Figure S6 and Table S1). A
statistically systematic sample is chosen, and the DP
calculated at different particle sizes is plotted. The
zone of degradation that exists between noncycled
and cycled regimes is unique to different IMCS designs,
and its calculated area will hence provide an insight
into the activity loss due to catalyst degradation.
Based on SCDS constraint, the DP bears witness to an
inverse proportionality with respect to disordered shell
volume. Conversely, it is therefore possible to predict
from our measurements the enrichment due to Pt
redeposition in any nanocatalyst particle within the
zone of degradation. The degradation parameter cal-
culated for any IMCS nanocatalyst will serve as its
design index indicative of structure evolution, stability,
and durability during the lifetime of a fuel cell. The
evolution of the volumes of cores and shells is plotted
as a function of particle size in Figure 5a,b that further
confirms the SCDS regime. Catalysts lying in the range
corresponding to their average diameters for non-
cycled and cycled conditions (3.2 to 4.2 nm) clearly
exhibit ordered cores with almost no change in their
volumes despite treating over 10 000 potential cycles,
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as shown in Figure 5a. Interestingly, their correspond-
ing shell volumes showed an increase upon cycling, as
demonstrated in Figure 5b and Table S1.

CONCLUSIONS

In summary, our current work introduces an ordered
PtsFe, core encapsulated in a bilayer Pt-rich shell as the
newest intermetallic core—shell nanocatalyst member
of the Pt—Fe system for the ORR. Enhancement in the

METHODS

Sample Preparation. The PtsFe,/C IMCS nanocatalysts were
prepared via a wet impregnation technique'® with Pt/C nano-
particles as precursors supported on Vulcan XC-724R carbon.
Pt/C were prepared as a first step by employing the polyol
method reported previously.>° First, 500 mg of 20 wt % pre-
cursors was ultrasonicated for about 1.5 h in order to disperse
them uniformly in 120 mL of water. Then, 0.1381 g of Fe(NOs);-
9H,0 salt (Alfa Aesar, 99.99% Fe basis) and 1 mL of 1 M HNO;
were added to the suspension. Water was evaporated by
continuous stirring for 0.5 h. The dried samples remaining were
then ground using a glass mortar and then annealed at 800 °C
for 3 hiin a Lindberg Blue tube furnace. Samples were heated at
arate of 10 °C min~', annealed, and then cooled in a 92% Ar/8%
H, reducing atmosphere.

Electrochemical Measurements were carried out in a
three-component cell'® comprising a large surface area Pt and
Au gauzes as counter electrodes and Hg/Hg,SO,4 (1 M Na,SO,4)
reference electrodes (MSE), with 0.1 M perchloric acid (HCIO,)
solution as electrolyte. Further, the reference electrode was
calibrated using the H, oxidation/reduction reaction on a large
surface area Pt electrode. The potentials reported here were
all referenced versus the reversible H; electrode (RHE). Initially,
the working electrodes were cycled at 50 mV s~' between
0.06 and 1.3 V for 70 cycles to condition the electrodes. ORR
measurements were carried out between 0 and 1.2 V versus
the RHE in oxygen-saturated 0.1 M HCIO, solutions. A sweep
rate of 10 mV s~' was employed with the rotating ring disk
electrode (RDE) operating at 1600 rpm. Measurements were
also made at other rpm values to validate the Koutecky—Levich
relationship. Electrochemical assessment was performed at
room temperature and using high-purity (18 MQ) water. Ap;
was calculated using a charge to surface area conversion factor
of 210 uC cm ™2,

Scanning Transmission Electron Microscopy (STEM)
characterization of various catalyst nanoparticles was carried
out at the Canadian Centre for Electron Microscopy. The low-
magnification bright-field micrographs (Figure 3ab) were
acquired in a Philips CM12 TEM operated at 120 kV. High-
resolution bright-field TEM imaging (Figure 1a) was performed
in a FEI Titan microscope equipped with an hexapole spherical
aberration corrector of the image forming lens and operated
at 300 kV. Atomically resolved high-angle annular dark-field
(HAADF) images were acquired in a FEI Titan cubed TEM,
equipped with two hexapole spherical aberration correctors
of the probe and image forming lenses. It was operated in STEM
mode at an accelerating voltage of 300 kV.

STEM-HAADF images are generated by collecting electrons
scattered at high angles on passing through the samples, using
a Fischione HAADF detector, and the acquired image intensity
is roughly proportional to Z'°, where Z is the atomic number of
scattering atoms.

X-ray Diffraction. XRD patterns for noncycled and cycled
specimens were obtained using a Bruker D8 Advance diffrac-
tometer with Bragg—Brentano geometry employing a Cu Ka
source. The collection angle extended from 20 to 90° with a step
size of 0.02° and an acquisition time of 3 s per step.

Conflict of Interest: The authors declare no competing
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catalytic activity and durability over existing Pt—Fe
nanocatalyst designs is attributed to strained lattice and
sustained atomic order, respectively. The degradation ki-
netics is slow due to their static core—dynamic shell regimes
during electrochemical cycling. Evolution of structural or-
dering over the lifetime of these nanocatalysts is quantified
into a design index that serves as a direct measure of
catalyst degradation and, hence, redefining a new design
methodology for next generation fuel cell nanocatalysts.
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