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ABSTRACT: Atomically ordered Pt-based intermetallic alloys
have gained interest as promising cathode materials catalyzing the o W
oxygen reduction reaction (ORR) in hydrogen-fueled proton £ Al-phase §§§§8‘30°0383§§§
exchange membrane fuel cells (PEMFCs) with special durability £ 1 o°°°°o ProrV ©00000000000000
&= o -

requirements. This is the case because ordered Pt intermetallic 2 o go  °T3A m L1z-phase

. . . . .- . = a®— o e ) 0% o PtV
alloys are believed to display superior chemical durability over their & \/ P (PP
disordered counterparts. However, achieving the atomic-disorder- o M ae® e
to-order phase transition typically necessitates prolonged high- © §§§§§§333§§§§§§ In-situ Observation
temperature annealing, which often induces nanoparticle sintering

and reduces Pt utilization. These challenges are particularly
pronounced in acid-stable early transition metal Pt—M alloy
systems (e.g., Pt—V), where alloy formation is hindered by the large disparity in reduction potentials. Here we present a lattice-
vacancy-mediated synthesis strategy using evaporating Zn atoms as a cataloreactant to trigger the formation of the L1, intermetallic
phase in the Pt—V system. This approach enabled the synthesis of highly ordered Pt—V alloy nanocatalysts with significantly
suppressed non-noble transition metal leaching, thereby delivering enhanced PEMFC performance and durability. Online
spectrometric and in situ spectroscopic analyses suggest distinct degradation mechanisms, characterized by isotropic V leaching in the
ordered structure versus anisotropic segregation in the disordered structure. These findings underscore the efficacy of vacancy-
mediated ordering as a synthetic paradigm for designing durable, high-performance intermetallic catalysts for PEMFC applications.

Lattice Contraction

he hydrogen economy is increasingly recognized as a surrounding the Pt atoms, leading to enhanced electrochemical

promising pathway toward a sustainable, low-carbon stability.'"®'” In contrast, intermetallic Pt—M catalysts incor-
energy future. Proton exchange membrane fuel cells porating more acid-resistant non-noble transition metals (M =
(PEMFCs) have shown promising potential in terms of V, Cr, Zr, Nb, etc.) have received limited attention. Compared
efficiency and scalability among various hydrogen-based with commonly reported Pt-based alloy systems, the PtV
technologies.l_3 In recent years, the increasing interest in intermetallic alloy exhibits the lowest metal dissolution,
heavy-duty-vehicle (HDV) PEMFC applications, however, outperforming PtCo, PtMn, and PtZn systems with com-
urged researchers to address the giant challenge to boost parable chemical composition, structure, and morphology,
both the durability and power density of PEMFCs compared highlighting the superior antidissolution capability of V among
to the state-of-the-art devices for light-duty-vehicles (LDVs). the 3d transition metals.”” Despite their prospect of improved
This HDV-fuel cell design challenge necessitates the develop- stability, their solid-state chemistry and long-term electro-
ment of thinner cathode catalyst layers with high weight chemical performance have remained largely unexplored.” ~*

loadings of at least 50 wt % Pt to ensure sufficient mass and
charge transport.* This challenge also calls for the development
of novel intermetallic Pt-based cathode catalysts that offer
improved chemical stability and enhanced catalytic oxygen
reduction reaction (ORR) activity due to their atomically
ordered lattice structures.’™ To date, most research has
focused on conventional intermetallic Pt—M alloy systems
such as PtCo, PtNi, PtFe, and PtCu, which continue to suffer
from severe dissolution of the less-noble metal under the harsh
acidic conditions (pH < 1) during PEMFC operation.'’~"” A
specific element doping (e.g, Cr, Sn, Ga) strategy for the
PtCo, PtNi, and PtFe systems has been reported to tailor the
lattice constant and further regulate the electron density

This is due to the major challenge that lies in the synthesis of
these ordered intermetallic alloy nanoparticles, namely, the
required high annealing temperatures for extended periods of
time, which often induce severe nanoparticle sintering,
resulting in a reduction in electrochemically active surface
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Figure 1. Synthetic strategy, structural evolution and phase transition analysis. (a) In situ HT-XRD in a H,/Ar atmosphere for Pt;V and Zn-
doped Pt;V samples. (b) XRD patterns at 900 °C. Note that the diffraction peaks at ca. 35°, 37.6°, and 43° belong to the Al,O; sample holder. (c)
ICP-MS results of the remaining Zn amount in the Zn-doped Pt;V samples after annealing at 450, 800, and 900 °C, respectively. (d) Ex situ XRD
patterns of as-annealed samples after tube furnace annealing for 1 h at 900 °C in a 4% H,/Ar atmosphere, with the reference pattern of ordered
Pt,V from the powder diffraction file (Pt;V mp-372) for comparison.” (e, f) Pair distribution function (PDF) pattern fitting of synchrotron-based
WAXS measurements and the resulting lattice parameters for the leached and postannealed Pt;V-Zn and Pt;V, respectively.

area (ECSA).”” New chemical strategies addressing the
synthetic challenges of these intermetallics are critical to
advancing durable and high-performance cathode catalysts
suitable for next-generation HDV fuel cell applications.

In this study, we report a novel synthetic lattice-vacancy-
mediated concept to induce disorder-to-order phase transitions
in metal alloy nanoparticles for the preparation of highly
ordered and durable intermetallic alloy nanoparticle catalysts.
We exemplify our synthetic concept by addressing the
longstanding challenge of synthesizing ordered L1,-Pt;V
intermetallic nanoparticles at technologically relevant metal
loadings of 50 wt % for use as hydrogen PEMFC cathodes
catalyzing the ORR:

0, + 4H" + 4~ — 2H,0

Our synthetic concept utilizes cataloreactive Zn atoms as
coalloying atomic lattice dopants that evaporate under the
synthesis conditions, leaving behind in situ-generated lattice
vacancies, thereby triggering the rapid structural ordering of Pt
and V atoms. In this process, the evaporated metal Zn atoms
leave the resulting ordered lattice, condense, and can be
reused. We demonstrate that this process yields previously
elusive, high-weight-loaded, ordered L1,-Pt;V intermetallic
nanoparticles that catalyze the electrochemical ORR with
superior stability and performance compared to the disordered
Pt;V reference catalyst. To understand the functional role of
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Zn atoms in the ordering process, we applied a number of
different in situ analysis techniques. Tracing the crystal
structure evolution using in situ high-temperature X-ray
diffraction (in situ HT-XRD), we succeeded in the design of
an effective annealing protocol for the formation of a well-
defined Zn-doped L1,-Pt;V catalyst structure characterized by
superlattice reflection and a contracted lattice, which was
confirmed by ex situ XRD and synchrotron-based wide-angle
X-ray scattering (WAXS) measurements. High-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) showed a consistent atomic arrangement
of the intermetallic phase of the doped L1,-Pt;V catalyst with
the scattering experiments. Thanks to the Zn-vacancy-
mediated structural ordering, the L1,-Pt;V catalyst exhibited
a significant enhancement in both ORR catalytic activity and
electrochemical stability in rotating disk electrode (RDE)
setups and realistic membrane electrode assembly (MEA)-
based PEMFC environments compared to the disordered Al-
Pt;V reference catalyst. Advanced characterizations, such as
online inductively coupled plasma mass spectrometry (ICP-
MS) and in situ X-ray absorption spectroscopy (XAS),
demonstrated a favorable suppression in V ion leaching from
the intermetallic L1,-Pt;V catalyst compared to that of its
disordered counterpart. From our spectroscopic analysis, we
derive two distinctly different degradation mechanisms,
namely, isotropic V leaching and anisotropic cluster leaching
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for the L1,-Pt;V-Zn and Al-Pt;V catalysts, respectively,
rationalizing the enhanced stability.

Carbon-supported Zn-doped intermetallic, ordered L1,-Pt;V
alloy nanoparticles (henceforth denoted as L1,-Pt;V-Zn even
after complete removal of Zn) and nondoped reference
disordered A1-Pt;V alloy nanoparticles were prepared by a
coimpregnation route. For the L1,-Pt;V-Zn sample, the Pt, V,
and Zn (initially at a S mol % level) precursors were
stoichiometrically mixed with the carbon support in deionized
water under magnetic stirring overnight, and then the mixture
was dried by rotary evaporation. The non-Zn-doped
disordered face-centered cubic Al-Pt;V reference sample
(space group Fm3m) was prepared using the same synthesis
procedure as for the Zn-doped intermetallic L1,-Pt;V-Zn
sample (space group Pm3m), except that only Pt and V
precursors were employed. The dried powders were sub-
sequently annealed under 4% H,/Ar for 1 h at 900 °C, a
temperature optimized by the in situ HT-XRD measurement.
To establish a Pt-rich core—shell alloy particle structure, both
as-annealed samples were leached in 0.5 M H,SO, at 80 °C for
24 h, followed by mild postannealing at 400 °C for 2 h under
4% H,/Ar. This resulted in the complete removal of Zn for the
L1,-Pt;V-Zn sample.

To monitor the crystalline structural evolution of Pt;V
lattices during thermal treatment and , more specifically, to
comparatively track disorder-to-order phase transitions, in situ
HT-XRD analysis of the two metal alloy samples, Pt;V-Zn and
Pt;V, was used. Figure la compares the diffraction patterns of
the Pt;V-Zn and Pt;V samples recorded at temperatures
between 40 and 900 °C. The initial scan at 40 °C showed no
discernible diffraction peaks from Pt- or V-based crystalline
phases, indicating the amorphous or highly dispersed nature of
the metal precursors. Upon reaching 200 °C, the emergence of
abroad (111) reflection at ca. 40.2° indicated the nucleation of
nanocrystalline Pt;V alloy nanoparticles. As the temperature
increased from 200 to 900 °C, the (111) peak progressively
sharpened, suggesting an increase in crystallite size for both
samples.

Unlike the undoped sample, the Zn-doped Pt;V-Zn sample
exhibited a clear disorder-to-order phase transition to the
elusive ordered intermetallic Pt;V phase, as evidenced by the
appearance of a (110) superlattice peak at ca. 32.8° (yellow
box), characteristic of the L1, intermetallic lattice structure.
Furthermore, the (111) peak of the Pt;V-Zn sample shifted
toward larger 26 values compared to its undoped counterpart,
indicating a higher degree of alloying and associated lattice
contraction, facilitated by Zn incorporation into the lattice
(Figure 1b). Given the significantly lower melting and
evaporation points of Zn relative to Pt and V, its thermal
stability during annealing was assessed using ex situ ICP-MS.
As shown in Figure Ic, the Zn content remained close to the
nominal synthesis ratio after 450 and 800 °C annealing;
however, it dropped sharply upon 900 °C annealing,
suggesting substantial Zn evaporation. We propose that the
Zn volatilization at elevated temperatures might introduce
lattice vacancies that enhance V atom mobility,”” thereby
promoting both alloying and structural ordering within the
cubic Pt—V matrix. The compositions of the final catalysts
(after acid leaching and postannealing) were determined by ex
situ ICP-MS (Table S1) and confirmed high Pt loadings of ca.
50 wt % in both samples combined with complete removal of
Zn from the L1,-Pt;V-Zn sample.
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Guided by the small-batch in situ HT-XRD results, the
annealing temperature of 900 °C was selected to synthesize
larger batches of ordered L1,-Pt;V-Zn and disordered A1-Pt;V
catalysts. The ex situ XRD pattern (Figure 1d) of L1,-Pt;V-Zn
exhibited characteristic (100) and (110) superlattice peaks that
are absent in the disordered counterpart. Pair distribution
function (PDF) analysis (Figure le,f) confirmed the cubic-type
structures (primitive and face-centered) for the two catalysts.
Notably, L1,-Pt;V-Zn exhibits a smaller lattice parameter
(3.866 A) than A1-Pt;V (3.873 A), suggesting lattice
contraction in the ordered phase. This contraction is expected
to alter the electronic structure and oxygen binding energy of
surface Pt sites, contributing to the enhanced ORR activity
discussed in the following electrochemical analysis.

To further visualize the successful formation of the
intermetallic L1, phase in the presence of Zn doping, high-
resolution STEM coupled with energy-dispersive X-ray spec-
troscopy (EDX) and HAADF imaging was performed. As
shown in Figure 2a, STEM-EDX elemental mapping

Pt shell

A

Figure 2. Microscopic and compositional analysis. (a) STEM-EDX
mapping of the leached and postannealed intermetallic L1,-Pt;V-Zn
sample with Pt (red) and V (green) elements. (b) HAADF-STEM
image with the atomic arrangement of L1,-Pt;V-Zn marked by arrows
for the Pt shell and green dots for V atoms.

demonstrates a uniform distribution of Pt and V across the
nanoparticle matrix. The HAADF-STEM image in Figure 2b
reveals the characteristic atomic-scale ordering of the L1,-Pt;V
crystal with ca. 3 layers of Pt shell, consistent with the expected
structure after acid leaching and postannealing. The STEM
images (Figures S1 and S2) confirm a narrow particle size
distribution for both the acid-leached L1,-Pt;V-Zn catalyst and
the acid-leached disordered Al-Pt;V catalyst, with similar
average sizes of 3.51 = 0.8 and 3.55 + 0.9 nm, respectively.
These values closely match the crystallite sizes derived from
XRD analysis using the Scherrer equation (Table $2).°>*'
The ORR activity and stability of the ordered L1,-Pt;V-Zn
and disordered Al-Pt;V catalysts were first evaluated using
electrochemical cyclic voltammetry (CV), surface-adsorbed
CO stripping to quantify electrochemical surface areas, and
linear sweep voltammetry (LSV), all techniques applied in a
three-electrode liquid electrolyte RDE setup. The CVs
recorded in N,-saturated 0.1 M HCIO, electrolyte (Figure
3a) were used to determine the ECSA values via hydrogen
underpotential deposition (ECSAy,,q), resulting in values of
60.5 and 60 m* gp, ' for L1,-Pt;V-Zn and Al-Pt,V,
respectively (Table S3). The ECSA values from CO stripping
(ECSA¢p) were 73.1 and 65.8 m* gp, " for the ordered and
disordered catalysts, respectively, consistent with the small
difference in the mean particle size. Notably, the ratio of
ECSA¢o/ECSAy,pq was significantly higher for the L1,-Pt;V-
Zn catalyst, which is a direct consequence of a lower surface
coverage of adsorbed H atoms on the ordered catalysts. This
effect is known to be caused by lower H chemisorption on
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Figure 3. Electrochemical evaluation of the ordered and disordered Pt;V catalysts. (a—d) RDE measurements for ordered L1,-Pt;V-Zn (red)
and disordered A1-Pt;V (blue): (a) Cyclic voltammetry (CV) curves in N,-saturated 0.1 M HCIO, electrolyte at room temperature with a scan rate

of 20 mV s7'; (b, c) linear sweep voltammetry (LSV) curves with a scan rate of 20 mV s~
30,000 cycles of a trapezoidal-wave accelerated stress test (AST) by holding for 3 s at 0.6 and 0.95 Vpy; each with a scan rate of 750 mV s

! under a rotating rate of 1600 rpm before and after

-1

between potentials; (d) ECSA from the CO-stripping method and MA at 0.9 Vi before and after AST. (e, f) MEA single cell tests: (e) MEA
ORR polarization curves collected under the conditions noted in the graph; (f) cell potential evolution during AST, consisting of 30,000 square-
wave AST by holding potentials at 0.6 and 0.95 V with a dwell time of 3 s.

compressed Pt surfaces of contracted Pt alloy bulk
lattices,”*** as supported by our synchrotron-based WAXS/
PDF results from Figure 1. Subsurface V atoms modify the
surface electronic structure of Pt, diminishing hydrogen
adsorption while preserving CO binding.”> To analyze the
electrochemical stability of the two Pt;V catalysts after an
accelerated stress test (AST), CVs in N,-saturated environ-
ment and CO-stripping analyses were performed before and
after 30,000 potential cycles for the L1,-Pt;V-Zn and Al-Pt;V
catalysts (Figures S3 and S4, respectively). The overlapping
voltammetric profiles of the L1,-Pt;V-Zn evidenced excellent
tolerance to chemical leaching of V, while the anodic stripping
peak shift of the A1-Pt;V catalyst in Figure S4 suggests
subsurface V dealloying and the creation of a thicker Pt
overlayers.”

Figure 3b,c compares the catalytic ORR activities before and
after the 30,000-cycle AST of the two catalyst systems. In line
with our voltammetric analysis, the L1,-Pt;V-Zn catalyst
exhibited minimal catalytic performance degradation, whereas
the A1-Pt;V sample suffered a noticeable negative shift in the
half-wave potential (E,,,), indicative of substantial catalytic
ORR activity loss. We attribute this catalytic activity loss to the
previously identified subsurface V leaching during the
electrochemical tests.

Correlation plots relating mass-specific catalytic ORR
activities (MA) at 0.9 V versus the reversible hydrogen
electrode (Vpyp) and CO-stripping-derived electrochemical
surface areas (ECSA() are reported in Figure 3d, with the
ordered catalyst achieving a significantly higher MA of 0.9 A
mgp, !, compared to 0.59 A mgp, ' for its disordered
counterpart at more favorable surface areas. The catalytic
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performance stability of the L1,-Pt;V-Zn catalyst was markedly
superior to that of A1-Pt;V. The L1,-Pt;V-Zn catalyst shows
superior retention of activity after 30,000 AST cycles, with only
a 14.7% decrease in MA, compared to a 31.6% loss for Al-
Pt;V. Considering that the two catalysts have comparable
nanoparticle sizes, this improvement is attributed to the
structural ordering and associated lattice contraction in the L1,
phase, which modulates the Pt—O binding energy to favor
optimal ORR kinetics and inhibits V leaching by stabilizing its
position in the lattice.*>*°

Next, the L1,-Pt;V-Zn and Al-Pt;V catalysts were cast into
cathode layers of MEAs that were deployed in a realistic single
hydrogen/air PEM fuel cell assembly, and their electro-
chemical ORR performance was investigated. Figure 3e reports
the fuel cell polarization performance curves up to applied
current densities of 1.6 A cm™>. The ordered L1,-Pt;V-Zn
electrode revealed superior cell performance across the entire
load range, including the kinetic, ohmic, and transport-limited
regimes. The kinetic mass activity at 0.9 V cell voltage, while
not optimized, surpassed that of the disordered alloy by a
factor of 10. Noteworthy are the enhanced cell voltages in the
transport-limited region that can point to less V ion leaching
into the proton-conducting ionomer in the catalyst layer (see
direct evidence below). Notably, after 30,000 cycles of square-
wave AST, the L1,-Pt;V-Zn catalyst exhibited markedly higher
cell voltage durability, with a 13.6% voltage loss at 0.8 A cm ™2,
in contrast to a 28.8% voltage loss for the Al-Pt;V catalyst
(Figure 3f). We associate the enhancements in activity and
durability observed in both liquid-cell RDE and single-cell
MEA with the critical role of atomic ordering in the
intermetallic L1,-Pt;V-Zn system that results in reduced V
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Figure 4. Metal dissolution behavior analysis. Online ICP-MS measurements for (a, b) intermetallic L1,-Pt;V-Zn and (d, e) disordered A1-Pt;V:
(a, d) CV-based potential cycling from 0.05 to 0.95 Vi with a scan rate of S mV s™'; (b, e) trapezoidal-wave cycling by holding potentials at 0.6
and 0.95 Vyyy each for 3 min with a scan rate of S mV s™". (¢, f) Accumulated dissolution amounts of Pt and V after 1000 cycles of trapezoidal-
wave AST by holding for 3 s at 0.6 and 0.95 Vi each with a scan rate of 750 mV s™' between potentials.

ion leaching and ionomer poisoning during fuel cell operation.
In order to support this hypothesis, we further examined and
compared our two alloy systems using online ICP-MS and in
situ XAS studies, as described below.

To gain deeper insight into the enhanced electrochemical
stability of the intermetallic L1,-Pt;V-Zn catalyst during ORR,
online ICP-MS was employed to monitor the time- and
potential-resolved dissolution of Pt and V in 0.1 M HCIO, at
25 °C. The electrochemical protocol for the online ICP-MS
measurements is shown in Figure S5. As shown in Figure 4a,d,
during three consecutive triangle-wave CV cycles from 0.05 to
0.95 Vyyg the ordered and disordered Pt;V catalysts present
similar dissolution trends but with different intensities. First, Pt
dissolution peaks appear prominently in the cathodic scan,
while V dissolves during both anodic and cathodic scans. The
cathodic Pt dissolution is attributed to the place-exchange
mechanism,”” ™’ wherein surface oxygen atoms exchange their
location with Pt atoms during anodic scans to get into
subsurface positions, resulting in a cathodic surface Pt
dissolution peak; this is consistent with prior reports on Pt-
based alloys containing less-noble metals such as Cu, Co, and
rare-earth elements.**~** In the case of V dissolution, distinct
anodic and cathodic peaks are observed at ca. 0.3 Vpyg
(surface oxidation) and 0.4 Vgyg (surface reduction),
respectively. Based on the thermodynamic prediction given
by the Pourbaix diagram,*’ the anodic dissolution event could
be linked to the oxidation of metallic V° to V3, while the
cathodic dissolution likely corresponds to the reduction of
VO* to V*'. Interestingly, A1-Pt;V (Figure 4d) exhibited a
significantly larger specific V dissolution rate compared to its
ordered L1, counterpart (Figure 4a), suggesting that structural
lattice ordering enhances the chemical stability of V.

This trend was further observed in the AST-like potential-
hold measurements (Figure 4b,e), where the potentials were
held at 0.6 and 0.95 Vgyg for 3 min; clearly, no V anodic
dissolution was observed. This feature is in line with the
Pourbaix diagram, since it is expected that V** is absent within
0.6 and 0.95 Vyyp. When the potential was held at 0.95 Vg,
the Pt dissolution rate initially increased and then reached a

3646

stationary plateau. This behavior aligns with the dissolution of
low-coordinated sites and formation/dissolution of amorphous
oxides and metastable phases, until stable Pt oxide layers are
established.”* The resulting surface passivation accompanied
by the formation of subsurface oxides weakens Pt—Pt bonds.
This bond weakening facilitates cathodic Pt dissolution
through surface detachment processes,*’ as evidenced by a
pronounced cathodic Pt dissolution peak.

To quantify the specific metal dissolution of both catalysts
under the identical AST protocol used in the RDE experi-
ments, 1000 potential cycles were applied. The specific
dissolution profiles in Figure 4c show an initial spike followed
by gradual passivation over the AST.

While the ordered L1,-Pt;V-Zn exhibited Pt dissolution
trajectories comparable to its counterpart (Figure 4f), its V
dissolution is nearly 2 times lower than that of A1-Pt;V. This
reduces V cation poisoning of the cathode layer ionomer and
can account for the enhanced PEM cell stability. As the two
catalysts possessed comparable particle sizes, compositions,
and core—shell structures following the identical synthesis, acid
leaching, and postannealing treatment, we attribute the distinct
V stability largely to an effect by the ordered alloy lattice. The
presence of dissolving VO, species at the surface of the
disordered A1-Pt;V catalysts appears to slow surface Pt atom
dissolution somewhat (Figure 4f), as previously observed on
L1,-Pt;Cr and L1,-PtCr intermetallics.”” However, the excess
of such VO, species can partially block the Pt atoms at the
surface, lowering the ECSA, consistent with the RDE results.
With regard to the reduced V dissolution in the L1,-Pt;V-Zn
sample, the intermetallic core can more efficiently stabilize V
atoms within the particle. This structure feature could probably
limit the direct exposure of V to the acidic electrolyte while
increasing the exposure of Pt at the surface. As a result, the
L1,-Pt;V-Zn sample exhibited higher Pt dissolution than the
Al-Pt,V sample.

To elucidate the origin of enhanced stability conferred by
structural ordering and to probe the degradation mechanisms
of the ordered and disordered Pt;V catalysts, in situ XAS
measurements were performed at the Pt Lj-edge. The
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experiments were conducted in a validated in situ half-cell by
holding potentials at 0.05, 0.4, 0.9, and 1.2 Vyyy before and
after AST.* Figure 5a,b displays the potential-dependent X-ray
absorption near-edge structure (XANES) spectra for the L1,-
Pt;V-Zn and A1-Pt;V catalysts, respectively, with Pt foil used
as a reference. The insets emphasize changes in the white-line
intensity, which is indicative of the density of unoccupied Pt 5d
states and hence correlates with the oxidation state of Pt."*
As expected, increasing the applied potential results in an
increase in the white-line intensity for both catalysts, but with
different magnitudes.

At 0.05 Vyyg, the L1,-Pt;V-Zn catalyst exhibits a white-line
intensity nearly overlapping that of the Pt foil, implying a Pt
oxidation state close to metallic. In contrast, at this potential,
Al-Pt;V shows a significantly higher white-line intensity,
suggesting an elevated oxidation state. Figure Sc compares the
XANES spectra at 0.9 Vyyg before and after AST. The increase
in the white-line intensity and a positive energy shift of the
peak after AST are indicative of catalyst aging, likely by V
dealloying, resulting in a higher average oxidation state of Pt.
Strikingly, the relative increase in the white-line intensity of the
L1,-Pt;V-Zn catalyst was only 0.5%, significantly lower than
the 5.3% increase observed for the disordered A1-Pt;V catalyst.
This marked difference confirms that the ordered catalyst
possesses a much higher oxidation resistance, consistent with
the electrochemical performance and online ICP-MS findings.
The attenuated V leaching in the intermetallic structure helps
preserve Pt electronic properties by maintaining electron
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donation from V, thus protecting Pt against oxidative
degradation. In contrast, extensive V dealloying in the
disordered sample disrupts this electron transfer, leaving Pt
more susceptible to oxidation.

To further understand the structural dynamics, coordination
numbers were extracted by fitting the extended X-ray
absorption fine structure (EXAFS) spectra at various potentials
(Figure 5d). In all potentials, L1,-Pt;V-Zn consistently displays
lower Pt—Pt coordination numbers and larger Pt—V
coordination numbers compared to Al-Pt;V, affirming a
higher degree of structural ordering, in agreement with the
XRD and WAXS results. Upon increasing the potential, the
Pt—V coordination numbers generally decreased due to V
dealloying. However, an unexpected trend was observed for
L1,-Pt;V-Zn as the potential was increased from 0.4 to 0.9
Vg in that the Pt—V coordination number increased. This
behavior suggests that under moderately oxidative conditions,
the V atoms preferentially migrate from the core to the surface,
increasing their proximity to Pt at the (near) surface. This
redistribution enhances Pt—V coordination at the (near)
surface, which is a phenomenon absent in the disordered
catalyst.

Based on these observations, we propose a structural model
for the degradation mechanisms for V leaching in the ordered
and disordered catalysts (Figure Se). In the ordered LI,
crystal, V atoms undergo isotropic segregation/leaching,
uniformly migrating toward the surface and resulting in evenly
dispersed Pt—V coordination at the (near) surface. In contrast,
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the disordered Al crystal undergoes anisotropic clustered V
migration, leading to heterogeneous V segregation and a lower
average Pt—V coordination. Overall, these in situ XAS results
underscore the critical role of intermetallic ordering in
stabilizing the non-noble atoms such as V in the present Pt
alloy catalysts. The ability of the ordered phase to sustain Pt—
V bonding under oxidative conditions directly translates to
enhanced oxidation resistance, reduced degradation, and
superior long-term ORR durability.

In this work, we present a new robust synthetic approach for
preparing otherwise elusive structurally ordered intermetallics.
The synthetic route utilizes in situ-generated lattice vacancies
introduced by evaporating Zn atoms as a cataloreactant. We
demonstrated our approach in the preparation of an acid-stable
L1,-Pt;V nanocatalyst with an unprecedented high loading of
ca. 50 wt % Pt. In situ HT-XRD measurements were employed
to monitor and clarify the structural transformation of the
ordered lattice during annealing. Complementary ex situ XRD
and synchrotron-based WAXS confirmed the Zn-assisted phase
transition and the formation of a superlattice characteristic of
the L1, phase, distinctly differentiating it from the disordered
Al1-Pt;V counterpart. High-resolution HAADF-STEM imaging
further revealed the atomically ordered arrangement within the
L1,-Pt;V-Zn crystal.

The ordered electrocatalyst material demonstrated substan-
tially enhanced ORR activity and acid-leaching stability in both
RDE and MEA tests, underscoring the advantages conferred by
the intermetallic structure. Online ICP-MS measurements
revealed suppressed V dissolution in the intermetallic L1,
phase, attributing its superior electrochemical stability to
intrinsic structural ordering. Furthermore, the in situ XAS
measurements unraveled distinct degradation pathways. The
ordered catalyst exhibited isotropic V segregation, which
maintained Pt—V coordination at the (near) surface, while
the disordered catalyst underwent anisotropic clusterwise V
leaching, leading to accelerated degradation and dealloying.

Overall, this study highlights the effectiveness of our in situ
lattice-vacancy-mediated formation of stable ordered inter-
metallic nanocatalysts, effectively overcoming the synthetic
challenges of ordered Pt alloy systems. The insights gained into
structure—stability—performance relationships provide a val-
uable framework for the rational design of ultradurable high-
performance ORR catalysts in PEMFCs.
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