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ABSTRACT: Understanding the structure evolution of nanoalloys under
reaction conditions is vital to the design of active and durable catalysts.
Herein, we report an operando measurement of the dynamic lattice : _
. . o *‘ A »

strains of dual-noble-metal alloyed with an earth-abundant metal as a 9. P e S vl
model electrocatalyst in a working proton-exchange membrane fuel cell Dynamic lattice strain
using synchrotron high-energy X-ray diffraction coupled with pair oscillation

distribution function analysis. The results reveal an interfacial reaction-

Dealloying ©® o0 Realloying

= s
triggered oscillatory lattice strain in the alloy nanoparticles upon surface -2 & § §
dealloying. Analysis of the lattice strains with an apparent oscillatory £ =
irregularity in terms of frequency and amplitude using time-frequency 2

domain transformation and theoretical calculation reveals its origin from a

metal atom vacancy diffusion pathway to facilitate realloying upon Diffusion progress Time
dealloying. This process, coupled with surface metal partial oxidation,

constitutes a key factor for the nanoalloy’s durability under the electrocatalytic oxygen reduction reaction condition, which serves as
a new guiding principle for engineering durable or self-healable electrocatalysts for sustainable fuel cell energy conversion.

B INTRODUCTION for measuring the chemical dynamics of nanoalloy catalysts
under fuel cell operating conditions. A ternary nanoalloy that
alloys dual-noble-metal (PtPd) with an earth-abundant Ni or
Co as a model of well-defined static lattice is studied as a
model system to highlight the nanoscale lattice strain
evolution. In addition to providing sustainability by reducing
the use of noble metals, the lower oxidation potential of Pd
enhances surface passivation'® against Pt dissolution whereas
the 3d-transition base metals (Ni or Co) promote surface
oxyphilicity."*"'® The operando HE-XRD/PDF study of the
nanoalloy catalysts in an working fuel cell has allowed us to
reveal a previously unknown interfacial reactivity-triggered
oscillatory lattice strain upon dealloying, which is linked to a
realloying process of the metal elements remaining in the
nanoalloy instead of redeposition. This finding is supported by
the fact that the applied potentials with respect to the
reduction potentials of the metal species in control experi-
ments do not favor metal redeposition in the cycling potential

Chemical and electrochemical interfacial reactions at a catalyst
in a proton-exchange membrane fuel cell (PEMFC) play a vital
role in determining the structure evolution of the catalyst
under fuel cell operating conditions in correlation with
electrocatalytic durability.' For a heterogeneous metal, alloy,
or oxide catalyst system, such structure dynamics is a dynamic
nonequilibrium process, which involves changes in surface
adsorption, reaction sites, reactants, and products like a surface
chemical clock.” This clock signals the dynamic durability of
the catalyst at the nanoscale dimension. Given the fact that
alloying of metals or mixing of different metals or oxides
introduces lattice strains that define the unique structures and
properties, research has mainly focused on engineering strains
of alloy catalysts or electrocatalysts in a wide range of chemical
reactions.””> However, little is known about the chemical
dynamics of the lattices under fuel cell operating conditions,
particularly for nanoscale multicomponent systems where

window.
metal atom vacancy mobility differs drastically from their
bulk counterparts.”'*~'* Addressing this problem requires in ~JACS
situ/operando techniques to study the dynamic lattice changes Received: September 10, 2024 o R
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in terms of both short- and long-range ordering in nanoscale
systems, which presents a major challenge for most of the
existing techniques. Herein, we explore the employment of
operando synchrotron high-energy X-ray diffraction (HE-
XRD) coupled with pair distribution function analyses (PDF)
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Figure 1. Dynamic lattice strains of nanoalloys in terms of atomic diffusion and atomic pair distance (APD) distribution detectable by operando
HE-XRD/PDF. (a) High-resolution HAADF-STEM image, and (b) the corresponding intensity profiles of atoms for PtPdCo/C catalyst before
fuel cell test. Co* denotes Co-rich atom columns. (c) Models of the nanoparticles before and after potential cycling in an operating fuel cell (light
gray, gray, and blue balls denote Pt, Pd, and Co atoms, respectively). (d) HAADF-STEM image, and (e) the corresponding intensity profiles of
atoms for PtPdCo/C catalyst after 2000 potential cycles. (f) Models of atomic diffusion in the lattice, causing a dynamic lattice strain change
through the atomic vacancies going through (I, II, and III) an initial state (IS), transition state (TS), and final state (FS), which defines the
diffusion barrier energy (AEp), also known as the migration energy. (g) Illustration of the operando synchrotron X-ray diffraction and
electrochemical measurement of the catalysts in a fuel cell for the dynamic PDF study. (h) Schematic illustration of atom pairs with different APD
values (@, < @, < a3) and different atomic mobility, reflecting their relative enrichments in the core region (a, ), surface region (a;), and in between
(ay). (i) PDF—APD correlation for a 4.5 nm Pt nanoparticle model: (top) the simulated PDF curve, and (bottom) the atomic pair intensity as a
function of APD where the most abundant atomic pairs feature at the range of about 15—25 A. The size variation (e.g, 4—10 nm) for real
nanoparticle catalysts may slightly shift the maximum frequency position, but would not alter the general characteristic. The positions of circles in
APD for illustration are drawn not to scale. (j) Plot of surface atom-related atom pair percentage as a function of the APD based on 3 and 4.5 nm
sized Pt nanoparticle models. Scale bars: 2 nm (a, d).

Dealloying of base metals from Pt- or Pd-alloy catalysts in
acidic electrolytes for oxygen reduction reaction (ORR) or fuel

metal dissolution and redeposition,”” the atomic-scale
resolution has not been achieved to pin down the dynamic

cell reactions is well established, which often involves metal ion
leaching, porous structure formation, or lattice constant
increase for the alloy catalyst.'’~'” However, an increasing
body of studies has shown no indication of phase segregation
of the metal components remaining in the alloy catalyst except
for the decrease of the compressive lattice strains.”’ Tradi-
tionally, the perception of lattice strains stems largely from
fresh and conditioned static states,”' ~>° which does not explain
the highly dynamic nature of nanoscale alloy catalysts under
operating reaction conditions. A key challenge is how to
determine the dynamic lattice structure under the reaction
conditions. While in situ transmission electron microscopic
imaging in a liquid electrochemical cell is capable of detecting

35265

lattice strain.”®”’ In this work, we employed operando HE-
XRD/PDF to detect the dynamic lattice strain/parameter of
nanoalloy catalysts in a working fuel cell under an accelerated
durability test (ADT) condition using a triangle wave potential
cycling, as recommended by the US Department of Energy.*’
The interfacial reactivity under the ADT condition triggers
dealloying of the nanoalloy catalyst which is followed by a
dynamic realloying process. The operando analysis of PDF
peaks at different atomic pair distances (APD) reflects lattice
structures from the interior to the surface regions, making this
method both bulk- and surface-sensitive. The separation of
PDF peaks at different APD regions allowed assessment not
only of the dynamic lattice information for the nanoparticles

https://doi.org/10.1021/jacs.4c12550
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but also for the surface/subsurface atoms, revealing a
previously unknown dynamically oscillating lattice strain. To
understand the dynamic lattice strain, we analyze dealloying-
induced metal atom vacancy diffusion at a frequency for atomic
mobility, i.e., a jump frequency for diffusion in the lattice (see
Supporting Information Note 1).*' While typical lattice
vibration frequencies can be as high as 10'* to 10" Hz,*
jump frequencies can be as low as sub-Hz to thousands of Hz
levels depending on experimental conditions for metal as
nanoparticles.”> XRD has an intrinsic high sampling frequency
(~10'® Hz) based on the typical wavelength of X-rays (~0.1
nm), but achieving a good-quality signal requires a scan rate
(min to hrs.) far below that sampling frequency. To acquire
long-range order information, it requires a high quality of XRD
data in q space (e.g,, 20—25 A™") due to the signal-noise issue
which inevitably sacrifices its time resolution. For such a lattice
oscillation with a jump frequency, which is different from
typical lattice vibration (phonon) frequency (10'>~10'* Hz),**
simulations with different sampling time intervals (e.g,
subthousands of sec to mins) showed oscillation waves with
regularity and irregularity (Figure S1). A time-to-frequency
domain transformation of 1 kHz-sinusoidal wave, in a sampling
time (0.1 s to few mins) corresponding to the typical scan rate
in HE-XRD, would produce a frequency of 0.001 to 0.01 Hz.
The method is thus capable of detecting lattice oscillation
dynamics despite reduced frequencies due to limitations in
sampling time. In the operando measurement, the direct
contribution of potential cycling to the lattice strain change
could be distinguished by using a much higher potential
cycling frequency (e.g., 0.125 Hz) than the sampling frequency
(e.g, 0.017 Hz). Therefore, the detection of the global
oscillation frequency, rather than the intrinsic metal atom
diffusion, demonstrates that HE-XRD/PDF technique35_38 is
powerful for revealing the ensemble-averaged dynamic lattice
structures of catalysts under the fuel cell operating conditions,
which should also be applicable for studying dynamic
structures of other nanomaterials and reactions.

B RESULTS AND DISCUSSION

Lattice Strains and APDs. While the mobility of atoms
in/on nanoparticles increases dramatically at sizes of a few
nanometers (<10 nm) compared to larger-sized or bulk
counterparts,'* a key challenge is to correlate the mobility with
the dynamic lattice strain under reaction conditions. We
prepared and characterized both fresh and potential-cycled
carbon-supported ternary nanoalloy catalysts (PtPdCo/C and
PtPdNi/C). Atomically resolved images and intensity profiles
from high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) characterization con-
firm the face-centered-cubic (fcc) alloy structure for the fresh
catalyst, which remains alloyed after potential cycling (Figures
la—e and S2). The nanoparticle size (5.0 = 1.0 nm) remains
largely unchanged after cycling (Figure S2). Elemental
mapping and line profiles of the fresh PtPdCo/C catalyst
using energy dispersive spectroscopy (EDS) reveal homoge-
neous elemental distributions (Figure S3a—d), which is
consistent with the well-defined alloy structure. The alloy
integrity is retained after cycling, while there is some surface
enrichment of noble metals due to the leaching of the non-
noble metals (Figures 1c and S3e—h). A detailed composition
analysis of the catalysts using inductively coupled plasma—
optical emission spectrometry (ICP-OES) reveals that the
fresh PtPdCo/C catalyst has a composition of Pt,,Pd,;Coss

(Figure S4a). After potential cycling in the operando PEMFC,
this composition shifts to Pt,,Pd,;Co,, reflecting Co deal-
loying (Figure S4b). EDS elemental analysis of the samples
shows that overall compositions before and after cycling closely
match the ICP-OES data (Figure S4c,d). Operando HE-XRD/
PDF data reveal only a minor change in the lattice parameter
for the PtPdCo/C catalyst operating in the operando PEMFC,
demonstrating the stability of the nanoalloy (Figure SSab).
Under the operando PEMFC operating condition, base metal
leaching during potential cycling results in increased exposure
of noble metal active sites, leading to an increased electro-
chemically active surface area (Figure SSc,d), which is also
demonstrated in a standard PEMFC (Figure SSe,f). The
establishment of a stabilized or steady state after several
hundred cycles demonstrates a sustained lattice strain
characteristic of the nanoalloy after the initial dealloying.
These findings promoted us to hypothesize that the formation
of a metal vacancy upon dealloying is followed by a subsequent
atomic redistribution, i.e., atomic diffusion, over nearby lattice
or interstitial sites (Figure 1f). This would lead to an
oscillatory lattice strain, depending on the atomic diffusion
barrier energy (AEp) or the diffusion coefficient (D) in terms
of diffusion range (r) and time (¢).

While the electrochemical potential cycling in the ADT
protocol may introduce an oscillating frequency into the HE-
XRD-measured PDF signals, we were able to rule out this
contribution in two important ways, including performing
control experiments with Pt catalysts that did not undergo
dealloying (see later discussions), and using a potential cycling
frequency much higher than the sampling frequency of the HE-
XRD (Figure 1g). With the operando HE-XRD/PDF signals
thus obtained, we focus on gaining an insight into the relative
position and mobility of atoms in terms of the atom pairs and
APDs (Figure 1g—i), which are defined by the physical
distance between any pair of atoms in the nanoparticle. Among
all possible APDs in a 4.5 nm Pt nanoparticle model, a
complete count shows that the most frequently occurring ones
are in the range of about 15—25 A, displaying a bell-shaped
distribution (Figure 1i). The alignment of the counted APDs
(Figure 1i bottom) and the PDF curve (Figure 1i top) shows a
perfect match in APD values of major PDF peaks, especially for
APDs below 25 A. Moreover, the percentage of the atomic
pairs containing surface atoms increases as the APD values
increase (Figures 1j and S6a). Any oscillatory lattice strain due
to the dealloying-realloying linked atomic diffusion/mobility
inside or on the surface of the nanoparticle is reflected by the
oscillation of PDF peaks in terms of the peak positions at a
given APD (Figures 1h,i and S6b). In other words, the APD
value in PDF curves is correlated with the lattice strain. The
amplitude and frequency of the oscillatory PDF peaks provide
a measure of the lattice strains (Figure S6c,d), depending on
their APD values. In contrast to a regular oscillation expected
for a single crystal or facet, synchronization of multiple
oscillations would lead to a dynamic oscillation with a certain
degree of irregularity (Figure S6d), reflecting the combined
effect of morphology and structure for the actual catalyst under
the real reaction conditions. The fact that the dealloying of the
catalyst in a membrane electrode assembly is weaker than in a
standard electrochemical liquid cell’® is consistent with the
observation of no pronounced dealloying in the prolonged
operando HE-XRD characterization of the realloying process
in the fuel cell.
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Figure 2. Operando PDF spectra showing PDF peaks at different atomic pair distances (APD) and their corresponding oscillatory characteristics.
Bottom panel: The PDF waterfall spectra as a function of the operation time for PtPdCo/C catalyst in a working fuel cell during potential cycling.
Middle panel: Magnified views of the indicated PDF peaks and a schematic illustration of how the APD values were precisely determined. Top
panel: Plots of several PDF peaks at the indicated APDs (Py;—Pyy;) versus the operation time, showing oscillatory characteristics. Dashed lines in
the top panel represent the average of lattice strain oscillations for each PDF peak. The observed magnitude of the lattice oscillatory APDs (P;—
Pyy1) depends strongly on the value of the APD. Other possible contributions to the origin of the oscillatory characteristic were ruled out by the
following facts. First, the irregular pattern of the oscillation and time scale per cycle (~160 s) did not match with the regular pattern of the
electrochemical potential cycling and the time scale per cycle (i.e., 8 s). Second, while possible oxidation/reduction reactions on the surface by the
electrochemical cycling between 0.6 and 1.0 V contributed to part of the triggering force for dealloying and atomic diffusion near the surface region,
there was no indication of the potential cycling-related regularity and time scale for the observed APD oscillation characteristic. Third, while there
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Figure 2. continued

was a loss of a small fraction of non-noble metals (i.e., Co or Ni) (<20%) from the ternary alloy due to dealloying, there was no indication of their
redeposition from the Nafion membrane that would correspond to the potential cycling-related regularity and time scale. In fact, the reduction
potentials for Co/Ni ions are much more negative than the cycling potential window, which was in fact supported by the control cyclic
voltammetric experiments of NiCo-alloyed Pt catalysts, showing reduction peaks at a potential of at least 0.3—0.4 V more negative than 0.6 V in the
cycling potential window. Note also that the anode catalyst Pt/C is in the same path as the cathode nanoalloy catalyst (10 times Pt loading than the
anode) for the penetration of X-ray and subsequent scattering in terms of diffraction, which minimizes Pt-only contribution to the observation. In
fact, this was substantiated by control experiments with Pt/C catalyst only. Moreover, any possible contribution of noise to the observed lattice
oscillatory characteristic was also ruled out by both control experiments with Pt/C catalysts and simulations of different noise amplitudes and
frequencies (see main text and Supporting Information for further related details).
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Figure 3. Amplitudes of the PDF peak position oscillations and correlation with fuel cell performance. (a) Plots of the PDF peak position
oscillation amplitude vs APD derived from the operando data and the control experiments, showing different oscillation intensities for PtPdCo/C,
PtPdNi/C, and Pt/C nanoparticle catalysts. Pt.,., denotes Pt/C nanoparticle powder sample measured under ambient conditions. Inset:
magnified views of the dash-line indicated region at APD-region 2. The lattice oscillation amplitude is defined by the difference in the lattice strain
at a specific APD. The standard deviation of the lattice strain oscillations is represented by the error bar. (b) Fuel cell stability tests at a current
density of 1.0 A/cm? for PtPdCo/C and PtPdNi/C catalysts. (c) The retained cell voltage of PtPdCo/C and PtPdNi/C catalysts operated in a
standard PEMFC after 100 h fuel cell operation. (d) The lattice strain oscillation amplitudes for Peak VII of PtPdCo/C and PtPdNi/C catalysts.

Capturing of Chemically Triggered Lattice Strain
Oscillations. The chemically triggered lattice strain oscillation
was captured by monitoring the PDF peak position oscillations
in the operando synchrotron HE-XRD measurements under
fuel-cell operating conditions (Figure S7). High-energy X-ray
techniques have previously been used for catalyst character-
izations in electrochemical or fuel cells,**~* but no prior
examples have revealed oscillatory lattice strain characteristics.
By analyzing the data for the catalysts in operando PEMFC
(Figures 2 and S8—S11), a series of PDF peaks are shown at
different APDs. In comparison, PtPdCo/C shows the highest
degree of dynamic change in the amplitudes of APD
oscillations, i.e, PDF peak position oscillations (Figures 3a
and S9—S11). The PDF peak positions at different APDs
during the potential cycling reveal persistent and irregular
oscillations (Figures 2 and S9). The trend of the amplitude of
lattice oscillations (PtPdCo > PtPdNi > Pt) (Figure 3a)
indicates the origin of the observed lattice oscillations from the
nanoalloy under the reaction condition, rather than the system

detection noises or possible synchrotron X-ray-induced
radiation damage.

The signals are distinctively different from noise because the
amplitude of the PDF peak position oscillation strongly
depends on the APD value, as evidenced by direct comparisons
in the three typical APD regions. The oscillations exhibit a
gradual intensification from low to high APD values and
maximize at ~23 A in APD-region 2 for PtPdCo/C (Figure
3a), which coincides with the APD value corresponding to the
most abundant atomic pairs (Figure 1i). There is an increased
percentage of atomic pairs containing surface/subsurface
atoms with increasing APD, which is linked to the atomic
diffusion near the nanoparticle—liquid—gas interface where the
initial dealloying occurs, followed by the subsequent realloying.
The results substantiate the necessity of analyzing large APDs
beyond 10 A. The PDF peaks in APD-region 3 (>25 A)
indicate that they are weak and thus have the propensity of
being smeared by the limited resolution of the broad peaks
caused by particle size/shape distribution. The PDFs in APD-

https://doi.org/10.1021/jacs.4c12550
J. Am. Chem. Soc. 2024, 146, 35264—35274


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12550/suppl_file/ja4c12550_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12550/suppl_file/ja4c12550_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12550/suppl_file/ja4c12550_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12550/suppl_file/ja4c12550_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12550/suppl_file/ja4c12550_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12550?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12550?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12550?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12550?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c12550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

I0.0S A

Experimental lattice oscillation
HHT-simulated lattice oscillation

@
o
=
8
2
o
©
o
L
£
2
<
0 50 100 150
Time (min)
b c -
1x10715 ]
~ 104 Ts ——PtPdCo E .
: PR N g 00s] 324 B
= L\ N 5 8 = S
g \ @ 1x1020 \ A s 3 TE 2 2. —r
5 0.51 \ N AN Se & Ss Alloy stable
2 | £ A ' @8 0.00 - X SRR
[ S Z NG © “a

c FS | = %, § ' O P ~
il | 5 2 5> i o3 S0
2 0.04 J o 1x10254{ ¥ \ e g Sa
£ s QN ©  -0.05- ® >
a8 : =T -@ -0~

Pt Pd Co/Ni Pt/Pd surface stable _ 4 oy @

1x103%° T T T T T
25 30 35 0.0 0.1 0.2
Reaction coordinates 1000/T (1/K) *O/*OH surface coverage (ML)

Figure 4. HHT simulations and density functional theory (DFT) calculations. (a) A comparison between the HHT-simulated lattice oscillation
(purple line) and the experimentally observed lattice oscillation (dashed line). The experimental curve is determined by PDF analyses for PDF
Peak VII of PtPdCo/C. The HHT-simulated curve includes the simulated IMF1 and the residual. (b) The atomic diffusion barriers of metal atoms
in PtPdCo and PtPdNi alloy models. (c) Temperature dependence of the theoretically calculated diffusion coefficient (D) of metal atoms in
alloys. (d) The Gibbs free energy differences per surface atom between alloy and Pt/Pd surface models for PtPdCo. A negative value indicates the
preference for the alloy structure (orange color), whereas a positive value suggests the preference for the Pt/Pd surface structure (gray color). The
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shows the corresponding geometric configurations at the surface region of alloy and Pt/Pd surface models with different *O/*OH surface coverage
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region 2 are rich in surface information because the surface
atoms account for more than 50% of the total number of atoms
for a 4.5 nm nanoparticle (Figures 1j and S6a,b) in comparison
with APD-region 1. For PtPdNi/C, the oscillation amplitude is
higher than that of Pt/C, but much smaller than that of
PtPdCo/C (Figure S11). This type of lattice strain oscillatory
characteristic has also been observed for other Pt-based
nanoalloy catalysts in our experiments related to this work.
The noise effect can be ruled out by the fact that the same HE-
XRD/PDF analyses performed under ambient conditions
without apparent reactivities show significantly reduced
amplitudes of APD oscillations of the PDF peaks (Figures 3a
and S12). The results from the different nanoalloys and control
experiments, therefore, confirm that the PDF peaks V—VII
position oscillations in APD-region 2 originate from the
reactivity of the nanoalloys under the fuel cell operating
condition. The realloying was triggered by base metal
dealloying and driven by atomic diffusion at the surface,
subsurface, or interior, leading to lattice strain oscillations in
different amplitudes. Such a nanoscale thermodynamics-driven
realloying process is reminiscent of self-healing capability.
Various control experiments were performed to substantiate
our assessment of the lattice oscillation amplitude, which
include controlling the particle size of the cathode catalysts to
ensure a narrow size distribution of 4—5 nm and precise
loading in the catalyst layers with 0.6—0.8 mgp,/cm? for the
cathode and as low as ~0.08 mgp/cm?® for the anode in all
operando HE-XRD/PEMFC experiments to ensure a mini-
mum contribution from the anode catalyst.

Implications of Chemically Triggered Oscillatory
Lattice Strains. A set of binary and ternary alloys was
screened to find the optimal balance of activity for ORR
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(Figure S13a—g). PtPdCo/C exhibits a higher current density
at the same cell voltage and a higher peak power density than
that of PtPdNi/C and commercial Pt/C catalysts when
normalized to the noble metal mass (Figure S13h). This
finding is also supported by the results of the rotating disk
electrode (RDE) test in terms of mass activity (Figure S13i).
Importantly, PtPdCo/C shows remarkable durability, as
demonstrated by a negligible voltage drop (~0.4%) after a
100-h fuel cell operation (Figure 3b), in contrast to ~11% for
PtPdNi/C. The excellent durability of the catalysts offers a
clear advantage in environmental sustainability in terms of
recycling and waste reduction. The retained cell voltage
correlates with the oscillation amplitude, both of which are
higher for PtPdCo/C than PtPdNi/C (Figure 3c,d), while
PtPdCu/C”’ falls in between (Figure S13k—m). The results
show an increase in the lattice strain oscillation amplitude,
which is responsible for the catalyst durability under operating
conditions despite the highly dynamic structure of catalysts
under reaction conditions. The root cause of the dynamic
structure stems from the atomic mobility or diffusion of atoms
in the nanoparticles. In contrast to most of the structural
characterizations for ORR and fuel cell catalysts which were
carried out ex situ, we used operando techniques to investigate
how the atomic mobility or diffusion plays an important role in
the lattice dynamics that links the oscillation amplitude and the
catalyst stability. A higher atomic diffusion mobility makes the
catalyst more dynamic during the reaction, which is reflected
by a higher oscillation amplitude. This dynamic behavior
induces realloying to promote self-healing of the nanoalloy
catalysts during the reaction, which stabilizes the catalyst by
inhibiting further dealloying. A 5% drop in voltage after a 75-h
durability test is observed for Pt/C, which is inferior to that of
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PtPdCo/C (Figure S13n). This phenomenon arises from the
significantly higher atomic mobility in PtPdCo/C, as indicated
by the pronounced increase in oscillation amplitude in
comparison with Pt/C.

The high durability of PtPdCo/C is also revealed by the
ADT using the RDE technique in terms of catalyst
composition, phase structure, and electrochemical performance
(Figure Sl4a—f). There is a quick initial dealloying process
within the first 50 cycles, which is followed by a subsequent
slow realloying process (Figure S14a). A clear decrease in
crystallinity index (CI) is evident after the reaction (Figure
S14b,c), showing an increase in the amorphous percentage,
indicative of a higher corrosion resistance.”’ The PtPdCo/C
catalyst shows remarkable activity and durability for the ORR,
with only 18% mass activity decay after 100,000 potential
cycles (Figure S14d—f). We obtained electrochemical data
directly from the operando PEMFC (Figure S5c,d) to assess
the activity and durability of the catalyst. We also employed the
RDE technique to quantitatively determine the electrochemi-
cally active surface area, mass activity, and specific activity,
which show a gradual increase during potential cycling,
reaching a steady state after a few hundred cycles (Figure
Sl4g—i). The trend aligns well with the operando HE-XRD/
PEMFC data and correlates with the behavior in the initial
quick dealloying-dominated stage (see Figure S14a), leading to
increased exposure of noble metal sites. However, this stage is
followed by a realloying-dominated stage, leading to a
slowdown of the metal leaching in comparison with the initial
dealloying stage. The realloying characteristic was further
substantiated by the in situ EDS analysis, showing a stable
atomic composition during the operation despite the initial
dealloying (Figure S14jk). These nanoalloys have surface-
enriched noble metals but retain their alloy characteristic in the
operando PEMFC (Figures S2—S4), indicative of the
operation of realloying and self-healing to sustain high
durability.

The irregularity of lattice strain oscillation, despite its strong
dependence on the nanoparticle size,"* shape, and surface
facet™ at the solid—liquid—gas reaction interface, is analyzed
using time-frequency domain transformations. To ensure clear
differentiation between experimental signal and noise, we
performed a detailed analysis of the observed experimental
lattice oscillation data by a combination of noise subtraction
from control experiments and simulation using different scaling
factors for the noise, which allowed us to identify the lattice
strain oscillations (Figure S15). The lattice oscillation data
were analyzed by both the fast Fourier transform (FFT) and
Hilbert—Huang transform (HHT) methods. HHT method* is
used to transform the irregular lattice strain oscillation into a
set of intrinsic mode function (IMF) frequencies (Figures S16
and S17). The results show that the frequencies of the IMFs
for PtPdCo/C are remarkably time-dependent, substantiating
the dynamic lattice strain oscillations. An average frequency
can be derived from each characteristic IMF with a standard
deviation. Similar results are also obtained for the other lattice
strain oscillation curves (Tables S1 and S2), highlighting the
order of significance of IMFs, ie, IMF1 > IMF2 > IMF3.
IMF1 reflects the most dominant oscillation characteristic,
which falls in the high-frequency oscillation range (Figure 4a).
The different IMFs indicate a dynamic combination of
nonstationary oscillations at a given APD.

The average frequency derived from IMF1 for PtPdCo/C is
higher than that for the Pt/C catalyst. A similar result is also

obtained for PtPdNi/C (Tables S1 and S2). The frequencies
translate to average times of 157, 161, and 183 s, respectively,
for one oscillation cycle for PtPdCo/C, PtPdNi/C, and Pt/C
(Table S3). The results are indeed consistent with the
expectation based on the simulated oscillation waves (Figure
S1). A possible contribution from electrochemical oxidation/
reduction to lattice change®” or oscillation can be ruled out
because the potential cycle time (i.e,, 8 s) is much shorter than
the lattice oscillation cycle wavelength. Instead, the interfacial
reactivity from the electrochemical oxidation/reduction
contributes to part of the triggering force for dealloying and
atomic diffusion near the surface region, leading to lattice
oscillation. Diffusion coeflicients of metals reported in the
literature range from 107" to 107" cm?/s at 80 °C.** Similar
values were also obtained from our calculation (Figure S18).
Using a typical diffusion coefficient of 107'® cm?/s, the
calculated concentration gradient of vacancies across the
nanoparticle is shown to be quite comparable with the time
scale for the diffusion-controlled region in our operando
HEXRD/PDF measurements (Figure S19). This result offers
one possible explanation for the observed stable lattice
oscillation, instead of gradual decay, in terms of an effective
realloying process in the nanoalloy catalyst. The dynamic
dealloying-realloying process is largely driven by entropy
change (Figure S20). The oscillatory character is further
substantiated by FFT and autocorrelation analysis methods
(Figure S17b). The experimental irregular oscillation frequen-
cies vary with time, and can be expressed by a spectrum in
terms of the frequency characteristic of the corresponding
APD. The oscillation amplitudes and frequencies depend not
only on the APD characteristics (I to VII) but also on the
nanoalloy composition (Figure S21).

Mechanistically, the dynamic lattice strain oscillation
indicates the involvement of atomic diffusion in realloying
upon dealloying, or atomic diffusion upon metal vacancy
formation. Atomic mobility is thus assessed by DFT
calculations.””* Upon dealloying, a metal atom vacancy is
created on the surface, which would be followed by atomic
diffusion from subsurface to surface metal vacancy and vice
versa. The calculations yield atomic diffusion barriers of 0.81
and 0.65 €V for Pt and Pd in the PtPdCo model, both of which
are lower than the values from the PtPdNi model (0.91 and
0.77 eV for Pt and Pd) (Figure 4b and Table S4). The
diffusion barrier of Co in PtPdCo is also lower than that of Ni
in PtPdNi. Both base metals show lower diffusion barriers than
noble metals. The results substantiate that there is an enhanced
atomic diffusion in the PtPdCo alloy at the surface region. An
estimation of the dealloying-induced metal atom vacancy
formation energy (AEyg) yields 0.69 eV for the surface region
of PtPdCo and PtPdNi nanoalloys on the surface models.
These results allow us to calculate approximately the
dealloying-induced diffusion coefficients (D) of metals in
alloy models, which are plotted as a function of the reciprocal
of the temperature (Figure 4c). The results indicate that the
atomic diffusion in PtPdCo is enhanced compared to that in
PtPdNi. The enhanced atomic diffusion is in part linked to its
higher oxyphilicity, which in turn contributes to the higher
durability of PtPdCo. The higher oxyphilicity is supported by
the higher oxygen adsorption energy and lower oxygen
dissociation energy for Co than those for Ni.'* The
dynamically oxygenated surface layer thus plays an important
role in suppressing further dealloying following the initial
dealloying process. Interestingly, the experimentally deter-
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Figure 5. MD simulations of lattice strain oscillations. (a) Three-dimensional (3D) models of PtPdCo NP and radial Co distribution derived from
radial probability function analysis of the models. Light gray, dark gray, and blue balls represent Pt, Pd, and Co atoms, respectively. (b) Simulated
atomic PDFs based on the models with different Co distributions shown in (a). (c¢) MD-simulated lattice oscillations for the models of carbon-
supported PtPdCo, PtPdNj, Pt, and dealloyed PtPdCo NPs. (d) Snapshots of the cross-section view of the dealloyed PtPdCo/C model during the
time progress in the MD simulations.
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Figure 6. Schematic illustrations of experimental capturing and theoretical consideration of oscillatory lattice strain oscillations under fuel cell
operating conditions. Left panel: The oscillatory lattice strain oscillation is measured by operando HE-XRD/PDF technique. The relationship
between APD in atomic PDFs and the surface atom-containing atom pair percentage is exemplified by a 4.5 nm nanoparticle model. At APDs
greater than 20 A, the PDF peaks contain structural information from at least 50% of the surface atom-related atom pairs. Middle panel: Formation
of atomic vacancies upon dealloying of Co from PtPdCo alloy at the initial stage, followed by the realloying/reconstruction process driven by the
metal atom vacancy diffusion. Other processes such as interfacial dissolution and redeposition during the reaction are omitted for simplicity of the
illustration. The surface in the nanoparticle model is partially covered by oxygenated species (*O and *OH). Light gray, dark gray, blue, red, and
light blue balls represent Pt, Pd, Co, O, and H atoms, respectively. The green dotted circle represents a metal atom vacancy. Note that the sharp
contrast between the weak oscillation and narrow distribution of the lattice strains for Pt nanoparticles and the strong oscillations and broad
distributions of the lattice strains for PtPdCo nanoalloys is also shown in Figure S33. Right panel: The realloying/reconstruction of the nanoalloy is
linked to the metal atom vacancy diffusion process, which is entropy-driven and thermodynamically favorable. The facilitated atomic diffusion is
linked to strong lattice strain oscillations in the nanoalloy.

mined diffusion coefficients (D,y,) derived from the lattice cell conditions, where *O and *OH species are adsorbed on

strain oscillation analyses fall in between the theoretically
calculated results (Figure S18).

The high durability of the nanoalloy catalysts is also
substantiated by considering the thermodynamic stability in
terms of Pt/Pd surface or alloy structures. While the Pt/Pd
surface structure may be more stable for the PtPdCo model in
the absence of any surface-adsorbed species, the balance is
tilted toward the alloy models under electrochemical and fuel
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the catalyst surface’’ (Figure S$22). This assessment is
supported by consideration of entropy contribution to the
free energy difference between the two models in the presence
of surface oxide species (Figures 4d and S23). The dynamic
surface adsorption constitutes the basis for stabilizing the
nanoalloy, which undergoes dealloying and realloying under
the fuel cell reaction condition before reaching a thermody-
namic stable state. The adsorbed oxygen species can
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dynamically oxygenate the surface/subsurface oxyphilic atoms,
leading to amorphization at the surface region, which is
consistent with the analysis of CI (Figure S14b,c).

To elucidate the observed lattice oscillations, we performed
molecular dynamics (MD) simulations of atomic dynamics in
the nanoparticle catalyst. Insights were gained into some
mechanistic details in several aspects. First, in addition to
verification of the well-defined ternary alloy structure (Figure
S24), static models of the alloy NPs with different distributions
of Pt/Pd and Co across the nanoparticle at a fixed composition
ranging from Co surface-rich to Pt/Pd surface-rich structures
revealed a clear dependence of PDF peak position on the
elemental distribution (Figures Sab, and S$25). With a
dealloyed NP model, the simulation shows a preference for
uniformly distributed Co elements over one with extensive
surface noble metal enrichment (Figure S24). The results are
in excellent agreement with the oscillatory APDs, showing an
effective realloying of the atoms inside the alloy NP upon
dealloying and the associated lattice oscillations. Second, atom
movement and diffusion are revealed, which contribute to the
oscillatory lattice strain. The regularity and amplitude of the
APD oscillations mirror remarkably well the operando PDF
data (Figures Sc and $26—S30). The PtPdCo/C exhibits the
highest lattice oscillation amplitude, correlating with its
superior atomic diffusion mobility. This enhanced mobility,
coupled with strong realloying, contributes to the enhanced
catalyst stability. The dealloyed NP exhibits a much-intensified
oscillation amplitude and an intriguing dependence on the
atomic vacancies and the degree of realloying (Figures Sc,d,
S31 and $32, and Video S1). The findings are indicative of a
dynamic realloying process during the structural evolution of
the alloy NP, leading to the experimentally observed lattice
oscillations. Despite some deviations of the simulated
oscillation frequencies from HEXRD/PDF experiment-deter-
mined oscillation frequencies, the results underscore the
capability of PDF analysis for operando capturing of the
dynamic realloying process under the fuel cell operating
condition. Furthermore, DFT calculations of the entropy,
enthalpy, and Gibbs free energy reveal that the thermodynami-
cally favorable metal atom vacancy diffusion is driven by the
entropy change (Figures 6 and S20), responsible for lattice
strain oscillation for the nanoalloys under operating conditions.

B CONCLUSIONS

An oscillatory lattice strain is revealed for nanoalloy catalysts
under fuel cell operating conditions, which is linked to
dealloying and realloying via atomic diffusion in the nanoalloy.
It is the strong lattice strain oscillation that leads to a realloying
process responsible for the enhanced stability of the nanoalloys
under the reaction condition. This interfacial reaction-triggered
oscillatory lattice strain phenomenon is unprecedented in the
literature and may serve as a springboard for designing
chemical/electrochemical reaction systems involving nanoscale
catalysts or materials, unlocking the door to a research frontier
in alloying different dual-noble-metal alloys with other
transition metals toward enhanced durability. This insight
not only reveals the origin of high durability of the ternary
nanoalloys in the fuel cells but also has broad implications for
the design of nanoalloy and other mixed metal/metal oxide
catalysts with potential self-healing properties for electro-
chemical energy conversion and production.
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