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Abstract

The oxygen reduction reaction (ORR) in acidic suffers from sluggish kinetics owing to the
spin-dependent electron transfer process. However, the direct generation of spin-polarized
electron at catalytic active sites remains elusive and the underlying mechanism is still
controversial due to the lack of intrinsically homochiral catalysts. To address this challenge,
we demonstrate the topological homochiral PdGa (TH PdGa) crystal with chiral active sites
for ORR. Spin-resolved photoemission and theoretical simulations probed the in-situ
generated spin polarizations at Pd sites. Both structural chirality and spin-orbital coupling
are essential for inducing spin polarization. TH PdGa with remarkable concentration of
spin-polarized electron outperforms the benchmark Pt/C by about 70 times in terms of
kinetic current density at 0.85 V vs. the reversible hydrogen electrode (RHE) and over 200
times in terms of the turnover frequency. This work allows us to elucidate the respective

contributions of spin polarization to the enhanced acidic ORR activity.
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Introduction

The electrocatalytic oxygen reduction reaction (ORR) plays a critical role in determining
the efficiency of sustainable energy conversion systems, such as metal-air batteries and
fuel cells!- 2. However, the sluggish kinetics of the ORR, especially in acidic media, caused
by the multi-electron transfer process, significantly restricts the performance of these
devices.> %> The ORR involves a four-electron transfer process that starts from oxygen
molecules with triplet states (°%,) while generating oxygen species/reaction products in
singlet ground states ('A). Due to the non-conservation of electron spin during the
conversion of triplet oxygen molecules, additional energy is required for this step, as it is
forbidden by quantum mechanics.® Therefore, the control and understanding of the spin-
dependent electron transfer process is essential for ORR in solid materials, which, however,

has been neglected until now.

The chiral-induced spin selectivity (CISS) effect opens up a new way to manipulate the
electron spin for chemical reactions such as oxygen electrocatalysis.” ® % 10 In particular,
CISS influences the electron spin transferred through chiral structures, thereby influencing
the reaction kinetics and pathways for the ORR.!!: 12 As a result, it provides a promising
possibility to improve the ORR activity and even go beyond the limitations of the volcano
plot.% 13- 14 Nevertheless, previously reported chiral oxygen electrocatalysts are obtained by
imparting chirality to initially achiral metal surfaces through adsorption of chiral molecules
or imprinted chiral cavities.!® ! 16 The chiral molecules on the catalytic surface will
sacrifice the accessibility of the active sites and reduce the overall conductivity as the chiral
molecules are typically insulators. It remains unclear how the polarized electrons are
transferred from the chiral molecules to the catalytic active sites and reaction species.!’
Furthermore, these “artificial chiral catalytic surfaces” make it difficult to understand the
underlying mechanisms of the spin-dependent electron transfer process in chiral solids.
Therefore, the pursuit of intrinsically chiral electrocatalysts with well-defined homochiral
structures is prominent to understand the CISS effect in solids for ORR, and thus reveal
the interplay between catalytic activity and chiral quantum properties such as spin-orbital

coupling (SOC) and exotic spin/orbital angular momentum (SAM/OAM).!% 1
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Topological homochiral PdGa (TH PdGa) crystal with space group P2:3 (No. 198)
represents a unique material with intrinsically chiral geometrical and electronic
structures.? 2! The electron spin at the crystal surface exhibits a spin-orbital momentum
locking state due to the substantial spin-orbital coupling (SOC).?? The chiral electronic
structure of TH PdGa is characterized by chiral fermions and Fermi-arc surface states with
reversed velocities.>* Moreover, TH PdGa exhibits robust topological surface states (TSS)
that are resistant to extrinsic modifications (doping, strain and defect, etc.), making it an
ideal platform to study spin-dependent electron transfer processes at the catalytic surface.?*
25,26 Herein, we reveal the essential role of spin polarization on the enhancement of ORR
kinetics and efficiency with TH PdGa as electrocatalyst. The spin polarization in the TH
PdGa is directly probed through spin-resolved photoemission experiments, which reveals
opposite spin polarization values for the two TH PdGa enantiomers. Compared to catalysts
with "artificial chiral catalytic surfaces", the spin polarization concentration in TH-PdGa
is about 107 orders of magnitude higher. Theoretical modelling further demonstrates the
essential role of both the chiral structure and SOC for the generation of spin polarization
at the catalytic active sites. As a result, TH PdGa exhibits exceptional ORR performance,
such as a record high half-wave potential (£;2) of 0.89 V vs. RHE, a large kinetic current
density of 137.02 mA cm2 at 0.85 V vs. RHE and a turnover frequency of 16.1 s,
surpassing Pt/C with £, of 0.80 V vs. RHE, a kinetic current density of 1.97 mA ¢cm ™2 and

a turnover frequency of 0.071 s!

, respectively. In addition, TH PdGa shows the highest
ORR selectivity with the lowest H>O> production compared to Pt/C and achiral PdGa (AC
PdGa), which is attributed to the spin polarization in TH PdGa. Our work represents a
breakthrough in the development of high-performance intrinsic chiral catalysts for an
acidic ORR by directly controlling the electron spin at the active sites, and opens up new

possibilities for next-generation energy conversion technologies.

Results and discussion

Chiral crystal structure characterization of TH PdGa

The TH PdGa crystal in this study belongs to the B20 cubic space group (No.198) with a
lattice constant of a = 4.897 A. The bulk chiral structure of TH PdGa is distinguished by

the helical arrangement of Pd or Ga atoms along the [111] direction, wherein PdGa
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enantiomers exhibit either a clockwise or anticlockwise helix (Fig. 1a). Additionally, the
topmost surface layers of Pd or Ga trimers exhibit opposite handedness on the threefold
symmetric (111) crystal plane, enabling the surface chirality, and thus influencing the

surface properties of the outermost Pd sites (Supplementary Fig. 1).

a pycaA PdGaB P C

1
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Fig. 1 a Illustration of the chiral crystal structure of both TH PdGa enantiomers. Blue and
grey dots correspond to Pd and Ga atoms, respectively. b Laue diffraction of the TH PdGa
crystal with a single (111) pattern. ¢ STEM image of TH PdGa. d Zoomed-in image
obtained from the yellow rectangle in figure c. The inset figure illustrates the arrangement
of Pd atoms along the [101] direction. The white dots are Pd atoms, while the grey dots
next to the Pd atoms are Ga atoms. e EBSD pattern and f simulated EBSD pattern of the
TH PdGa enantiomer in A form at the EBSDO1 site. g Schematic illustration of the chiral
electronic structure of two TH PdGa enantiomers, including chiral fermions (red and blue)
in the bulk BZ and of the Fermi-arcs in the surface BZ. The red and blue spheres represent

Weyl fermions with opposite chiral charges.

Bulk single crystals of TH PdGa up to several centimeters in size were grown by the self-
flux method. Single crystal X-ray diffraction and the Flack method were first used to
analyze the crystal quality and structure. The obtained X-ray diffraction patterns along the
c-axis (Supplementary Fig. 2) showed sharp and symmetrical diffraction spots, indicating
excellent crystal quality, and the lattice constant was determined to be 4.8967 A. More

comprehensive details regarding the single crystal X-ray diffraction analysis can be found
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in our previous work.?*- 27 Subsequently, Laue X-ray diffraction was performed for both
TH PdGa enantiomers derived from different batches of as-grown crystals. Remarkably,
both TH PdGa enantiomers exhibited sharp and well-defined Laue diffraction spots,
corresponding to a single pattern of (111) faces. This indicated the presence of single
crystallinity and homochirality without any twinning or domains (Fig. 1b and
Supplementary Fig. 3). To gain a deeper insight into the atomic arrangement of TH PdGa,
a thin lamella sample for scanning transmission electron microscopy (STEM) was
fabricated by focused ion beam (FIB) technique. The white spots in the STEM images refer
to the heavy Pd atom, while the grey spots next to Pd atoms can be assigned to the Ga atom
(Fig. 1c, d). The Pd-Ga atomic stacking sequence matched well with the simulated atomic
arrangement along the (101) direction, with 100% occupancy of the Pd and Ga sites (inset
figure in Fig. 1d). With the perfect crystal structure of the P2:3 group, the handedness of
the PdGa single crystals was then distinguished by electron backscatter diffraction (EBSD).
Each TH PdGa crystal, PdGa A and PdGa B, showed only one chirality at various detection
spots, further confirming the homochirality of the whole single crystals (Fig. le-f,
Supplementary Fig. 4 and Supplementary Fig. 5). Furthermore, Figure 1g shows a
schematic of two oppositely charged (chiral) Weyl fermions in the bulk and a reversal of
the propagation direction of the Fermi-arc at the surface Brillouin zone (BZ). The multifold
fermions at the I and R points act as sources (positive Chern number) or sinks (negative
Chern number) of the Berry curvature, indicating the chiral electronic structure of TH

PdGa.??

ORR reactivity of TH PdGa

Having established the well-defined topological homochiral structure of the TH PdGa, we
then investigate its ORR catalytic activity. The electrochemical performance of TH PdGa
was evaluated in 0.1 M aqueous HCIO4 solution. Commercial Pt/C and achiral PdGa (AC
PdGa) were used as reference materials for comparison. The AC PdGa showed a
polycrystalline structure without any impurities (Supplementary Fig. 6 and Supplementary
Fig. 7). Linear sweep voltammetry (LSV) was first performed to evaluate the ORR activity
in an Os-saturated HClOs electrolyte with the continuous oxygen flow. As shown in Fig.
2a, the TH PdGa demonstrates the best ORR activity in terms of the onset potential (Eonser)
and the E;.. Specifically, TH PdGa reaches the highest Eyuser of 1.01 V vs. RHE and the
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most positive £, 0of 0.89 V vs. RHE, outperforming Pt/C with 0.94 V vs. RHE and 0.80 V
vs. RHE for the Eonser and Ey2, as well as AC PdGa with 0.89 V vs. RHE and 0.79 V vs.
RHE for the Eouser and the Ej., respectively (Fig. 2b). The limited current density of TH
PdGa was enhanced by approximately 35% at a potential of 0.4 V vs. RHE when compared
to AC PdGa. The kinetic current density (Jx) at a higher potential of 0.85 V vs. RHE was
calculated, among which TH PdGa exhibited the highest Ji of 137.02 mA c¢cm2. This Ji
value was remarkably superior to Pt/C (1.97 mA c¢cm?) and AC PdGa (0.49 mA cm?2) by
almost 70- and 280-fold, respectively. The Tafel slope serves as a valuable parameter for
assessing the kinetics of the ORR. Notably, the TH PdGa electrode exhibits the smallest
Tafel slope (84.8 mV dec™!) compared to both Pt/C (210.3 mV dec™!) and AC PdGa (112.2
mV dec!) (Supplementary Fig.9). This observation further suggests that the TH PdGa
electrode has the fastest ORR kinetics. A comprehensive comparison is presented in Fig.
2c, showing the state-of-the-art ORR activity in acidic conditions in terms of E;.2 and J;.
Remarkably, the TH PdGa exhibits superior catalytic activity in comparison to previously
reported nanostructured ORR catalysts with substantial surface areas. These results
highlight the pivotal role of the chiral induced spin polarization effect in bulk inorganic
crystals for enhancing the ORR kinetics and overall activity. For a deeper understanding
of the intrinsic reactivity of the samples, the experimental ORR activities were further
analyzed through deconvolution into the intrinsic turnover frequency (TOF). Notably, the
TH PdGa demonstrated an impressive TOF of 16.1 s™!, which exceeds the TOF of Pt/C and
AC PdGa by more than 200 times (Fig. 2d). These results reinforce the notion that the
remarkable enhancement in ORR activity is attributed to the spin-polarized electrons in the
TH PdGa, rather than other contributions, given its well-defined single crystal structure

with robust TSS against extrinsic modifications.
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Fig. 2 a LSV polarization curves of TH PdGa, Pt/C and AC PdGa samples. b £;>and J; at
0.85 V vs. RHE for TH PdGa, Pt/C and AC PdGa. ¢ Comparison of the £;2and J; of TH
PdGa and reported state-of-the-art ORR catalysts in acidic media. d Comparison of TOF
values of TH PdGa, Pt/C and AC PdGa for ORR at 0.85 V vs. RHE.

ORR selectivity on TH PdGa

The selectivity of the ORR can be effectively evaluated by monitoring the production of
H>0:, a key indicator that is expected to be reduced on chiral catalyst surfaces due to the
CISS effect.!® ! To measure the H,O; yield, UV-visible spectrophotometry was employed
after a 1-hour chronoamperometric test (Fig. 3a). The results showed a significant reduction
in the H>O» yield in the presence of the TH PdGa sample, as depicted in Fig. 3b. This
decrease can be attributed to the fact that the formation of H20- (a singlet species) is spin-
forbidden on a spin-polarized chiral surface. This phenomenon is consistent with the
previously reported CISS effect observed in water splitting.!? !> 28 2% During the ORR
process, the OH intermediates formed from O will exhibit different spin states depending

on the chirality of the catalyst surface. In particular, on an achiral catalyst surface, the
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unpaired electrons of OH intermediates display mixed spin states. As a result, the OH
intermediates in their doublet ground state can interact with each other, allowing for the
formation of H>O». On a homochiral catalyst surface, however, the unpaired electrons of
the OH intermediates are aligned in a parallel fashion so that the formation of H20O> is
symmetry forbidden (Fig. 3c). This intriguing behavior highlights the role of the chiral-
induced spin polarization in governing the selectivity of the ORR and sheds light on the
unique catalytic properties of the TH PdGa sample.

—TH PdGa
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Fig. 3 a UV-visible spectrophotometric analysis of H»O, production from

chronoamperometry at 0.5 V vs. RHE on TH PdGa, Pt/C and AC PdGa. b Comparison of
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H>0O» concentration in the electrolyte for TH PdGa, Pt/C and AC PdGa, respectively. ¢
lustration of the spin polarization induced by the homochiral crystal structure for the
enhanced ORR selectivity. When the electrons transferred from the achiral catalyst surface
have both spin states, the spins of the unpaired electrons on the two OHe are aligned
antiparallel, so the interaction between the two OHe is on a singlet surface and it is easy to
produce H20,. When the electron transferred from the catalyst surface is spin dependent,
the spins of the two electrons are aligned parallel to each other, so the two OHe interact on

a triplet surface, inhibiting the formation of H>O> and facilitating the 4° electron process.

Spin polarization in TH PdGa

The spin polarizations in the TH PdGa crystals were directly probed in spin-resolved
photoemission measurements. Photoelectrons were excited with deep-UV laser pulses at A
= 213 nm (hv = 5.83 eV) and their average spin polarization was measured in a Mott
scattering apparatus (Methods).’% 3! 32 Fig. 4 a, b show representative spin polarization
distributions measured on the (001) surfaces of two TH PdGa enantiomers with opposite
chirality. Each count in the histograms represents approximately 10* detected electrons.
For TH PdGa A and TH PdGa B, the average spin polarizations were determined to be P
= (—2.0+4.1) % and P = (+2.7+4.3) %, respectively when excited with s-linearly polarized
light. The charge carrier density in TH PdGa shows an order of 10?° ¢cm™3, the spin
polarization concentration in TH PdGa is of the order of 107 times that of the artificial chiral

catalytic surfaces.

In materials with strong SOC, spin-polarized photoelectrons can also be excited by
circularly polarized light. These non-zero spin polarizations arise from the selection rules
that determine specific final spin states within a non-degenerate band structure. It is
important to note that the spin polarization values shown in Fig. 4a, b were measured using
linearly polarized light, with light incidence and electron emission along the surface. The
measured spin polarization values therefore directly reflect the intrinsic, chirality-induced
symmetry breaking of the TH PdGa surfaces. This interpretation is further supported by
the observed correlation between the sign of the spin polarization and the specific PdGa

enantiomer, as expected from symmetry considerations.'®
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polarization is —4.92% for TH PdGa A and +4.92% for TH PdGa B respectively. d Spin-
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dependent electron transfer process in the ORR on a chiral PdGa surface. e Illustration of

the CISS effect on the enhanced ORR activity.

In addition to the non-zero photoelectron spin polarization, chiral materials can exhibit a
circular dichroism in the photoelectron yield. To check for such an asymmetry, the light
polarization was interchanged between s-linear, clockwise (cw) and counterclockwise (ccw)
circular throughout the measurement procedure. For each polarization, the count rates of
both detectors inside the Mott polarimeter were summed up, yielding I9%L,, = (I, +

I} )ew,cew, and integrated over the entire measurement time. The dichroism was then

calculated as Al = (Jf9fl — jtotaly s(fotal 4 rtotaly "Eor TH PdGa A and TH PdGa B,
circular dichroism values of Al = (=226 +21)% and Al = (+9.6 +0.3)% ,
respectively, were measured. This circular dichroism asymmetry further emphasizes the
pronounced chiral characteristics and intrinsic chirality-induced effects present in the TH

PdGa crystals.

Furthermore, theoretical modelling using a two-terminal setup and the Landauer formalism
was applied to calculate spin-dependent transmission in TH PdGa. The electronic structure
of the crystal was represented by a tight-binding model, taking into account the intrinsic
spin-orbit interaction. The simulations were focused on a finite central region with
dimensions of 15%15%30 atomic layers along the [111] direction, considering the SOC due

to the d-orbitals of Pd atoms3? 3 3536 (Supplementary Note 1).

By solving the scattering problem in the central region, we obtained the total transmission,
which was further decomposed into different spin components. The spin polarization was
quantified as the asymmetry between the up and down spins transmitted through this
region, expressed in equation (1):

— Tn4Ty—Tn—-Ty
Trp+T 4T +Ty

X 100 (1)

In equation (1), the sub-indices with arrows represent the spin directions of the incoming
and outgoing electrons transported through the central region (Supplementary Fig. 10,11).
The results, as shown in Fig. 4c, revealed that the spin polarizations for TH PdGa A and
TH PdGa B around the Fermi level were —4.92% and +4.92%, respectively. These findings
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highlight the significant role of the high SOC of Pd, coupled with the chiral structure, in
generating the observed spin asymmetry (Supplementary Fig. 10). To further assess the
impact of the chiral structure, we performed an additional calculation for the crystal in
[001] orientation, which revealed a pronounced contrast in spin asymmetries between the
chiral (4.25% for TH PdGa) and non-chiral (0.1%) structures (Supplementary Note 1,
Supplementary Fig. 11). These results further underscore the importance of the chiral

structure in inducing and enhancing spin asymmetry in TH PdGa.

The mechanism of the CISS effect in the bulk chiral inorganic materials for enhanced ORR
kinetics is illustrated in Fig. 4d, e. During the ORR process, oxygen molecules in their
triplet ground state must split to form water in singlet state. If there is no spin control on
the achiral surface and electronic potential of the interaction has a triplet character, extra
energy is required to transfer the electron to the O, because the transition is forbidden by
quantum mechanics. When there is spin alignment control of electrons on the homochiral
surface, the electrons on the triplet potential surface can more easily transfer through the
conduction band of PdGa to the O.. Therefore, the ORR kinetics and efficiency are

promoted.
Electronic structure of TH PdGa

Apart from the electron spin, the electronic structure plays a significant role in the catalytic
performance. Fig. 5a and b present the bulk band structure of TH PdGa with and without
SOC throughout the BZ. The presence of SOC and the absence of inversion symmetry lead
to observable band splitting with opposite spin at the G and R high symmetry points in the
bulk. In particular, a four-fold degenerate Rarita—Schwinger—Weyl spin 3/2 fermion with
a topological charge of Chern number +4 is found at the G point, while two three-fold
degenerate double-Weyl spin 1 fermions with Chern numbers —4 are found at the R
points.?® The substantial SOC in TH PdGa causes the G and R Weyl points to approach the
Fermi level, which is predicted to benefit the catalytic reactions as a result of enriched
electrons and weakened bonding strength for oxygen intermediates.’” In addition, the
majority of carriers at the Fermi surface are mainly contributed by Pd, suggesting that the
Fermi-arc TSS are mostly derived from d orbitals of Pd, which are believed to increase the

reservoir of catalytically active electrons in the ORR catalysis process. Furthermore, the
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breaking of the inversion symmetry in TH PdGa results in a larger topologically non-trivial
energy window compared to AC PdGa (Supplementary Fig.12). The chiral electronic

structure of PdGa is illuminated by chiral fermions and chiral Fermi-arc TSS.
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Fig.5 a Band structures of TH PdGa a without and b with inclusion of SOC effect,

respectively.

The projected density of states (PDOS) of TH PdGa, as well as the PDOS of the Pd d-
orbital and the Ga p-orbital, are shown in Supplementary Fig.13a. The contributions to the
PDOS from the Ga d-orbital arise at energies of —15 eV, which is far from the d-orbital of
Pd. However, the p-orbital of Ga overlaps with the d-band of Pd, indicating a p-d
interaction rather than a d-d interaction between Ga and Pd. The extracted d-band center
of the surface Pt atom in pure Pt and the surface Pd atom in PdGa are essential descriptors
for ORR activity. As shown in Supplementary Fig.13b, the d-band center of PdGa (-2.369
eV) is slightly shifted downwards compared to the d-band center of pure Pt (-2.026 eV).
According to the d-band theory, this downshift of the d-band center leads to a weaker
bonding strength of oxygen species, thereby facilitating an improved ORR activity when
compared to the strong bonding strength observed on pure Pt.> 3 In addition, the electron
density distribution on the PdGa crystal slab shows electron accumulation around the Pd
atoms, probably due to p-d charge transfer between Ga and Pd (Supplementary Fig.13c, d).
Taken together, the p-d orbital interaction between Ga and Pd, the favorable band structure
at the Fermi level, and the optimized adsorption strength of oxygen intermediates

collectively position TH PdGa as a promising candidate for remarkable ORR performance.

Electron spin on the catalyst surface has been proven to play a substantial role in

influencing electron transfer to oxygen intermediates and the bonding strength with oxygen
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species.® 133 Therefore, a comprehensive analysis of the adsorption/desorption process of
chemisorbed oxygen species on TH PdGa was conducted to gain an unbiased
understanding of the ORR mechanism. Typically, the rate-determining step (RDS) in ORR
is the transition from O>* to OOH* because extra energy is required for the transition from
triplet O, to closed-shell singlet states.* For the Density Functional Theory (DFT)
calculations (Supplementary Fig.14-15 and Supplementary Table 1), the O* (chemisorbed
oxygen) coverage on the TH PdGa surface is assumed to be 1, whereas it is '4 for the AC
PdGa surface due to the facilitated splitting of the triplet O2.%® As a result, the energy barrier
of the RDS was found to be 0.838 ¢V for TH PdGa and 0.964 eV for AC PdGa, respectively
(Supplementary Fig.16), which is consistent with an activation entropy difference of 0.128

eV, considering the electron spin effect for the chiral catalytic surface. !
Conclusion

In conclusion, this study reports a novel topological homochiral PdGa catalysts for the
ORR in acidic media, which exhibit significantly improved reaction kinetics owing to the
spin polarization at the intrinsic chiral active sites. In particular, the TH PdGa catalysts
display remarkable activity with record-high values of 0.89 V for Ej», kinetic current
density of 137.02 mA c¢cm™, and intrinsic catalytic TOF of 16.1 s™!, outperforming the
reactivity of Pt/C 70 times in terms of kinetic current density and more than 200 times in
terms of TOF, as well as rivaling other state-of-the-art catalysts in acidic electrolytes. The
spin polarization in TH PdGa crystals is directly probed by spin-resolved photoemission
experiments and theoretical modelling, which reveal opposite spin polarization values for
the two TH PdGa enantiomers. The concentration of spin polarization in TH-PdGa is about
107 orders of magnitude higher than in catalysts with “artificial chiral catalytic surfaces”.
Furthermore, it is confirmed that both chirality and SOC play crucial roles in the generation
of spin-polarized electrons in TH PdGa. This work also provides fundamental studies of
CISS effect in bulk inorganic materials. The experimental and theoretical findings
highlight the potential of these new topological chiral materials as next-generation spin-
dependent catalysts, offering high efficiency and advanced selectivity in catalytic

applications.
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Methods
PdGa single crystal growth

The TH PdGa single crystals were grown via the self-flux technique.? Specifically, a
polycrystalline ingot was first prepared through arc melting stoichiometric amounts of Pd
and Ga metals with 99.99% purity in an argon atmosphere. Secondly, the as-prepared ingot
was crushed into powder, then filled in an alumina crucible and sealed in a quartz tube.
Thirdly, the entire quartz ampoule was annealed at 1100 °C for 12 h, then slowly cooled to
900 °C at a rate of 1.5 °C/h, and subsequently cooled to 800 °C at a rate of 50 °C/h, held
for 120 h and then cooled to 500 °C with a rate of 5 °C/h. The obtained PdGa single crystal
was cut into plate-like shape with a smooth geometry surface area of about 5 mm? and used

as the electrode for catalysis directly.
Materials characterization

A white beam backscattering Laue X-ray diffraction was first performed to check the single
crystallinity of PdGa at room temperature. The single crystal X-ray diffraction data were
collected on a Rigaku AFC7 four-circle diffractometer with a Saturn 724+ CCD-detector
applying graphite-monochromatized Mo-Ka radiation. A summary of the crystallographic
information can be found in Table S1. A FEI Tecnai G2 F30 electron microscope with an
acceleration voltage of 300 kV was used to perform STEM. UV-Vis absorption spectra
were tested on an Agilent Cary 5000 UV-Vis-NIR spectrophotometer with an integration
sphere. Powder X-ray diffraction (PXRD) were carried out on a STOE STADI P
diffractometer with Cu Ka target (A = 1.54178 A).

Electrochemical measurements of ORR activity and selectivity

The electrochemical measurements were carried out on a PINE electrochemical
workstation using a standard three-electrode configuration. A Pt electrode and an Ag/AgCl
electrode were used as the counter and reference electrode, respectively. For chiral PdGa
and achiral PdGa samples measurement, a piece of bulk crystal was mounted on the
commercial rotator and used as the working electrode. For Pt/C sample measurement,
homogeneous catalysts ink (20% Pt/C, Fuel cell) was drop-cast on the glassy carbon

rotating disk electrode (RDE, 5 mm in diameter) with a loading of 0.25 mg c¢cm2 for
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electrocatalysis. In detail, the LSV curves was conducted in the Oz-saturated 0.1 M HClO4
solution with a scan rate of 10 mV s™!. The ORR performances were assessed by recording
LSV from 1.1 Vt0 0.3 V at 10 mV s~ ! in Oz-saturated electrolytes at a rotating rate of 1600
rpm, with the negative-going curves being used for activity determination. The CV curves
were recorded in Ar-saturated and Oz-saturated 0.1 M HCIO4 electrolytes at a scan rate of
10 mV s7, respectively. Note: Both LSV and ORR curves were recorded and presented
without any iR correction. The accelerated durability test was performed by potential

cycling from 0.60 to 1.00 V vs. RHE at a sweep rate of 100 mV s,

The Nernst equation was used as the conversion formula for converting potentials from the

Ag/AgCl scale to the RHE scale:
EruE = Eag/agal + 0.059 x pH + 0.197 (2)

The kinetic current density (Jx) was obtained from LSV measurements based on the

Koutecky-Levich equation:

1 1 1

TE 3)

] JL Jk

Where the diffusion limiting current density J. was chosen at potential 0.4 V vs. RHE.
Turnover frequency calculations (TOF)

The electrochemical active surface area of the chiral PdGa electrode was estimated by
measuring the double-layer capacitance at various scan rates. The specific capacitance was
determined by plotting the capacitive currents as a function of the scan rate. The (111)
crystal plane are regarded as the active centers with an active site density (D) of 7.02 x10'4
atoms cm 2. The TOF was calculated using the kinetic current activity Jx (mA cm2) at a

given electrode potential (0.85 vs. RHE).

The total number of oxygen atom turnovers To was calculated from the current density

according to:

_,.mA, ,1Cs7t 1mole” 1mol 0, 6.023x 102305, 1502/ mA
To (‘Jcmz) (IOOOmA) (964-85.3C) (4 mol e—l) ( 1mol 0, )= 156x 10 per 5 (4)
oo T
TOF [electron site '] = —2JX (5)
DXAEgcsa
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Photoelectron spin polarization measurements

A simplified scheme of the Mott scattering setup is provided in Supplementary Fig.16.
Deep-UV laser pulses at A = 213 nm (hv = 5.83 eV) with a pulse length of about 200 ps.
The radiation is generated as the fifth harmonic of a Nd:YVO4 laser through frequency
doubling in a lithium triborate (LBO) crystal followed by two consecutive frequency
mixing steps in a second LBO crystal and a -barium borate (BBO) crystal. The laser pulses
impinge onto the sample surface along the surface normal and at a repetition rate of 20 kHz.
The photoelectrons are as well collected along the surface normal by electron-optical
elements and guided into the Mott polarimeter. This instrument comprises a 70 nm thin
gold foil set to a potential of +50 kV. The photoelectrons are hence accelerated to weakly
relativistic energies before being scattered at the foil. In consequence, the atomic nuclei of
the scattering target induce a magnetic field in the rest frame of the electrons, which
introduces a spin-dependent term into the scattering cross section. Since this term only
depends on the projection of the spin onto the direction of the magnetic field, the Mott
polarimeter is only sensitive to a transversal spin polarization. An electron-optical 90°
bender therefore converts an initially longitudinal spin polarization into a transversal one
that can be detected. Two semiconductor detectors are placed symmetrically around the
incident electron beam at angles of =120° to register elastically backscattered electrons. If
the photoelectrons are longitudinally unpolarized, the upper and lower detector register the
same count rates, /y and /;, whereas an asymmetry in the count rates reflects a non-zero
spin polarization. This asymmetry, calculated as A = (I, — [;)/( I, + I;), is connected
to the spin polarization P = A/S via the Sherman function S = 0.18 which quantifies the

analyzing power of the polarimeter.

Throughout the measurement procedure, the polarization of the light is interchanged
between s-linear, cw circular and ccw circular by rotation of a quarter-wave plate (QWP).
At each QWP position, about 10* electrons are collected. The measurement position is
interchanged between the sample and a molybdenum reference mounted directly
underneath the sample after each full rotation of the QWP. Since molybdenum emits
unpolarized electrons irrespective of the light polarization, this allows to correct for any

instrumental asymmetries. To further ensure the correct alignment and stability of the
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polarimeter throughout the measurement, the spin polarization of photoelectrons emitted
from a sputter-cleaned Au(111) crystal surface is measured before and after each
measurement procedure. From this surface, cw and ccw circularly polarized light excites
photoelectrons with a well-defined spin polarization of about P = +(—) 25 %. Only if
these values are measured both prior to and after the measurement on the sample, the results

are considered valid.

The measurements are conducted under ultra-high vacuum conditions at a base pressure of
less than 5 - 10 mbar. The entire setup is placed inside of three Helmholtz coils which
compensate for the earth’s magnetic field. A permalloy shielding reduces the residual

magnetic fields to less than ~20 pT.

The results of the spin polarization measurements are plotted as histograms in which each
count in a specific spin polarization bin represents a single measurement which includes
about 10* electrons. The histograms typically comprise 200-300 individual measurements,
i.e., about 10° electrons in total, and were typically acquired over an integration time of
two hours. Gaussian curves are fitted to these distributions, and the average spin

polarization and its uncertainty are extracted as the expectation value and the FWHM.
Data availability

The data supporting the findings of this study are available from the corresponding authors

upon reasonable request.
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