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ABSTRACT: Recently, several researchers have claimed the existence of m

superior catalytic activity associated with topological materials belonging to
the class of Dirac/Weyl semimetals, owing to the high electron conductivity
and charge carrier mobility in these topological materials. By means of X-ray
photoelectron spectroscopy, electrocatalytic tests, and density functional
theory, we have investigated the chemical reactivity (chemisorption of
ambient gases), ambient stability, and catalytic properties of PdSn,, a
topological semimetal showing Dirac node arcs. We find a Tafel slope of 83 It
mV in the hydrogen evolution reaction (HER) dec™! with an overpotential of K "V' A V % Electrochemical water splitting
50 mV, with performances resembling those of pure Pd, regardless of its
limited amount in the alloy, with a subsequent reduction in the cost of raw
materials by ~80%. Remarkably, the PdSn,-based electrode shows superior robustness to CO compared to pure Pd and Pt and high
stability in water media, although the PdSn, surface is prone to oxidation with the formation of a sub-nanometric SnO, skin.
Moreover, we also assessed the significance of the role of topological electronic states in the observed catalytic properties. Actually,
the peculiar atomic structure of oxidized PdSn, enables the migration of hydrogen atoms through the Sn—O layer with a barrier
comparable with the energy cost of the Heyrovsky step of HER over Pt(111) in acidic media (0.1 €V). On the other hand, the
topological properties play a minor role, if existing, contrarily to the recent reports overestimating their contribution in catalytic
properties.

KEYWORDS: topological materials, hydrogen evolution reaction, electrochemistry, surface science, density functional theory

B INTRODUCTION water splitting (HER, 2H* — 2H, in acidic media or 2H,0 —
2H, + O, in alkali media) enabling the production of ultrapure
H,. Massless chiral fermions associated with large topological
charge and Fermi arc surface states in PtAl and PtGa chiral
crystals show turnover frequencies (TOFs) as high as 5.6 and
17.1 H, s™' and overpotentials as low as 14 and 13 mV,
respectively, at a current density of 10 mA cm™'" Moreover,
the Dirac nodal arc semimetal PtSn, was found to exhibit a
TOF of 1.5 H, s™* for each active site of PtSn, at 100 mV. The
linear band crossing in this semimetal provides large room-
temperature carrier mobility and conductivity, which can be
attributed to the high Fermi velocity of massless Dirac states.'®
This facilitates the rapid charger transfer in the catalysis
process and thereby increases the HER kinetics.

On the other hand, the origin of topological surface states,
such as Fermi arcs in the materials with covalent (NbAs,’

Palladium stannide (PdSn,) has recently attracted the interest
of the scientific community for the evidence of extremely large
magnetoresistance and topological electronic states, namely,
Dirac arc nodes."”” Among the various possible applications of
topological materials,”® topological catalysis has recently
emerged as one of the most promising new pathways in
electrochemistry””~"* since topological electronic states can
favor charge transfer between the substrate and the adsorbed
chemical species, in order to alter the substrate—adsorbate
chemical bond."® In several catalytic reactions, the fast
transport of electrons from the electrode to the electrolyte is
also crucial, such that electrical conductivity and charge carrier
mobility are highly desired."’ Opportunely, most topological
materials display high values of electrical conductivity and
charge carrier mobility.l“’15 Specifically, Weyl semimetals TaP,
NbP, TaAs, and NbAs were shown to be efficient in hydrogen
evolution reaction (HER) catalysis, owing to the combination
of topological surface states and large room-temperature carrier
mobility, associated with bulk Weyl fermions.'” However, Pt-
based topological materials represent more suitable candidates
for cataly51s, considering that Pt is the state-of-the-art electrode
for HER,'® that is, the cathodic reaction in electrochemical
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Figure 1. (a) Side and (b) top views of the atomic structure of PdSn,. (c) Survey XPS spectrum on the as-cleaved PdSn, surface. (d) Single-crystal
XRD pattern of the samples. Only (0I0) peaks can be observed. A photograph of one of the grown single crystals is shown in the inset. (e)
Temperature dependence of longitudinal resistivity under different magnetic fields H along the b-axis. (f) MR with the field applied along the b-axis

at several temperatures.

Figure 2. Optimized atomic structure of (a) physisorption of one water molecule over the PdSn, surface with Sn vacancy sites (PdSn; ) in the
surface layer; (b) decomposition of the oxygen molecule over one Pd vacancy (Pd,gsSn,) in the subsurface layer, and (c) partial hydrogenation of
the oxidized Sn-terminated surface of defect-free PdSn,. Vacancies are highlighted by circles.

TaAs,” ZrSiS," ZrSiSe,"” etc.) or metallic (PtSn,'"***" and
PtAl'”) interlayer bonds is related to the breaking of these
bonds at the surface layer upon the formation of the surface.
Actually, such broken bonds represent the source of chemical
instability of these materials. Correspondingly, oxidation of the
surface of topological materials with covalent and metallic
interlayer bonds is reported in several recent works.”'?™*!
Thus, possible oxidation of the surface should be considered in
the assessment of the catalytic properties of topological
materials and the related influence of topologically nontrivial
states.

Here, we take the topological Dirac node arc semimetal
PdSn, as a model system to investigate the relationship
between surface chemical reactivity and catalysis. By means of
surface-science spectroscopies, density functional theory
(DFT), and electrochemical tests, we ruled out previous
interpretations regarding the influence of topological features
in electronic structure and catalytic activity by demonstrating
the pivotal role of the formation of oxide skins on the surface
in the catalytic performance.

B RESULTS AND DISCUSSION

PdSn, belongs to the Ccce [no. 68] space group, and its atomic
structure has alternated Pd and Sn layers with a Sn-terminated
surface (Figure la,b). Although most Sn-based alloys show O
contamination in their bulk crystals,”” the survey spectra taken
with X-ray photoelectron spectroscopy (XPS) (Figure lc)
demonstrate the absence of contamination in bulk crystals,
which are oriented along a preferential (020) cleavage plan, as
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evidenced by the room-temperature X-ray diffraction (XRD)
pattern (Figure 1d). The lattice constants evaluated from XRD
are a = 6.442 + 0.002 A, b = 11.445 + 0.002 A, and ¢ = 6.389
+ 0.002 A, consistently with previous reports in the
literature.”>* The single-crystal XRD pattern (Figure 1d)
demonstrates that the basal plane of a cleaved crystal is
perpendicular to the b-axis.

Figure le shows the temperature dependence of the
electrical resistivity p(T) for the current along the ac plane
under different magnetic fields. The zero-field resistivity
exhibits a clear metallic behavior with the residual resistivity
ratio [RRR = p(300 K)/p(2 K)] ~ 96, similar to previous
reports.” With increasing magnetic field, the resistivity shows a
large enhancement and the plateau feature increases distinctly
below 25 K. Figure 1f shows the magnetoresistance (MR),
defined as [p(H) — p(H = 0)]/p(H = 0), for different values of
temperature. At each temperature, MR shows no tendency
toward saturation in the high-field region. The highest MR
approaches 1200% at 2 K and 9 T.

To evaluate the chemical stability of PdSn, surface, we
modeled physisorption and further decomposition of molec-
ular oxygen and water on defect-free and defective surfaces of
PdSn,. For defective PdSn, surfaces, we considered Sn
vacancies in the surface layer and Pd vacancies in the
subsurface layer (Figure 2a,b, respectively). These config-
urations correspond with formulas PdSn;gs and Pd,ggSny,
respectively.

Two different surface terminations are feasible for (010)-
oriented PdSn, surfaces with an outermost atomic layer of (i)
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Sn (Figure 2ab) or (ii) Pd (Figure S1 in the Supporting
Information). However, the Sn termination is estimated to be
more energetically favorable by ~500 kJ per surface formula
unit. Thus, we have excluded the Pd-terminated configuration
from further consideration.

Calculations (Table 1) indicate that, at room temperature,
water and carbon monoxide are stably physisorbed only on the

Table 1. Differential Enthalpy for Physisorption AH, g4,
Differential Gibbs Free Energy at Room Temperature for
Physisorption AG, and, Moreover, Differential Enthalpy of
Decomposition AH,,. (All in kJ/mol) of Selected Molecules
over (i) the Defect-Free Surface of PdSn, and in Vicinity of
(ii) One Sn Vacancy (PdSn, ) in the Surface Layer (Figure
2b) and (iii) One Pd Vacancy (Pd,4Sn,) in the Subsurface
Layer (Figure 2a)“

physisorption decomposition
AH, 4 AG
substrate  molecule [kJ/mol] [kJ/mol] AHg,. [k]/mol]
PdSn, 0, -63.3 -55.0 —334.5 (-239.7)
H,0 -29.9 +1.4 +82.0
CO —-134 +5.9
PdSn; g 0, —54.1 —42.8 —352.4 (—300.9)
H,0 —402 -89 +58.3
CcO —82.4 =711 +428.2
Pd, ¢4Sn, 0, —54.7 —434 —327.9 (-252.2)
H,0 +30.6 +1.9 +34.8
CO =7.5 +11.8

“The numbers in parenthesis correspond to the differential enthalpy
(in kJ/mol) of total oxidation of the surface (Figure 2c).
Decomposition of CO on PdSn, and PdggSn, is not considered
due to the availability of open Pd sites.

Sn vacancy sites of PdSn;gs, while their adsorption is
energetically unfavorable on both Pd, g;Sn, and PdSn, surfaces.
Further decomposition of water and carbon monoxide at Sn
vacancies is energetically unfavorable, although the energy cost
of water decomposition on PdSnj g5 is rather moderate (+58.3
kJ/mol), so that it could be overcome by heating at a
temperature less than 100 °C. By contrast, adsorption and
decomposition of molecular oxygen is energetically favorable
on both defect-free and defective PdSn, surfaces.

After decomposition of the first oxygen molecule, sub-
sequent surface oxidation of the whole surface is favored, with
differential enthalpy of formation ranging between —239.7 kJ/
mol for defect-free PdSn, and —300.9 kJ/mol for PdSn;gs.
Considering the rather large magnitude of the enthalpies of
formation and the similarity of the values for different initial
atomic structures of the surface, we can propose that all
available sites on the surface are unavoidably oxidized.

Specifically, the chemical instability of the PdSn, surface is
related to the presence of dangling bonds in the formation of
the surface upon cleavage. As a matter of fact, contrarily to the
case of van der Waals materials (few-layer graphene, h-BN,
MoS,, etc.), in PdSn,, Sn—Pd—Sn layers are connected via
metallic Sn—Sn bonds (see Figure lab), whose breaking
implies the emergence of electronic states around the Fermi
level associated with dangling bonds, which disappear upon
surface oxidation (see Figure S2a,b). While the formation of
the surface does not provide visible changes in Lowdin charges
(only 0.01 e7), surface oxidation implies a decrease of charge
at the Sn surface sites at 0.7—0.9 e”, with an increase of charge
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at the Pd sites in the subsurface layer at ~1.6 e”. This charge
redistribution corresponds to the saturation of dangling bonds
on the surface. On the other hand, the metallic bond between
the 4d states of Pd in the subsurface layer and the Sp states of
Sn in the oxide skin still influences the electronic structure of
the surface and it prevents the occurrence of a metal—
semiconductor transition upon oxidation (see Figure S2¢).

Notably, CO adsorption and decomposition is unfavorable
on PdSn,. On the other hand, CO adsorption on Sn vacancies
in PdSn; g is energetically favorable, although it only provides
passivation of defects without further formation of carbide-like
phases, as instead occurs in the case of CO poisoning of
metallic catalysts.24’25 Thus, we can consider both defect-free
and defective PdSn, as a material with superior robustness to
CO poisoning compared to state-of-the-art metallic catalysts,
such as pure Pt and Pd,”**° and with good stability in water
media, with evident advantages for catalytic applications. Such
conclusion is corroborated by vibrational data in Section S7 of
the Supporting Information reporting no trace of CO
poisoning on PdSn, surfaces, contrarily to the case of
transition-metal catalysts.

The theoretical model was also validated by experiments on
the surface chemical composition and reactivity of PdSn, by
XPS exploiting the high resolution, tunable photon energy, and
fast data acquisition of synchrotron radiation. Pd 3d and Sn 3d
core levels were measured for the as-cleaved surface and after
exposure to 100 L of CO and § X 10° L of O, (1L = 107°
Torr's), as well as after storage in air for 1 and 30 min, as
shown in Figure 3a,b. Specifically, the Pd 3d core level (Figure

Pd-3d PdS Sn-3d Sno
@ n, (b) SnO, PdSn,
|
(30 min) .
| %
air-exposed
(1 min)

Intensity [Arb. Units]
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Figure 3. Pd 3d (a) and Sn 3d (b) core levels for as-cleaved PdSn,
and after exposure to CO (100 L), O, (5 X 10° L), and air for 1 and
30 min. The photon energy is 800 eV, and the spectra are normalized
to the maximum.

3a) of as-cleaved PdSn, consists of a doublet at binding
energies (BE) of 3369 (3ds;,) and 342.2 (3d;5,) eV,
corresponding to Pd—Sn bonds.”’~*’ No change in Pd 3d
spectra was detected upon exposure to CO (100 L), O, (5 X
10° L), and air (up to 30 min) at room temperature.
Conversely, the Sn 3d doublet, which is set at 485.2 (3d;,,)
and 493.7 eV (3d;),) for the as-cleaved surface,””** shows
evident changes upon exposure to O, and air, while no
significant modifications were detected after CO dosage
(Figure 3b), demonstrating a good tolerance toward CO
poisoning.
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Selective oxidation of Sn sites observed by XPS suggests that
the PdSn, surface is terminated by Sn atoms, consistently with
our theoretical predictions, with decomposition of O,
molecules exclusively occurring on Sn sites.

Specifically, two new Sn 3d;;, doublets at BEs of 486.2 and
486.8 eV appear upon exposure to O,, which can be associated
with the formation of SnO (25% of the total spectral area) and
SnO, (24% of the total spectral area) species, respectively.”**
Congruently, the analysis of the O 1s core level (Figure S3)
confirms the formation of Sn oxides (SnO and SnQ,), as
suggested by the appearance of a main component (75% of the
total spectral area) at ~530.6 eV.””*° Two minor components
at 532.4 and 533.1 eV appear, ascribed to physisorbed C—O or
C—OH species (10% of the total spectral area) and
physisorbed H,O (15% of the total spectral area), respectively.

The exposure to air induces further modifications of the
surface with the emergence of a new Sn 3d,, doublet at 487.3
eV, which can be associated with Sn—OH species””*’ (Figure
3b). Despite that the water decomposition on defective PdSn,
is rather moderate (+58.3 kJ/mol), the appearance of Sn—OH
groups suggests that water splitting can occur on the air-
exposed surface. The decomposition of physisorbed H,O and
the consequent formation of Sn—OH species can take place on
the reactive dangling bonds formed on the PdSn, surface upon
cleavage or, most likely, on the oxidized region (SnO and
SnO,) promptly produced upon contact with the oxygen
present in ambient atmosphere. Specifically, PdSn, forms tin
oxide species after only 1 min in air, as shown by the
appearance of SnO (19% of the total spectral area), SnO,
(25% of the total spectral area), and Sn—OH (12% of the total
spectral area) species in Figure 3b. Correspondingly, the O 1s
spectrum (Figure S3) shows the formation of Sn oxides and
Sn—OH bonds, as suggested by the increase of the component
at 532.4 eV, as a result of water splitting on the oxidized
surface. Physisorbed H,O at 534.1 eV is also visible in the O 1s
spectrum with a contribution of about 8% of the total spectral
area, and the intensity decreases upon a longer storage in air
(30 min), while Sn—OH contribution increases. The longer
exposure to ambient atmosphere does not change significantly
the tin oxide composition (the intensity of SnO and SnO,
components in Sn 3d remains almost unchanged at 18 and
27% of the total spectral area, respectively), while the increase
of Sn—OH species (up to 19%) is accompanied by the
simultaneous decrease of PdSn, contribution to 28%.

Using quantitative XPS*' ™’ (see Section S4 for further
information), we estimated the thickness of the SnO, skin to
be 0.9 + 0.1 nm already after 1 min in air. After prolonged
exposure to air, the thickness of the oxide layer just reaches 1.0
+ 0.1 nm. Thus, passivation is practically achieved nearly
instantaneously upon air exposure. This assertion is supported
by inspecting the value of thickness upon O, exposure in
vacuum (the same conditions of green spectra in Figure 3), for
which the oxide thickness is already 0.8 + 0.1 nm.

Based on the results achieved on surface chemical reactivity,
we assessed the suitability of PdSn, for catalysis, specifically for
HER and oxygen evolution reaction (OER).

In the case of HER in acidic media, Pd-deficient PdSn,
displays an energy cost of the reaction comparable to platinum
surfaces (—0.34, 0.21, and —0.10 eV/H" for non-oxidized
PdygsSn,, oxidized PdjgeSn,, and pure Pt, respectively, see
Figure 4a). Note that hydrogenation of non-oxidized surfaces
and oxidized defect-free surface corresponds to the relatively
large magnitudes of the negative differential enthalpy of
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Figure 4. Free energy diagrams of HER in (a) acidic and (b) alkali
media over various kinds of PdSn, surfaces, that is, defect-free and
defective surfaces. Solid and dashed lines denote results for pristine
and oxidized surfaces, respectively.

formation (—0.5—1 eV//H"), which corresponds with almost
irreversible hydrogenation of these surfaces. This robust
tendency to hydrogenation also corresponds to the unfavor-
ability of the penetration of hydrogen atoms in the subsurface
area in contrast to the case of Pd surfaces.** >

On the other hand, these energy gains from hydrogenation
partially compensate the energy cost of water splitting in the
case of HER in alkali media, thus making the energy cost of
this process smaller than for metallic platinum (Figure 4b).
This favorability of hydrogenation of defect-free PdSn, surfaces
makes the Heyrovsky step of HER (*-H + H' — H,)
energetically costly (about 0.7—1 eV/H,). Note that in
contrast to acidic (H'-rich) media, in alkali media, no supply
of free hydrogen protons is available. Consequently, the
production of molecular hydrogen can be realized only via the
Volmer step, corresponding to the recombination of two
hydrogen atoms adsorbed on the substrate (2*-H — H,).
Usually, this step is excluded from consideration, considering
the abundance of H" in acidic media and the large value of
migration barrier (above 1 eV as in the case of non-oxidized
PdSn,). However, the peculiar atomic structure of oxidized
PdSn, enables the migration of hydrogen atoms through the
Sn—O layer with rather low barriers (0.16—0.22 eV for
different concentrations of hydrogen on oxidized surface). The
magnitude of this barrier is comparable with the energy cost of
the Heyrovsky step of HER over Pt(111) and Pd(111) in
acidic media (—0.10 and —0.15 eV, respectively). The origin of
this significant decrease of the migration barrier is the
spontaneous barrierless migration of hydrogen atoms adsorbed
on Sn surface atoms toward O adsorption sites with bridge
coordination (Figure 2c), with a subsequent decrease in the
distance between two hydrogen atoms to the values about 0.18
nm. This combination of short migration pathway and doping
of the SnO layer from the palladium subsurface layer caused by
the increase of Lowdin charges at Pd atoms in the subsurface
layer leads to decrease of the energy cost of the Volmer step of
HER.

When considering reaction kinetics, it is important to note
that the Heyrovsky step of HER requires the presence of
H*(aq) in close vicinity of the hydrogen atom adsorbed on the
substrate, contrarily to the Tafel step, which instead requires
the presence of a second hydrogen atom adsorbed in over-
surface sites. In the case of oxidized (010) surface of PdSn,, the
areal density of sites suitable for hydrogen adsorption is rather
high (see Figure 2c), with a beneficial effect for the Tafel step.

On the other hand, our calculations demonstrate the
unsuitability of both oxidized and non-oxidized PdSn, for
OER due to the large negative (more than 2.00 eV) energy
costs of the second or third step (see Figure S). This large
energy cost corresponds to the strong tendency to oxidation of
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Figure S. Free energy diagrams of OER in acidic (a) and alkali (b)
media over various kinds of PdSn, surfaces. Oxidized surfaces are
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the Sn-terminated surface of PdSn, with the formation of both
SnO, and Sn(OH), phases, as observed in XPS experiments
(Figure 3b). Thus, we rule out the possibility to use PdSn, as a
catalyst for any reaction involving adsorption of oxygen as the
intermediate step.

Theoretical results were validated by direct electrocatalytic
tests. The electrocatalytic activity toward HER and OER
reactions was investigated by cyclic voltammetry (CV) in 0.1
M HCIO,.

The electrocatalytic behavior of PdSn, reminds more Pd
than Sn polycrystalline foils, as clearly shown by the CV curves
shown in Figure 6a. Indeed, the HER and OER onset
potentials are ca. —0.05 and 1.70 V, respectively. Furthermore,
the general shape of the CV curve is more similar to Pd than to
Sn.

Interestingly, the HER performance improves whenever the
PdSn, surface is exposed to higher potentials (Figure 6c).
Indeed, if we consider the current density at —0.10 V versus
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Figure 6. (a) CVs of Sn (blue curve), Pd (red curve), and PdSn,
(black curve) foils in 0.1 M HCIO,, measured with a scan rate of 20
mV s™". (b) Chronoamperometric curve of PdSn, during HER in 0.1
M HCIO, at a potential of —0.15 V vs RHE. (c) Current densities of
PdSn, measured in the HER region cycled at different upper inversion
potentials: 1.00 V (gray curve), 1.80 V (red curve), 2.00 V (green
curve), 2.08 V (dark blue curve), and 2.15 V (light blue curve). (d)
Tafel plots with the corresponding slopes of PdSn, treated at different
potentials before testing HER in 0.1 M HCIO,: 1.00 V (gray curve),
1.8 V (red curve), and 2.00 V (green curve).
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RHE, the absolute value of cathodic current increases from
0.22 to 1.77 mA cm™> when the electrode was exposed to
potential from 1.00 to 2.15 V versus RHE, respectively.
Correspondingly, Tafel slopes were estimated to be 133, 103,
and 83 mV dec™ after a treatment at potentials of 1.00, 1.80,
and 2.00 V versus RHE, respectively (Figure 6d). However, for
exposure potential higher than 1.80 V versus RHE, the CVs
showed a cathodic peak at ca. 0.5 V versus RHE during the
backward scan (Fi%ure 6a), consistently with the reduction of
palladium oxide.”” Furthermore, it is well known that
potentials over 1.40 V versus RHE can produce multilayered
palladium oxide on Pd foils,”® which could explain the
structured peak for potentials over 2.00 V versus RHE.

To assess the electrochemical stability of PdSn, in HER
conditions, we measured the chronoamperometric curve
(Figure 6b) at an applied potential of —0.15 V versus RHE
on an electrode previously treated up to 2.20 V versus RHE,
finding long-term current stability in a timescale extended up
to 12 h.

The OER performances of PdSn, in 0.1 M HCIO, exhibited
an onset potential near 1.70 V versus RHE, close to its value
for pure Pd (Figure 6a), consistently with theoretical
predictions in Figure 5. Congruently, also the Tafel slope of
PdSn, (387 mV dec™) was estimated from the Tafel plot
(Figure SS), showing a value similar to that of pure Pd (205
mV dec ).

To examine in depth the stability of PdSn,, CVs (5000
cycles) were performed as accelerated aging tests between two
potential windows: (i) —0.1 and 1.0 V and (ii) —0.1 and 2.2 V
versus RHE (see Section S10 and Figure S10 in the Supporting
Information). The first experiment up to 1.0 V exhibited a
decreased activity after some cycles and then the performance
remained quite stable. In the second test, CV up to 2.2 V
showed that the HER activity drastically decreased in a few
tens of cycles, indicating that the performance of the catalyst is
negatively affected by a prolonged activity up to a high
potential, such as 2.2 V. The scanning electron microscopy
characterization (see Figures S11 and S12 in the Supporting
Information), conducted before and after the aging tests,
displayed a negligible morphological modification after the first
experiment (up to 1.0 V), while a dramatic modification was
observed after the second one (up to 2.2 V). In both cases, the
major visible alterations are probably due to the exfoliation of
less dense materials, such as hydroxides or oxides, formed on
the surface upon contact with the electrolyte. In order to
confirm this hypothesis, the surface composition of PdSn, was
studied ex situ by XPS after 30 min of storage in the electrolyte
and after several voltammetry cycles up to a potential of 2.2 V
versus RHE (see Section S10 and Figures S13 and S14 in the
Supporting Information). The high surface sensitivity of the
XPS technique evidenced the formation of both tin oxide and
palladium oxide species, as well as the formation of metallic Pd
sites after aging cycles up to 2.2 V.

The irreversible formation of metallic Pd sites and surface
oxidation can strongly affect the catalytic activity of PdSn,,
evidencing the key contribution of the surface modification
induced by the catalytic conditions. The great similarity of the
CV profile of PdSn, with that of pure Pd (Figure 6a) suggests
that Pd surface sites could have a key role as active catalytic
sites in the electrochemical performance of PdSn, catalyst.

Finally, to assess the impact of topological states on the
electrochemical behavior of PdSn,, we also tested the material
with Fe-phthalocyanines deposited onto the electrode surface
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(Section S11 in the Supporting Information). The obtained
results further confirm that the absence of effects related to the
topological states of PdSn,, removed by magnetic impurities
(Fe centers), on its electrocatalytic activity.

To extend the validity of our model also to parental
compounds, we performed a surface-science, catalytic, and
theoretical investigation on PtSn,, finding similar results, as
reported in Section S6 of the Supporting Information.
Therefore, we can infer that the physicochemical model here
proposed for PdSn, is also valid for its parental compounds,
such as PtSn, and related systems.

B CONCLUSIONS

We assessed the chemical reactivity and the catalytic properties
of the PdSn, Dirac node arc semimetal. We observed a Tafel
slope in the HER of 83 mV dec™, with an overpotential of S0
mV, similar to pure Pd. Thus, the PdSn, alloy, in spite of the
limited amount of Pd in the alloy, displays practically the same
catalytic properties of precious Pd element, with a reduction in
the cost of raw materials by ~80%. More interestingly, the
PdSn,-based electrode shows superior robustness to CO
compared to pure Pd and Pt and high stability in water media.

However, a careful surface-science investigation provides
evidence that the high efliciency of HER cannot be explained
only with the effect of topologically nontrivial electronic states,
which however influence fast electron transfer. As a matter of
fact, we find that the PdSn, surface is prone to oxidation with
the formation of a sub-nanometric SnO, skin, whose peculiar
atomic structure permits the migration of H atoms through the
Sn—O layer with a barrier similar to the energy cost of the
Heyrovsky step of HER over Pt(111) in acidic media (0.1 V).
A similar picture is also valid for parental compounds, such as
PtSn,.

Our results indicate the key role of surface processes in
catalysis with topological materials, while the current state-of-
the-art is overestimating the role of topological states, which
instead are relevant for kinetics only.

In addition, our findings suggest the possibly high potential
interest of PdSn, in electrocatalysis, due to the catalytic
performances resembling Pt and Pd but with a reduced loading
of precious Pd element, with both economic and environ-
mental advantages.

Finally, we also highlight the differences in the pathways of
HER in acidic and alkali media and the crucial role of Volmer
step for H, production in alkali conditions.

Novel concepts here developed are expected to open new
avenues for catalysis in oxidative environments, also consid-
ering that they can be applied to other materials with similar
physicochemical and structural properties. Moreover, it is
evident that the catalytic activity of the surface oxide phase
could be easily optimized, although PdSn, is already
competitive with state-of-the-art materials (pure Pt and Pd)
already in the first implementation of the catalytic device.

B METHODS

Single-Crystal Growth and Characterization of
Grown Crystals. Single crystals of PdSn, were grown from
the Sn flux in the temperature range selected according to the
Pd—Sn binary phase diagram.*” The starting materials of Pd
(99.95%) and Sn (99.99%) with a molar ratio of 1:44 were
inserted in an aluminum crucible and sealed into a quartz
ampoule under high vacuum. The ampoule was heated at a rate
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of 100 °C h™" and held at 900 °C for 10 h. After all the
materials were homogenized, the ampoule was cooled down to
350 °C at a rate of 50 °C h™! and then slowly cooled to 250 °C
at a rate of 1 °C h™". The excess Sn flux was removed by
spinning the ampoule in the centrifuge. Plate-like PdSn, single
crystals with sizes about 4 X 4 X 1 mm® were obtained, as
shown in the inset of Figure 1d. XRD data were taken with Cu
Ko radiation at room temperature. Electrical transport
measurements up to 9 T were conducted in a Quantum
Design PPMS-9 with the conventional four-wire method.

The stability of the crystals in both alkaline and acid
environments is ensured by the analysis reported in Section S8
of the Supporting Information.

The thermal stability was assessed in Section S9 of the
Supporting Information.

Computational Methods. The atomic structure and
energetics of various configurations of various gases adsorbed
on PdSn, were studied by DFT using the QUANTUM
ESPRESSO code’ (version 6.0) and the GGA-PBE approx-
imation with van der Waals (vdW) corrections.'” Energy
cutoffs of 25 and 400 Ry for the plane-wave expansion of the
wave functions and the charge density, respectively, and the 5
X S X 3 Monkhorst—Pack k-point grid for the Brillouin zone
sampling'' were used. To model the PdSn, surface, we
considered a 2 X 1 X 2 supercell-based slab of 80 atoms
(Figure 2).

The values of the enthalpies of physisorption were calculated
by the standard formula

Athys = [Ehost+mol - (Ehost + Emol)]

where Ey is the total energy of the surface before adsorption
and E_ is the energy of a single molecule of the considered
species in an empty box. In the case of water adsorption, only
adsorption in the gaseous phase is considered. The energy of
chemical adsorption is defined as the difference between the
total energy of the system after and before decomposition of
physisorbed molecules on the surface. For the case of
physisorption, we also evaluated the differential Gibbs free
energy by the formula

AG = AH — TAS

where T is the temperature and AS is the change of entropy of
the adsorbed molecule estimated by the change of entropy in
the process of gas-to-liquid transition by the standard formula

AS = AH T

vaporization/

where AH,,poization 1S the measured enthalpy of vaporization.
All formulas of reaction steps and technical details for the
calculations of the HER and OER are the same as used for the
modeling of these reactions over a Pt(111) substrate.'"* A
value for overpotentials of U = 1.23 and 0.89 eV was used for
OER in acidic and alkali medium, respectively.
Synchrotron-Based XPS. XPS measurements were carried
out on the APE-HE beamline at Elettra Sincrotrone in Trieste
(Italy). XPS spectra were acquired with an Omicron EA125
hemispherical electron energy analyzer in normal emission
configuration using a photon energy of 800 eV with an overall
energy resolution of about 0.1 eV.
_ Pd 3d and Sn 3d core levels were analyzed using Doniach—
Sunjic doublet line shapes convoluted with a Gaussian
function, and the O 1s core level was decomposed using
Voigt line shape functions after the subtraction of a Shirley-
type background.
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Electrochemical Tests. Before the electrochemical char-
acterization, the PdSn, foil was embedded in an epoxy resin to
facilitate surface polishing and the result reproducibility.

A common three-electrode glass cell was used for the
electrochemical tests with a Pt wire as the counter electrode
and Ag/AgCl/KCl sat. as the reference electrode. All potentials
were referred to the RHE to include the pH effects. Equipment
was cleaned with a mixture of water and 2-propanol and rinsed
several times with ultrapure water (18.2 MQ). The electrolyte
was a 0.1 M solution of perchloric acid (70%, Sigma-Aldrich)
in ultrapure water purged with nitrogen.

The electrochemical experiments were conducted with a
Princeton Applied Research PARSTAT 2277 potentiostat. All
current measurements were normalized to the geometric
surface area of the electrode. CV experiments were conducted
at 20 mV s', while slow linear sweep experiments to obtain
the Tafel slope were performed at 1 mV s~ between two
potential windows: (i) —0.1 and 1.0 V and (ii) —0.1 and 2.2 V
versus RHE.
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