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ABSTRACT: The electro-oxidation of H, (HOR) is 200X slower
in base than in acid, hampering the deployment of alkaline fuel
cells. It is disputed whether the hydrogen binding energy (HBE)
or a bifunctional effect is the primary contributor to the
improved HOR performance of alloy materials, because these
effects are difficult to disentangle. Here, we used ordered
intermetallic compounds (OICs) to produce strain-modulated
Pt shells, in which PtSb@Pt and PtSb,@Pt exhibited compressive
or tensile strain, respectively, to Pt. The HBE was tuned by the
crystal structure of the OICs, allowing us to use the same two
elements in the alloy and thus remove convolution from the
bifunctional effect. PtSb@Pt exhibited a weaker HBE than Pt,
achieving an exchange current density (j,) 1.6X larger than Pt.
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However, PtSb,@Pt exhibited a higher HBE, lowering the j, value by 1.2X compared to Pt. This work demonstrated that high
alkaline HOR activity can be achieved solely by tuning the HBE.

emerged as an inexpensive and robust renewable

energy conversion device that is capable of relaxing
requirements of precious-metal catalysts at the cathode.
However, the anode reaction, the hydrogen oxidation reaction
(HOR), is 200X slower in alkaline environments in
comparison to that in acidic environments.' ™" Therefore, the
opportunity for low-cost fuel cells is hindered by the high
loading of Pt-group metals (PGM) required (>0.1 mg cmp, 2)
to mediate the alkaline HOR at reasonable reaction rates.’
Improvements in PGM-based HOR catalysts are required for
AEMFCs to be competitive with other energy generation
devices.' >~ If improved HOR catalysts are developed, then
alkaline fuel cells with low loadings of precious metals can be
realized.

Understanding the mechanism of the HOR under alkaline
conditions is crucial to enable the development of high-
performance catalysts. The mechanistic sequence for the HOR
starts with the adsorption of H, and its subsequent conversion
to a surface-adsorbed H-adatom (H,4) by the Tafel or
Heyrovsky step (eqs 1 and 2). The H,4 is then desorbed into
solution to form H,O under alkaline conditions (eq 3). In
alkaline solutions the rate-determining step (RDS) for the
HOR is thought to be the Volmer step or Heyrovsky step, both
of which involve a reaction of H, or H g, with OH™.">%’

g lkaline exchange membrane fuel cells (AEMFCs) have
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Tafel step: H, — 2H 4 (1)
Heyrovsky step: H, + OH™ — H,O + H 4, + e~ (2)
Volmer step: H3, + OH™ — H,0 + e~ 3)

Considerable progress has been made in enhancing the
HOR kinetics by alloying Pt with a more oxophilic element
such as Ni, Mo, Ry, Fe, Co, etc.>*?™'° The complexity of alloy
surfaces makes it difficult to determine if the enhancements are
from changes in the hydrogen binding energy (HBE) and
adsorbed OH (henceforth denoted as OH, ) coverage on the
Pt sites or from a bifunctional effect in which the H 4 on the
Pt sites reacts with OH,, on the more oxophilic solute
atoms.”>'® Several studies have shown that the presence of an
oxophilic adatom on the surface of Pt has a potent effect on the
HOR performance.g’lé’17 However, some studies have
hypothesized that the HBE is the sole reason for the enhanced
HOR performance of Pt alloys. This thought, however, may be
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Figure 1. (a) Powder X-ray diffraction (XRD) of PtSb and PtSb, nanoparticles supported on carbon. The insets show the unit cells of
ordered intermetallic PtSb, and PtSb. The simulated XRD patterns of PtSb and PtSb, are from ICSD collection codes No. 43105 and No.
16969, respectively. High-resolution HAADF-STEM images of freshly synthesized (b) PtSb and (c) PtSb, nanoparticles. The insets on the
top left of (b) and (c) are simulated crystal lattices along the PtSb [101] and PtSb,[011], respectively. The insets at the bottom right of (b)
and (c) with green borders are enlarged regions of the green boxes of the TEM images. An overlay of the simulated crystal are shown in the
enlargements of the crystal: the orange spheres depict Sb, and the gray spheres depict Pt.

an oversimplification, since electronic perturbations to Pt can
alter the Pt—O adsorption energy—as has been well
documented in catalyst design for the oxygen reduction
reaction—as well as the HBE.'®'"? This is important because
adsorbed OH™ has been shown to poison PGM surfaces during
the ORR; therefore, it is not clear if adsorbed OH™ on Pt sites
participates actively as per eqs 2 and 3 or is a poisoning
species.”’ Therefore, how alloying changes the HBE and
coverage of OH™ on Pt sites and its correlation to the HOR
performance are poorly understood. A strategy for electroni-
cally perturbing surface Pt sites without convolution from
different adatoms on the surface must be designed to
understand the role of the HBE and adsorbed OH™ on Pt
sites in the alkaline HOR. This can be accomplished by
designing catalysts with Pt shells that exhibit tensile or
compressive strain to tune the adsorption energy of reaction
intermediates in opposite directions. However, this cannot be
accomplished with solid-solution alloys, since these materials
adopt the same crystal structure as the parent elements; thus,
the strain field can only be moved in one direction (lower or
higher, but not both, relative to Pt) since the lattice
parameter—and therefore the d spacing—and composition
are linked by Vegard’s law.”" This would necessitate the use of
different alloying elements to make Pt-shell structures with
controllable strain fields, but the presence of residual amounts
of the alloying element, especially those with differing identity,
can make it difficult to separate strain from the bifunctional
effect. To address this issue, we propose to utilize ordered
intermetallic compounds (OICs), alloys that possess long-
range atomic ordering, as a platform for preparing strain-
modulated catalysts to uncover detailed structure—property
relationships in the HOR.'»'%**73*

Herein, we interrogated a series of ordered intermetallic Pt—
Sb nanoparticles (PtSb and PtSb,) for the alkaline HOR. Pt—
Sb alloys have high melting points and thus evolve to self-
passivating core@shell Pt—Sb@Pt under potential cycling.”®
The strained Pt layers on top of the ordered intermetallic Pt—
Sb cores exhibit either compressive or tensile strain depending
on the crystal structure of the core, therefore enabling weaker
or strengthened adsorption energy of reaction intermediates
relative to Pt. The use of the same alloying element to produce
tensile or compressive strain on Pt eliminates convolution from
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the bifunctional effect caused by atoms with different identities,
which may have drastically different oxophilicities, that might
be present on the surface or be exposed through pinholes in
the Pt shell. The Pt—Sb@Pt materials were found to exhibit
exchange current densities 1.6X higher (PtSb@Pt) and 1.2X
lower (PtSb,@Pt) than those of benchmark Pt catalysts for
compressively strained and tensile strained Pt overlayers,
respectively. PtSb@Pt has among the highest activity for a
PGM-based material for the alkaline HOR, exhibiting exchange
current densities which match state-of-the art Pt—Ru alloys
while containing 50% less precious metal (Table S1).>> Not
only does PtSb exhibit improved catalytic performance
compared to conventional Pt catalysts but it is also lower in
cost, since there is a 50% reduction in the amount of precious
metals in the material, indicating that it is a viable candidate for
AEMFC anodes.

Ordered intermetallic phases of Pt—Sb supported on carbon
were prepared with a loading of 40 wt % (Pt basis) on carbon
supports; more details can be found in the Supporting
Information. The crystal structures of the resulting materials
were probed by X-ray diffraction (XRD), showing that PtSb
(space group P6;/mmc, No. 194) and PtSb, (space group Pa3,
No. 205) were formed (Figure 1a). PtSb, showed a peak near
25° that corresponded to the (002) plane of the carbon
support; this peak is marked with an asterisk. Inductively
coupled plasma mass spectrometry (ICP-MS) was used to
determine the composition of the materials. The atomic ratios
(Pt:Sb) of PtSb and PtSb, were found to be 1:1 and 1:2.12,
respectively. Transmission electron microscopy (TEM) was
used to characterize the crystalline structure and estimate the
particle size distribution of the carbon-supported ordered
intermetallic Pt—Sb materials (Figures S1 and S2). TEM
images showed that the Pt—Sb and commercial Pt benchmark
catalysts uniformly coated the carbon support. The average
particle sizes were found to be 4.4 + 0.6 nm, 12.4 + 2.6 nm,
and 22.3 + 4.2 nm for Pt, PtSb, and PtSb,, respectively. High-
angle annular dark field (HAADF) TEM images confirmed
that as-synthesized PtSb and PtSb, exhibited atomic scale
ordering (Figure 1b,c). Taken together, the data indicated that
nominally pure phases of PtSb and PtSb, were formed.

The ordered intermetallic Pt—Sb materials and Pt were
evaluated by cyclic voltammetry (CV) in N,-saturated 0.1 mol
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Figure 2. (a) Stabilized cyclic voltammograms (CVs) normalized by the geometric area. (b) STEM/HRTEM image for PtSb nanoparticles
after cycling, showing that a PtSb@Pt structure has formed. (c) STEM/HRTEM image for PtSb, nanoparticles after cycling, showing that a

PtSb,@Pt structure has formed.

L' KOH between 0 to 1.2 V vs the reversible hydrogen
electrode (RHE) to evaluate the surface redox features and
dealloy Sb from the surface (Figure S3). As Sb is etched from
the material the Pt adatoms diffuse and restructure to form a
self-passivating compact Pt shell over the Pt—Sb cores. The
formation of self-passivating noble-metal shells over noble-
metal alloy cores by dealloying is commonly observed on alloy
nanoparticles.””~*" An overlay of the stabilized CVs of the Pt—
Sb materials and Pt suggested that the surface of PtSb was
similar to that of elemental Pt (Figure 2a). PtSb, displayed Pt-
like features as well; however, the hydrogen underpotential
deposition waves (0.2—0.5 V) and Pt oxidation/reduction
waves (~0.6—1.0 V) were broadened relative to Pt and PtSb.
The similarity between the CV profiles of Pt and those of the
stabilized Pt—Sb intermetallic materials suggested that a Pt-
rich shell had formed over the ordered intermetallic Pt—Sb
core from potential cycling. HAADF-STEM images revealed
that potential cycling on PtSb formed a 1 nm thick
pseudomorphic Pt shell oriented along the [111] direction
that covered the PtSb core. The differences in contrast
between the brighter Pt shell and the darker PtSb core were
caused by the differences in z contrast of the layers (Figure
2b). EDS line scans provided confirmation that the bright shell
was composed of Pt (Figure S4). The (011) planes of the Pt
shell had a d spacing of 2.4 A, which was ~10% smaller than
the equilibrium d spacing of 2.65 A. HAADF-STEM images
revealed that potential cycling of PtSb, formed a 1 nm thick
pseudomorphic Pt shell oriented along the [100] direction that
covered the PtSb, core (Figure 2c). The (002) planes of the Pt
shell had a d spacing of 2.2 A, which was ~4% larger than the
equilibrium d spacing of 1.95 A. Taken together, CV
conditioning enriched the surface of the Pt—Sb nanoparticles
with Pt, resulting in a shell that contained 10% compressive
strain and 4% tensile strain for PtSb@Pt and PtSb,@Pt,
respectively.

The HOR performance was measured by collecting linear
sweep voltammograms (LSVs) on a rotating-disk electrode
(RDE) at a 5 mV s™! scan rate (Figure 3a). The HOR
performance of the Pt—Sb@Pt materials was compared to
carbon-supported Pt nanoparticles which served as a bench-
mark. The half-wave potential (E, ;) of PtSb@Pt was 0.041 V,
which was 17.9 mV lower than that of Pt (E,, = 0.059 V) and
28 mV lower than that of PtSb,@Pt (E;, = 0.069 V),
demonstrating that PtSb@Pt exhibited superior activity on a
geometric-area-normalized basis. The exchange current den-
sity, jopy Was calculated from the Butler—Volmer equation and
normalized by the electrochemically active surface area of Pt
on the electrode (Figure 3b and Figure $7).°7*% PtSb@Pt
displayed a j,p, value of 0.9 mA cm™2, which was ~1.6X larger
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Figure 3. Hydrogen oxidation performance of Pt, PtSb@Pt, and
PtSb,@Pt measured by (a) linear sweep voltammetry normalized
by the geometrical area on a rotating-disk electrode at 1600 rpm
and a sweep rate of $ mV s/, and (b) the mass-transport-corrected
exchange current density (j,) normalized by the electrochemically
active surface area on a Pt basis.

than that of Pt (j,p, = 0.56 mA cm™2) and ~2X larger than that
of PtSb, (jop; = 0.46 mA cm™2) (Figure 3a). To provide insight
into the mechanism of the HOR on the surface-modified
ordered intermetallic Pt—Sb materials, we calculated the Tafel
slopes from the mass-transport-corrected quasi-steady-state
LSVs (Figure S8). All of the Pt—Sb materials and Pt exhibited
Tafel slopes near 120 mV dec™', which is consistent with a
mechanism involving a rate-determining one-electron-transfer
step.”~*" A 120 mV dec™ Tafel slope can occur for several
different rate-limiting steps for the HOR and depends on the
surface coverage of adsorbed H; therefore, we cannot assign a
specific rate-determining step solely by the Tafel slope.*
Taken together, surface-modified PtSb was found to exhibit the
highest jp, value, indicating that it possessed superior HOR
activity at equilibrium relative to Pt and PtSb,.

To provide mechanistic understanding into why PtSb@Pt
exhibited superior HOR activity relative to Pt and PtSb,@Pt
phases, we interrogated the electronic structure of the materials
via X-ray photoelectron spectroscopy (XPS) valence band
spectroscopy to quantify the valence band center (g,) of the
materials (Figure 4 and Figure S9). The electronic structure of
a material controls the &4 value (i.e, d-band center) of a
material which is linked to the adsorption energy of reaction
intermediates.***” Alloying Pt with Sb causes d—p orbital
hybridization via the ligand effect, downshifting the &4 values of
PtSb (2.91 eV) and PtSb, (3.25 eV) relative to that of Pt (2.87
eV). A downshifted ¢, relative to the Fermi level suggested that
the adsorption energy of key reaction intermediates was
weaker for both Pt—Sb intermetallics than for Pt. However,
potential cycling of the Pt—Sb intermetallics created a Pt shell
over the intermetallic core which is the active site that
mediates HOR. Pt shells with thicknesses greater than two
atomic layers are too thick to exhibit changes in adsorption
energy from the ligand effect.”® 5> Therefore, strain is the
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Figure 4. (a) X-ray photoelectron spectroscopy (XPS) valence
band spectra. The gray vertical lines designate the valence band
center (¢4). The Fermi level is at 0 eV.

critical parameter which dictates the adsorption energy of the
Pt shells over Pt—Sb intermetallics. To reveal insights into the
role of strain, we interrogated the shift of the &4 values between
the Pt—Sb intermetallics and the Pt—Sb@Pt core—shell
materials. The &4 value of PtSb@Pt was 2.97 eV, which shifted
0.06 eV away from the E; value relative to pristine PtSb (Figure
4). Thus, we can conclude that the 10% compressive strain of
the Pt shell on PtSb@Pt serves to reduce the adsorption
energy of reaction intermediates, resulting in improved HOR
performance. In contrast, the ¢4 value of PtSb,@Pt was 3.04
eV, which shifted 0.21 eV upward toward the E; value relative
to PtSb (Figure 4). Therefore, the 4% tensile strain of the Pt
shell on PtSb,@Pt resulted in an increase in the adsorption
energy of reaction intermediates, which is unfavorable The
overall &4 value of PtSb,@Pt was still lower than that of Pt
because the PtSb, core of the particles contributes to the signal
of the valence band spectra. Furthermore, changes of the g4
values as a function of strain may not move linearly with the
strain field>* It is also worth noting that XPS valence
measurements are collected on powders which cover several
hundred particles; these results validate that the compressive
or tensile strain fields measured by TEM occurred on a global
scale. Taken together, these results demonstrate that
compressive strain on PtSb@Pt reduces the HBE, resulting
in increased HOR performance, while tensile strain on PtSb,@
Pt increases the HBE and lowers the HOR performance.

To provide insight into the changes of the surface coverage
of OH,4 on Pt and Pt—Sb@Pt, we evaluated the electro-
oxidation of surface adsorbed CO. The rate of this reaction is
determined by both the surface coverages of CO,4; and OH, 4,
and the probabilitsy_ of interaction of these two coadsorbed
species (eq 4).>'%>

CO,, + OH,, + OH — CO, + ¢ + H,0 (4)

The onset for the electro-oxidation the CO adlayer was ~0.2
V for PtSb,@Pt, 0.25 V for PtSb@Pt, and 0.4 V for Pt (Figure
S7). Therefore, the oxophilicity of the Pt sites on the surface
had the following order: PtSb,@Pt > PtSb@Pt > Pt.
Interestingly, we do not observe a meaningful trend between

the HOR activity and the CO oxidation onset, suggesting that
OH,4, is not a promoter on pure Pt surfaces.

In summary, ordered intermetallic PtSb and PtSb, nano-
particles with Pt shells were developed as catalysts for the
alkaline HOR. Potential cycling formed Pt shells over the Pt—
Sb intermetallic, resulting in strained Pt overlayers. This
strategy offers a unique advantage to solid-solution alloys
because the strain field of Pt shells can be tuned in either
direction, relative to elemental Pt, by altering the crystal
structure of the intermetallic core, despite the materials being
composed of the same two elements. PtSb@Pt was found to
exhibit a superior electrocatalytic performance for the HOR,
outperforming Pt and PtSb,@Pt by over 1.6X and 2X,
respectively, on a specific activity basis. The Pt shells on
PtSb@Pt exhibited 10% compressive strain and the Pt shells
on PtSb,@Pt exhibited 4% tensile strain because of differences
in the crystal structures of the Pt—Sb cores. An analysis of the
valence band center measured by XPS confirmed that the
compressive strain of PtSb@Pt exhibited a downshifted
valence-band center relative to PtSb, which indicates that the
HBE was lowered toward a more favorable energy for the
HOR. In contrast, we found that tensile strain caused an
upshift of the valence-band center related to PtSb,, which
indicates that HBE increased, which is unfavorable for the
HOR. We also found that the surface coverage of adsorbed
OH,4, does not appear to correlate with the strain field,
suggesting that OH, 4 is a spectator species. PtSb@Pt exhibits
superior activity and lower cost than state-of-the-art Pt—Ru
alloys that have been reported in the literature. PtSb@Pt is
lower in cost than Pt, indicating that it is a promising material
for alkaline fuel cell applications.
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