
Vol:.(1234567890)

Topics in Catalysis (2020) 63:700–713
https://doi.org/10.1007/s11244-020-01297-w

1 3

ORIGINAL PAPER

Effect of Tin in the Bulk of Platinum–Tin Alloys for Ethane 
Dehydrogenation

Jinwoong Nam1   · Fuat E. Celik1 

Published online: 26 June 2020 
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
Catalytic ethane dehydrogenation was studied with density functional theory (DFT) calculations to investigate the differing 
role of Sn in the bulk and surface of PtSn alloys on the activity, selectivity, and stability of the catalyst. Pristine Pt(111), a 
surface alloy of Pt3Sn/Pt(111) and a bulk alloy of Pt3Sn(111) were compared. Binding energies of adsorbates were weakened 
by Sn on both alloys. With few changes for binding geometries of adsorbates, the change in binding energies was mainly 
attributed to the changes in the electronic interaction due to the strain effect and/or the ligand effect from d-band theory on 
the alloys. Especially, the combination of ligand and strain effects on the bulk alloy made the binding energies of adsorbates 
generally weaker than on Pt but stronger than on the surface alloy. In the successive dehydrogenation of C2Hx species, the 
activity was expected in the order of Pt > Pt3Sn > Pt3Sn/Pt by comparing the activation energies for ethene formation. The 
selectivity toward ethene was predicted using two descriptors from which the best selectivity was expected on Pt3Sn/Pt. Sn in 
the bulk made the gap between the barriers for ethene desorption and further dehydrogenation comparable, whereas ethene 
desorption was much more favorable on Pt3Sn/Pt. The preference for ethene formation from ethyl was also weakened on 
Pt3Sn. Therefore, despite the higher Sn composition, worse selectivity was predicted for Sn-rich bulk alloy than the surface 
alloy, followed by Pt.
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1  Introduction

Light alkane dehydrogenation has been of great interest to 
many engineers and scientists as light alkanes are abundant 
and have relatively low value whereas corresponding light 
alkenes are valuable as precursors for various polymers. 
Recently, it receives much more attention because the shale 
gas boom in North America involving the development of 
technology for its extraction and transportation has enabled 
economic production of a large amount of the natural gas 
feedstocks from shale gas [1–4].

For light alkane dehydrogenation, there are several pro-
cesses including steam cracking, catalytic oxidative dehy-
drogenation, and catalytic dehydrogenation [5–7]. Steam 
crackers require hydrocarbon feedstocks such as naphtha and 
natural gas liquids diluted with steam at very high tempera-
tures (1000‒1200 K) in order to produce light olefins [8]. 
This is the well-established and most commercialized pro-
cess for ethene production, though production of target ole-
fins with high selectivity from C4 + feed stocks is challeng-
ing. Frequent decoking operations are inevitable because 
the reaction suffers from significant coke deposition on the 
reactor walls due to the very high reaction temperatures, 
leading to inefficient reactor operation. Coke formation is 
limited by the addition of excess steam, at additional energy 
penalty. Therefore, these disadvantages along with low-cost 
gas feedstocks from shale gas have given rise to the necessity 
for energy-efficient and selective alternative processes using 
light alkanes. Catalytic dehydrogenation could be one of the 
potential alternatives given less harsh reaction conditions, 
where lower temperature (800‒1000 K) is required for the 
reaction [9]. This process is also expected to be selective 
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toward the targeted olefin product as an on-purpose tech-
nology. However, coke deposition on catalyst active sites 
leading to catalyst deactivation is still a significant problem 
for this process due to the elevated reaction temperature. 
Much effort has contributed to reducing coke formation 
while retaining competitive activity and selectivity of the 
catalyst, including changing catalyst composition and reac-
tion conditions.

Supported platinum alloys have been widely used as 
catalysts for catalytic dehydrogenation. It has been shown 
that alloying Pt with other elements (e.g. Sn, Ga, In) shows 
superior overall performance in terms of activity, selectivity 
and stability compared to pristine Pt [10–14]. Tin has shown 
significant promise, so PtSn alloys are the most investigated 
both experimentally and computationally [11, 15–20].

PtSn alloys have been synthesized by impregnation of 
Pt and Sn using organometallic precursors on the support 
material followed by reduction, or by evaporating Sn of spe-
cific ratio onto Pt surface and annealing at high temperature 
(800–1000 K) afterward [10, 11, 21–23]. These catalysts 
were characterized by numerous techniques including trans-
mission electron microscopy (TEM), inductively coupled 
plasma-atomic emission spectrometry (ICP-AES), energy-
dispersive X-ray spectroscopy (EDS), where the composi-
tion and crystalline structure were reported [22, 24]. It has 
been reported for ethane dehydrogenation in that the activity 
of supported PtSn alloy catalysts increased with Sn addi-
tion for Sn/Pt ratio up to 0.3 and decreased above a ratio of 
0.3. The selectivity toward ethene monotonically increased 
with adding Sn and reached almost 100% for Sn/Pt = 0.6 and 
above. Coke accumulation was significantly decreased with 
increasing Sn addition up to a Sn/Pt ratio of 0.3. Also, the 
experiment for hydrogen addition to the feed stream showed 
that hydrogen co-feeding up to a certain ratio reduced the 
amount of coke deposition on both Pt and PtSn alloy but the 
effect was larger on the latter [10, 11].

Many computational studies with density functional 
theory (DFT) have also been performed for dehydrogena-
tion of various light alkanes including ethane and propane. 
PtSn alloys were modeled with various compositions and 
compared to pure Pt surfaces, including substitutional sur-
face alloys (Pt3Sn/Pt, Pt2Sn/Pt, PtSn/Pt), bulk alloys (Pt3Sn, 
Pt2Sn, PtSn2), as well as variations in exposed Miller index 
planes ((100), (111), (211)) [15–17, 25–28]. It has been 
reported that substituting Pt with Sn weakens the binding 
energies of hydrocarbon adsorbates due to a combination of 
the electronic effect and the geometric effect [17, 25, 29, 30]. 
This results in a weak adsorption energy for the product (e.g. 
ethene, propene) on alloy surfaces making desorption of the 
olefin easier while also disfavoring further dehydrogenation 
of the product, which could be a possible coke formation 
path. This is expected to lead to better selectivity and stabil-
ity than pristine Pt. Generally, as the ratio of Sn/Pt increases, 

the difference between the energy barrier for olefin deep 
dehydrogenation and the desorption energy for the olefin 
product becomes larger due to increasing electronic and 
geometric effects [15, 25]. In this context, the experimental 
result for the improvement of selectivity and stability with 
increasing the ratio of Sn/Pt can be understood. The effect 
of hydrogen co-feeding on Pt and PtSn alloys for ethane 
dehydrogenation was also studied with DFT in terms of the 
competition for adsorption between co-fed hydrogen and 
ethene, where hydrogen outcompetes with ethene [25, 31].

In this study, we have calculated the complete reaction 
network from ethane to all dehydrogenated and C–C bond 
cleaved derivatives, including ethene, and compared the 
reaction energies and activation energy barriers for all the 
elementary reaction steps using DFT. We compare the pure 
Pt(111) surface to the surface alloy of Pt3Sn/Pt(111) and the 
bulk alloy of Pt3Sn(111) for potential energy surfaces, pre-
dict selectivity toward ethene, and provide insight into the 
mechanism of coke formation when the presence or absence 
of tin in the bulk. We discuss the impact of surface segrega-
tion of tin in the context of lattice strain and ligand effects, 
and distinguish activity and selectivity trends in tin-rich and 
tin-depleted bulk compositions for alloys.

2 � Methods

Periodic, self-consistent, and spin-polarized DFT calcula-
tions were performed using the Vienna Ab initio Simula-
tion Package (VASP) code [32, 33] within the generalized 
gradient approximation (GGA-PW91) [34] using projector-
augmented wave (PAW) [35, 36] potentials. The single-elec-
tron wave functions were expanded using plane waves with 
an energy cutoff of 400 eV. All metal slabs were based on 
the (111) surface of fcc structure and modeled by a (2 × 2) 
surface unit cell with four atomic layers for a total of 16 
metal atoms (Pt or Sn). For a (2 × 2) surface unit cell, all 
adsorbates were modeled at a coverage of 1/4 monolayer 
(ML). A larger surface unit cell size of (3 × 3) was tested for 
two adsorbates, methyl and ethyl, to simulate 1/9 ML cover-
age, to check for periodic image interaction effects, but these 
effects were small (< 0.05 eV) and were consistent between 
adsorbates of different sizes (e.g. 0.02 eV difference between 
ethyl and methyl adsorbates).

To generate the surface substitutional alloy, surface Pt 
atoms were substituted by Sn and the surface structure was 
reoptimized by relaxation. Substituting one Pt atom by Sn 
in the surface layer gives 1/4 ML Sn coverage. To construct 
the bulk alloy, bulk Pt atoms, as well as surface ones, were 
replaced with Sn atoms making the bulk composition of 
1/4 Sn and the surface coverage of 1/4 ML Sn, followed by 
structure relaxation. The lattice constants of Pt and Pt3Sn 
were calculated to be 3.99 Å and 4.07 Å, respectively, in 
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good agreement with experimental values of 3.92 Å and 
4.00 Å [37, 38]. A vacuum layer of 12 Å was used to sepa-
rate any two successive slabs in the z-direction (normal to 
the surface), and a dipole correction was applied and the 
electrostatic potential was adjusted to ensure that interaction 
between the surface slab and its periodic images was negligi-
ble [39]. The Brillouin zone was sampled using a (6 × 6 × 1) 
Gamma-centered Monkhorst–Pack k-point mesh [40] fol-
lowing a convergence test for adsorbate binding energies 
with respect to sampling mesh size. The bottom two layers 
of each metal slab were fixed in their bulk positions while 
the top two layers were allowed to relax in all calculations. 
Binding energy is defined as BE = Eads – Eslab – Egas, where 
Eads, Eslab, Egas are the total energies calculated for the slab 
with the adsorbate on it, the clean slab, and the adsorbate in 
the gas phase, respectively. The addition of a single adsorb-
ate molecule to a metal slab with a (2 × 2) surface until cell 
corresponds to ¼ ML adsorbate coverage. The climbing 
image nudged elastic band (CINEB) method [41] was used 
to calculate transition state and activation energy barriers. 
All transition states were verified by identifying a single 
imaginary frequency along the reaction coordinate. All cal-
culated energies were extrapolated to 0 K without zero point 
energy corrections. Zero point energy correction were tested 
for four adsorbates and two reaction steps (Online Resource 
8) and found to be nearly identical across all three surfaces. 

Entropic contributions to surface reactions are expected to 
be small, but could be more significant for adsorption/des-
orption steps. This was tested for ethylene, and ΔSadsorption 
on Pt(111), Pt3Sn/Pt(111), and Pt3Sn(111) was found to be 
invariant across the three surfaces (− 0.00180 eV K−1 at 
298 K).

3 � Results and Discussion

3.1 � Model Pt3Sn/Pt(111) and Pt3Sn(111) Surfaces

In the current study, two alloy models of Pt3Sn/Pt(111) and 
Pt3Sn(111) were established to study the effect of Sn both in 
PtSn bulk and in the surface as described in Table 1. Within 
a (2 × 2) unit cell, they both have the same 1/4 ML surface 
coverage of Sn by the replacement of one Pt atom.

One of the most important differences for two alloys is 
the existence of Sn atoms in bulk such that Pt3Sn/Pt does not 
have Sn atoms in bulk while Pt3Sn has 1/4 Sn bulk compo-
sition. The surface segregation energy of Sn in Pt3Sn was 
calculated as − 0.99 eV by ESn,seg = ESn_1st − ESn_2nd, where 
ESn_1st, ESn_2nd are the total energies of Pt3Sn(111) slab with 
one Sn atom segregated on the surface layer, and on the sec-
ond layer, respectively, within (6 × 6) unit cell [42]. Negative 
segregation energy with this equation implies that Sn prefers 

Table 1   Structure of Pt(111) 
and two alloy models for this 
study

Gray and green spheres denote Pt and Sn, respectively
Dashed lines indicate the unit cell used in the calculations

Pt(111) Pt3Sn/Pt(111) Pt3Sn(111)

Top view

Side view

Sn surface coverage 0 ML 1/4 ML 1/4 ML
Bulk composition 0 Sn 0 Sn 1/4 Sn
Lattice constant (Å) 3.99 3.99 4.07
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to stay on the surface rather than on the second layer. Pt3Sn/
Pt represents a totally segregated structure where all the tin 
has moved to the surface from the bulk. This represents one 
extreme for Sn depletion in the bulk. On the other hand, the 
Pt3Sn model describes an evenly distributed bulk alloy with 
a uniform composition of Sn in both bulk and surface, which 
is the opposite extreme in terms of Sn segregation.

The other important difference between these two mod-
els is for the lattice constant. The fcc structure of Pt3Sn/
Pt is basically the same as fcc Pt bulk but decorated with 
Sn atoms only on the surface layer so its lattice constant 
remains the same as fcc Pt. Therefore, Pt3Sn/Pt model is 
geometrically identical to Pt model in the bulk. In contrast, 
the lattice constant of fcc Pt3Sn should be expanded rela-
tive to fcc Pt because Pt3Sn includes larger Sn atoms in the 
bulk as well as in the surface layer. This leads to the larger 
calculated lattice constant of fcc Pt3Sn (4.07 Å) than fcc 
Pt (3.99 Å). Therefore, in addition to the electronic effect 
from the Sn atoms, the tensile strain on the surface of Pt3Sn 
could affect the interaction with adsorbates, as explored in 
subsequent sections.

The two alloy models can be thought to represent two 
different types of alloy particles that may be present in a 
real catalyst. The surface alloy represents a particle that has 
undergone significant surface segregation, where the bulk 
has been fully depleted of tin. The bulk alloy represents a 
particle where no surface segregation has taken place, and 

the tin distribution is homogeneous. By keeping the sur-
face composition constant, the effect of the bulk composi-
tion on surface properties can be compared between the two 
extremes.

3.2 � Binding of H & CHx Species

The investigation of binding site preferences and energies for 
hydrogen and CHx species (x = 0 to 4) on Pt and PtSn alloys 
was performed as summarized in Fig. 1 and Table 2. Except 
for a few minor differences, all binding site preferences and 
binding energies were in agreement with previously reported 
results [16, 25, 26, 29, 30, 43, 44].

In Fig. 1, the hydrogen atom is preferably adsorbed on 
a three-fold hollow site only consisting of three Pt atoms 
over all surfaces. It is noted that the best binding site for 
hydrogen on Pt, the fcc site, remained the same on the sur-
face alloy but changes to hcp_Sn site on the bulk alloy. A 
detailed discussion on the binding of hydrogen can be found 
in Online Resource 1. H2 only interacted weakly with the 
surfaces (− 0.02 eV).

For CHx species, we previously reported that sp3-hybrid-
ized carbon structure is preferred for binding geometries of 
CHx species on Pt or Pt based alloys with the exception of 
atomic carbon [25, 30]. Also, on PtSn alloys, adsorbates 
of CHx species are more favorably adsorbed with ensem-
bles only consisting of Pt atoms rather than Sn atoms. As 

Fig. 1   Best binding sites for H and CHx species on Pt, Pt3Sn/Pt, and Pt3Sn. Pt, Sn, C, and H atoms are gray, green, black, and white spheres, 
respectively. This color notation is used throughout the paper
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depicted in Fig. 1, our calculations show consistent results 
with previous reports on Pt, Pt3Sn/Pt, and Pt3Sn. That is, 
while no H–Sn or C–Sn bond is preferred the carbon atom 
of CHx species tends to make a total of four bonds with 
hydrogen and Pt atoms constructing tetravalent carbon struc-
ture on the surfaces. The only exception is atomic carbon 
with three C–Pt bonds which are the maximum coordination 
numbers for fcc (111). Methylidyne includes one C–H bond 
so it prefers to be adsorbed on a three-fold hollow site such 
as an fcc or an hcp site with three C–Pt bonds. The best bind-
ing site of methylidyne is different from each other surface, 
where an fcc site is preferred on Pt and Pt3Sn/Pt while an 
hcp_Sn site (hcp site over Sn) is preferred on Pt3Sn. Nev-
ertheless, it should be noted that they are still all threefold 
hollow sites. Methyl is noteworthy in that it is bound atop a 
Pt atom on Pt and Pt3Sn/Pt but on slightly off-position from 
atop a Pt atom on Pt3Sn. Unlike the CHx species, methane is 
fully coordinated with hydrogen atoms, so it only has weak 
interaction (binding energy of 0.03 or 0.04 eV) on all sur-
faces without any site preference, like H2. While CHx spe-
cies basically prefers to bind to Pt atoms constructing four 
carbon bonds, no significant geometric change is observed 
with Sn addition in the surface and bulk. On both alloys, 
Pt ensembles consisting of three Pt atoms can be retained 
with 1/4 ML surface coverage of Sn, which offers almost 
the same site environment as pure Pt available to adsorb-
ates. From this geometric point of view, a similar preference 
for binding sites of CHx species on all studied surfaces is 
understandable. Only three-fold hollow sites on Pt3Sn are 
different from those on the other two surfaces such that an 
hcp and an fcc site consisting of three Pt atoms are over Sn 
atom in the second layer and in the third layer, respectively. 

It may affect a shift in the best binding site of hydrogen and 
methylidyne on Pt3Sn.

Binding energies of CHx species on three surfaces are 
given with the number of C–Pt bonds in Table 2. Binding 
became stronger with an increasing number of C–Pt bonds 
on all surfaces. Ranging from methylidyne to methane, it 
was demonstrated in our previous calculations that one C–Pt 
bond strengthens the binding of adsorbate by roughly 2 eV 
on Pt and Pt3Sn/Pt [25]. The results in Table 2 indicate a 
similar energy difference of about 2 eV per C–Pt bond on 
the bulk alloy Pt3Sn surface. Consequently, the number 
of C–Pt bonds can serve as one of the qualitative indica-
tors to measure binding energies of CHx species on the 
studied surfaces. For carbon and methylidyne, which both 
have the same number of C–Pt bonds, calculated binding 
energies showed that the former is bound stronger than the 
latter by 0.04–0.27 eV depending on the surface. It is also 
supported by the fact that the maximum distances of C–Pt 
bonds for carbon/methylidyne on Pt, Pt3Sn/Pt, and Pt3Sn are 
1.924/2.007 Å, 1.956/2.022 Å, and 1.975/2.045 Å, respec-
tively, which always displays shorter C–Pt bond lengths for 
atomic carbon than for methylidyne on each surface. It may 
imply that the frustrated fourth C–Pt bond for carbon could 
be replaced by reinforced binding on the surface.

The effect of Sn can be found in Table 2 by comparing the 
binding energies of CHx species on Pt to those on two PtSn 
alloys. Binding energies were always stronger on Pt than on 
either alloy. For example, atomic carbon binds to Pt(111) 
with a binding energy of − 6.97 eV but to Pt3Sn/Pt and Pt3Sn 
surfaces with binding energies of − 6.29 and − 6.16 eV, 
respectively. This weakening of the binding energy gen-
erally increased with the number of C–Pt bonds. Methyli-
dyne, which has three C–Pt bonds, binds to pure Pt with the 

Table 2   Best binding sites, 
binding energies, and the 
coordination numbers with Pt 
for H, H2 and CHx species on all 
studied surfaces

a BE is the binding energy in eV
b CNPt is the coordination number of carbon for CHx species or H to Pt at the binding site
c H2 and CH4 interacts weakly without any site preferences
d hcp_Sn and fcc_Sn mean an hcp site over Sn atom on the second layer and an fcc site over Sn atom on the 
third layer, respectively
*Binding energy of hydrogen was adjusted from the raw calculations. See Online Resource 1 for details. 
Binding energy of hydrogen relative to 1/2 H2 is − 0.45, − 0.39, and − 0.44 eV on Pt, Pt3Sn/Pt, and Pt3Sn, 
respectively

Adsorbate Name Pt Pt3Sn/Pt Pt3Sn

Site BEa CNPt
b Site BEa CNPt

b Site BEa CNPt
b

H Hydrogen fcc − 2.72* 3 fcc − 2.67* 3 hcp_Snd − 2.72* 3
H2 Dihydrogen –c − 0.02 0 –c − 0.02 0 –c − 0.02 0
C Carbon fcc − 6.97 3 fcc − 6.29 3 fcc_Snd − 6.16 3
CH Methylidyne fcc − 6.70 3 fcc − 6.09 3 hcp_Snd − 6.12 3
CH2 Methylene brg − 4.14 2 brg − 3.80 2 brg − 3.96 2
CH3 Methyl top − 2.07 1 top − 1.86 1 top − 1.96 1
CH4 Methane –c − 0.03 0 –c − 0.03 0 –c − 0.04 0
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binding energy of − 6.70 eV and to Pt3Sn/Pt and Pt3Sn with 
binding energies of − 6.09 and − 6.12 eV, respectively, for 
a weakened binding energy of approximately 0.6 eV on the 
alloys. For methylene and methyl, which have two and one 
C–Pt bonds respectively, the difference of binding energies 
between Pt and Pt3Sn/Pt was 0.34 and 0.21 eV, and between 
Pt and Pt3Sn was 0.18 and 0.11 eV respectively. It should 
be noted that increasing the total tin content in the alloy did 
not mean a weaker binding energy. Previous comparisons 
of substitutional surface alloys with different tin content 
reported that alloying with more Sn in the surface layer cor-
responds to weaker binding energies due to the greater elec-
tronic effect in combination with changes in geometric bind-
ing sites [15, 25]. In the present study, however, increasing 
the Sn content in the bulk was not associated with weaker 
binding energies of CHx species compared to the surface 
alloy. The binding energies on Pt3Sn were stronger than on 
Pt3Sn/Pt for methylidyne, methylene, and methyl. This sug-
gests that Sn in the bulk does not necessarily reinforce the 
electronic effect on the surface, or another factor aside from 
the electronic effect may affect binding energies of adsorb-
ates on Pt3Sn. This is discussed further in Sect. 3.3.

Another important impact of adsorbates is the potential 
to change the segregation energy. In the previous section, 
the segregation energy for Sn atoms in a clean surface (no 
adsorbates) was − 0.99 eV. This calculation was repeated 
for a surface with 1/4 ML of hydrogen and carbon atoms. 
In the case of hydrogen, the segregation energy was nearly 
half (− 0.51 eV) the clean surface. The change in segregation 
energy dramatically increased with carbon adsorbed where 
the calculated segregation energy was only − 0.02 eV. The 
addition of hydrogen or carbon to the surface clearly made 
surface segregation less likely than in the case of the clean 
surface. This highlights the importance in comparing the 
two alloy models used in this paper, as the distribution of Sn 
atoms in a nanoparticle may vary with reaction conditions.

3.3 � Binding of C2Hx Species

Binding geometries and energies for C2Hx species (x = 0 to 
6) are given in Fig. 2 and Table 3. For all surfaces, a tetrahe-
dral structure around each carbon was generally preferred, in 
agreement with the findings for CHx species and in previous 
reports [45, 46].

Isoelectronic adsorbates such as CHx and CH3CHx−1 are 
expected to have similar binding geometries [25, 44]. For 
example, in Fig. 2, the carbon involved in binding in ethyl 
favorably binds to atop Pt on all surfaces, which is consistent 
with the binding geometry of methyl. Ethylidene prefers to 
bind to a Pt bridge site as methylene does and ethylidyne is 
highly favorable to bind to a threefold Pt site like methyli-
dyne. For ethylidyne, a shift in preferred binding site from 
an fcc site to an hcp_Sn site on Pt3Sn was found as seen 

for hydrogen and methylidyne. For C2Hx adsorbates other 
than CH3CHx−1 species, both carbons in the adsorbates 
participate in binding on the surface. Ethene favors binding 
to two adjacent Pt top sites forming two σ metal–carbon 
bonds. Vinyl preferably binds to a Pt top-brg site but with 
slightly different geometries depending on the surface. The 
best binding geometry is top-brg over an fcc site on Pt but 
over an hcp site on Pt3Sn/Pt and Pt3Sn. Similarly, vinylidene 
prefers to bind to top-fcc on Pt and Pt3Sn/Pt but prefers a 
top-hcp_Sn site on Pt3Sn. Acetylene binds to brg-brg site 
over an fcc site on Pt and Pt3Sn/Pt, but over an hcp_Sn site 
on Pt3Sn. The binding preference of acetylidene is different 
from each surface such that brg-fcc, top-fcc, and top-brg are 
favored over Pt, Pt3Sn/Pt, and Pt3Sn, respectively. Dicarbon 
binds to fcc-hcp site on all surfaces and inevitably has one 
C–Sn bond on the alloys. Structural changes of C2Hx spe-
cies on the surface along with the binding site preference 
were found. A detailed discussion can be found in Online 
Resource 2.

The binding energies of C2Hx species on Pt, Pt3Sn/Pt, 
and Pt3Sn presented in Table 3 can be interpreted in terms 
of the d-band model of transition metals. Since it was first 
developed by Hammer and Nørskov in 1995 [47, 48], d-band 
theory has been successfully employed to understand the 
interaction (e.g. adsorption/desorption) between surface 
metals and adsorbates. This model argues that the d-bands 
of surface metal strongly correlate with binding energies 
of the adsorbates. As a descriptor of the d-band, the first 
moment corresponding to the average energy of the band 
with respect to Fermi level has been widely used, which is 
called the d-band center. For the surface consisting of late 
transition metals such as Pt, previous studies have shown 
that the binding energies of adsorbates qualitatively increase 
with the position of the d-band center relative to Fermi level 
because the higher d-band center of the metals leads to less 
filled anti-bonding states of metal-adsorbate and vice versa 
[15, 49].

The density of states (DOS) projected onto the d-orbitals 
of surface Pt atom and its d-band center were investigated as 
shown in Fig. 3. Calculated energies of d-band centers were 
− 1.95 eV for Pt, − 2.10 eV for Pt3Sn/Pt, and − 2.02 eV for 
Pt3Sn, which is consistent with previous reports [15, 50]. 
Given the fact that all the surfaces have the same structure 
of fcc(111), the major two factors resulting in the change of 
d-band center positions for the alloys relative to pristine Pt 
are the ligand effect and the strain effect. The ligand effect 
is caused by the change in electronic interactions mainly 
due to introducing a new element (i.e. Sn). By alloying Pt 
with Sn, d-bands of Pt atoms become broadened due to 
bonding interaction with Sn atoms, which is followed by 
its downshift for charge conservation. The lower energy of 
the d-band center for Pt3Sn/Pt than for Pt is attributed to 
this effect. On the other hand, the strain effect comes from 
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Fig. 2   Best binding sites for 
C2Hx species on Pt, Pt3Sn/Pt, 
and Pt3Sn
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a geometrical change of the surface structure such as lattice 
constant expansion/contraction. According to the theory, 
tensile strain induced by the elongated lattice constant leads 
to less overlap in d-orbitals between surface atoms leading 
to sharpening of the d-bands. To conserve total charge in the 
d-orbitals, it is necessary to shift the entire d-band upward 
[51]. This is the case for the bulk alloy which has a larger 
lattice constant than Pt or the surface alloy. The difference 
in bulk composition for the Pt3Sn alloy also causes a concur-
rent ligand effect which lowers the d-band center. Therefore, 
the competition between the two effects determines the posi-
tion of the d-band center for Pt3Sn.

An investigation which separates the ligand effect from 
the strain effect and their influence on DOS of the surfaces 
was carried out using surface with hypothetical lattice con-
stants and are included in Online Resource 3.

Higher d-band centers lead to stronger binding ener-
gies by giving rise to less-filled anti-bonding states of the 
metal-adsorbate interaction and vice versa. In this context, 
the binding energies of C2Hx species on Pt, Pt3Sn/Pt and 
Pt3Sn presented in Table 3 are generally consistent with the 
d-band model. In Fig. 3, the d-band center position for Pt 
is the highest among three surfaces and binding energies of 
all adsorbates are also the strongest accordingly (Fig. S1). 
For Pt3Sn/Pt, the energy of the d-band center is lowest due 
to a strong ligand effect, which leads to the weakest binding 
energies with the exception of carbon. For Pt3Sn, both con-
tributions from the strain and the ligand effect result in the 
intermediate position of d-band center and binding energies 
of adsorbates as well (Fig. S1).

Along with the study for DOS on the surfaces with hypo-
thetical lattice constants, binding energies of CxHy species 
on these surfaces were calculated to investigate the relation-
ship between d-band center position and binding energy of 

individual adsorbate. A detailed discussion can be found in 
Online Resource 3.

In conclusion, the strain and ligand effect from d-band 
theory gives great insights into the difference of binding 
energies for CxHy species between studied surfaces. Gener-
ally, it is consistent with the calculations for d-band cent-
ers of surface Pt atoms as shown in Figure S1. Since Sn 
causes broadening the d-band of surface Pt atoms without 
the strain effect for the surface alloy, it is downshifted from 
pure Pt. Higher energy for the d-band center of surface Pt 
atoms on the bulk alloy than the surface alloy is attributed 
to the d-band upshift caused by lattice constant expansion. 
The combination of upshift by strain effect and the down-
shift by ligand effect locates the d-band center position for 
Pt3Sn, which is the intermediate among three models. From 
further investigation with hypothetical lattice constants, a 
noteworthy is that when Sn is promoted in the bulk, mono-
tonic downshift of d-band center or decrease of binding 
energies for adsorbates is not observed. Instead, it unpre-
dictably affects the d-band center or the binding energies of 
the adsorbates.

3.4 � Hydrogen Coadsorption with CxHy Species

The effect of co-adsorbed hydrogen for binding energies 
of CxHy species was studied. While binding energies of all 
adsorbates were always reduced by co-adsorbed hydrogen 
due to repulsive interaction between adsorbates and hydro-
gen, binding geometries were changed only for a few adsorb-
ates. Hydrogen relatively freely changed its preferred bind-
ing site in the presence of co-adsorbed CxHy species over all 
surfaces because of its small energy barrier for diffusion on 
the surface. On Pt, only acetylidene and ethylidene changed 
their best binding geometries with co-adsorbed hydrogen. 
Acetylidene preferred to bind to brg-fcc site on Pt without 

Table 3   Best binding sites, 
binding energies for C2Hx 
species on all studied surfaces

a BE is the binding energy in eV
b CH3CH3 interacts weakly without any site preferences
c hcp_Sn indicates hcp site over Sn atom on the second layer

Adsorbate Name Pt Pt3Sn/Pt Pt3Sn

Site BEa Site BEa Site BEa

CH3CH3 ethane –b − 0.07 –b − 0.06 –b − 0.07
CH3CH2 ethyl top − 1.90 top − 1.65 top − 1.77
CH3CH ethylidene brg − 3.86 brg − 3.49 brg − 3.62
CH3C ethylidyne fcc − 5.93 fcc − 5.30 hcp_Snc − 5.35
CH2CH2 ethene top-top − 1.03 top-top − 0.65 top-top − 0.77
CH2CH vinyl top-brg − 3.12 top-brg − 2.64 top-brg − 2.92
CH2C vinylidene top-fcc − 4.36 top-fcc − 3.73 top-hcp_Snc − 3.92
CHCH acetylene brg-brg − 2.21 brg-brg − 1.60 brg-brg − 1.91
CHC acetylidene brg-fcc − 4.55 top-fcc − 3.93 top-brg − 4.37
C2 dicarbon fcc-hcp − 5.95 fcc-hcp − 5.21 fcc-hcp_Snc − 5.63
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hydrogen but changed to top-fcc site with co-adsorbed 
hydrogen. The carbon from ethylidene preferred to bind 
to a brg site both with and without hydrogen but they had 
quite different binding angles from each other. On Pt3Sn/Pt, 
acetylidene, acetylene, ethylidene, and ethyl changed their 
favorable binding sites when hydrogen was co-adsorbed. The 
change for binding geometry of acetylidene accompanied 
the decrease of coordination number to Pt as from top-fcc 
to top-brg while the other three species kept the same bind-
ing site with the same coordination numbers to Pt but hav-
ing different configurations. On Pt3Sn, carbon and ethene 
were two adsorbates changing their best binding geometries 
with co-adsorbed hydrogen. Carbon experienced a three-fold 

hollow site shift from fcc_Sn to hcp_Sn and ethene bound 
to two different top–top sites depending on the existence of 
co-adsorbed hydrogen.

The decrease of binding energies for CxHy adsorbates by 
competition from co-adsorbed hydrogen is very dependent 
on surfaces and adsorbates. On Pt, binding energies of CxHy 
species were weakened by 0.09–0.33 eV, methyl seeing the 
smallest impact due to its small size and acetylidene seeing 
the largest impact. The hydrogen coadsorption effect was 
similar on the alloys, but larger for some adsorbates. On 
Pt3Sn/Pt, the maximum effect was a 0.42 eV weakening of 
the binding energy of dicarbon, and on Pt3Sn, vinylidene 
experienced the largest effect of 0.44 eV. Ethylidene nota-
bly saw negligible effect on binding energy from hydrogen 
co-adsorption on Pt3Sn, whereas hydrogen weakened the 
binding energy by 0.16 and 0.12 eV on Pt and Pt3Sn/Pt 
respectively. This implies that ethylidene would be barely 
destabilized in the presence of hydrogen on the bulk alloy. 
Ethene is also an important adsorbate since its desorption 
always affects the selectivity of the entire reaction. The 
binding energy of ethene was reduced with co-adsorbed 
hydrogen by 0.23, 0.14, and 0.18 eV on Pt, Pt3Sn/Pt, and 
Pt3Sn, respectively. Since binding energy of ethene becomes 
weaker by the addition of hydrogen on the surfaces, desorp-
tion is expected to be more favored on hydrogen-rich condi-
tions than hydrogen-free surfaces leading to better selectiv-
ity as observed in previous hydrogen co-feeding experiments 
[10, 11, 13, 52].

3.5 � Activation Energy Barriers for C–H 
Bond‑Breaking Steps

Successive dehydrogenation of ethane derivatives was 
studied on each surface with three different pathways 
depending on the C–H cleavage position as shown in 
Fig.  4. The three identified pathways progress via dif-
ferent intermediates, and are: the ethene pathway 
(ethyl → ethene → vinyl → vinylidene → acetylidene); 
the ethylidyne pathway (ethyl → ethylidene → ethyli-
dyne → vinylidene → acetylidene); and the vinyl pathway 
(ethyl → ethylidene → vinyl → acetylene → acetylidene). 
Reaction and activation energies for all elementary reactions 
including C–H and C–C cleavage and ethylidene isomeriza-
tion are summarized in Table 4 and Fig. 4. Images of initial, 
final and transition state structures for all elementary steps 
are given in Online Resources 4–7.

Most C–H cleavage steps were found to be endothermic 
with large activation energy barriers on all three surfaces. 
Reaction energies became more endothermic on the Pt3Sn/Pt 
surface alloy relative to pure Pt(111), and activation energy 
barriers were larger as well. Dehydrogenation of ethyl to 
form ethylene was an exception, and was exothermic on all 
three surfaces with a small activation energy barrier. The 

Fig. 3   Projected DOS onto d-orbitals of surface Pt atom on a Pt_3.99 
and Pt_4.07, b Pt3Sn/Pt_3.99 and Pt3Sn/Pt_4.07, and c Pt3Sn_4.07 
and Pt3Sn_3.99. Numbers marked after the surfaces indicate lattice 
constants in Å
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Pt3Sn bulk alloy showed intermediate reaction energies and 
activation energy barriers for some, but not all reactions. 
For reactions 10, 11, 12, 15, and 16, the C–H cleavage step 
was actually more exothermic and thermodynamically more 
facile on the bulk alloy than on even pure platinum. Despite 
the high extent of tin substitution in the bulk alloy, the lattice 
expansion effect had a larger effect on reaction energy than 
the ligand effect for these reactions. Notably, the product 
state in each of these five elementary reactions involved spe-
cies bound to top-brg and top-hollow sites (vinyl, vinylidene, 

acetylidene) while all other reactions had products that 
bound to other sites. The increased lattice spacing of the 
bulk alloy was closer to the optimal top-brg and top-hollow 
distances to accommodate the C–C bond in these species, 
making these product states more favorable (Fig. 2). This 
effect did not play a large role in the reaction energies for 
the other steps. Overall, the potential energy surface for bulk 
Pt3Sn given in Fig. 4 appears to be intermediate between that 
of Pt and the surface alloy, but differs from both in the cases 
of these key intermediates. For this reason, the selectivity 

Fig. 4   Potential energy surfaces 
for successive dehydrogenation 
of C2Hx species from ethane to 
dicarbon on a Pt, b Pt3Sn/Pt, 
and c Pt3Sn. All energies are 
relative to ethane on the surface. 
Gas phases are marked, and all 
other species are adsorbed on 
the surface. Detached hydrogens 
on the surfaces are omitted for 
clarity and all species are at infi-
nite separation. Ethene pathway, 
ethylidyne pathway, and vinyl 
pathway are shown in blue, red, 
and black, respectively. Ethene 
desorption energy is shown in 
green
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and mechanism towards gaseous products versus coke for-
mation on the bulk alloy may be expected to differ from that 
of the surface alloy.

The activity of these catalysts for ethane dehydrogenation 
can be described by the activation energy barriers to the for-
mation of ethene along the ethene pathway. The barriers for 
the two steps in ethene formation, dehydrogenation of ethane 
to ethyl and subsequent dehydrogenation of ethyl to ethene, 
were 0.90 eV and 0.93 eV on Pt, 1.08 eV and 1.05 eV on 
Pt3Sn, and 1.18 eV and 1.41 eV on Pt3Sn/Pt. Intrinsic activ-
ity for ethene formation may therefore be expected to be 
highest for Pt and lowest for the surface alloy, especially 
with the significantly higher barrier for ethene formation.

In previous work, we defined a selectivity descrip-
tor for ethane dehydrogenation by comparing the desorp-
tion of ethene, leading to the desirable product, to the 

dehydrogenation of ethene, leading to decomposition 
products and coke formation [30]. The descriptor, calcu-
lated from the activation energy for ethene dehydrogena-
tion ( Ea,CH2CH2→CH2CH

 ) and the desorption energy of ethene 
( ΔEdes,CH2CH2

 ) was used to predict selectivity trends among 
several substitutional surface alloy compositions [30].

Smaller and more negative values of the selectivity 
descriptor indicate that it is easier to decompose ethene 
formed on the surface than to remove it, indicating poorer 
selectivity towards the desired product, and predicting 
greater coke formation. The selectivity descriptor is calcu-
lated as − 0.12 eV on Pt indicating poor selectivity. On the 
surface alloy, the descriptor value is + 0.36 eV, so selectivity 

Selectivity descriptor = Ea,CH2CH2→CH2CH
−ΔEdes,CH2CH2

Table 4   Reaction energiesa 
and activation energiesb for 
elementary reactions (in eV)

a ∆E is the energy of reaction at infinite separation
b Ea is the activation energy barrier for the reaction
c An asterisk with a species indicates a species bound to the surface; an asterisk alone denotes an empty site 
on the surface. The species without asterisk indicate weakly physisorbed species on the surface

No Stepc Pt Pt3Sn/Pt Pt3Sn

∆E Ea ∆E Ea ∆E Ea

1 H2 + 2* → 2H* − 0.88 0.03 − 0.76 0.15 − 0.85 0.09
2 CH4 + 2* → CH3* + H* 0.06 0.91 0.32 1.15 0.18 0.95
3 CH3* + * → CH2* + H* 0.21 0.91 0.39 0.99 0.28 0.75
4 CH2* + * → CH* + H* − 0.50 0.29 − 0.17 0.56 − 0.09 0.60
5 CH* + * → C* + H* 0.68 1.43 0.79 1.46 0.92 1.64
6 CH3CH3 + 2* → CH3CH2* + H* 0.04 0.90 0.33 1.18 0.17 1.08
7 CH3CH2* + * → CH3CH* + H* 0.14 0.95 0.32 1.30 0.26 0.84
8 CH3CH2* + * → CH2CH2* + H* − 0.13 0.88 0.06 1.08 0.01 0.88
9 CH3CH* + * → CH3C* + H* − 0.71 0.25 − 0.39 0.52 − 0.36 0.55
10 CH3CH* + * → CH2CH* + H* − 0.11 0.83 0.05 0.95 − 0.14 0.88
11 CH3C* + * → CH2C* + H* 0.44 1.43 0.49 1.42 0.30 1.38
12 CH2CH2* + * → CH2CH* + H* 0.16 0.91 0.31 1.00 0.10 0.80
13 CH2CH* + * → CH2C* + H* − 0.16 0.70 0.04 0.82 0.09 0.88
14 CH2CH* + * → CHCH* + H* 0.04 1.06 0.22 1.09 0.14 1.06
15 CH2C* + * → CHC* + H* 1.14 1.68 1.19 2.01 0.89 1.87
16 CHCH* + * → CHC* + H* 0.94 1.69 1.01 1.78 0.83 1.69
17 C2H* + * → C2* + H* 1.00 1.71 1.17 1.82 1.15 1.82
18 CH3CH3 + 2* → CH3* + CH3* 0.20 3.27 0.61 2.84 0.41 3.42
19 CH3CH2* + * → CH3* + CH2* 0.37 1.90 0.68 1.95 0.52 1.68
20 CH3CH* + * → CH3* + CH* − 0.28 1.30 0.19 1.52 0.17 1.52
21 CH3C* + * → CH3* + C* 1.11 2.22 1.36 2.31 1.44 2.28
22 CH2CH2* + * → CH2* + CH2* 0.71 2.26 1.00 2.07 0.79 2.25
23 CH2CH* + * → CH2* + CH* 0.04 1.72 0.52 2.28 0.60 2.54
24 CH2C* + * → CH2* + C* 0.88 2.32 1.27 2.36 1.43 2.67
25 CHCH* + * → CH* + CH* − 0.49 1.37 0.13 2.46 0.37 2.78
26 CHC* + * → CH* + C* − 0.76 1.24 − 0.09 1.84 0.45 3.06
27 C2* + * → C* + C* − 1.08 1.25 − 0.47 1.62 0.22 2.07
28 CH3CH* → CH2CH2* − 0.27 2.02 − 0.26 2.07 − 0.25 2.13
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favors ethene formation. The bulk alloy has an intermedi-
ate value of 0.04 eV, which suggests poorer selectivity than 
on the surface alloy. These values were calculated without 
considering entropic contributions to ΔEdes,CH2CH2

 , though 
entropy of adsorption was found to be invariant across the 
surfaces, so adding − T∆S at 298 K would raise all three 
values by 0.54 eV, or 1.48 eV at 900 K, and preserving the 
same trend.

Additionally, it should be noted while the ethene path-
way is both kinetically and thermodynamically preferred 
to ethylidene or vinyl pathway for the dehydrogenation of 
ethyl on Pt3Sn/Pt, this pathway is kinetically less favorable 
on Pt and Pt3Sn as the energy barrier for ethene formation 
is comparable to the barrier for ethylidene formation as 
shown in Fig. 4. This leads to lower ethene selectivity on 
Pt and Pt3Sn due to an expected increase in the reaction 
flux for ethylidene formation and further decomposition 
products. Comparing the reaction energies for these two 
major fluxes (ethyl dehydrogenation leading to ethene 
and to ethylidene) shows little difference between the 
three surfaces (∆∆E = 0.25–0.27 eV, Table 5). Compar-
ing instead the activation energies of ethyl to ethylidene 

( Ea,CH3CH2→CH3CH
 ) and to ethene ( Ea,CH3CH2→CH2CH2

 ) shows 
that these pathways are comparable on Pt and the bulk 
alloy (+ 0.07 eV and − 0.03 eV apart on each surface 
respectively), ethylidene formation is 0.22 eV more dif-
ficult on the surface alloy.

Both metrics for selectivity (Table 5) therefore show 
favorable intrinsic selectivity on Pt3Sn/Pt, while selectiv-
ity on both Pt and the bulk alloy are expected to be poor, 
despite the significantly higher tin content in the bulk alloy 
This result suggests that particles that have significant tin 
migration to the surface and depletion of tin in the bulk 
are expected to be more selective for ethene and less selec-
tive for coke, while the reverse can be said for particles 
where tin remains dispersed throughout the particle. This 
has significant implications for catalyst design, especially 
given the finding in Sect. 3.2 that surface segregation of 
tin atoms is less favorable in the presence of adsorbates 
(hydrogen or carbon atoms) on the surface, which are 
expected to be present during reaction conditions.

Successive dehydrogenation from methane to carbon on 
the metal surfaces is depicted in Fig. 5. It was investigated 
to understand the dehydrogenation for CHx species after 
the C–C cleavage of C2Hx species. The total reaction ener-
gies to atomic carbon on Pt, Pt3Sn/Pt, and Pt3Sn were 0.45, 
1.33, and 1.28 eV, respectively. This suggests that atomic 
carbon formation from CHx species would be energetically 
harder on the alloys than on Pt. Generally, the activation 
energies also increased when Sn was present and differ-
ence became larger. On the alloys, high energy barriers for 
the dehydrogenation of methylidyne to carbon made car-
bon formation even more unfavorable. In agreement with 
our previous work [25], the energetic penalties associated 
with the formation of atomic carbon on the alloy surfaces 
make this species unlikely to be a significant contributor 
to coke formation.

Table 5   Selectivity descriptors for ethane dehydrogenation on all 
studied surfaces (in eV)

a Ea,i is the activation energy barrier for the reaction shown, 
∆Edes,CH2CH2 is the desorption energy of ethene, ∆Ei is the reaction 
energy for the reaction shown
b ∆Edes,CH2CH2 given without entropic contribution. Adding − T∆S at 
298 K would raise all three values by 0.54 eV, or 1.48 eV at 900 K

Metrica Pt Pt3Sn/Pt Pt3Sn

Ea,CH2CH2→CH2CH – ∆Edes,CH2CH2
b − 0.12 0.36 0.04

Ea,CH3CH2→CH3CH – E a,CH3CH2→CH2CH2 0.07 0.22 − 0.03
∆∆E = ∆ECH3CH2→CH3CH – ∆E 

CH3CH2→CH2CH2

0.27 0.26 0.25

Fig. 5   Potential energy surfaces 
for successive dehydrogenation 
of CHx species from methane 
to carbon. Black, red, and blue 
lines indicate the reaction on Pt, 
Pt3Sn/Pt, and Pt3Sn, respec-
tively. All energies are relative 
to methane on the surface. All 
species are adsorbed on the 
surface. Detached hydrogens on 
the surfaces are omitted for clar-
ity and all species are at infinite 
separation
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3.6 � C–C Bond‑Breaking Steps in C2Hx Species

Reaction and activation energies for all elementary reac-
tions for carbon–carbon bond cleavage in C2Hx species 
were calculated as summarized in Table 4. In general, 
C–C bond cleavage was energetically more unfavorable 
than C–H bond breaking if x was three or larger in C2Hx 
species. For example, ethene dehydrogenation to vinyl 
is energetically uphill on each surface, where the reac-
tion energies are 0.16 eV on Pt, 0.31 eV on Pt3Sn/Pt, and 
0.10 eV on Pt3Sn. C–C bond breaking of ethene is even 
more endothermic, where reaction energies are 0.71 eV on 
Pt, 1.00 eV on Pt3Sn/Pt, and 0.79 eV on Pt3Sn. However, 
with deeper dehydrogenation, C–C bond cleavage of C2Hx 
species with x less than three becomes thermodynamically 
more favorable than C–H bond cleavage. For example, 
C–H bond breaking of acetylene has reaction energies of 
0.94, 1.01, and 0.83 eV on Pt, Pt3Sn/Pt, and Pt3Sn, respec-
tively while C–C bond breaking of acetylene has lower 
reaction energies of − 0.49 eV on Pt, 0.13 eV on Pt3Sn/Pt, 
and 0.37 eV Pt3Sn. The exception is for vinylidene on the 
alloys, where reaction energies of C–C cleavage are larger 
than C–H cleavage.

In terms of barriers, C–C cleavage of adsorbates are 
always harder than C–H cleavage regardless of the surface 
and degree of dehydrogenation of the reactant C2Hx spe-
cies. In Table 4, the energy barriers of C–C bond breaking 
(1.24–3.42 eV) are significantly higher than the energy bar-
riers of competing C–H bond cleavage (0.25–2.01 eV) for 
all C2Hx species on each surface with very few exceptions 
on pure Pt only. Acetylene and acetylidene on Pt are the 
only two exceptions, where the energy barriers of C-H bond 
breaking are 1.69 and 1.71 eV, and C–C bond cleavages are 
1.37 and 1.24 eV, respectively.

Sn on the surface increases not only the endothermicity 
but also the energy barrier of each C–C bond breaking step. 
In Table 4, the reaction energies of C–C cleavage for all 
C2Hx species on Pt3Sn/Pt are higher than on Pt. Except for 
two closed-shell species of ethane and ethene, all energy 
barriers for C–C cleavage on Pt3Sn/Pt are also higher than 
on Pt. It implies that Sn on the surface makes C–C cleavage 
both thermodynamically and kinetically more difficult. On 
the bulk alloy, the reaction energies for C–C bond breaking 
are larger than those on Pt for all adsorbates. Compared to 
the surface alloy, the reaction energies on the bulk alloy are 
smaller for ethane, ethyl, and ethene that are C2Hx species on 
the desirable reaction pathway, comparable for ethylidene, 
and larger for other C2Hx species. The activation energies 
of C–C cleavage on the bulk alloy are higher than those on 
the surface alloy for many C2Hx adsorbates. This is espe-
cially large for acetylidene such that the difference of activa-
tion energy for C–C cleavage between Pt3Sn/Pt and Pt3Sn 
is 1.22 eV. Ethyl, ethylidene, and ethylidyne on Pt3Sn have 

the same or lower energy barriers of C–C cleavage than on 
Pt3Sn/Pt.

4 � Conclusion

DFT calculations were performed to investigate the effect 
of Sn in the bulk and surface of PtSn alloys on the activity, 
selectivity, and stability of the catalyst. The comprehensive 
study including binding energies of all CxHy adsorbates, 
reaction and activation energies for all elementary reactions 
on Pt, Pt3Sn/Pt, and Pt3Sn surfaces was conducted.

The difference in binding energies over the alloys is 
largely attributed to the electronic interaction changes 
caused by the strain and/or the ligand effect from d-band 
theory. For the strain effect, tensile strain caused by the 
larger lattice constant on the bulk alloy made d-bands of 
surface atoms less overlapped followed by d-band upshift 
and less filled anti-bonding orbitals of metal-adsorbate lead-
ing to enhance the binding energies of adsorbates. On the 
other hand, the ligand effect worked in the opposite direc-
tion, in that Sn on the surface caused broadening d-bands 
of surface Pt atoms followed by d-band downshift leading 
to more filled anti-bonding states of metal-adsorbate. As a 
result, binding energies of ethane derivatives were generally 
in the order of Pt, Pt3Sn, and Pt3Sn/Pt.

For reaction energies and energy barriers for all the ele-
mentary reactions, Sn promotion on the surface layer gener-
ally increased the reaction and activation energies for both 
C–H and C–C cleavage steps. However, Sn in the bulk did 
not show this trend. The activity was expected to be high-
est on Pt, followed by Pt3Sn and Pt3Sn/Pt by comparing the 
energy barriers for ethene formation. The selectivity descrip-
tors were calculated to predict the selectivity toward ethene, 
which showed that it was favorable on Pt3Sn/Pt and poor on 
Pt and Pt3Sn.

In the present study, we have found the effect of Sn in 
the bulk is quite different from the effect of Sn in the sur-
face. While increasing tin content in the surface layer may 
increase selectivity and depress coke formation, adding tin 
to the bulk of the catalyst does not. Since the addition of 
adsorbates (hydrogen or carbon) to the surface decreased the 
surface segregation energy, this may indicate that real cata-
lyst particles become less selective as reaction progresses 
and tin content in the bulk of the alloy increases.
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