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Abstract

By means of surface-science experiments, electrochemical tests and density functional theory, we
unveil the mechanisms ruling the catalytic activity of PtSna. Specifically, through an investigation of
the surface chemical reactivity toward CO, H>O, O molecules at room temperature and, moreover,
of surface stability in air, we show that the catalytic activity of PtSns is determined by the atomic tin
layer constituting its surface termination. The PtSng4 surface is not affected by CO poisoning, although
it evolves into a tin-oxide skin in ambient atmosphere. We demonstrate that hydrogen evolution re-
action for PtSns can be modelled by the combination of two steps, i.e. Volmer and Tafel reactions.
Surprisingly, surface oxidation induces a reduction of the energy barrier for the Tafel reaction, so that
oxidized PtSns behaves similarly to Pt(111), in spite of the reduced amount of Pt in the alloy and
without available over-surface Pt sites. Correspondingly, we observe in electrochemical experiments
a Tafel slope of 86 mV dec™ and an onset potential similar to pure Pt. Our results indicate PtSns as a
promising novel material for electrocatalytic reactions, whose performance could be further tuned by
surface treatments.
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1 Introduction

Despite the excellent performances of platinum (Pt) in many catalytic reactions 13, the high cost (>30
US $/g) # and the restricted obtainability ® of Pt make unavoidable the quest of economic and Earth-
abundant potential alternatives ®1°. One possible solution is to reduce Pt content by using Pt-based
alloys 202 which also enable the exploitation of strain and ligand effects to enhance their chemical
reactivity 3. In particular, Pt-Sn alloys enable alkanes-alkenes conversion 31, although Pt-Sn alloys
are mainly used for soldiery 2, electronic interconnections 3, jewelry **, and dentistry **. Among Pt-
Sn binary alloys, five stoichiometric compounds PtsSn, PtSn, Pt,Sns, PtSn,, and PtSns exist %, Re-
cently, PtSns single crystals have attracted particular attention for the presence of Dirac node arcs,
i.e. closed loops formed by Dirac nodes in the momentum domain *°. From the analysis of transport
experiments in Ref. 37 one can estimate an electrical conductivity at room temperature of 2.5-10° S/m,
which is increased by a 103 factor at T=2 K. Therefore, PtSns can be suitably used as electrode in
electrochemistry, also in consideration of the carrier density n ~ 2.6x10%® m™3 (comparable with its
value in copper =~ 8.9x10% m™ %), Very recently, the suitability of PtSns for hydrogen evolution
reaction (HER) has been evidenced %, although the mechanism ruling HER activity remains largely
unclear.

While the preparation of PtSns nanoparticles is challenging, due to the formation of Pt-Sn binary
phase %°, large-size PtSna4 single crystals can be efficiently grown by flux method *, enabling the
potential industrial scale-up of PtSns-based applications. However, the use of PtSns in electrocatalysis
and nanoelectronics requires control on surface properties, including chemical activity, surface ter-
mination, surface reconstruction etc. It should be noted that also the emergence itself of Dirac node
arcs is associated to the surface states ¢ and, accordingly, it is strictly connected to the composition
of surface termination, to date not determined for PtSns. Unfortunately, surface-science investigations
on PtSns are missing yet. The lack of information about surface properties represents a severe hurdle

to understand and tailor surface catalysis based on PtSna.



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 PtSns sur-
faces toward ambient gases. Specifically, we discover that the termination of the as-cleaved surface
is an atomic layer of Sn exhibiting a high CO tolerance. However, the surface is unstable in oxygen
environment and in air, with the emergence of a tin-oxide skin, which plays a surprisingly crucial role
in the reduction of the energy barrier of the Tafel step of HER to values near to the case of pure Pt,

thus opening novel scenarios for catalysis in oxidative environments.

2 Results and Discussion

Single crystals of PtSns have been grown according to experimental procedures reported in the
Methods section (see also Supporting Information, SI, Fig. S1, for X-ray diffraction experiments).
The determination of the surface termination is crucial to achieve control over surface phenomena,
since the outermost layer of the crystal mostly determines surface chemical reactivity 4% 42, Specifi-
cally, three possible surface terminations can be realized for the natural cleavage plane, i.e. the
(010) surface. The first possibility is to have a Sn-terminated surface, in which the Pt subsurface
layer is located between two Sn layers (2Sn-termination), as in the bulk crystal of PtSna, whereas
the second scenario is a Pt-terminated surface with nearest Pt atoms distant 0.45 nm, as sketched in
Fig. 1a. A third possibility is a 1Sn-termination, with a single Sn atomic surface layer on top of an
underlying layer of Pt atoms (Fig. 1b). Note that two Sn-terminated surfaces in Fig.1a-b have identi-
cal crystal structure of the top layer (with nearest Sn atoms distant 0.34 nm), although the presence
of the Pt-sublayer should be accounted in the assessment of the catalytic properties of Sn-terminated
surfaces.

Calculations of the total energies of both slabs displayed on Figs. 1a,b indicate that the formation of

1Sn-terminated surface is more energetically favorable by about 0.155 eV per single Sn-atom on the

4



surface (1.5-10'® kJ/cm?) than the formation of (010)-oriented Pt termination and 2Sn-terminated (0-

10) sides.

Pt-terminated

2Sn-terminated

1Sn-terminated

1Sn-terminated

Figure 1. Side view of the different possible surface terminations of PtSn4(010): (a) with an outermost
platinum atomic layer (Pt-terminated) and with bilayer Sn (2Sn-terminated) ; (b) with an outermost
single atomic layer of tin (1Sn-terminated). Panels (c) and (d) illustrate the top view of the Pt-termi-

nated surface and the top layer of both types (1Sn and 2Sn) of tin-terminated surfaces, respectively.

Figure 2a displays the low-energy electron diffraction (LEED) pattern of as-cleaved PtSns. The
atomic resolution image obtained by scanning tunneling microscopy (STM, Fig. 2b) and its corre-
sponding fast-Fourier transform (FFT, Fig. 2c) are consistent with the square lattice identified by
LEED. According to both STM and quantitative LEED analyses, the surface unit cell is 0.33 x 0.33

nm, in agreement with the lateral dimension of a Sn-terminated surface.



Figure 2. (a) LEED pattern of PtSn4(010), acquired with an impinging energy of 44 eV. (b) Con-
stant current STM image. (V= +620 mV, 1=0.7 nA) (c) 2D FFT of the STM image. The yellow ar-
rows denote the unit vectors.

The compositional depth profile of the PtSns surface probed by energy-dependent and angle-depend-
ent X-ray photoelectron spectroscopy (XPS, see Sl, Section S3) indicates the occurrence of 1Sn-

terminated surface.

For the sake of completeness, it is worth mentioning that the authors of Ref. *° assume that the PtSn,
surface has a Pt termination due to the similar HER activity with respect to pure Pt, in contrast with
the conclusions of our detailed surface-science investigation concerning surface termination, with

subsequent differences also for the catalytic mechanisms.

The analysis of core-level spectra measured with XPS is crucial in order to assess surface chemical
reactivity of PtSns. Pt-4f and Sn-3d core levels measured for the as-cleaved surface and after expo-
sure to 45 kL (1 L=10"° Torr-s) of CO, H20 and O are shown in Figs. 3a-b, respectively. The val-
ues of the binding energies (BE) of Pt-4f core levels of the as-cleaved PtSns(010) surface (~75.3 for
4fs2 and ~72.0 eV for 4f7p) are shifted by +1.0 eV compared to Pt(111) ** and +0.5 eV compared to
Pt-skin-terminated PtsNi(111) #4. The blue-shift of the Pt-4f components to higher BEs with respect
to pure Pt surfaces can be ascribed to the presence of Pt-Sn bonds, as previously observed on other
Pt-based alloys “°. Concerning Sn-3d, the as-cleaved sample has a doublet with BEs centered at

485.2 eV (3dsp2) and 493.7eV (3dsr2), which can be associated to Sn atoms in the bulk “% 47 (Fig. 3b).



XPS experiments on CO-dosed PtSns clearly show that, in spite of the presence of Pt atoms in the
crystal structure, the surface is fully tolerant toward CO adsorption. As a matter of fact, no changes
in the line-shape of Pt-4f core levels was detected, proving no trace of CO adsorption on Pt sites. A
careful inspection of Sn-3d core levels reveals a small contribution (8% of the total spectral area) at
~486.2 eV for Sn-3ds/2, which can be assigned to SnO species resulting from the early stage of tin-
oxide formation (SnO/SnOags), arising from the decomposition of CO molecules at Sn sites in the
nearness of edges 4’ . Correspondingly, the O-1s core level (S, Fig. S3) shows SnO contribution at
~530.3 eV#'. To provide further evidence of CO tolerance of PtSns, we carried out a vibrational in-
vestigation by high-resolution electron energy loss spectroscopy (HREELS). Vibrational experi-
ments (SI, Fig. S4) confirm (i) the occurrence of dissociative CO adsorption at defect sites with
SnO formation and (ii) the absence of molecular adsorption of CO. These findings prove that PtSna
could represent a perfectly CO tolerant electrode, contrary to other Pt-based alloys (see the compar-

ison with the case of PtsNi in Sl, Section S7).
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Figure 3. Core-level spectra for (a, ¢) Pt-4f and (b, d) Sn-3d for (a, b) as-cleaved, CO-dosed, H2O-
dosed, and O,-dosed PtSns and (c, d) PtSns 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.

When PtSny is exposed to H>O and O, both oxidation and water or O-fragments adsorption selec-

tively involve only Sn atoms. Specifically, no additional features in Pt-4f core levels are present,

except a negligible contribution from Pt-Oags (4 %) in the O,-dosed sample 8 (Fig. 3a). Sn-3d core-

level spectra (Fig. 3b) show the presence of a component ascribable to SnO/Sn-OH species (BE of



~486.2 eV) in the H2O-dosed surface*’ , while a further component due to SnO, (BE of ~487.2 eV)
4" is observed in the O2-dosed sample. In the H,O-dosed sample, oxide and hydroxide components
(SnO/Sn-OH) are ~25% of Sn-3d total area. In the case of O2-dosed PtSns, the oxidation is domi-

nated by both SnO (35%) and SnO> (6%) components. The analysis of O-1s core level is fully con-

sistent with the picture emerging from Pt-4f and Sn-3d data (See SI, Fig. S3).

By means of a quantitative XPS analysis*®, the thickness of the tin-oxide layer in H-O-dosed and
O2-exposed samples is estimated to be 6.6+0.9 and 7.2+1.0 A, respectively. Therefore, we can infer
that a sub-nanometric tin-oxide skin protects the underlying PtSns4 bulk crystal from the interaction

with the environment, with only negligible effects on the first atomic layer of Pt.

With the aim to assess aging phenomena, we have monitored the evolution of core levels as a function
of the time of the exposure at ambient atmosphere (Figs. 3c-d). We observe that, in a timescale ex-
tended up to one year in air, the SnO2 component (Fig. 3d) gradually increases from 5% (after 30 min
in air) to 13% (after 24 h in air) and finally to 65% (after 1 year in air) with the corresponding disap-
pearance of Sn(0) species. The thickness of the tin-oxide layer (SnO+Sn0Oz) formed on the sample
stored in ambient atmosphere has the following temporal evolution: 9+1 A (30 min in air), 14+2 A
(24 hin air), and 365 A (1 year in air). Consistently, the component associated to Pt(OH). after one
year reaches up to the 35 % of the area of the Pt-4f core level (Fig. 3c) and, moreover, a small con-
tribution of Pt(0) appears at 71.2 eV (Fig. 3c). The presence of this component can be explained by
considering  that  thereaction  PtSns + 402 — Pt + 4Sn0O: is energetically favorable, as indi-
cated by the values of the differential enthalpy AH, which are -4.78 and -3.41 eV for Pt-rich and Sn-

rich surfaces, respectively.

The eventual effects of chemisorption and oxidation on electronic properties were assessed by
measuring the valence band (SI, Fig. S5), finding that surface treatments and air exposure only pro-

duced minimal effects.



Experimental results were validated by a theoretical model of surface chemical reactivity. We con-
sidered the energetics of physical adsorption and further decomposition of all the gases (CO, Oz and
H>0) on Pt-, 1Sn- and 2Sn-terminated surfaces. For the most energetically favorable 1S-terminated
surface, we also check the influence of Sn-vacancy sites in surface layer (SI, Fig. S7b) and of Pt
vacancies in the subsurface layer. Calculations (see Tab. I) indicate a negative value of the differential
free energy of physisorption of CO only for the Pt-terminated surface. The absence of any traces of
CO in experimental spectra (XPS in Fig. 3aand HREELS in Fig. S4 of the SI) suggests the occurrence
of a Sn-terminated surface. Physical adsorption with further decomposition of molecular oxygen is
favorable for each possible termination. In the case of Sn-terminated surface, the magnitude of dif-
ferential free energy of physical adsorption of O is rather small (-2.5 and -0.5 kJ/mol for 1Sn- and
2Sn-terminated surfaces, respectively), which corresponds to metastable adsorption. The presence of
defects (especially, Sn vacancies in surface layer) provides stabilization of molecular oxygen on the
surface. Decomposition of water is unstable on all types of surfaces. Therefore, water environment is

safe for PtSna.

As the energy cost of the physical adsorption of chemical species on the 1Sn-terminated PtSns sur-
face is rather low, we assess its suitability for electrochemical reactions by a model, which also con-
siders the effects of the hydrogen coverage. Firstly, we study the combination of Volmer (H" + e* —
Hads) and further Heyrovsky (Hags + H + e — Hp) reactions. Calculations (SI, Fig. S8a) evidence
that the second step is energetically costly (more than 0.5 eV) and neither oxidation nor hydrogena-
tion of the surface significantly influence the energetics of HER. Therefore, we also consider an al-
ternative pathway of HER, involving the combination of the Volmer step with the Tafel reaction
(2Hags — H>) between two adsorbed hydrogen atoms. In the case of unoxidized 1Sn-terminated sur-
face, the energy barrier for the Tafel reaction is 0.25 and 0.60 eV for a pair of hydrogen atoms and
for the totally hydrogenated surface, respectively. In the case of the oxidized surface, adsorption of
hydrogen atoms is possible on both Sn- and O-sites (see Sl, Fig. S7c for a visualization). The en-

ergy barriers for two, four, six and eight hydrogen atoms per supercell is 0.98, 0.12, 0.25 and 0.18
10



eV, respectively. Notably, the energy barrier assumes values closer to the case of Pt(111) (about 0.1
eV), although defects increase the energy cost of Heyrovsky reaction 8 with subsequent reduction

of the overall efficiency on realistic surfaces.

Table 1. Calculated differential enthalpy and Gibbs free energies (in kJ/mol) for physical adsorption
and decomposition of the molecules of CO, O2 and H2O on Pt- and Sn-terminated surfaces of PtSna.

Surface termi- Adsorbant Physical adsorption Decomposition
nation
AH [kJ/mol] AG [kJ/mol] AH [kJ/mol]

1Sn CO +6.6 +26.0 —
02 -13.8 -2.5 -155.5
H20 +6.4 +36.7 +44.4

1Sn with one CO -12.2 +7.2 —
Sn vacancy 0, 956 143 2972
H,0 -10.7 +19.6 +74.9

1Sn with one CO -0.2 +19.2 —
Ptvacancy o) 148 35 1482
H20 +5.9 +37.2 +37.8
CO -134.5 -115.1 +482.1
Pt 02 -79.4 -68.1 -228.7
H.0 -58.5 -27.2 +85.3

CO -5.3 +14.0 —
2Sn (07) -11.8 -0.5 -27.47
H20 +6.5 +36.8 +124.2

On the other hand, oxygen evolution reaction (OER) on both Pt- and 1Sn-terminated surfaces has an
energy profile similar to pure Pt (Fig. S8b). Upon oxidation of the 1Sn-terminated surface, no avail-
able site is available for further adsorption of hydroxyl groups, thus making oxidized PtSns unsuita-

ble for OER.

To validate PtSn4 as a candidate for HER and OER, we performed electrochemical tests (see Meth-

ods). Cyclic voltammetries (CVs) show performances resembling more to the Pt rather than to the
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Sn polycrystalline foil (Fig. 4a). Notably, PtSns exhibits values of onset potentials for HER and

OER very close to Pt values, with also similar shape of the cycles.

(a) (b) (c)
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Figure 4. (a) CV of PtSn4 (red curve), Pt foil (black curve) and Sn foil (green curve). The scan
speed is 50 mV s1. The upper potential of Sn foil is limited by tin dissolution, in agreement with the
Pourbaix diagram °L. (b) Linear sweep voltammetry on PtSny (red curve) and Pt (black curve) sam-
ples between 1.3 and 1.9 V vs RHE (reversible hydrogen electrode) at 20 mV s™. (c) Tafel plot of

PtSn4 (red line) and Pt (black line), acquired at 1 mV s,

Interestingly, such a similarity in HER only appears whenever the PtSna surface is exposed to a po-
tential higher than 1.035 V vs RHE (SI, Section S10). We measured the Tafel slope for pristine
sample and after a treatment at 1.035 V. As reported in Fig. S5, the slopes are 442 and 86 mV dec™,
respectively, thus confirming the improvement of HER kinetics after surface oxidation, consistently
with our theoretical model. Indeed, its value for the pristine surface (after polishing treatment) is in
good agreement with a Sn-terminted surface due by the high energy barrier (0.6 eV). After the oxi-
dizing electrochemical treatment, during cycling voltammetry, the Tafel slope decreased to

86 mV dec! probably due to the oxidized tin species on the surface, as predicted by the computa-
tional model. However, the oxidation process may introduce defects on the surface that could in-
crease the energy barrier for the Heyrovsky reaction. It results in a higher Tafel slope compared to

theoretical Pt value.
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To test the long-term stability of the electrode towards HER, we performed a chronoamperometric
experiment at -44 mV vs RHE (S|, Fig. S11). The absolute value of the current density decreased
from ~1 to 0.14 mA cm in a few minutes. Successively, the performance slightly decreased until

to reach ca. -0.08 mA cm2 and remained stable.

Concerning the OER behavior, the linear sweep voltammetry showed that PtSn4 has a similar onset
potential than Pt, between 1.6 and 1.7 V, although with lower current density (Fig. 4b). The weak
current peak around 1.5 V for PtSn4 should be associated to the formation surface tin-oxide phases.
Remarkably, Tafel slopes (Fig. 4c) of both Pt and PtSn4 electrodes are very similar (200 and 232
mV-dec, respectively). The long-term stability test towards OER was tested with a chronoam-
perometric experiment at 1.8 V vs RHE (SI, S20). The current quickly decreased in a few minutes
(from 1.9 to 0.9 mA cm). Successively, the performance slightly grown up to reach a value ap-

prox. 1.8 mA cm and after ca. 6-7 hours remained stable.
3 Conclusions

We have found that PtSns is terminated with an atomic layer of Sn, which makes the sur-
face fully tolerant to CO molecules. Oxidation of PtSns 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, sur-
face oxidation is unexpectedly beneficial for catalysis. As a matter of fact, it decreases the energy
barrier of the Tafel step of HER to values near to theoretical expectations for Heyrovsky step of
HER on the Pt(111) surface. Therefore, PtSns exhibits performances in HER and OER in acidic en-
vironment similar to pure Pt, in spite of a reduced content of the precious Pt element and without

over-surface Pt sites.

Novel concepts related to the enhancement of catalytic activity via surface oxidation are expected to
open new avenues for catalysis in oxidative environments, also considering that they can be applied
to other materials with similar physicochemical and structural properties. Moreover, it is evident that
the catalytic activity of oxidized PtSns could be easily optimized by appropriate surface treatments,

13



although achieved performances in HER are already competitive with state-of-the-art materials (pure

PY).

Methods

Single-crystal growth and cleavage

Single crystals of PtSns were synthesized by the self-flux method. 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 with a
flat bottom. The mixed elements were heated to 600 °C for 6 hours, dwelled for 10 hours, quickly
cooled to 350 °C in 5 hours, and then slowly cooled at a rate of 1°C/h to 250 °C. Subsequently, the
excess Sn flux was removed by centrifugation and then etched in concentrated hydrochloric acid.
The PtSny crystals were cleaved in ultra-high vacuum (UHV) by post-method with natural cleavage
plane coinciding with the (010) orientation. Surface cleanliness was checked by XPS (SI, Fig. S2)

and vibrational spectroscopy, while surface crystalline order was checked by LEED and STM.

XPS

XPS experiments were performed at the APE-HE beamline of the Elettra Synchrotron, Trieste, It-
aly. XPS spectra were acquired with an Omicron EA125 hemispherical electron energy analyzer,
with the sample at room temperature 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 sur-
face. 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, corresponding to 45 kL (1 L=1-10°
Torr-s). Fit procedures of XPS spectra were carried out following procedures described in S, Sec-
tion S11.

ST™M

STM analysis was conducted using a home-built UHV STM apparatus connected to the APE beam-
line with UHV transfer system. The STM topography image was taken with constant current mode.
The bias voltage was applied on the sample.

14



DFT calculations

The atomic structure and energetics of various configurations was studied by DFT using the QUAN-
TUM-ESPRESSO code °? and GGA-PBE %3, taking into account van der Waals forces correction®.
For all calculations, we used ultrasoft pseudopotentials *°. The values of energy cutoffs of 25 and 400
Ry for the plane-wave expansion of the wave functions and the charge density, respectively. Total
energies of gases were calculated for the single molecule in an empty box. The total energy of Pt for
Pt-rich conditions is defined by the formula: E(Pt) = 4E(Sn) — E(PtSns), where E(Sn) is the total
energy of bulk metallic tin. For computing the total energy of Sn, a similar procedure was used. The
differential enthalpy of reaction is defined as difference in calculated total energies of products and
reactant. Thus, negative differential enthalpy corresponds with exothermic reactions.

Physisorption enthalpies were calculated by the standard formula:
AHphys = [Enost+mol = (Ehost + Emot) ],
where Enost IS the total energy of pristine surface, and Emol is the energy of the single molecules of
selected species in an 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 = AHvaporisation/T,
where AHvaporization 1S the measured enthalpy of vaporization.

Electrochemical tests

Electrochemical experiments were conducted in a common three electrodes glass cell equipped with

15



Pt wire as counter electrode and Ag/AgCI/KCls 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 measure-
ments were normalized to the geometric surface area of each electrode. CVs experiments were con-
ducted at 50 mV s, otherwise stated. Slow linear sweep experiments to obtain the Tafel slope were
conducted at 1 mV s,
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