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Abstract

Bulk PtSn, has recently attracted the interest of the scientific community for the presence of elec-
tronic states exhibiting Dirac node arcs, enabling possible applications in nanoelectronics. Here, by
means of surface-science experiments and density functional theory, we assess its suitability for ca-
talysis by studying the chemical reactivity of the (010)-oriented PtSn, surface toward CO, H,0, O,
molecules at room temperature and, moreover, its stability in air. We demonstrate that the catalytic
activity of PtSn, is determined by the composition of the outermost atomic layer. Specifically, we
find that the surface termination for PtSn, crystals cleaved in vacuum is an atomic Sn layer, which
is totally free from any CO poisoning. In oxygen-rich environment, as well as in ambient atmos-
phere, the surface termination is a SnOy skin including SnO and SnO, in comparable amount. How-
ever, valence-band states, including those forming Dirac node arcs, are only slightly affected by
surface modifications. The astonishingly beneficial influence of surface oxidation on catalytic activ-
ity has been demonstrated by electrocatalytic tests evidencing a reduction of the Tafel slope, from
442 down to 86 mV dec™, whose origin has been explained by our theoretical model. The use of
surface-science tools to tune the chemical reactivity of PtSn, opens the way toward its effective use
in catalysis, especially for hydrogen evolution reaction and oxygen evolution reaction.
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Introduction

In the last decade, the advent of topological materials has triggered the interest of a broad communi-
ty mainly for fundamental research [1-7]. However, recently, topological materials have emerged as
potential candidates for catalysis, as reported for topological insulators [8] and, successively, for
Weyl [9] and Dirac [10] semimetals. Among the various topological materials, Pt-based topological
systems are particularly relevant for catalytic applications, due to the wide use of Pt in several cata-
Iytic reactions, including hydrogen evolution reaction [11], oxygen evolution reaction [12], carbon
monoxide oxidation [13], water-gas shift [13] and water splitting [14]. However, the high cost (>30
US $/g) [15] and the restricted obtainability [16] of Pt make unavoidable to search economic and
Earth-abundant potential alternatives. A solution could be using Pt-alloys to reduce Pt content,
which also enable the exploitation of strain and ligand effects to enhance their chemical reactivity
[17]. Previously, the use of Pt-Sn polycrystalline alloys in electrochemistry has been explored for
several reactions [18-21], although such alloys are mainly used for soldiery [22], electronic inter-
connections [23], jewelry [24], and dentistry [24]. Specifically, Pt-Sn alloys are employed for the
catalytic process leading to alkanes-alkenes conversion [25] and, moreover, as anodes with im-
proved resistance to CO poisoning compared to pure Pt [26], due to (i) the reduced saturation cov-
erage of CO [27] and (ii) the lower heat of adsorption for CO on Pt sites (95 vs 180 kJ/mol) [28].

Among Pt-Sn binary alloys, five stoichiometric compounds Pt3Sn, PtSn, Pt,Sns, PtSn,, and PtSn,
exist [29]. Recently, Dirac node arc was found in PtSn, single crystals, i.e. closed loops formed by
Dirac nodes in the momentum domain [30]. From transport experiments in Ref. [31] one can esti-
mate an electrical conductivity at room temperature of 2.5-10° S/m, which is increased by a 10° fac-
tor at T=2 K. Thus, PtSn, can be suitably used as electrode in electrochemistry, also in considera-
tion of the carrier density n =~ 2.6x10%® m™3. Very recently, the suitability of PtSn, for hydrogen
evolution reaction (HER) has been evidenced [32], although the mechanism ruling HER activity

remains largely uncertain.
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Large-size PtSn, single crystals can be efficiently grown by flux method [31]. The recent achieve-
ment of PtSn, nanoparticles [33] signifies a further advantage in the prospect of large-scale catalytic
devices, as well as the reduced cost of PtSn, (~9 US $/g ) compared to pure Pt. However, the con-
trol of surface phenomena (surface termination, chemical reactivity, surface reconstruction) is re-
quired for the exploitation of PtSn, in electrocatalysis and nanoelectronics. It is important to note
that also the emergence itself of Dirac node arcs is associated to the surface states [30] and it is
strictly connected to the surface termination. Unfortunately, surface-science investigations on PtSn,
are missing yet. The lack of information about surface properties represents a severe hurdle to un-
derstand and tailor surface catalysis based on PtSn,.

Here, we combine high-resolution X-ray photoelectron spectroscopy (XPS), scanning tunneling mi-
croscopy/spectroscopy (STM/STS) and high-resolution electron energy loss spectroscopy
(HREELS) with density functional theory (DFT) to clarify the key features of chemical reactivity of
PtSn, surfaces toward ambient gases. We demonstrate that the termination of the as-cleaved surface
is an atomic layer of Sn exhibiting a high CO tolerance, with no trace of CO adsorption. However,
the surface is unstable in oxygen environment and in air, with the emergence of a SnOx skin involv-
ing Sn(Il) and Sn(lV) species. We also demonstrate that valence-band electronic states, including
those forming the Dirac node arcs, are robust against surface oxidation. Finally, we assess catalytic
performance of PtSn, surfaces toward HER and oxygen evolution reaction (OER) by both theory

and electrochemical tests, finding that surface oxidation is beneficial for catalysis.

Methods

Single-crystal growth and cleavage

Self-flux method was used to synthesize single crystals of PtSn,. High-purity Pt foil (99.99%) and
Sn ingots (99.999%) were mixed in the ratio of 1:25 and sealed in an evacuated quartz tube. The

mixed elements were heated to 600 °C for 6 hours, dwelled for 10 hours, quickly cooled to 350 °C
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in 5 hours, and then slowly cooled at a rate of 1°C/h to 250 °C. Afterwards, the excess Sn flux was
removed by centrifugation and then etched in concentrated hydrochloric acid. The structure of the
grown crystals was examined by X-ray diffraction (Bruker D2 PHASER) using Cu Ka radiation
and Laue diffraction (Photonic Science) at room temperature. The sharp features in the XRD pattern
and clear spots in the Laue pattern suggest high crystalline quality (Fig. 1 a-b). The cleavage of
PtSn, was conducted by post-method in ultra-high vacuum through the natural cleavage plane, co-
inciding with the (010) orientation. Surface cleanliness was checked by XPS and vibrational spec-

troscopy, while surface crystalline order was checked by STM and low-energy electron diffraction.
XPS

XPS experiments were performed at the High-Energy branch of the Advanced Photoelectric Exper-
iments beamline (APE-HE) of the Elettra Synchrotron, Trieste, Italy. XPS spectra were acquired
with an Omicron EA125 hemispherical electron energy analyzer, with the sample at room tempera-
ture and in normal emission condition. The linearly polarized light was impinging on the sample
forming an angle of 45 degrees with respect to the normal to the surface. To evaluate BEs of core
levels, a Shirley background was subtracted from XPS spectra. Pt-4f and Sn-3d core-level spectra
were analyzed by using a Doniach—Sunjic function [34], convoluted with a Gaussian line-shape to
account for experimental resolution, inhomogeneity, and temperature-derived broadening. Con-
versely, for O-1s core level we adopted Voigt line-shapes. Under our experimental conditions, we
had any evidence of beam-induced damage. Gas inlet of carbon monoxide, water and oxygen was
performed by using leak valves at a common exposure at a pressure of 10 mbar for 10 min, corre-
sponding to 450 kL (1 L=1-10"® torr-s).

STM/STS

STM and STS were conducted using a home-built room-temperature ultra-high vacuum (UHV)
STM apparatus connected to the APE beamline with UHV transfer system, which enables to meas-

ure STM/STS for the same sample for the electron spectroscopy and LEED. In-situ cleaned W tip
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was used for both STM and STS. The STM topography image was taken with constant current
mode. The bias voltage was applied on the sample. Data analysis was performed with the WSxM

software [35].

HREELS
HREELS experiments were carried out with a Delta 0.5 spectrometer by Specs GmbH, Germany.
The impinging energy is 3.5 eV. Spectra were recorded in specular direction, with an incidence an-

gle of 55° with respect to the sample normal.

Electrochemical tests

Electrochemical experiments were conducted in a common three electrodes glass cell equipped with
Pt wire as counter electrode and Ag/AgCI/KCI sat as reference electrode and all the potentials were
referred to the RHE. Equipment was cleaned with a mix of water and 2-propanol and rinsed several
times with ultrapure water (18.2 MQ). A 0.05 M solution of sulfuric acid (99.9%, Sigma Aldrich) in
ultrapure water was used as electrolyte. The electrochemical experiments were conducted with a
Priceton Applied Research (PAR) PARSTAT 2277 potenziostat galvanostat. All current
measurements were normalized to the geometric surface area of each electrode. CVs experiments
were conducted at 50 mV s, otherwise stated. Slow linear sweep experiments to obtain the Tafel
slope were conducted at 1 mV s,

DFT calculations

The atomic structure and energetics of various configurations was studied by DFT using the
QUANTUM-ESPRESSO code [36] and the GGA-PBE [37], taking into account van der Waals

forces correction[38]. For all calculations ultrasoft pseudopotentials were used [39]. Energy cutoffs
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of 25 and 400 Ry for the plane-wave expansion of the wave functions and the charge density were
used, respectively. Atomic structure of PtSn, was taken from experimental results in Ref. [40],
while the atomic structure of PtC is assumed to be the one in the theoretical model in Ref. [41]. To-
tal energies of gases were calculated for the single molecule in empty box. The total energy of Pt
for Pt-rich conditions is defined by the formula: E(Pt) = 4E(Sn) — E(PtSn,), where E(Sn) is the total
energy of bulk metallic tin. For computing the total energy of Sn, a similar procedure was used. The
enthalpy of reaction is defined as difference in calculated total energies of products and reactant.
Thus, negative enthalpy corresponds with exothermic reactions.

Physisorption enthalpies were calculated by the standard formula:
AHphys = [Enost+mol = (Enost + Emol) ],
where Engs: IS the total energy of pristine surface, and Eng is the energy of the single molecules of
selected species in empty box. In the case of water adsorption, we only considered the gaseous
phase. Decomposition energy is defined as difference between the total energy of the system with
adsorbed molecule and the total energy of same system after decomposition of the same molecule
on the surface. For the case of physisorption, we also evaluated differential Gibbs free energy by
the formula:

AG = AH - TAS,

where T is the temperature and AS is the change of entropy of adsorbed molecule, which was esti-

mated considering the gas—liquid transition by the standard formula:
AS = AHvaporis.ation/-r,

where AHyaporization 1S the measured enthalpy of vaporization. HER were calculated for standard hy-
drogen electrode, while OER was calculated for acidic environment (the value of the overpotential

is1.23eV).

Results and Discussion
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Single crystals of PtSn, have a preferential (010) cleavage plan, as evidenced by room-temperature

x-ray diffraction (XRD) pattern (Fig. la). Lattice constants evaluated from XRD area =
(6.405+0.002) A, b=(11.371+0.002) A, c=(6.372+0.002) A, consistently with previous reports in

literature [42].

The determination of the surface termination is crucial in order to achieve control over surface phe-
nomena, since the outermost layer of the crystal mostly determines surface chemical reactivity [43].
Especially, there are three possible surface terminations that can be realized for the natural cleavage
plane. The first possibility could be a Sn-terminated surface, where the Pt subsurface layer is placed
between two Sn layers (2Sn-termination), as in the PtSn, bulk crystal, while the second possibility
is a Pt-terminated surface with nearest Pt atoms distant 0.45 nm. A third possibility is a 1Sn-
termination, with a single Sn atomic surface layer on top of an underlying layer of Pt atoms.

To evaluate the compositional (Sn/Pt ratio) depth profile of PtSn,, XPS experiments were per-
formed at various photon energies (800, 400 and 300 eV) and, moreover, at various emission angles
(65,55 and 45 degrees) with a photon energy of 400 eV. The energy-dependent XPS analysis indi-
cated an increased Sn/Pt ratio at decreasing photon energy, i.e. in conditions with higher surface
sensitivity. Congruently, the angle-dependent photoemission revealed an increased ratio of Sn/Pt
going from normal (90°) to grazing (45°) emission angle, i.e. in conditions with higher surface sen-
sitivity. Therefore, both energy- and angle-dependent analysis indicate the occurrence of a Sn-
terminated surface. The respective photon energy and angle-dependent values of the Sn/Pt ratio are

reported in Table 1.
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Figure 1. (a) Room-temperature single-crystal x-ray diffraction pattern from the (010) plane of
PtSn4. The inset shows a photograph of an as-grown PtSny single crystal. (b) Laue diffraction im-
age taken along the (010) direction. (c-d) Atomically-resolved STM and FFT image of PtSn,. The
constant current image was taken at a sample bias voltage of +620mV and a tunneling current of
0.7nA. (e) XPS survey scan of an as-cleaved sample, clearly showing the cleanliness of the surface
(especially, no C-1s and O-1s components). The photon energy is 800 eV.
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Table 1. Values of the Sn/Pt ratio obtained for an as-cleaved PtSn, sample evaluated by XPS spec-

tra acquired using different (i) photon energy (800, 400 and 300 eV) and (ii) emission angles (65,

55 and 45 degrees)
Photon Energy Geometry Sn/Pt ratio
900 eV Normal Emission 4.3+0.6
400 eV Normal Emission 5.4+0.8
300 eV Normal Emission 6.3+0.9
400 eV 90° Emission 4.3+0.7
400 eV 65° Emission 5.0+0.7
400 eV 55° Emission 5.7+0.8
400 eV 45° Emission 5.3+0.8

Atomic-resolution images acquired by scanning tunneling microscopy (STM, Fig. 1 c¢) and their
corresponding fast-Fourier transform (FFT, Fig. 1d) are consistent with the square lattice. Accord-
ing to STM, the surface unit cell is 0.33 x 0.33 nm, matching surface lattice of a Sn termination.

The analysis of core-level spectra measured with XPS is crucial in order to assess surface chemical
reactivity of PtSn,. Firstly, it is worth noticing that the analysis of survey XPS spectrum of PtSn,
(Fig. 1e) ensures that surface cleanliness is obtained after cleavage in UHV, as evidenced by the ab-
sence of signal from C-1s and O-1s core levels in the as-cleaved sample. Figure 2 (top panel) shows
Pt-4f and Sn-3d core levels measured for the as-cleaved surface and after exposure to 450 KL (1
L=10"° torr-s) of O, CO and H,O respectively. Specifically, Pt-4f core levels of the as-cleaved
PtSn,(010) surface are split by spin-orbit coupling in two components centered around binding en-
ergies (BE) of ~75.3 (4fs;,) and ~72.0 eV (4f;12). These values are shifted by +1.0 eV compared to
Pt(111) [44-46]. We ascribe the blue-shift of the Pt-4f components with respect to pure Pt surfaces
to the presence of Pt-Sn bonds, as previously observed also on other Pt-based alloys [47, 48]. Ac-

cording to the results of the systematic study on Pt-based alloys in Ref. [48], such a blue-shift com-
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pared to pure Pt is typical of CO-tolerant electrodes, which suffer less CO poisoning than pure Pt as

a consequence of the reduced electron donation from the Pt-d bands to the 2* orbital of CO.
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Figure 2. Core-level spectra for (top panel) Pt-4f and Sn-3d for as-cleaved, CO-dosed, H,O-dosed,
and O,-dosed PtSn, and (bottom panel) PtSn, exposed to air for 30 minutes, 24 hours, and one
year. The photon energy is 800 eV and the spectra are normalized to the maximum.
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In the as-cleaved sample, Sn-3d core level has a doublet with BEs centered at 485.2 eV (3ds/,) and

493.7eV (3ds/2), which can be ascribed to Sn atoms in the bulk [49-51] (Fig. 2, top panel).
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Figure 3. O-1s core-level spectra for as-cleaved, CO-dosed, H,O-dosed, O,-dosed and air-exposed
(30 minutes) PtSn,. The photon energy is 800 eV.

When PtSn, is exposed to H,O and O, both oxidation and water adsorption selectively involve only
Sn atoms. Especially, no additional features in Pt-4f core levels are reported, except negligible con-
tribution from Pt-O,gs (4 %) in O,-dosed sample [52, 53] (Fig. 2). Sn-3d core-level spectra (Fig. 2)
show the presence of a component ascribable to SnO/Sn-OH species (BE of ~486.2 eV) in H,0O-
dosed sample[50, 54, 55], while a further component due to SnO, (BE of ~487.2 eV) [50] is ob-
served in O,-dosed sample. In H,O-dosed sample, oxide and hydroxide components (SnO/Sn-OH)
are ~25% of Sn-3d total area. In the case of O,-dosed PtSn, the oxidation is dominated by both
SnO (35%) and SnO, (6%) components.

Previously, by means of XPS it was concluded that PtSn(111) is converted into SnOx/Pt3Sn at high
pressures (as high as 0.067 mbar [50]) of O,, due to segregation and the following formation of a

surface tin-oxide phase [50]. Such an interface also promotes low-temperature CO oxidation [56],

11
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with a reaction kinetics enhanced compared to Pt(111) and (111)-oriented Pt-skin/PtsSn. The pres-
ence of a high Sn content in PtSn,, as compared to other Pt-Sn alloys, enables the stable chemisorp-
tion of O at room temperature. For the sake of completeness, it is worth mentioning that Pt-Sn in-
teractions possibly lead to the spillover of O from Sn to Pt sites [57], as evidenced by small — albeit
noticeable — changes (4 % contribution) in the Pt-4f spectra.

Through quantitative XPS analysis, we have calculated the thickness of the tin-oxide layer in H,O-
dosed and O,-exposed samples to be around 6.6+0.9 and 7.2+1.0 A, respectively. Thus, we can in-
fer that the bulk PtSn, is protected by the sub-nanometric tin-oxide layer, that have a negligible ef-

fect only on first atomic layer of Pt.

For both H,O- and O,-dosed PtSny, we find (Fig. 3) one O-1s main component at ~530.3 eV and
minor components at 529.6 eV ascribable to the formation of SnO/Sn-OH and SnO species[50, 58],
congruently with the corresponding component at ~486.2[50] eV in the Sn-3d spectrum, and to Sn-
O-Sn bonds arising in the early stages of tin-oxide formation [50, 54] respectively. A small compo-
nent at a BE of ~531.5eV can be associated to the chemisorption of OH or H,O species [59-61] in
H,0-exposed PtSn, surface. O,-dosed sample also shows an additional component at 530.9 eV in
O-1s spectrum ascribable to the formation of SnO, [50] The same contribution is also observed in
the corresponding Sn-3d core level spectrum in Fig. 2, where the small component at 487.2 eV can
be assigned to SnO, (5% of the total spectral area) [62]. It should be mentioned that a strong H,O-
induced band bending has been previously reported for water adsorption on SnO; [63], as a conse-

quence of the formation of surface hydroxyls.

We have also exposed the as-cleaved PtSn, directly to ambient atmosphere. The analysis of Sn-3d
and O-1s core levels (Figs. 2 and 3) clearly shows the resemblance with the case of the O,-dosed
sample. The components arising from SnO and SnO,, as well as the water-derived contamination of
the oxide layer, are all increased in intensity in the air-exposed PtSn, surface compared to the cases

of surface modification by the gas exposures in vacuum reported in Fig. 2. The Pt-4f spectrum ac-

12
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quired for the PtSn, surface kept 30 minutes in air shows a new component at BE 72.95 eV ascriba-
ble to Pt(OH), [64, 65] or Pt-O units[50] in an early stage oxidation of Pt atoms . The Pt(OH),/Pt-O
units component was not observed in the sample exposed to gases in vacuum (Fig. 2), indicating

that only air exposure can induce changes in Pt oxidation status.

It is also worth mentioning that the time evolution of O-1s during air exposure is consistent with the

picture emerging from the analysis of Pt-4f and Sn-3d core levels.

We have also assessed the chemical reactivity toward CO, which is particularly relevant consider-
ing that Pt alloys usually show high reactivity toward CO implying passivation of active sites [66,
67]. Correspondingly, electrodes for electrocatalysis based on Pt alloys suffer CO poisoning [68-
70], especially relevant for the case of methanol oxidation reaction [71, 72]. Core-level spectra ac-
quired after having exposed to CO the PtSn, surface (Fig. 2, top panel) demonstrate the perfect tol-
erance toward CO-induced surface poisoning, in spite of the presence of Pt atoms in the crystal
structure. In fact, no changes in the line shape of Pt-4f spectrum was detected. An accurate investi-
gation of Sn-3d core levels reveals a small contribution (8% of the total spectral area) at ~486.2 eV
for Sn-3ds/,, which can be assigned to SnO species resulting from the early stage of tin-oxide for-
mation (SnO/SnQOy;), arising from the decomposition of CO molecules at Sn sites in the nearness of
edges [50] . Correspondingly, the O-1s core level (Fig. 3) shows SnO contribution at ~530.3
eV[50].

However, surface vibrational spectroscopies have higher sensibility to CO adsorption with respect
to XPS [73, 74]. Thus, in order to strengthen conclusions from XPS analysis, we have carried out a
vibrational investigation by HREELS (Fig. 4a), which fully confirms the CO tolerance of PtSn,. In
particular, the featureless spectrum in the region of C-O stretching in the 210-255 meV range (see
Ref. [75] for a review of vibrational investigations on CO/metals) represents an unambiguous
demonstration that PtSn, could represent a perfectly CO tolerant electrode. Definitely, the coverage

of CO can be estimated to be ~10° ML (with ML meaning “monolayer”) by considering both

13
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HREELS spectra in Fig. 4a and O-1s in Fig. 3. Remarkably, the vibrational spectrum of the CO-
dosed surface is characterized by a feature at 60 meV accompanied by a weak peak at 120 meV,
that can be assigned to the SnO optical phonon at 60 meV [58] and its first-order replica, consistent-
ly with dissociative CO adsorption at defect sites. The same features are present also for direct ex-
posure to O,. The negligible dependence on the amount of the CO dose indicates fast saturation of
active sites, further supporting the occurrence of dissociation at defect sites. For the sake of compar-
ison, we report in Fig. 4b the vibrational spectra of other Pt-based systems saturated with CO (with
less than 10 L), i.e. Pt-skin-terminated Pt3Ni(111) and Pt(111), for which we instead observe the
saturation of on-top and three-fold hollow sites with CO (C-O stretching features at 257 and 230
meV, respectively) and the CO-substrate stretching at 56 meV, similarly to previous reports on the

same systems [66].
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Figure 4. (a) HREELS spectra for pristine PtSn, and the same surface modified by the exposure to
different amounts (1-1000 L) of CO and to 20 L of O, at room temperature. (b) HREELS spectra for
the CO-saturated Pt(111) and Pt3Ni(111) surfaces, achieved for less than 10 L in both cases. Both
measurements and exposures have been carried out at 300 K. All spectra were normalized to the
intensity of the elastic peak. Spectra have been recorded in specular geometry (incidence angle 55°
with respect to the sample normal) and with a primary electron beam energy of 4 eV.

The eventual effects of chemisorption and oxidation on electronic properties were assessed by
measuring the valence band (Fig. 5), finding that surface treatments and air exposure only produced

minimal effects. Being topological properties connected to Dirac node arcs located in the nearness
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of the Fermi level [30], it is evident that this finding implies the robustness of the topological states
of the bulk crystal of PtSn,, which are not modified by the presence of the tin-oxide skin. However,
Dirac node arcs are expected to be quenched, since they arise from dangling bonds in the surface

layer, which are not present in the tin-oxide skin.
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Figure 5. Valence-band spectra normalized to the Fermi edge for as-cleaved, CO-dosed, H,O-
dosed, O,-dosed and air-exposed PtSn,. The photon energy is 800 eV.

The analysis of surface chemical reactivity in Figs. 2-5 has been complemented by a joint theoreti-

cal and experimental assessment of the catalytic activity toward HER and OER.

In our model, we checked the standard pathway of HER, i.e. (i) Volmer (H* + & — Hags) and, suc-
cessively, (ii) Heyrovsky (Hags + H + e — Hy) reactions. In Fig. 6, the atomic structures used for
theoretical modelling are visualized. In particular, we also considered a possible Pt termination,
with the aim to assess eventual capabilities enabled by different synthesis methods (e.g., epitaxial

growth).
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Figure 6. Optimized atomic structure of (a) the physisorption of CO molecules on Pt-terminated
surface at saturation coverage and (b) decomposition of water molecule on 1Sn-terminated surface
with one Sn vacancy and (c) four hydrogen atoms adsorbed on oxidized 1Sn-terminated surface
(Volmer step of HER).

Calculations demonstrate favorability of hydrogenation of PtSn, surface for all types of considered
termination. This makes the second step of HER (Heyrovsky reaction) rather energetically unfavor-
able (Fig. 7a), in contrast with experimental results. Therefore, we considered another opportunity:
combination of (i) Volmer and (ii) Tafel steps. In the case of oxidized 1Sn-surface, hydrogen atoms
bind to oxygen atoms with the formation of hydroxyl groups (Fig. 6¢). In this case, Tafel step does
not represent the migration of the adatom on the surface but instead the migration of hydrogen from
one oxygen atom to another. As the distance between oxygen atoms in oxidized 1Sn-surface is
about 0.2 nm (less than the distance between surface atoms in any metal) and considering doping
from Pt-sublayer, the energy cost of hydrogen migration results to be only 0.2 eV, i.e. comparable

with the energy cost of Heyrovsky reaction for Pt(111).

We have also modelled OER for unoxidized surfaces of PtSn,. Similarly to Pt(111) and other metal-
lic catalysts, the rate of this reaction determined by the energy cost of the third step (formation of
-OOH groups on substrate). In the case of Pt-terminated surface, the energy cost of this step is
smaller than for pure Pt (~1.0 eV vs ~1.3 eV, respectively), whereas for 1Sn-surface it is slightly
higher (~1.5 eV). Considering that (i) the energetics of OER over 1Sn-surface is comparable with

platinum and (ii) this surface displays tolerance toward CO poisoning, we can propose further ex-
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perimental evaluation of PtSn, as catalyst for OER and oxygen reduction reaction (ORR).

(?) H+ HER Ho

-1 —_—

*H
Pt(111) = Pt-side —
18n-side’ — Pt-O-side —

OER| -OOH+H*

Free Energy (eV/H")

02+H+

*OH+H* *-O+H*
Reaction Steps

Figure 7. Free energy diagrams for hydrogen (a) and oxygen (b) evolution reactions on various
surfaces of PtSn,. The data for Pt(111) are adopted from the Ref.[12] Results for whole hydrogen
coverage of Pt-terminated surface are marked by a prime symbol ().

Notably, experimentally the similarity in HER performance with the case of Pt only appears when-
ever the PtSn, surface is exposed to potential higher than 1.035 V vs RHE. To elucidate this unex-
pected behaviour, we reported (Fig. 8a) the current density of the backwards scan (from 0.05 to -
0.05 V vs RHE) of the stable cycle as a function of the upper inversion potential value. The lower
inversion potential remained the same for all these measurements (-0.1 V vs RHE). Thus, a strong
dependence of HER activity with the upper inversion potential is manifest. By increasing the upper
inversion potential (Fig. 8b), the absolute value of the current density at -50 mV vs RHE increases.
Likewise, the current density during the forwards scan, related to the hydrogen oxidation reaction

(HOR), measured at -20 mV, exhibits the same trend.
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Figure 8. (a) Current density during the backwards scan (at 50 mV s™) as a function of the upper
inversion potential limit. (b) Current density of the backwards scan at -50 mV (grey bars) and cur-
rent density of the forwards scan at -20 mV (white bars). The derivative of the current density of the
backwards scan at -50 mV is reported as white circles.

By inspecting the behaviour of the derivative of the current density at -50 mV as a function of the
upper potential, it is evident that PtSn, behaves similarly to the Pt foil from 1.035 V as upper inver-
sion potential. Increasing the upper potential limit, the current density still grows but with a lower
slope. This suggests the key role of surface phenomena in HER promotion, starting around 1.0-
1.1V vs RHE, involving surface tin-oxide phases, whose presence on the substrate is evident by
XPS and HREELS spectra in Figs. 2-4. To verify this phenomenon, we measured the Tafel slope
for pristine sample and after a treatment at 1.035 V. As reported in Fig. 9, the slopes resulted to be
442 and 86 mV dec?, respectively, thus confirming the improvement of HER kinetics after oxida-

tion, in good agreement with theoretical findings.

However, we observed that performances of HER activity strikingly depend on surface preparation
and treatments, thus clarifying that surface science can give a valuable contribution to PtSny-based

catalysis.
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Figure 9. Tafel plot of pristine PtSn, and after the treatment at 1.035 V vs RHE, registered at 1 mV
s, For the sake of comparison, data for Pt foil are reported.

Finally, we have also certified the durability of PtSns-based electrodes by performing a
chronomaperometric experiment at -44 mV vs RHE for 12 hours in 0.05 M H,SO4 (Fig. 10). The

observed durability is evidently due to the passivation of the surface with tin-oxide phases.
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Figure 10. Chronomaperometric experiment at -44 mV vs RHE for 12 hours in 0.05 M H,SO,. Data
for PtSn, and Pt are represented by black and red curves, respectively.
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Conclusions

We have found that PtSn, is terminated with an atomic layer of Sn, which makes the surface fully
tolerant to CO molecules. Oxidation of PtSn, surface occurs via the formation of a tin-oxide skin,
whose thickness is limited to a few nanometers even after one year in air. However, surface oxida-
tion is unexpectedly beneficial for catalysis.

Furthermore, the valence band does not show remarkable changes upon surface treatments and even
after air exposure. Thus, we can assume that topological states of the bulk are robust against surface
oxidation and this enables further applications of PtSn, in photonics and optoelectronics, to date
completely unexplored.

Finally, we show that in the oxidized PtSn, surface the energy barrier of the Tafel step of HER de-
creases near to the value of the theoretical expectations for Heyrovsky step of HER on the Pt(111)
surface. Moreover, with appropriate surface treatments is evident that is possible to optimize the

catalytic activity of oxidized PtSn,.

Besides, the interesting capability of a possibly achieved Pt-terminated surface by alternative meth-
ods (e.g. epitaxial growth) and the exclusive combination of the positions and distances of Pt cen-

ters should increase the selectivity of reactions, which is particularly relevant in organic chemistry.
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