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ABSTRACT: The ability to control the surface composition and morphology of alloy
catalysts is critical for achieving high activity and durability of catalysts for oxygen reduction
reaction (ORR) and fuel cells. This report describes an efficient surfactant-free synthesis
route for producing a twisty nanowire (TNW) shaped platinum—iron (PtFe) alloy catalyst
(denoted as PtFe TNWs) with controllable bimetallic compositions. PtFe TNWs with an
optimal initial composition of ~24% Pt are shown to exhibit the highest mass activity (3.4
A/mgp, ~20 times higher than that of commercial Pt catalyst) and the highest durability
(<2% loss of activity after 40 000 cycles and <30% loss after 120 000 cycles) among all
PtFe-based nanocatalysts under ORR or fuel cell operating conditions reported so far.
Using ex situ and in situ synchrotron X-ray diffraction coupled with atomic pair distribution function (PDF) analysis and 3D
modeling, the PtFe TNWs are shown to exhibit mixed face-centered cubic (fcc)—body-centered cubic (bcc) alloy structure and a
significant lattice strain. A striking finding is that the activity strongly depends on the composition of the as-synthesized catalysts and
this dependence remains unchanged despite the evolution of the composition of the different catalysts and their lattice constants
under ORR or fuel cell operating conditions. Notably, dealloying under fuel cell operating condition starts at phase-segregated
domain sites leading to a final fcc alloy structure with subtle differences in surface morphology. Due to a subsequent realloying and
the morphology of TNWs, the surface lattice strain observed with the as-synthesized catalysts is largely preserved. This strain and the
particular facets exhibited by the TNWs are believed to be responsible for the observed activity and durability enhancements. These
findings provide new insights into the correlation between the structure, activity, and durability of nanoalloy catalysts and are
expected to energize the ongoing effort to develop highly active and durable low-Pt-content nanowire catalysts by controlling their
alloy structure and morphology.

1. INTRODUCTION of well-ordered alloy PtFe and core@shell Fe@Pt nano-
particles showing better performance at 50% Fe.'*™'°
Theoretically Pt-skinned PtFe, (111) is suggested to be better
than Pt-skinned Pt;Fe(111)."” For PtCo NP catalysts, the final
elemental distribution of PtCo NPs under operating conditions

The high efficiency and environmental sustainability of proton-
exchange-membrane fuel cells (PEMFCs) have attracted
increasing interests in the global sustainable energy drive.
However, the prohibitive cost and unsatisfactory activity/

durability of the Pt/C catalyst have been the greatest obstacle was reported to be directly related to the initial atomic ratio of
to the commercialization of PEMFCs. Efforts have been fresh NPs based on in situ X-ray absorption spectroscopy. "
devoted to the development of Pt-based catalysts for oxygen The effect of Co content on structure and activity'” was found
reduction reaction (ORR)."~® Most reports about composition to tune (111) facets, showing a maximum at Pt;;Co,; in the
and activity or durability relationship are based on standard Pt-skin/PtCo(111)," ORR activity of 27 times larger than that
half-cell measurements of Pt-based nanoparticle (NP) for Pt(111), and overall activity in the order (100) < (110) <
catalysts, but testing them in membrane electrode assemblies (111) facets. In another study of the Pt;Ni (111) crystal
(MEA) showed poor performance. Pt-based nanowires have facets,"” the presence of the (111) facet, especially for Pt;Ni
shown to enhance activity and long-term stability.” ™ The

understanding of factors (e.g., surface strain, ligand effect, Received: September 22, 2019

composition, facet, shape, etc.) influencing the activity and Published: December 30, 2019

stability requires studies under MEA and fuel cell conditions."’
It has been claimed that Pt;M (M = Ni, Fe, and Co) is the best
composition for ORR."' ™" However, there are some examples
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Figure 1. Transmission electron microscopy (TEM) images of representative samples of as-synthesized Pt,,Fe,s (a—c), Pt,,Fess (d—f), and
Pt,,Fe,o (g—i) nanowires at different magnifications. Images (c, f, g) are magnified views of the yellow-boxed areas of images (b, e, h), respectively.
See SEM images in Figure S2 for the general morphology of samples of these NWs.

(111), was found to enhance activity by a factor of 10 for ORR
than the corresponding Pt (111). Dealloying of Pt-alloy NPs is
shown to exhibit high activity and high durability by
controlling the porous morphology.””*" Dealloying of PtNi,
NPs showed high activity and high durability by controlling
nanopore formation to improve the stability.”” The specific
activity is shown to drop drastically along the steep Pt—O
strong binding leg upon dealloying.”> The mass activity is
shown to increase after 30 000 cycles of operation in PEMFCs,
during which Ni dissolution has a beneficial impact on the Pt—
O weak binding to maintain the high activity and minimize
site-blocking effect. A small (4%) change in composition was
observed after 5000 potential cycles.”> High activity (0.7 A/
mgp,) and durability (20000 cycles) were also reported for
ORR on ordered face-centered tetragonal (fct) FePt catalysts
synthesized by thermal annealing.”**’

Despite the significant progress, little has been reported for
the composition effect on the activity and durability of PtFe
nanowires (NWs). Enhanced ORR activities are attributed to
high-density (111) facets on Pt alloy NWs.”**’ PtNi NWs
were found to be stable under ORR condition, showing 11%
activity decay after 30 000 cycles.” In a previous report on the
stability of high-Pt PtFe nanowires,” acid washed Pt,,Fe s and
Pt;,Fess NWs (in acetic acid at 70 °C) showed the removal of
some Fe in PtFe NWs, forming PtgFe,, and Pt,;Fe,,
respectively. The alloy with 75% Pt showed a high stability
in 0.1 M HCIO, solution."” While the remaining surface layer
features pure Pt, the subsurface layer is characteristic of bulk
Pt;Fe alloy. The lattice constant of Pt;Ni NWs was found to be
about 2.3% smaller than Pt, and the lattice mismatch was
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shown to produce a compressive strain.”” A PtFe alloy catalyst
treated with 0.5 M H,SO, showed a surface compressively
strained Pt shell and a lattice-contracted PtFe core, which
exhibited enhanced ORR activity.”’ Ultrafine jagged platinum
nanowires were shown to exhibit ultrahigh activity for ORR,”!
where the compressive strain was shown to reduce the binding
energy of the adsorbent on the densely packed surface, further
promoting the activity enhancement. In a study of the surface
strain effects on ORR activity’”**™** by Strasser and co-
workers, the selective electrochemical dissolution was shown to
change the composition in the alloy by varying the lattice
mismatch (disordered structure) at the interface.”> The
question on whether disordered or ordered alloy structure is
beneficial to the improvement of activity and stability after
electrochemical dealloying remains elusive, calling for the study
of composition and structure in relation to activity and
durability, especially under MEA operating condition where
some catalysts showed a gradual decrease of activity with
potential cycling due to combined effect of metal leaching,
diminished atomic-level strain and restructuring of the alloys.”

There is a clear need to determine the factors affecting the
activity and stability in complex environments. One of the
main complexities in many previous studies involved surface
surfactant species on the as-synthesized nanoparticles or
nanowires and subsequent removal. Using N,N-dimethylfor-
mamide (DMF) as a solvent in a surfactant-free system,27’36 we
synthesized surfactant-free twisty PtFe NW catalysts in a one-
step hydrothermal method with a yield of more than 90%. We
employed in situ/operando HE-XRD/PDF and EDS techni-
ques to study the activity and durability under MEA operating
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Figure 2. HAADF-STEM images (a, e), EDS overlap images (b, f) and EDS elemental mapping images of Pt (¢, g) and Fe (d, h) of Pt,,Fess (a—d)
and Pt,,Fe,s (e—h) NWs, respectively, and EDS line profiles of Pt,,Fess (i) and Pt, Fe s (j) NWs correspond to the green lines in images (a, e),
respectively. (Data were collected using Titan G2 60-300 instrument.)

condition, and Monte Carlo 3D modeling to analyze the
atomic ordering, disordering, lattice strain, and metal
coordination number and distribution. In comparison with
smooth and ultrathin (~2.5 nm) NWs*® and high-index
faceted Pt skinned rough PtFe NWs (~25 nm),”” our as-
synthesized twisty NWs (~16 nm) with less than 25% Pt are
shown to exhibit the highest initial mass activity (2.9 A/mgp,)
and a high durability (up to 120000 cycles in accelerated
durability test (ADT)) under ORR and fuel cell operating
conditions upon reaching the final alloy composition and
lattice strain.

2. RESULTS AND DISCUSSION

2.1. Morphologies and Compositions. The as-synthe-
sized Pt,Fe,s (Figure la—c), Pt,,Fes (Figure 1d—f), and
Pt Fe,, (Figure 1g—i) nanowires feature twisty and spiral
morphologies, which appear to be formed by connecting with
growing nanoparticles in 1D direction (Figure 1). The NWs
also appear to exhibit many twists and turns, along with some
subnanopores (see Figure S1).

The average width of Pt,,Fe,4 and Pt,,Fes; is around 15 nm.
Rough surface arrangements of the low-Pt-content NWs are
observed, showing growth of twisty particles in various
directions on the surface (see Figures 1cf). Note that
rough/irregular surface structures were observed for jagged
Pt NWs via electrochemical dealloying, which showed a
superior mass activity for ORR (13.6 A/ mgpt).31 In contrast to
porous PtFe or PtNi nanowires with rough/irregular surface
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atomic arrangement,’®”” the twisty NW feature is evident for

Pty,Fesg (Figure la—c) and Pt,,Fe, (Figure 1d—f) NWs. In
comparison, Pt;;Fe,o NWs appear less twisty (Figure 1g—i),
featuring relatively smooth bundled nanowires.

Samples of Pt;,Fe,, (Figure S3), Pty,Fesg (Figure 2a—d) and
Pt, Fe,s (Figure 2e—h) NWs were analyzed by high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and energy dispersive X-ray spectroscopy
(EDS) (Figure 2 and Figure S3), revealing a random
distribution of Pt and Fe across and along the NWs. As
shown in the HAADF-STEM images and their corresponding
EDS line scan images (Figure 2), Pty,Fess (Figure 2i) and
Pt,,Fe, (Figure 2j) NWs display random element distribution
on the surface and across the NW. This observation, in terms
of composition distribution, is in fact further substantiated by
the experimental HE-XRD/PDF data and 3D structure
modeling (see the next subsection).

Based on X-ray diffraction (XRD) patterns (Table S1 and
Figure S4A), all fresh NWs, except Pt;,Fegs NWs, are fcc-type
nanoalloys. The XRD-determined NWs domain size (based on
Debye—Scherrer equation) showed little change from Pt,,Fe
to Pt; Fey, (Figure S4B). The (111)/(200) facet ratio of
Pt Fe 0., NWs depends on Pt composition and is obviously
higher than that of pure Pt NWs (Figure S4C).

2.2. Atomic Nanophase Structure. Using ex situ
synchrotron high-energy X-ray diffraction (HE-XRD), atomic
pair distribution functions (PDFs) were obtained for fresh
NWs of Pt/C and Pt,Fe,o.,/C (n = 12, 24, 42, 71, 82). Figure
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Figure 3. (A) Experimental PDF-fit derived fcc lattice parameters and fcc-model fit to atomic PDFs for NWs of Pt, Ptg,Fe g, Pt;Fe,q, Pt,,Fesg, and
Pty Feys. For Pt,Fegs, the model is composed of interpenetrating bee- and fec-like nanodomains with an apparent fcc lattice constant. Experimental
data (symbols) and fitting data (red lines). The black circles are the data obtained from HE-XRD, while the red lines were calculated from the 3D
models. (B) Images of the models for the NWs of Pt;Fe,o, Pt,,Fegq, and Pt,,Fe,4, showing all the atoms (a-1), (b-1), and (c-1), the atoms at the
surface (a-2), (b-2), and (c-2), the distribution of the interatomic bond distances at the surface: Pt—Pt, Pt—Fe, and Fe—Fe (a-3), (b-3), and (c-3)),
and the distribution of the coordination numbers in the core and at the surface: (a-4), (b-4), and (c-4). The distribution of the interatomic bond

distances in the core is shown in Figure S7.

3A show the experimental PDF data and fcc lattice parameters
for the TNWs derived from a crystallography-constrained
modeling. The apparent fcc lattice constants are shown by the
respective PDF data sets. The plot of the lattice constant for
Pt Fe 0., TNWs (see Figure SS) shows a minimum for n =
24%. The NWs are in well-alloyed state, and the evolution of
lattice constants with the bimetallic composition follows
Vegard’s law. For Pt;,Fegs NWs, there is an increased Fe
segregation in the NWs (see Figure S4A).

As shown by the total PDFs in Figure 3A, Pt Fe,o, Pt,,Fesg,
and Pt,,Fe,c NWs exhibit a well-ordered atomic structure. In
particular, Pt; Fe,s and Pt,;Fe;, TNWs show long-range
correlation (LRC), whereas PDF of Pt,Fess shows short-
range correlation (SRC) only as indicated by the higher-r
oscillations in the respective PDF data sets. LRC cannot be
achieved with small domains randomly oriented in the NWs.
The LRC of PtyFe,s suggests an extensive structural order.
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With the Fe content increasing, the lattice mismatch could not
be neglected, regardless of the LRC or SRC structure. To gain
an insight into the detailed domain structures, 3D modeling
with the 3D models refined against the PDF data was
performed. Figure 3B shows 3D models for the NWs with
different compositions (see also Figure S6).

Considering the less twisty NWs with more NW-bundling
teature, Pt;,Fe,o NWs were modeled as a single thin NW with
a uniform diameter of 2.5 nm. Figure 3B-a-1 shows the model
of a smooth single NW, and Figure 3B-a-2 shows the
morphology of surface first atomic layer. The starting point
was a single cut out of the ordered fcc phase of Pt;Fe. Some
substitutional Fe was then randomly introduced while keeping
at the surface mostly Pt. From the initial model, the normal
procedure was to carry out some relaxation using semi-
empirical potentials and the reverse Monte Carlo refinement.
The resulting model reproduces very well the data, which is

https://dx.doi.org/10.1021/jacs.9b10239
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Table 1. Summary of 3D Modeling Results for the PtFe NWs

Pt,Fe, MA (A/mgp) lattice constant lattice strain (%) Pt—Pt (A) (mean) Pt—Pt (A) (surface) CN (total) CN (Pt—Pt) (surface) CN (Pt—Fe)
24:76 2.9 3.763 —4.2 2.658 2.602 8.7 2.5 6.2
42:58 2.3 3.795 -3.6 2.674 2.617 8.6 4.0 4.6
71:29 1.4 3.869 -1.5 2.734 2.692 8.4 7.3 1.0
100:0 0.3 3918

essentially the PDF of the fcc structure attenuated according to
the shape (see Figure 3A). Figure 3B-a-3 shows the
distribution of the interatomic bond distances at the surface
for Pt—Pt, Pt—Fe and Fe—Fe pairs. The total mean value is
2.734 A, corresponding to a lattice constant of 3.867 A of the
fcc structure. However, the atoms at the surface are somewhat
compressed, yielding a Pt—Pt bond average of 2.692 A, i.e., the
mean value of black bars in Figure 3B-a-3. Similarly, the
interatomic bond distances in the core show subtle differences
in relative distribution (Figure S7). Figure 3B-a-4 shows the
distribution of the coordination numbers (CNs) in the core
and at the surface, displaying a good structural order in terms
of CN. In these cases, Fe—Fe, Pt—Fe, and Pt—Pt bonds are
considered but the results are split depending on where the
atoms are located: core (red) or surface (blue). The mean CN
of the surface atoms is 8.4 for Pt;Fe model. As shown in Table
1, the CNs, while being model dependent in terms of absolute
values, provide us the information for assessing the trends.

The Pt,,Fe;s NWs were modeled as a domain size of 4.5 nm
in diameter (twisty bulb diameter; see Figure 3A), with an
initial model composed by quasi-spherical domains randomly
oriented (Figure 3B-b-1) and the surface atoms morphology
for first layer as shown in Figure 3B-b-2. The STEM-EDS
elemental mapping data show an even distribution of the
elements for this sample. For this and those samples with lower
content of Pt, the Fe—Fe partial PDF obtained from the
resonant XRD experiment suggests some existence of bcc
structure. According to the phase diagram, iron can be alloyed
with Pt keeping the bcc structure up to 15% Pt. Thus, one of
the 7 domains in the model is bce with a higher content of Fe
(0.15 Pt;yFey, (bec) + 0.85 PtgoFes, (fcc)). In Figure 3B-b-3,
the mean value of the Pt—Pt bond is 2.617 A at the surface. A
total mean bond distance obtained is 2.674 A. From the
coordination numbers (Figure 3B-b-4, and Table 1), the mean
CN of the surface atoms is 8.6 for Pt,,Fess model.

For Pt,,Fe,; NWs with a nonuniform diameter, it is modeled
in Figure 3B-c-1 using 2.5 nm average diameter (twisty bulb
diameter), with the surface atoms morphology for the first
layer as shown in Figure 3B-c-2. The initial model involved a
fce cylindrical matrix and embedded 5 quasi-spherical domains
from which 3 domains were bcc with higher content of Fe and
represent about 30% of the model (0.30 Pt; Fey, (bcc,
embedded) + 0.25 Pt,oFey, (fcc, embedded) + 0.45 Pt; Feqs
(fcc, matrix)). Despite this singular choice, the result looks
quite good and the Fe—Fe partial PDF exhibits a slight bcc
character, consistent with the experimental data. As shown in
Figure 3B-c-3, the total mean bond distance is 2.658 A. Note
that this is a mixture of structural phases, even if it features
LRC structure. At the surface the mean value of the Pt—Pt
bond is 2.602 A, and the mean CN of the surface atoms is 8.7
(Figure 3B-c-4 and Table 1).

A distinctive difference of Pt, Fe,s NWs (Figure 1c) from
Pt,Fess NWs (Figure 1f) is that the former appears to exhibit
more coherently stacked clusters than the latter. This means
that the overall twisty Pt,Fe,; NW features a coherent-
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collection of many smaller particles than Pt,,Fe;s NW. The
nanowire consists of many small domains. There are seven
domains for Pt,,Fesg and five domains for Pt, Fe 4 as shown by
3D modeling. The length of structural coherences for Pt,,Feg
appears diminished in comparison with Pt; Fe,q and Pt,,Fe.
That is why the smooth/less twisty morphology (Pt; Fe,,) and
the more coherently stacked morphology (Pt,,Fe;;) exhibit
LRC character, whereas Pty,Fess shows SRC character.

In summary, the 3D modeling results show that Pt Fe, is
LRC/ordered fcc phase, while Pt,,Fe,s and Pty,Fesg feature fcc
and bcc mixed phases. Pt; Fey, Pty Fegs, and Pt Fe 4 exhibit
compressive strains of 1.5%, 3.6%, and 4.2%, respectively. The
1.5% compressive strain for Pt, Fe,, (less twisty NWs) is due
to the larger percentage of Pt atoms. It is smaller than that for
Pt;Ni alloy NWs because of the different atomic size of Fe and
Ni (2.3% compressive strain based on lattice mismatch).”” A
higher degree of lattice mismatch/disordered structure results
in larger compressive strain for the alloy NWs. A further
increase in the compressive strain is observed with the low-Pt-
content twisty NWs, which exhibit some bcc-like structural
features. As summarized in Table 1, where the mass activity
(MA) will be discussed in the next subsection, it is the
combination of the smaller lattice constant, larger lattice strain,
shorter Pt—Pt bond distance and smaller coordination number
at the surface that determines the electrocatalytic activity. This
assessment is based on previous literature reports,'®~'%?>3%3*
including our own recent works. 335404 1 general, the
smaller lattice constant, larger lattice strain, and shorter Pt—Pt
bond distance is associated with a higher degree of alloying,
which would lead to more effective bridge adsorption of O, on
the active sites of Pt. This, in turn, would weaken more
effectively the double bond of O,. As for the CN at the surface,
the decreased Pt—Pt CN is accompanied by an increased Pt—
Fe CN. This means a better alloying, which would favor the
operation of the synergistic ligand effect of Fe on Pt, enriching
electrons for better donation to the 7 orbital of the double
bond of adsorbed O,. This understanding is indeed
substantiated by the electrocatalytic properties as discussed
next.

2.3. Electrocatalytic Properties. The electrocatalytic
activity of the NW catalysts for ORR were examined using
cyclic voltammetry (CV) and rotating disk electrode (RDE).
Figure 4 shows a representative set of data for Pt Fe o, NWs.
Electrochemical surface active area (ECSA) was calculated
from the CV curves (Figure 4A) and the mass activity (MA)
and specific activity (SA) were determined from the RDE
curves (Figure 4B). As shown in Figure 4C, MA and SA
decrease with Pt% in the catalysts, displaying a maximum at
~24% Pt (see also Table S2). In contrast, the lattice constant
increases with Pt%, displaying a minimum at ~24% Pt. There
is a clear composition dependence of the activity, and the high
activity at low Pt percentage in the PtFe NWs is in contrast to
the previous report of high activity only for ~75% Pt in PtFe
catalysts.'»"**” There is also a clear correlation between the
activity and the lattice constant. The higher activity is linked to
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the smaller lattice constant, which is true even though the Pt
composition and lattice constant changed during the RDE
measurement.

For Ptj,Fegg, there is a small degree of phase segregation in
the NWs (see Figure S4A) with interpenetrating bee- and fec-
like nanodomains and apparent fcc lattice constant (see Figure
3A). The slightly disordered fcc structure favors a better
activity, exhibiting the order of ORR activity: PtyFe,s >
Pt,,Fegg > Pt; Fe,o. Furthermore, the (111)/(200) crystal face
ratio of Pt Fe oo, NWs is shown to be higher than that of pure
Pt NWs after initial test (see Figure S4C), indicating that the
(111) facets likely played a role in enhancing the catalytic
activity. The activity apparently scales with the compressive
strain (see Tables 1 and S3). In previous work on Pt,Feg
NPs,'® a compressive strain of 1.2% was shown to achieve
ORR activity of 0.78 A/mgp. In comparison, our Pt,Fes,
NWs show a 3-fold increase in the lattice compression (3.6%),
and the ORR activity shows an increase by a factor of 3. Note
that there is also sharp difference in Pt—Fe CN (see Table 1),
indicating the important role of alloying in our NW catalysts.

Figure 4D shows a typical set of CV curves for Pty,Fe,s NWs
before and after ADT, from which the calculated ECSA
showed only 6% reduction after 120k cycles. In previous work,
a decrease of ~8% after SOk ADT was reported for Pt skin-
Pt;Fe z-NWs,”” and improved durability without much impact
on ECSA was reported for PtNi; after removing Ni.*>** Figure
4E shows RDE curves of twisty Pt,,Fe,s NWs with ADT cycle
numbers up to 120 k cycles, from which calculated MAs show
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high activity in the potential range of 0.90—0.94 V (see Figure
4E insert).

As shown in Figure 4F for the MA as a function of cycle
numbers over Pt,,Fe;c NWs up to 120 000 cycles, the activity
is shown to remain ~73% after 120 000 cycles, which is to our
knowledge the longest cycle number reported so far.
Interestingly, the MA increased to 117% after 20 000 cycles
(a typical cycle number reported in the literature). There is a
gradual and small decrease starting at 50000 cycles. The
composition was found to reach 70% Pt after 50 cycles and
remain unchanged afterward. The best durability performance
reported for zigzag PtFe NWs with high—index faceted Pt skin
is that the activity remained about 75% after 50,000 cycles.”” In
comparison, our twisty Pt,,Fe,s NWs showed the highest
durability among all PtFe catalysts reported for ORR so far.
ADT results of PtFe NW catalysts of other composition,
Pt,,Fesg and Pt; Fe,o, were shown to retain 30% Fe during first
40k ADT and exhibit a slight loss of ORR activity after 80k
cycles (Table S4 and Figures S8 and S9). The MA showed a
change to 115% for Pt,,Fesg and 93% for Pt Fe,, after 20 000
cycles. In contrast, the MA of commercial Pt/C decreases
significantly throughout the ADT, showing ~40% after 40 000
cycles (see Table S4 and Figure S10). The activity and
durability follow the same order of Pt,,Fe,, > Pt,,Fess >
Pt Feyo.

2.4. Catalyst Composition and Structure after ADT.
The composition of the PtFe NW catalysts before and after
different stages of ADT was examined by ICP analysis (Figure

https://dx.doi.org/10.1021/jacs.9b10239
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SA and Tables SSA, SSB, and SSC). The Pt composition of
Pt; Fe,o, Pty,Fesg and Pty,Fe s was shown to apparently reach
70% Pt in the bimetallic NWs. The fcc NWs with partial mixed
PtFe bcc structure (Pty,Fess and Pty,Fe,s) showed a 3uick
leaching of Fe after 40k cycles. In previous work,'>*” the
surface layer of Pt;Fe featured a Pt skin with the subsurface
layer characteristic of bulk Pt;Fe alloy, and under operating
conditions relevant to fuel cells the Pt;Ni near-surface layer
exhibited a compositional oscillation in the Pt-rich outermost
and third layers and the Ni-rich second atomic layer."” While
the stability of the twisty NW catalysts after ADT is in
o : . 12,13,37,44
qualitative agreement with the previous works, the
composition change is shown to be completed in the first 50
cycles, especially in the first 6 cycles (see Table S6A). It
appears that the electrochemical reaction might not play a
significant role in the composition change as reported earlier
on electrochemical dealloying.*>*>** However, the electro-
chemical reaction was found to play a role in the realloying
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process, as supported by the subtle change of compressive
strain at 20k cycles and the almost constant composition after
50 cycles (see Table SS).

Data for the lattice constant and ADT potential cycling
numbers for PtFe NWs with different Pt content are shown in
Figure 5B and Table SS. Interestingly, the trend for the
decrease of lattice constant (Figure SB) is found to be very
similar to those for the Pt composition change shown in Figure
SA. In the first S0 cycles (Figure SC), the MA increase is
accompanied by an increase in the ratio of 111/200 (see Table
SS). The activity scales with the ratio of 111/200 and the
compressive strain (see Table S5). Interestingly, the lattice
constants decrease slightly when the compositions reach
Pt,,Fey, (Figure SD). The plot for compressive strain vs
cycle number displays a maximum at 20k ADT in the range of
50—40k cycles for Pty,Fegs and Pt,,Fe, even the composition
showed little change after S0 cycles. These findings imply that
a realloying process is operative following the initial dealloying
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in the first S0 cycles, which increases the compressive strain
and contributes to the activity and stability enhancement. Note
that there is a subtle increase in the domain size of the catalysts
with ADT cycle numbers, especially in the initial SO cycles (see
Figure S11 and Table SS). However, Pt,,Fe,; and Pty,Fegq
TNWs show more stable domain size than that of Pt;Fe,q
NWs, suggesting their increased resistance to clustering or
aggregation propensity in ADT.

Based on the MA data and XRD patterns of three fresh
catalysts after ADT (Table SS and Figure S11), the order of
MA matches the order of (111)/(200) ratios throughout the
40k ADT (Pty,Fe,s> Pt,Fes> Pt; Fe,y), especially for those
after 20k ADT (i.e., 25.6%, 21.4% and —4% change in (111)/
(200) ratio, and 17%, 15%, and —7% change in MA after 20k
ADT). The increased activity and durability of the twisty NW
catalysts are in part due to the increase of (111) facets at given
Pt composition and compressive strain, a finding unique for
our PtFe NWs. Moreover, considering the jagged/irregular
surface atomic arrangement in terms of (100) or (111) facets®’
and surface binding,*’ the twisty morphology of our PtFe NWs
(Pty,Fe,s and Pty Fegq) should feature more stepped surfaces
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or rough/irregular surface atomic arrangements, leading to
more compressively strained (111) facets than that of the less
twisty Pt; Fe,o NWs in ADT and thus higher activity and
durability.

As shown by HAADF-STEM and EDS data for Pt,,Fe;, and
Pt,Fe,, after 20k ADT (Figure S12), the twisty NWs remain
alloy structures. The average diameter size of Pt,Fe is
around 18 nm (Figures S12 and S13), almost the same as the
fresh NWs. Considering the attenuated strain and/or ligand
effects caused by Co dissolution and counterbalanced by
particle growth during voltage cycling reported for other
systems,48 the shortening of the Pt,,Fe,4 twisty nanowires (see
Figures S13 and 1) appear to correlate with the increase of
mass activity at 20k ADT. In contrast with less twisty Pt;Fe,o
NWs, the twisty morphology of Pt,,Fe, appears to show a
distinguished compressive strain during the ADT test, and thus
the enhanced activity and durability.

2.5. In Situ HE-XRD and EDS of Catalysts in MEA in
Fuel Cell. To reveal the structural and compositional stability
of the Pt,,Fess and Pt,,Fe . In situ HE-XRD characterizations
of the catalysts in a PEM fuel cell were performed (Figure 6A).
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Using in situ measurement derived PDFs, the lattice constants
for Pty,Fesg and Pty,Fe s were obtained and shown in Figure
6B,C.

The plots of lattice constants (Figure 7A,B) for Pt,,Fesq and
Pt,,Fe s were obtained from Figure 6B,C separately, revealing
their changes with the potential cycling number. The lattice
constants are found to increase by 1.7% and 2.1% in
comparison with that of the ex situ fresh Pt,Fes and
Pt),Fes. Surprisingly, the lattice constant dramatically
increases in the first 6 cycles (the lattice constants are 3.853
and 3.845 A after 6 potential cycles) and then fluctuated
slightly in the following 1000/1500 cycles from 3.853 to 3.858
A and from 3.845 to 3.842 A for Pt,,Fess and Pt,Fe
separately, throughout 1000/1500 cycles in the in situ
experiment. Figure 7C,D show the ex situ and in situ EDX
of Pt,Fess and PtyFe,, indicating that the compositions
changed slightly (also see Table S6B) from Pty Fe,q (6 cycles)
to PteFey (1000 cycles) and from Ptg,Fe, (6 cycles) to
Pty,Fe,s (1500 cycles) for fresh Pty,Fegg and Pt,,Fe,s NWs,
respectively. It is evident that the lattice constant/structure and
composition of Pty,Fe,s NWs are super stability throughout
the 1000/1500 cycles in the fuel cell after the first 6 cycles.
Interestingly, there is a propensity of evolution of the mixed fcc
and bcc structures for the twisty NWs to a single fcc structure
as revealed by comparing the ex-situ and in situ HE-XRD/PDF
results. The stable (111) facet of fcc structure® is also known
to enhance the stability of NWs.

In comparison with that of other MEA tests reported for
state-of-the-art catalysts in in situ fuel cell experiments,* ™"
our twisty Pt,,Fe,c NWs in situ fuel cell experiments show the
most stable feature in terms of composition and the lattice
constant (see Table $7).2>*%*~3! Based on the recent
literature reports on using Fe-based catalysts in PEMFC,>” use
of catalysts with lower iron loading (0.5 wt % Fe loading)
mitigates the Fenton reaction which hurts the fuel cell film. We
showed that use of Pt; Fe,y indeed, did not release iron (see
Figure SA). Also, the fuel cell testing cycles (<1500) would not
have a significant Fenton reaction as supported by the
similarity of the catalysts with higher iron content within the
in situ experiment time range.

Interestingly, the low-Pt twisty Pt,,Fe;; NWs exhibited a
lattice constant smaller than that for the high-Pt twisty NWs
though the compositions are practically the same after Fe
dealloying. For example, the lattice constants are 3.843 and
3.853 A for Pt,,Fes and Pt,,Fes; when the compositions are
Pty Fe,q after dealloying (see Figure 7E). This could explain
the observation that the low-Pt PtFe NWs have a higher
activity than that of high-Pt PtFe NWs due to the low lattice
constant/high compressive strain. Combing with the 3D model
for Pt,,Fesg and Pt,,Fe alloy catalysts, we first find that the
alloy catalyst with more Fe atoms in the inner core (Pt,,Fe,)
exhibits more stable composition and lattice constant/structure
in the in situ MEA test, consistent with earlier report for Ni
enriched inner shell.**

To assess the stability of Pty,Fesg and Pt,,Fe,s NWs, the
electrochemical characteristics of the catalysts in the in situ fuel
cell was also examined (see Figure S14), which was similar to
performance test of other alloy catalysts with different
compositions and morphologies.”” The relative ECSA values
(calculated by integrating the PtO reduction charges) showed
a slight increase (105% after 1000 cycles for Pt,,Fesg (Figure
S14A)) or decrease (~4% decrease after 1500 cycles for
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Pt,,Fe,s (Figure S14B)), suggesting that ECSA remains
basically unchanged for the twisty NWs.

The Pty,Fesg and Pt,,Fe,;s MEA samples were also examined
by using ex-situ XRD/ICP after the in situ experiment,
including the background XRD patterns of carbon paper
covered with dry Nafion for a comparison (see Figure S15).
The final ICP compositions for Pt,,Fesg and Pt,,Fe, after the
in situ experiment are Pts Fesy and PtgsFe,s, respectively. The
XRD patterns show that the catalysts have an alloy structure
after the in situ HE-XRD, suggesting that the twisty Pt Fe o,
catalysts are always in alloy phase state throughout the in situ
experiment. Also, as reflected by the disappearance of the
overlap of (111) and (200) peaks in XRD patterns, the
increased crystallinity contributes not only to the improved
mechanical strength and heat resistance performance, but also
the enhanced mass activity.”' For Pt,Fe,s NWs, the
composition is changed to Pt,,Fe;, after the initial dealloying
of Fe. It is the subsequent realloying of the remaining
components that enabled the high durability of the catalyst.
Moreover, the (111) facet enhancement, accompanied by
transformation of the disordered structure to ordered structure
and the evolution of the mixed fcc and bcc structure to a single
fcc structure (see Figures 3, 6, 7, and S15 and Table S5), also
contributed to the high durability, which is in agreement with
previous reports about (111) and (200) facet growth and
phase change.”*>** In the fuel cell, the composition change
from Pty Fe,s to PtyFey in 1500 cycles due to the initial
dealloying is consistent with the composition change in RDE
but at a slower speed. Realloying of the remaining components
played an important role in the enhanced durability.

Overall, the PtFe twisty alloy NWs with mixed PtFe bcc
structure, after Fe dealloying in the initial stage, are shown to
end up with a stable composition and lattice parameter. The
twisty Pt,,Fe,; NWs, with Fe rich alloy core, shows the most
stable feature in terms of composition and the lattice constant
for the catalysts reported for in situ fuel cell experiments (see
Table §7).273%%0%=51 The Jow-Pt PtFe NWs maintain a
relatively lower lattice constant and higher (111) facets than
the high-Pt PtFe NWs, given the same final composition under
ORR and fuel cell operating condition. The inner core also
played a key role in maintaining the lattice strain and thus the
catalyst activity and durability.

3. CONCLUSIONS

In conclusion, we show the first example of highly efficient
synthesis of the twisty nanowire shaped platinum—iron alloy
catalysts by a simple one-step surfactant-free hydrothermal
method. We have also demonstrated that the catalyst with an
optimal composition of ~24% Pt as prepared exhibit the
highest mass activity, which is ~20 times higher than that of
commercial Pt catalyst, and the highest durability, which
displays less than 2% loss of activity after 40 000 cycles and less
than 30% loss after 120 000 cycles. These are the highest
activity and longest durability among all PtFe-based nano-
catalysts under ORR or fuel cell operating conditions reported
so far. The twisty PtFe NWs are shown to remain alloy state
despite the propensity of dealloying under the ORR and fuel
cell operating conditions, as evidenced by unchanged twisty
morphology and the lattice strain after the initial dealloying
process. The structural origin of the enhanced activity and
durability is further substantiated by HE-XRD/PDF analysis
and 3D modeling of the lattice constant and metal
coordination across the nanostructure. The activity strongly
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depends on the composition of the as-synthesized catalysts and
this dependence remains unchanged despite the evolution of
the composition of the different catalysts and their lattice
constants under ORR or fuel cell operating conditions toward
a single composition (70% Pt under ORR or 55% under fuel
cell operating conditions) and a single fcc lattice constant
(0.387 nm). While dealloying under fuel cell operating
condition starts at phase-segregated domain sites leading to a
final fcc alloy structure with subtle differences in surface
morphology, the combination of realloying and TNW
morphology is shown to play a key role in maintaining the
surface lattice strain and faceting, which is responsible for the
origin of the high activity and durability enhancement and the
sintering resistance. These findings have provided detailed
structural insights into the enhanced activity and durability of
the PtFe nanowire catalysts, and also highlighted the
importance of the composition tunability and realloying
process for achieving highly active and durable low-Pt-content
alloy catalysts for fuel cell applications.
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