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Abstract

Topological materials, which exhibit protected topological surface states (T'SS) near
the Fermi level, have been proposed to be good catalysts. Topological catalysis may be
more prevalent than we suspect, and not limited to exotic new materials. Here we study
a known dehydrogenation catalyst, Pt;Sn alloy, which happens to be a topological
semimetal, and probe the participation of T'SSs in catalytic dehydrogenation of methane
catalyzed by this material. Through first principle modeling and detailed analysis of
the electronic structure for topological and non-topological surfaces of Pt;Sn, we find

that TSS get significantly altered by the binding of reaction intermediates, particularly
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H. However, this effect of T'SS on the binding of the reagents is merely perturbative,
as the majority of the adsorbate binding is achieved by not-surface-focused electronic
states, located much deeper below the Fermi level. Therefore, the reaction energetics
and selectivity are predominantly determined by electronic states other than TSS.
The fact that TSS are available for the reagent binding does not alone guarantee
that the catalysis is strongly driven by T'SS. However, TSS are not to be ignored, as
small changes in the energetics along the reaction profile can translate into substantial
differences in the reaction rate. Hence, in our view, Pt;Sn - a topological material
- is first and foremost a standard catalyst, with added topological features, and not
purely a topological catalyst. Our results point at the need to carefully consider all

the bonding effects at the topological material interface.

Introduction

Rarely in the field of catalysis do we have a bulk descriptor of a surface property. However,
the presence of topological bulk bands in certain materials serves as an indicator of localized
surface states, which have been reported to influence catalytic activity [1, 2, 3, 4]. These
TSSs are characterized by their persistence against perturbations and high carrier mobility
at the surface [5, 6, 7, 8|, ideal attributes of a catalytic material. Despite their potential
applications, our understanding of TSS’s imprint on the surface properties remains limited,
particularly concerning their interactions with adsorbates. This uncertainty leads to multiple
questions, for instance: If TSS are robust and unperturbed by the chemistry at the interface,
then how can they participate in reagent binding? Or, if they do participate in the reagent
binding, do they remain TSS? How TSSs affect electronic structure and how they might
tune catalytic performance are not fully understood. The interplay between the topological
properties of a material and the behavior of surface states under different reaction conditions

presents an area for further research. Unraveling these mechanisms could lead to significant

Page 2 of 28

advancements in the design of more efficient catalysts and a deeper understanding of fundamental
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catalytic processes.

A well-known catalytic material, Pt;Sn, has been reported to host topologically protected
bulk bands [9, 10]. This provides us an opportunity to investigate a material that is an
industrially ubiquitous dehydrogenation catalyst with many decades of research behind it
[11]. Understanding the topological properties of Pt;Sn can provide valuable insights into
how TSSs influence its catalytic performance. The Pt;Sn(111) surface has been investigated
for its catalytic properties in hydrogen evolution and the selective dehydrogenation of alkanes
[12, 13, 14, 15]. Alloying Pt with Sn improves the selectivity toward the production of alkenes
and reduces coke formation. This enhancement is attributed to the weakening of propene
adsorption on Pt4Sn compared to pure Pt [12]. Additionally, it is believed that the d-band
center of Pt;Sn is closer to the Fermi level than most other Pt—Sn alloy surfaces, improving
its catalytic performance [16].

Concomitantly, the Pt;Sn(111) surface hosts unique topological features. The bulk
topology of Pt;Sn is preserved by degeneracies enforced by time-reversal, inversion, and

(3, point group symmetry [9]. Consequently, surface cuts that do not preserve any of the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

symmetries that enforce band degeneracies will not retain T'SSs, but if a subset of symmetries
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remain, then it is possible to observe TSSs [10, 17]. While we expect some differences in

reactivity to come from the different surface structures and surface energies, in this study

(cc)

we aim to detect the role of the TSSs in catalysis, if any.

Our results are important for the search for new catalysts, with the topology of a surface
facet in mind, i.e. aiming at promoting the formation of the desired surfaces if T'SSs enhance
the catalysis. As will be shown, topological surface cuts also need a specific computational
treatment, different from the common practice, calling for the awareness of emergent surface

states due to topology - a consideration that has not yet fully entered the catalysis research.
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Methods

All mean-field calculations were performed using VASP 5.4 with the Perdew-Burke-Ernzerhof
(PBE) functional and a density-dependent dispersion correction (dDsC) [18, 19, 20]. A plane-
wave energy cutoff of 500 eV was used, along with an interatomic force convergence criterion
of 0.01 eV/A and a self-consistent field (SCF) energy convergence threshold of 1 x 10~°
eV. The PAW pseudopotentials used were from the VASP recommended PBE POTCAR
set. Both bulk and slab models were converged using a uniform k-point mesh, which was
optimized to ensure energy convergence with respect to k-point density. The optimized
lattice parameter of the bulk was found to be 4.0113A , exhibiting a minimal deviation of
0.28% from the experimentally derived value [21].

Slab models were prepared using the publicly available python packages surfaxe [22] and
pymatgen [23]. All slab models included a vacuum region of least 15 A

Electronic band structure calculations were performed using (1x1) surface supercells with
9 atomic layers, whereas adsorption energy calculations employed (2x2) supercells with 6
atomic layers. The (2x2) expansion corresponds to a 0.25 monolayer coverage of adsorbates.

Adsorption energies were calculated using the following formula

Ebind - Etotal - (Esurface + Eadsorbate + A,uadsorban:e)

where FEi.a is the total energy of the surface with the adsorbate, Fguface i the energy
of the clean surface, F,gqsorbate 1 the energy of the isolated adsorbate, and Afiagsorbate 1S the
correction term accounting for the change of entropy upon adsorption.

The description of individual electronic states has been based on the stochastic GW
implementation using the StochasticGW code [24, 25, 26] combined with an efficient random
sampling of single-particle states to generate Dyson orbitals [27] representing the electronic
states observable e.g., via angle-resolve photoemission spectroscopy. The real-time stochastic

many-body calculations employed a regular real-space grid with 128x128x64 points and
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the spacing of 0.41x0.29x0.34 Bohr. The electron/hole propagators were sampled by 512
random realizations of the time-dependent trajectories, and the renormalized Coulomb interactions
were sampled by 10 vectors representing the density fluctuations induced by the injection of
the quasiparticle, following the approaches described in [28, 24, 25, 26].

The states within interested energy window near the Fermi level are separated as a
subspace [27]. The quasiparticle Hamiltonians are diagonalized in the subspace with the

Dyson orbitals constructed as the linear combination of DFT orbitals.

Results and Discussion

Pt;Sn is a non-magnetic intermetallic compound that crystallizes in a face-centered cubic
structure within the Pm3m space group. The unit cell contains 4 atoms, with Sn occupying
the 1la = (0,0,0) maximal Wyckoff position and Pt occupying all 3a = {%, %,O} maximal
Wyckoff positions. The predominant bonding interactions are of metallic nature while there

is some covalency between the Pt and Sn atoms, leading to admixed valence and conductance

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

bands with both d-type and p-type orbital character.

Pt;Sn is a known topological semimetal, exhibiting various topological features in its

Open Access Article. Published on 25 2025. Downloaded on 30.06.2025 00:33:36.

electronic structure. Band inversions in bulk Pt;Sn can occur when crystalline symmetries

(cc)

are broken, a hallmark of higher order topological materials. Due to the orthogonality
condition of real space and reciprocal space, the breaking of real-space crystalline point
group symmetries reduces the symmetry of special k-points in reciprocal space. For instance,
breaking either Cj3, or Cy, crystalline point group symmetry lifts symmetry imposed band
degeneracies, Dirac points, along high-symmetry lines in reciprocal space, A(I' <+ R) and
A(T +» X), respectively (see Figures 1 and 2).

Pt,Sn is unusual in that it contains Dirac points that are sensitive to the breaking of
time-reversal symmetry as well as crystalline symmetries, imbuing the material with a weak

topologically insulating (WTI) phase as well as topological semimetallic behavior [9]. As can
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(001)

Figure 1: a) A Pt;Sn supercell with the (001), (111), and (110) surfaces highlighted. Sn
atoms are depicted as dark blue spheres and Pt atoms are silver-grey spheres b) Depiction of
the cubic reciprocal space lattice with corresponding surface projected high symmetry points.
Symbols Ap, Ap, and T denote the location of the Dirac points on the high symmetry lines
A, A, and T, respectively.
be seen in Figure 2, several essential degeneracies are broken due to the inclusion of spin-
orbit coupling. For example, the conductance and valence bands meet at an intersection at
I and R in the spinless case, which are given the irreducible representations I'j and Rj.
When spin-orbit is included, the k-point at I splits into a lower 'y and a higher I'y, state.
A consequence of these splittings are T'SSs - electronic states that exist on the surface

of a material due to the inversion of nontrivial topological bulk bands caused by symmetry

breaking. To investigate the emergence of T'SSs in Pt,5n, we construct several slab models to

observe their electronic structure. We will investigate the (111), (110), and (001) terminations.

Two of which, the (111) and (001), have been shown to host T'SSs [9, 17].

Catalysts are typically used in a form of larger (supported) nanoparticles. As such,
they are modeled via slab models, one facet at a time, and the most stable facet is most
often used for modeling. We first determine if the of Pt;Sn surfaces in question are stable
enough to occur on a nanoparticle and are thus accessible to adsorbates by creating a Wulff

construction. We compute the surface energies for all unique terminations of every Miller
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Figure 2: Projected band structure of bulk Pt;Sn with ( in blue / SOC ) and without ( in
red / SOD ) spin orbit coupling. Bands are labeled with their irreducible representations at
high symmetry points using BCS notation. Site symmetry labels for high symmetry points
and lines are given at the bottom of the figure.
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plane investigated, and use the lowest-energy terminations in the construction. Both the
(001) and the (111) have a pure Pt and mixed Pt-Sn truncation, with the latter having the
lowest surface energy (see SI Table 1 ).

We find that the low index (111) and (001) surfaces are predominantly exposed, with the
(111) surface comprising 96.5% of the surface area of a Pt;Sn nanoparticle, while the (001)
covers the remaining exposures. Therefore, it is likely that the majority of surface chemistry
will occur at the (111) surface, plus the contributions from the (001) surface and the particle
edges. While the (110) surface is not competitive, we keep it in this study for comparison.
(110) is a trivial cut that does not contain TSS. In this work we do not consider sites on
particle edges that would correspond to higher-index surfaces, as they will be a minority.
We recognize that they may be important for the overall catalytic activity. However, these
states are not in focus since our goal is to find the role that T'SS might play in catalysis, and

pristine cuts not undergoing severe reconstructions offer the clearest identifiable TSS.

Page 8 of 28

Next, we identify the T'SSs on each surface using band structures and real-space visualizations

of the wavefunctions. In topological insulators, the identification of T'SSs can often be done
by inspection due to their characteristic linear dispersion that spans the entire band-gap of
the material [29, 30]. Identifying T'SSs of topological semimetals is less straightforward and
requires an understanding of the real-space location and extent of a band on a material’s
surface.

A surface state can be identified by using projected band structures, a method in which
the local density of states (LDOS) is overlaid onto the individual bands. TSSs are highly
localized surface bands and should, therefore, have a large contribution of projected density
from Pt and Sn on only the first few atomic layers of the material. A distinct signature of
a TSS can be seen in the projected band structure of the (001) surface. Figure 3a presents
a distinct surface (deep red) band that forms an upward-moving arc that crosses the Fermi
level twice along the surface projected M — K — I" high symmetry path.

A large projected density of surface states is only indicative of a band with high surface
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Figure 3: Projections of the slab models for the a) Pt;Sn(001) surface band structure,
b) Pt;Sn(111) surface band structure, c) real space representations of the surface state
wavefunctions (inset solid square) with only the topmost layers of the slab shown, d)
Pt;Sn(110) surface band structure,
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character, but does not address the extent of orbital overlap with bulk states or adjacent
surface states which would rule out their topological origins. We can determine the localization
of the surface states using real space representations of their wavefunctions. Figure 3¢ depicts
the wavefunctions of the (001) and (111) surface bands at I', with yellow and blue representing
their phase. The spatial extent of the wavefunctions shows that they are entirely localized
to the top four layers of the surface. This indicates that these are most likely T'SSs as they
have no bulk contamination.

As for the (110) surface, several bands near the Fermi level do show surface character
but there is no consistent evidence in the literature that the bands are of topological origin.
We also note that the (110) slab model only maintains Cy, and mirror symmetry elements.
Therefore, the (110) surface does not preserve the symmetries required to maintain the
symmetry-enforced degeneracies that imbue Pt;Sn with topological protection.

Hence, we have established which of the three surfaces of Pt;Sn maintain T'SSs. These
surface bands have been claimed to be useful for catalysis because the protected states can
participate in the activation of the bound small molecules, and remain robust to chemical
and physical perturbations at the interface [3]. However, in our view, the fact that a material
is topological and is a catalyst does not yet guarantee that it is a topological catalyst, i.e.
that it uses T'SSs to drive the catalysis. Since Pt;Sn is a known catalyst and is apparently
a topological material, we now aim to find out whether topological states play any role in
its catalytic activity. We explore the influence that TSSs have on (i) hydrogen binding (a
relevant descriptor for such reactions as (de)hydrogenation and hydrogen evolution), and (ii)
the dehydrogenation of methane, to investigate if the catalytic mechanisms are affected.

We study the binding of hydrogen on the (1x1) surfaces, to understand the changes in the
electronic structure of each termination upon adsorption. We systematically evaluate the
hydrogen binding sites on each surface to identify the most favorable adsorption location.
Next, we calculate the band structure of the surfaces, both before and after hydrogen

adsorption, and project the local density of states (LDOS) onto the bands to determine

10
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the contributions of individual atoms to the overall electronic structure of the slab model.

All three surfaces have atop, bridging, and hollow binding sites for adsorbates, but the
Pt;Sn(111) differs in that it possesses two inequivalent 3-fold hollow Pt sites. The two sites
are commonly referred to as the hep and fee sites, depending on the presence or absence of
a Sn atom just below the threefold arrangement of Pt atoms.

The 3-fold hollow site on Pt;Sn(111) is the most favorable hydrogen binding site, similar
to the pristine Pt(111) and the Pt;Sn/Pt(111) surfaces. However, unlike Pt(111) and
Pt,Sn/Pt, where hydrogen binding prefers the fec site, on Pt4Sn(111), hydrogen binds more
strongly to the hcp site. The specific hollow site preference of the Pt;Sn(111) has been
claimed to be either due to the d-band center of the fecc site being lower than that of the
hep or the coverage of T'SSs in the fec site, leading to hydrogen binding with the non-surface
focused bands of Pt4Sn [13, 17].

a) H-Pt;Sn(001)

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 4: Comparison of the surface, hydrogen, and real space projected bands of the
topological surfaces of Pt;Sn.

We observe that the addition of an adsorbate on Pt;Sn(111) significantly alters the surface

band structure. After hydrogen is bound to the hcp site, the surface-like conduction band
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of Pt;Sn(111) appears to split along the high symmetry path M — K . The splitting causes
a lowering of the conduction band energy and shows a greater surface character than before
binding.

Similarly, the Pt;Sn(001) (1x1) surface has a strong response to the addition of an
adsorbate. Upon hydrogen binding to the preferred site, the distinct surface bands shift
below the Fermi level, to around -0.5 eV, as can be seen from the projected band structure
(deep red in Figure 4a). The same band also has a significant contribution of the hydrogen
orbital indicating the formation of a chemical bond, between Pt-6d,. within T'SS and Hls
(Figure 4b,c). The band remains localized to the first few surface layers. This indicates that
the surface does not lose topological protection after the binding of a single hydrogen atom.
However, T'SSs get strongly perturbed by the adsorption.

To demonstrate that H is specifically coupling with the TSSs, we can visualize hydrogen
on a (2x2) surface of Pt;Sn(001) using real space projections of the wavefunction. In figure
5, I shows no overlap with the Pt and H atom. In comparison, at M there is relatively good
overlap between the two atoms, demonstrating this momentum dependent bonding behavior
with the TSS on the Pt;Sn(001) surface. This result coincides with the band structure of
the (1x1) supercell of the bound Pt;Sn(001) where the surface band drops below the Fermi
level along the M — K path but remains unchanged at I'. We can therefore conclude that
the (2x2) supercell behaves similarly to that of the (1x1).

The lowering of the surface bands on both the Pt,Sn(001) and Pt;Sn(111) surfaces is due
to charge transfer between the hydrogen atom and the surface bands. In addition, we observe
the typical covalent Pt-H at much more negative values (see figure 8), which arises from
hydrogen coupling to the more extended Pt d-states exposed at the surface, we also observe
projected hydrogen density in the same bands that contain significant surface character near
the Fermi level. This suggests multiple binding modes for hydrogen on these surfaces, with
one involving the conventional, delocalized Pt d-orbitals forming the typical covalent bond,

and another involving coupling to the T'SSs. The hydrogen 1s orbital interacts more strongly

12
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Pt,Sn(001) - T Pt;Sn(001) - M H-Pt;Sn(001) - T H-Pt,Sn(001) - M

Figure 5: Real space representation of the pristine and hydrogen adsorbed Pt,Sn(001) (2x2)
supercell surface real-valued wavefunction at high symmetry points I' and M.

with the lower energy Pt-d states than with the T'SSs, as the latter are composed of a mixture

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of Pt-d and Sn-p character. While the H-1s Pt-6d interaction remains the dominant bonding

mechanism, coupling to the TSSs may offer an additional, but weak, stabilizing contribution.

Open Access Article. Published on 25 2025. Downloaded on 30.06.2025 00:33:36.

In comparison to the two topological surfaces, the Pt;Sn(110) surface does not display

[{ec

many remarkable features before or after binding. Both the projections of surface and
hydrogen density show a multitude of mixed surface-bulk and hydrogen-bulk interactions,
indicating that hydrogen is not interacting with highly localized surface states.

To check the many body perturbation effect on the TSSs and H coupling, we perform
a large scale many-body perturbation theory calculation using the GW approximation.
We employ random sampling approaches which enable treating large scale systems and
specifically investigate selected states; we target the TSS state and neighboring 15 orbitals
within a 0.3 eV energy window. The GW approximation indicates a significant around

1.5 eV shift down below the Fermi level (which is consistent with the typical amount of
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quasiparticle correction) [31]. The further analysis on Dyson orbital [27] of this state shows
that the topological surface state is robust with the many-body correction. The Dyson
orbital is almost unchanged (Figure 6 a,b) compared with DET orbitals (Figure 5 f). The z-
direction line profile of charge density as shown in Figure 6 ¢ further confirms that the Dyson
orbital (red) is also localized at the surface similar to the DFT orbital (blue). Furthermore,
we compare the 16 DF'T orbitals with Dyson orbitals and conclude that most DFT orbitals
rehybridize as the quasiparticle Hamiltonian is not diagonal in the mean-field (Kohn-Sham)
basis, but we observe that TSS strongly resembles the DFT orbital (the orbital overlap is

near unity).

a)

-DFT
-Dyson

_ A
0 5 10 15 20 25
z (A)

Figure 6: The side view (a) and top view (b) of the H atom and Pt,;Sn surface atoms
dominate Dyson orbital wavefunction from GW quasiparticle Hamiltonian diagonalization.
(¢) The z direction line profile of the charge density of the hybrid state. Blue: DFT orbital;
red: Dyson orbital.

Therefore, the many-body GW correction does not alter the topological properties and

the interaction between topological states and surface molecules. The topologically protected
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surface states are localized at the surface even when the many-body effect is considered.

We now consider the energetics of dehydrogenation of methane on each surface of Pt;Sn.
We aim to investigate the participation of surface states in dehydrogenation. Principally,
we understand that the inherent activity of each termination is quite different due to their
differing surface energies, and it is not possible to completely disentangle the effect of T'SS
from all other geometric and electronic effects influencing reaction energetics. Nevertheless,
we aim to identify interactions with TSS, which may differentially affect reaction intermediates
and thus participate in the catalysis.

Our computed electronic binding energies are very similar to a previous study [15], with
only minor deviations. We attribute these deviations to the difference in functional and
dispersion correction as there is a systematically stronger binding interaction between the
adsorbates and the surfaces [32].

Table 1: Preferred adsorption sites and electronic binding energies (FEhi,q in €V) for H and
CH,, species on Pt;Sn surfaces.

Adsorbate Pt3Sn(111) Pt3Sn(001) Pt3Sn(110)
Site Ebind Site Ebind Site Ebind
CHy phys -0.191 phys -0.157 phys -0.165
CH; Pt atop  -2.770 Pt atop -2.863 Pt atop  -2.451
CH, Pt bridge -4.823 Pt-Sn bridge -4.470 Pt bridge -4.524
CH hep -6.809 Pt-Sn hollow -5.704 Pt bridge -5.944
H hep -0.708 Pt atop -0.723 Pt bridge -0.263

As shown in Table 1, the electronic binding energies vary moderately across the three
Pt,Sn surfaces. One might expect a large difference in the binding energies between Pt,Sn(111),
the most stable facet, and the two higher energy surfaces. Yet, the binding energies for CH,,
CH,, and CH, are relatively similar. In contrast, the binding energies of CH and H differ more
substantially. For instance, H binds more strongly to Pt;Sn(111) and Pt;Sn(001) than to
Pt,Sn(110), with differences of -0.445 eV and -0.460 eV, respectively. These differences likely
reflect changes in both the binding site geometry and the underlying electronic structure,

making it difficult to disentangle geometric effects from intrinsic surface reactivity.
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Coincidentally, the preferred binding location for CHj is the Pt-atop site on each surface.
This allows us to see that the adsorbate binds more similarly to the topological (001) and
(111) surfaces than the non-topological (110) surface.

It is also interesting to note that increasing Sn content at the surface tends to weaken
the binding of CH. On the Pt-rich Pt;Sn(111) surface, which has a 3:1 Pt:Sn ratio, CH
binds strongly at the hcp site with an electronic binding energy of -6.81eV. In comparison,
the Sn-rich Pt;Sn(110) surface, with a Pt:Sn ratio of 1:1, binds at a Pt-bridging site with
a significantly weaker binding energy of -5.94 eV. This is likely due to the lack of highly

coordinated Pt sites for CH on the Pt,Sn(110).

Pt;Sn(111) PtSn(001) Pt:Sn(110)
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Figure 7: Reaction profile of the dehydrogenation of methane on Pt;Sn(111), Pt;Sn(001),
and Pt;Sn(110) at 1 barr and 900K. Visualizations of the global minimum structures are
given on the right hand side. Asterisks above adsorbates indicate a bound species, asterisks
on their own denote a bare slab

These differences in binding strength and site preference, governed by a combination of

surface composition, geometry, and topologies, have direct implications for reaction energetics.

To explore this further, we calculated the dehydrogenation pathway of methane. Figure 7,
contains the calculated reaction profile of the dehydrogenation of methane on the three

surfaces of Pt;Sn. A thermodynamic correction of -0.647e¢V for each hydrogen atom and
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-1.765eV for each CH, molecule was applied to account for desorbed gas phase species at
operating conditions of 1 bar and 900K.

First, we follow the reaction pathway of Pt;Sn(111). Overall, the reaction is an endergonic
process, with the total change in the approximate free energy being roughly 1.29eV. Without
any thermodynamic correction, this process is slightly endothermic, but at lower pressure
and temperatures it becomes spontaneous (see supporting information). At first, methane
becomes weakly associated to the surface near the threefold Pt-hcp hollow site. FEach
additionally deprotonated intermediate maintains a tetrahedral coordination environment
around the central carbon atom. This requires a migration from a Pt-atop position, to a
bridging Pt-Pt site, and finally a threefold Pt-hcp site, where the Pt atoms compensate for
a missing hydrogen atom coordination.

The energetics of the reaction profile of the topological surfaces Pt;Sn(001) and Pt;Sn(111)
follow one another closely for the first few steps. The bifurcation of the paths begins at the
second deprotonation which is slightly less favorable on Pt;9n(001). Each successive step in

the profile becomes significantly less favorable for Pt;Sn(001).

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

In comparison, Pt;Sn(110) behaves somewhat differently than the other surfaces investigated.
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The first deprotonation of methane is significantly more endothermic than on other surfaces.

Even after successive deprotonations, the reaction continues to be unfavorable, regardless of

(cc)

entropic correction, indicating that this surface is unsuitable for dehydrogenation.

The interaction of the adsorbates and each surface using density of states plots shown in
Figure 8. As established previously, the surface states must be situated near the Fermi level
and therefore density of states of the adsorbate near this energetic region would indicate
that they could interact with TSSs. We have also established that the energy of the surface
states are modified after binding, therefore we can use the PDOS of the adsorbate at various
distances away from the surface to track both the surface states and the adsorbate before
and after binding.

In Figure 8, the yellow peaks between -6 eV and -8 eV correspond to the bound states
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of the adsorbates. Each adsorbate on all surfaces binds to orbitals well below the Fermi
level, as is established in the field of catalysis.. Therefore, it appears that TSSs, at least
in Pt based catalysts, are not the principal states to which the adsorbates bind. This does
not mean that TSSs are not involved in the binding process. As mentioned previously, the
binding of H on Pt;Sn(001) shows a very large energetic shift of the surface state, exhibiting
coupling of the surface states and adsorbate.

When CH, is far from both Pt;Sn(111) and Pt;Sn(001), there appears to be some
adsorbate density in the energetic window in which one would expect T'SSs. Yet, at equilibrium
geometry, there is little to no adsorbate density. Instead, we see a large peak around -5.5 eV,
indicating that CH; does not meaningfully interact with surface states and only with lower
lying bulk states on either topological surface. This behavior is almost identical for each
C bearing adsorbate in this study, indicating that such species do not participate in any
coupling with TSSs.

H-PtsSn(111) CH-PtsSn(111) CH2-PtsSn(111) CH3-PtsSn(111)

| itm— | — rg | ? T Eee— [— | T/ ]
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Figure 8: Comparison of the projected adsorbate density of states on the topological surfaces
of Pt;Sn at different surface-adsorbate distances

In comparison to CH;, H shows some density above and below the Fermi level before and

after binding, but still within the energetic window of +0.5 eV in which TSSs are expected
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to appear. This continues to support the conjecture that H can interact with the pristine
TSSs upon binding and that we can observe the energetic reorganization of the density of

states due to this interaction.

b)

0o d¢do

CH-Dyson CH;-Dyson

Figure 9: Side view of the a) DFT and b) dyson orbitals of CH on top of Pt;Sn(111). The
side view of the ¢) DFT and d) Dyson orbitals of CH; on top of Pt;Sn(111). The insets
show enlarged views of the adsorbates.

We also construct the Dyson orbitals for CH and CHj adsorbates in the energy range

from -0.6 to -0.2 eV as shown in Figure 9. To test whether an adsorbate couples to TSSs

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

we require the corresponding wavefunction to be simultaneously localized on the adsorbate
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and on the topmost Pt/Sn layers. Unlike the hydrogen adsorbed Pt3Sn surface, there is

(cc)

no evidence of such joint localization—and hence no coupling between the CH and CHj
adsorbates and the TSSs. This is illustrated in detail in Figure 9 showing two sets of
selected single-particle states as obtained from the mean-field DFT calculation and from
the diagonalization of the quasiparticle Hamiltonian (in the GW approximation). Figure 9
a illustrates a CH-dominated state that significantly couples with the bulk states when
the GW many-body perturbation theory is applied (Figure 9 b). Such an observation is
somewhat surprising as DFT tends to overdelocalize the single-particle states compared to
the true Dyson orbitals, yet the strong dynamical renormalization here leads to even more
pronounced spatial “leakage” to the substrate. Similarly, Figure 9 ¢ and d show that the

CHj3 dominated states do not localize on the surface (in DET or ion many-body perturbation
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theory).

Conclusions

We have shown that TSSs will be accessible to adsorbates on the exposed surfaces of
Pt;Sn. The Wulff construction demonstrates the preferential exposure of Pt;Sn(111) and
Pt,5n(001), both of which host TSSs. The exposure of TSSs provides the opportunity for
chemical reactions to be influenced by TSSs.

We have also demonstrated how TSSs on Pt;Sn behave in the presence of adsorbates.
Principally, the effect is weak, in comparison to that of a conventional covalent bond, and
would not be considered the dominant binding mode between the adsorbate and the surface.
We have shown that a small number of states of H do intrude into the high lying surface
bands near the Fermi level. This admixture perturbs these bands enough that they may
drop below the Fermi level and create minor alterations in the energetics of binding. As a
consequence, the entire dehydrogenation profile must shift to reflect this energetic alteration
as each successive deprotonation contributes to the total energy of the reaction pathway.

Finally, we have shown that T'SSs persist on Pt;Sn beyond the one-particle approximation
before and after binding. These results show that DFT captures the topological nature of
this material well.

This study raises a possibility that successful topological catalysts are first and foremost
trivial catalysts, with a topological perturbation. To put these results in a broader perspective,
small changes of adsorption energetics may mean quite a bit for the reaction rate, and
bring the material closer to or further way from the optimal binding energy (aka in a
catalytic volcano). Hence, the effect of TSS, while merely perturbative to the main bonding
interaction, can still be important for finetuning of the reaction energetics. Understanding
the presence and role of TSSs at specific material’s facets can inform decisions regarding

catalyst selection and preparation methods. Therefore, it is imperative that practitioners
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understand the conditions in which a particular catalyst undergoes a topological phase

transition and the surfaces that can host the resultant T'SSs.
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