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The 1,3-cyclohexadiene dehydrogenation to phenyl on the Pt (1 1 1), Pt3Sn/Pt (1 1 1), and Pt2Sn/Pt (1 1 1)
surfaces has been studied using density functional theory calculation. The results show that the adsorp-
tion energies of 1,3-cyclohexadiene and other intermediates decrease with the increasing concentration
of Sn. The addition of Sn weakens the interaction between the adsorbate and the alloys. The barriers are
0.62, 0.72, and 0.75 eV for the first and 0.87, 0.51, and 0.32 eV for the second step on the Pt (1 1 1), Pt3Sn/
Pt (1 1 1), and Pt2Sn/Pt (1 1 1), respectively, for the dehydrogenation of the 1,3-cyclohexadiene. The third
dehydrogenation step is the rate determining step (rds) with the barriers of 1.49, 1.75, and 1.90 eV on the
Pt (1 1 1), Pt3Sn/Pt (1 1 1), and Pt2Sn/Pt (1 1 1), respectively. The existence of the Sn facilitates the first
two dehydrogenation steps that produce benzene and prohibits further dehydrogenation of benzene,
thus increases the selectivity of the dehydrogenation of 1,3-cyclohexadiene to gas benzene.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The dehydrogenation of cyclohexadiene to benzene over Pt cat-
alysts has been widely studied both experimentally and theoreti-
cally [1–7]. Pettiette-Hall et al. [1] observed substantial amount
of benzene at low coverage of 1,3-cyclohexadiene at 115 K on the
Pt (1 1 1) using laser-induced thermal desorption (LITD) and Fou-
rier transform mass spectrometry (FTMS), indicating the barrier
of cyclohexadiene dehydrogenation to benzene was very low. La-
ter, Hugenschmidt et al. [2] found that the dehydrogenation of
1,3- and 1,4-cyclohexadiene occurred at about 230–260 K with
an activation energy of 0.61 ± 0.09 eV on the Pt (1 1 1). Saeys
et al. [4] studied the hydrogenation of benzene on the Pt (1 1 1)
using density functional theoretical (DFT) methods, and the
calculated barrier of 1,3-cyclohexadiene dehydrogenation was
0.55–0.82 eV. Then, they found four possible adsorption modes
for 1,3-cyclohexadiene on the Pt (1 1 1) applying ab initio density
functional theory [5]. In the meantime, Morin et al. [6] investigated
the adsorption of the species involved in benzene hydrogenation to
cyclohexene, using a first principles density functional theory and
a periodical slab model.

Supported Pt–Sn bimetallic catalysts have been investigated
widely [8–12], for they played an important role in selective dehy-
drogenation/hydrogenation reactions. Butadiene hydrogenation by
coadsorbed hydrogen on the Pt–Sn surface alloys was observed to
have 100% selectivity to liberate butene (C4H8), and no deeper
ll rights reserved.
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hydrogenation occurred, when the technical of temperature-pro-
grammed desorption (TPD) and Auger electron spectroscopy
(AES) were used [9]. And the addition of Sn led to a new hydroge-
nation reaction pathway compared with Pt (1 1 1) [9]. Recently,
Vigné et al. [10] illuminated the origin of the high selectivity for
the hydrogenation of 1,3-butadiene on the Pt2Sn/Pt (1 1 1) surface
with periodic DFT calculations. Peck and Koel [11] found the Pt–Sn
surface alloys dramatically increased the selectivity of gas-phase
benzene produced by 1,3-cyclohexadiene dehydrogenation, using
AES, low-energy electron diffraction (LEED) and TPD.

In this study, we present our theoretical study of adsorption and
reaction involved in 1,3-cyclohexadiene dehydrogenation to phe-
nyl radical C6H5 on the Pt (1 1 1), Pt3Sn/Pt (1 1 1), and Pt2Sn/Pt
(1 1 1) using periodic models. We attempt to identify: (1) the rules
of adsorption for 1,3-cyclohexadiene and other species on the Pt
(1 1 1) and Pt–Sn surface alloys as well as the influence of the Sn
atom; (2) the mechanism of the dehydrogenation reactions; and
(3) the reason for the excellent selectivity of the Pt2Sn/Pt (1 1 1)
surface alloy for gas-phase benzene production, by optimizing
the structure, analyzing the electron structure, searching for the
transition state (TS) and microkinetic modeling.

2. Computational details

The calculations have been performed by the Vienna ab initio
simulation package (VASP) [13–15]. The projector-augment wave
(PAW) [16] scheme and generalized gradient approximation
(Perdew – PW 91) [17] were used to describe the electron–ion
interaction and the exchange–correlation energy and potential.
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The energy cutoff was set to be 400 eV. The surfaces were modeled
by periodic four-layer slabs. Only the first layer of the catalysts
contained Sn atoms with the stoichiometry of Pt3Sn/Pt (1 1 1) for
the (2 � 2) Pt3Sn/Pt (1 1 1) and Pt2Sn/Pt (1 1 1) for the (

p
3 � p3)

R30� Pt2Sn/Pt (1 1 1) structures, since the prepared alloys were
monolayer alloys with the alloying atoms deposited on platinum
[18]. Both the Pt (1 1 1) and the Pt2Sn/Pt (1 1 1) were modeled by
(3 � 3) (1/9 ML) super cell (Fig. 1A and B). The Pt3Sn/Pt (1 1 1) sur-
face alloy was modeled by (4 � 4) (1/16 ML) super cell (Fig. 1C).
Considering the (4 � 4) super cell may be too large to model the
Pt3Sn/Pt (1 1 1) when compared with the (3 � 3) model of Pt
(1 1 1) and the Pt2Sn/Pt (1 1 1), we have also built the
(2
p

3 � 2
p

3) R30� unit cell (1/12 ML) (Fig. 1D). In fact, the results
based on the (4 � 4) cell are similar to that based on the
(2
p

3 � 2
p

3) R30� cell, so we mainly use the (4 � 4) cell to model
the Pt3Sn/Pt (1 1 1) surface alloy in this work. One molecule was
adsorbed per unit cell. The total energy has been calculated with
a 5 � 5 � 1 k-point grid. And the central slab and its periodic
images have been separated by a vacuum space of 11.5 Å. Only
the two uppermost metal layers and the adsorbed molecule were
allowed to fully relax for the geometry optimization. The forces
on all unconstrained atoms were less than 0.05 eV/Å after optimi-
zation. The saddle points were first searched by the nudged elastic
band (NEB) [19] implemented in the VASP. Then, a quasi-Newton
algorithm was used to refine the obtained approximate TS by min-
imizing residual forces below 0.03 eV/Å. Finally, the TS was identi-
fied by verifying the existence of one and only one normal mode
associated with a pure imaginary frequency.

The nearest distance of the Pt atoms was frozen at the opti-
mized value of 2.82 Å (experimentally 2.77 Å [20]) on Pt (1 1 1).
The distance between adjacent Pt and Sn atom in the surface alloys
was computed to be increased slightly to 2.86 Å, owing to the large
covalent radius of Sn. This also led to the fact that Sn atoms were
buckled out of the surface layer by 0.31 Å for the Pt2Sn/Pt (1 1 1)
and by 0.25 Å for the Pt3Sn/Pt (1 1 1), in remarkable agreement
with the experimental observations [21,22], which had major ef-
fect on the distortion of the molecule and the surface during
adsorption (see Table 1). The unit cell had a net dipole due to the
adsorption of molecules on one side of the slab only, and the total
energy could be affected by a spurious electrostatic interaction be-
tween the slab and its periodic images. A dipole correction has
been applied both on the energy and the potential in order to
Fig. 1. Models used in the DFT calculations. (A and B) The (3 � 3) (1/9 ML) cell for the Pt (
12 ML) cells for the Pt3Sn/Pt (1 1 1). Only the first layer of the models is shown, and the
remove this effect. The adsorption energy has been obtained as
the difference between the energy of the whole system and that
of the sum of the bare slab and the isolated adsorbate.

A systematic notation has been used to describe the adsorption
sites and molecule geometries. For example, fcc 1,4-di-r-2,3-p,
where fcc indicates the adsorption site, the integers label the car-
bon atoms in the molecule, while ‘r’ denotes the interaction be-
tween only one carbon atom with one surface Pt atom and ‘p’
denotes the interaction between two consecutive carbon atoms
with the same surface Pt atom.
3. Adsorption of the involved species

In this section, we first discuss the adsorption of 1,3-cyclohexa-
diene, cyclohexadienyl, benzene, C6H5, and H-atom on the Pt
(1 1 1) and Pt–Sn surface alloys. Then, we try to find the rule of
adsorption and the influence of Sn on the reactivity of the surface
alloys by electronic structure analysis and decomposition of
adsorption energy.
3.1. Adsorption of 1,3-cyclohexadiene

Three adsorption modes are considered for the adsorption of
1,3-cyclohexadiene on the Pt (1 1 1) surface. Table 1 illustrates
the adsorption energies and detailed structural properties.
Fig. 2A–C shows the top and side view of these adsorption modes
to compare with the adsorption modes on the alloys. The most fa-
vored adsorption mode is fcc 1,4-di-r-2,3-p with an adsorption
energy of �1.53 eV. This value is in agreement with the adsorption
energy of �1.48 eV proposed by Saeys et al. [5] and shows a dis-
crepancy with the adsorption energy of �1.41 eV determined by
Morin et al. [6] The bri 1,2-di-r-3,4-p mode is slightly less pre-
ferred with a calculated adsorption energy of �1.45 eV. This value
is similar to �1.42 eV provided by Morin et al. [6], but diverges
from the value of �1.60 eV reported by Saeys et al. [5] who sug-
gested this adsorption mode was the most favored. Besides, we no-
tice the hcp di-p adsorption mode (Fig. 2C) with adsorption energy
of �0.98 eV. In Morin et al. [6]’s study the adsorption energy of the
di-p mode was�1.0 eV, but in Saeys et al. [5]’s study the hollow di-
p adsorption mode was unstable, easily relaxing to other site. The
1 1 1) and Pt2Sn/Pt (1 1 1). (C and D) The (4 � 4) (1/16 ML) and (2
p

3 � 2
p

3) R30� (1/
balls labeled as ‘‘Sn’’ represent Sn atoms, the other balls represent Pt atoms.



Table 1
Calculated thermodynamic data for 1,3-cyclohexadiene, cyclohexadienyl, benzene, and C6H5 adsorption on Pt (1 1 1), Pt3Sn/Pt (1 1 1), Pt2Sn/Pt (1 1 1) at the different high
symmetry sites.

Species Metal surface Adsorption mode Eads (eV) dC–C (Å) dC–M (Å) Edist (mole) (eV) Edist(surf.) (eV) Einter (eV) DU (eV)

C6H8 Pt (1 1 1) fcc1,4-di-r-2,3-p �1.53 1.50 2.46 2.58 0.21 �4.32 1.72
bri 1,2-di-r-3,4-p �1.45 1.49 2.43 2.04 0.18 �3.67 1.81
hcp di-p �0.98 1.48 2.50 0.84 0.40 �2.22 1.92

Pt3Sn/Pt (1 1 1) fcc 1,4-di-r-2,3p �0.89(�0.88) 1.50 2.55 2.72 0.60 �4.21 1.21
hcp 1,2-di-r �0.67 1.48 2.95 1.36 0.46 �2.49 0.97
fcc di-p �0.54 1.48 2.67 0.93 0.79 �2.26 1.41

Pt2Sn/Pt (1 1 1) fcc 1,2-di-r �0.40 1.48 2.87 1.42 0.46 �2.28 1.17
bri 1,4-di-r �0.10 1.49 2.80 2.26 0.50 �2.86 1.16
fcc di-p �0.28 1.48 2.71 0.90 0.94 �2.12 1.91

C6H7 Pt (1 1 1) hcp 1p3r �2.15 1.49 2.21 2.10 0.28 �4.53 1.81
fcc 1p2r �2.10 1.47 2.33 1.23 0.29 �3.62 1.97
bri 2p1r �2.08 1.47 2.28 0.97 0.21 �3.26 2.00

Pt3Sn/Pt (1 1 1) fcc 2p1r �1.02(�1.00) 1.47 2.45 1.36 0.90 �3.28 1.37
hcp 1p1r �1.00 1.45 2.70 0.77 0.56 �2.33 1.15

Pt2Sn/Pt (1 1 1) fcc 1p1r �0.99 1.46 2.72 0.96 0.66 �2.61 1.73
bri 1r �0.84 1.44 3.15 0.66 0.27 �1.77 1.25

C6H6 Pt (1 1 1) bri 2p2r �0.80 1.46 2.13 1.52 0.25 �2.57 1.97
fcc 3p �0.47 1.44 2.19 0.83 0.27 �1.57 2.01

Pt3Sn/Pt (1 1 1) bri 0.01(0.01) 1.40 3.33 0.00 0.00 0.01 0.58
Pt2Sn/Pt (1 1 1) fcc 0.06 1.40 3.33 0.00 0.00 0.06 0.83

C6H5 Pt (1 1 1) top1r �2.33 1.40 3.46 0.12 0.09 �2.54 0.88
Pt3Sn/Pt (1 1 1) top1r �2.21(�2.20) 1.40 3.75 0.13 0.21 �2.55 0.58
Pt2Sn/Pt (1 1 1) top1r �1.42 1.40 3.40 0.18 0.18 �1.78 0.73

H Pt (1 1 1) hcp �0.49 _ _ _ _ _ _
bri �0.45 _ _ _ _ _ _
top �0.44 _ _ _ _ _ _
fcc �0.43 _ _ _ _ _ _

Pt3Sn/Pt (1 1 1) fcc �0.47 _ _ _ _ _ _
hcp �0.37 _ _ _ _ _ _
top �0.36 _ _ _ _ _ _

Pt2Sn/Pt (1 1 1) top �0.35 _ _ _ _ _ _
bri �0.14 _ _ _ _ _ _

Note: Eads = E (coadsorbed system) � E (molecule isolated) � E (bare surface), and the zero of the energy scale is set to the bottom of the molecule gas-phase potential.
Edist (mole): distortion energy for molecule. Edist (surf.): distortion energy for metal surface.
Einter: interaction energy between the molecule and the surface, Einter = Eads � Edist(mole) � Edist(surf.).
dC–C: average C–C bond length. dC–M: the distance between the C6 ring center and the metal surface for both flat and vertically adsorbed spieces.
DU: change in work function between the bare metal surface and the coadsorbed system.
The values in brackets are calculated on the (2

p
3 � 2

p
3) R30� cell for Pt3Sn/Pt (1 1 1), while the other values are calculated on the (4 � 4) cell for Pt3Sn/Pt (1 1 1).
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different model used by Saeys et al. (22-atom cluster model) may
cause the discrepancy in the calculated adsorption energies.

The adsorption energy of 1,3-cyclohexadiene diminishes on the
Pt–Sn alloys compared with that on the Pt (1 1 1) (see Table 1). For
example, the di-r-p adsorption mode is favored both on the Pt3Sn/
Pt (1 1 1) and Pt (1 1 1), but the corresponding adsorption energy
on the Pt3Sn/Pt (1 1 1) is less exothermic than that on the Pt
(1 1 1) by a margin of 0.64 eV. The energy cost by the distortion
and weak interaction between the molecule and the alloy surfaces
account for the small adsorption energy on the Pt–Sn alloy [6,23].
Besides, there are no threefold hollow sites composed entirely of Pt
atoms on the Pt2Sn/Pt (1 1 1) on account of the high coverage of Sn
(shown in Fig. 1). Thus, no di-r/p adsorption mode is favored on
the Pt2Sn/Pt (1 1 1). However, the di-p adsorption mode is ob-
served on both the Pt (1 1 1) and Pt–Sn surface alloys, as adopting
this mode requires just two consecutive Pt atoms.

The adsorptions of butadiene [10], ethene [24], a-b-unsaturated
aldehydes [21,25], acetaldehyde [26], cyclopentene [27], and cyclo-
hexane [28] have been studied both experimentally and theoreti-
cally on the Pt (1 1 1) and Pt–Sn surface alloys. A large decrease
in the adsorption energies was also observed on the alloys. The pri-
mary role of Sn was considered as an interferer weakening the
adsorption on the alloys. Becker et al. [23] pointed out that de-
crease in the adsorption energy on the Pt–Sn alloys was mainly
attributed to relaxation effects of the surfaces, by investigating
the adsorption of two prototypical alkenes on the Pt (1 1 1) and
Pt–Sn surface alloys.
3.2. Adsorption of cyclohexadienyl

Three stable adsorption structures for cyclohexadienyl have
been found on the Pt (1 1 1) (Fig. 3A–C). The adsorption energies
for the most and the second stable modes are �2.15 and
�2.10 eV, similar to the values of �2.20, �2.17 eV reported by
Morin et al. [6]. Moreover, the cyclohexadienyl prefers to be ad-
sorbed at the fcc-site on the Pt–Sn alloys (see Fig. 3D–G), and the
corresponding adsorption energies are �1.02 and �0.99 eV on
the Pt3Sn/Pt (1 1 1) and Pt2Sn/Pt (1 1 1), respectively.

3.3. Adsorption of benzene

The adsorption of the benzene molecule on the Pt surface has
already been extensively studied by theoretical calculations. The
most stable structure is the bri 2p2r (see Fig. 4A) with the adsorp-
tion energy of �0.80 eV on the Pt (1 1 1). The less favored structure
is the fcc 3p with the adsorption energy of �0.47 eV. However, the
calculated adsorption energies for the above two cases were �0.90
and �0.67 eV in Morin et al. [6]’s work. Benzene is chemically ad-
sorbed on the Pt (1 1 1), whereas physisorbed on the Pt–Sn surface
alloys [28]. Thus, the interaction between the benzene and the Pt–
Sn alloys is weak. This is in agreement with the average distance
between the molecule and the metal surface: 2.13 Å on the Pt
(1 1 1), 3.33 Å on the Pt–Sn alloys. The shorter the distance, the
stronger interaction will be. Benzene desorbs from Pt–Sn surface
alloys easily. This coincides with Peck and Koel [11]’s results that



Fig. 2. Top and side view of 1,3-cyclohexadiene adsorbed at different sites on Pt (1 1 1)(A-C), Pt3Sn/Pt (1 1 1) (D–F), and Pt2Sn/Pt (1 1 1) (G–I): (A) fcc 1,4-di-r/2,3-p; (B) bri
1,2-di-r/3,4-p; (C) hcp di-p; (D) fcc 1,4-di-r/2,3-p ((4 � 4) cell); (D0) fcc 1,4-di-r/2,3-p ((2

p
3 � 2

p
3) cell); (E) hcp 1,2-di-r ((4 � 4) cell); (F) fcc di-p ((4 � 4) cell); (G) fcc

1,2-di-r; (H) bri 1,4-di-r; (I) fcc di-p. Carbon atom numbers (1, 2, 3, and 4) are displayed for clarity.
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benzene desorption occurred at 280 and 230 K on the Pt3Sn/Pt
(1 1 1) and Pt2Sn/Pt (1 1 1) alloy surface, at the coverage produced
by a dose of 0.55 L 1,3-cyclohexadiene (approximately 0.25 mono-
layer), while no benzene desorption occurred on the Pt (1 1 1)
surface.

3.4. Adsorption of phenyl

Phenyl C6H5 prefers to vertically adsorb on the top of one sur-
face Pt atom on both Pt (1 1 1) and Pt–Sn surfaces (Fig. 5A–C). In
this way, all the C and H atoms in the molecule are nearly in the
same plane, resulting in small distortion of the molecule and the
support. The absolute value of the adsorption energy of C6H5 de-
creases in the order of Pt (1 1 1) > Pt3Sn/Pt (1 1 1) > Pt2Sn/Pt
(1 1 1). Besides, the calculated adsorption energy of Phenyl on
the Pt (1 1 1) is less exothermic than Gao et al.’ results [29]
(�2.33 eV is our result whereas �2.78 eV is Gao et al.’s). The differ-
ent basis sets and k-point grid may cause the difference in adsorp-
tion energy (Gaussian-basis sets and 4 � 4 � 1 k-point used by Gao
et al., whereas we used the plan-wave basis sets and 5 � 5 � 1 k-
points).

3.5. Adsorption of hydrogen atom

The adsorption energy of hydrogen has been calculated accord-
ing to: Eads = E(Hads) � 1/2E(H2 gas) � E(bare surface), to be com-
pared with literature data. Some theoretical studies [4,30,31]
indicated that hydrogen atoms were adsorbed at the top-site on
the Pt (1 1 1). But the favorite adsorption site is the hcp-site on
the Pt (1 1 1) with the adsorption energy of �0.49 eV in our calcu-
lation. The calculated hydrogen adsorption energies of �0.45,
�0.44, and �0.43 eV are corresponding to the bri-, top-, and fcc-
sites on the Pt (1 1 1). And these results are within the range of
�0.3 to �0.43 eV obtained from the experiments at low hydrogen
coverage [32–34]. The difference of the hydrogen adsorption en-
ergy at different adsorption sites is less than 0.06 eV on the Pt
(1 1 1). As a consequence, the hydrogen atom diffuses quickly
across the Pt (1 1 1) surface [35,36]. The most favored site is the
top-site for hydrogen on Pt2Sn/Pt (1 1 1), and this is in agreement
with the results of Vigné et al. [10]. Furthermore, the absolute va-
lue of the adsorption energy of hydrogen also decreases in the or-
der of Pt (1 1 1) > Pt3Sn/Pt (1 1 1) > Pt2Sn/Pt (1 1 1).

3.6. Work function and projected density of state (PDOS) analysis

The surface work function (U) is the minimum energy required
to extract one electron from the surface to the vacuum. It is ob-
tained by subtracting the Fermi level (Efermi) from the plane-aver-
aged electrostatic potential normal to the surface of the system
(Evacum) [37]. Thus, the surface work function (U) is quite sensitive
to the charge density distribution of the surface. The clean Pt
(1 1 1), Pt3Sn/Pt (1 1 1), and Pt2Sn/Pt (1 1 1) surfaces exhibit their
work function at 5.74, 5.36, and 5.26 eV, respectively, in good
agreement with the corresponding experimental values of 5.80,
5.40, and 5.20 eV [38]. The calculated U of the clean surface follows
a decreasing order of Pt (1 1 1) > Pt3Sn/Pt (1 1 1) > Pt2Sn/Pt (1 1 1).
This sequence is the same as the adsorption energies for all the
species we have discussed above. Moreover, after adsorption, the
U of the Pt (1 1 1), Pt3Sn/Pt (1 1 1), and Pt2Sn/Pt (1 1 1) decreases
sharply. And similar cases were also observed on other alloys sur-
faces [39,40], implying charge transferring from the molecule to
the metal surface. It seems that there is no direction relationship



Fig. 3. Top and side view of cyclohexadienyl adsorbed at different sites on Pt (1 1 1) (A–C), Pt3Sn/Pt (1 1 1) (D–E) and Pt2Sn/Pt (1 1 1) (F–G): (A) hcp 1p3r; (B) fcc 1p2r; (C)
bri 2p1r; (D) fcc 2p1r ((4 � 4) cell); (D0) fcc 2p1r ((2

p
3 � 2

p
3) cell); (E) hcp 1p1r ((4 � 4) cell); (F) fcc 1p1r; (G) bri 1r.

Fig. 4. Top and side view of benzene adsorbed at different sites on Pt (1 1 1) (A–B), Pt3Sn/Pt (1 1 1) (C), and Pt2Sn/Pt (1 1 1) (D). (A) bri 2p2r; (B) fcc 3p; (C) bri ((4 � 4) cell);
(C’) bri ((2

p
3 � 2

p
3) cell); (D) fcc.
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between the adsorption energy and the changes of the U (see
Table 1). But the number of C–H bond that is formed between
the molecule and the surface influences the reduction in the U.
In general, the more C–Pt bonds in the adsorption mode, the larger
curtailment of the U. For example, the U of the Pt2Sn/Pt (1 1 1) sur-
face is reduced by 1.91 eV after 1,3-cyclohexadiene adopts the fcc
di-p mode (four C–Pt bonds in the di-p mode). While the U of the
Pt2Sn/Pt (1 1 1) surface is reduced by 1.17 eV after the molecule
adopts the fcc 1,2-di-r mode (two C–Pt bonds in the di-r mode).

The position of the occupied d-band center (ec
d) relative to the

Fermi level is an important surface parameter in determining the
reactivity [41], which reflects the property of the local adsorption
site of either the unperturbed metal surface or the variations in
reactivity for metal overlayers and for different surface structures
[42]. Many studies have shown that ec

d could be correlated with
adsorption energies or activation energy barriers [43–45]. The d-
band center (ec

d) is calculated by the formula [43]:

ec
d ¼

R Ef
�1 EqdðEÞdER Ef
�1 qdðEÞdE

where qd represents the density of states projected onto the d-band
of metal atom and Ef is the Fermi level. Generally speaking, the
closer the d-band center to the Fermi level, the more electrons at



Fig. 5. Top and side view of phenyl adsorbed at different sites on Pt (1 1 1) (A),
Pt3Sn/Pt (1 1 1) (B), and Pt2Sn/Pt (1 1 1) (C). (A) Top r; (B) top r((4 � 4) cell); (B0)
top r((2

p
3 � 2

p
3) cell); (C) top r.
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the Fermi lever, the higher reactivity the metal. Fig. 6A displays the
PDOS plots of the metallic d-band for the Pt (1 1 1) and Pt–Sn sur-
face alloys. The bandwidth increases from the Pt (1 1 1) to Pt2Sn/
Pt (1 1 1). And different shapes around the Fermi level (Ef) are ob-
served: in the case of Pt (1 1 1), there is a large density of states just
at Ef, which is smaller in the case of the Pt3Sn/Pt (1 1 1) and almost
disappears for the Pt2Sn/Pt (1 1 1). Moreover, the position of the d-
band center relevant to the corresponding Fermi level is calculated
at �2.45, �2.61, and �2.63 eV, for the Pt (1 1 1), Pt3Sn/Pt (1 1 1),
and the Pt2Sn/Pt (1 1 1), respectively. There is some difference be-
tween our values and the results from Delbecq and Vigné [46],
but the conclusion is the same: the d-band center goes down when
platinum is alloyed with Sn. Additional, the whole d-band center
was also calculated in this work, and it was found that the d-band
center is –1.95, –2.14, and –2.17 eV on Pt (1 1 1), Pt3Sn/Pt (1 1 1)
and Pt2Sn/Pt (1 1 1), respectively, which has the same order as
the occupied d-band center.

3.7. Decomposition of the adsorption energy

The adsorption energy can be decomposed into one term relat-
ing to the binding interaction to the metal (Einter), and the other
term (Edist) relating to the distortion of the molecule and the metal
as compared with its gas-phase state [6,47]. The two terms give
opposite contributions. On the one hand, the distortions of the
molecule and metal surface cause a destabilization; on the other
hand, the interaction with the metal improves the stability of the
system [48]. This can be expressed by an equation:

Eads ¼ EdistðmolecÞ þ EdistðsurfÞ þ Einter ð1Þ

These terms are listed for 1,3-cyclohexadiene and other species
on the Pt (1 1 1), Pt3Sn/Pt (1 1 1), and Pt2Sn/Pt (1 1 1) in Table 1.
Generally speaking, the Edist(molec) for the flatly adsorbed species
decreases in the order of Pt (1 1 1) > Pt3Sn/Pt (1 1 1) > Pt2Sn/Pt
(1 1 1), except that the Edist(molec) of the 1,3-cyclohexdiene on the
Pt3Sn/Pt (1 1 1) is larger than that on the Pt (1 1 1). On the contrary,
the Edist(molec) for the vertically adsorbed phenyl increases from the
Pt (1 1 1) to Pt2Sn/Pt (1 1 1). Furthermore, Edist(molec) can be corre-
lated to the geometrical distortion and the energy gap between
the highest occupied molecule orbital (HOMO) and the lowest
unoccupied molecule orbital (LUMO) levels of the adsorbates
[48,49]. The HOMO–LUMO gap decreases as distortion increases
[48,49]. For example, the HOMO–LUMO gap of 1,3-cyclohexadiene
in distorted geometry as di-p adsorption mode is 2.44, 2.30, and
2.40 eV (Fig. 6B) on the Pt (1 1 1), Pt3Sn/Pt (1 1 1), and Pt2Sn/Pt
(1 1 1) surfaces, respectively. And the corresponding Edist(molec) is
0.84, 0.93 and 0.90 eV on the Pt (1 1 1), Pt3Sn/Pt (1 1 1), and
Pt2Sn/Pt (1 1 1), respectively. The molecule distortion suggests a
stabilization of vacant molecule orbitals and a destabilization of
occupied orbitals. High distortion implies a better electronic inter-
action between occupied adsorbate orbitals and vacant orbitals on
the surface [48]. Besides, the distortion of the surface on the Pt–Sn
alloys is more serious than on the Pt (1 1 1) [23]. And the Einter de-
creases with the increasing concentration of Sn. Thus, the role of Sn
is weakening the interaction between the molecule and the
surfaces.
4. Reaction pathways

For the case of 1,3-cyclohexadiene, the scission of the first
hydrogen leads to cyclohexadienyl and the scission of the second
one leads to benzene, further dehydrogenations produce the phe-
nyl C6H5, benzyne C6H4, and so on. The 1,3-cyclohexadiene, cyclo-
hexadienyl, and benzene are adsorbed parallel to the surface.
However, phenyl, benzyne, and other dehydrogenation products
stand upright on Pt (1 1 1) [29] and Pt–Sn alloys. In this section,
we discuss the first three 1,3-cyclohexadiene dehydrogenation
steps.
4.1. Dehydrogenation of 1,3-cyclohexadiene on the Pt (1 1 1)

The activation energies have been calculated for the amount of
carefully selected reaction steps to evaluate the presence of a dom-
inant reaction pathway. The location of a TS is computationally
rather demanding, thus only the most stable and the second most
stable adsorption configurations of the species involved in the
dehydrogenation are used to search for TS. Fig. 7A shows possible
reaction pathways for 1,3-cyclohexadiene dehydrogenation on the
Pt (1 1 1). The dominant reaction pathway is indicated in bold. If
one of the activation energies is significantly lower than the others,
this pathway may likely be considered the dominant reaction path-
way. Take the first dehydrogenation step as an example, the differ-
ence in activation energy of dehydrogenation beginning at fcc-site
adsorbed 1,3-cyclohexadiene (TS 1 shown in Fig. 7) and bri-site ad-
sorbed 1,3-cyclohexadiene (TS 3), 0.31 eV, is sufficient to consider
the pathway of dehydrogenation of the bri-site adsorbed 1,3-cyclo-
hexadiene as the dominant reaction pathway. And the dehydroge-
nation barrier of this step is 0.62 eV. This value is within the
experimental range 0.52–0.72 eV [2,11].

Four possible pathways are distinguished for the second dehy-
drogenation step, starting from cyclohexadienyl adsorbed at hcp-
and fcc-site. According to the above analysis, the hcp-site cyclo-
hexadienyl is the specie formed via the dominant reaction path.
Therefore, two pathways stating from the hcp-site cyclohexadienyl
are considered. Activation energies of 0.87 (the bri-site benzene as
the production) and 1.35 eV (the fcc-site benzene as the produc-
tion) are calculated for the second dehydrogenation step. The path-
way with the bri-site benzene as the production is the dominant



Fig. 6. (A) PDOS projected on the surface Pt atom in the case of Pt (1 1 1), of the Pt3Sn/Pt (1 1 1) alloy ((4 � 4) cell), and of the Pt2Sn/Pt (1 1 1) alloy, the dashed line indicates
the Fermi level and the vertical segment shows the energy center of the d-band. (B) PDOS of the 1,3-cyclohexdiene adsorbed in the di-p configuration on the Pt(1 1 1), Pt-Sn
surfaces.
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pathway. And the barrier of 0.87 eV is in accordance with Saeys
et al. [4]’s results. Moreover, we also estimate the barrier of diffu-
sion from the most stable adsorption site to the less stable adsorp-
tion site (as seen in Fig. 7A), and these diffusion barriers are
generally smaller than the reaction barriers, means the possibility
of the reaction from the less stable site.

Further dehydrogenation of benzene on Pt (1 1 1) had been
investigated by Gao et al. [29], and the dehydrogenation barriers
of the bri- and fcc-site adsorbed benzene were calculated to be
1.72 and 1.65 eV with the reaction energy of 0.96 and 0.50 eV.
But in our study, they are 1.49 and 1.32 eV with the reaction en-
ergy of 0.90 and 0.55 eV. In Peck and Koel [11]’s study, TPD spectra
for H2 on Pt (1 1 1) showed two desorption states at 0.25 ML 1,3-
cyclohexadiene coverage: one state at 315 K which was attributed
to 1,3-cyclohexadiene dehydrogenation and another at 525 K as-
signed to benzene decomposition. The temperature required for
benzene dehydrogenation is much higher than that for 1,3-cyclo-
hexadiene dehydrogenation. This is consistent with our calculated
results: the activation energy of benzene dehydrogenation is more
than that of 1,3-cyclohexadiene dehydrogenation (1.49 vs.
0.62 eV).

4.2. Dehydrogenation of 1,3-cyclohexadiene on p (2 � 2) Pt3Sn/Pt
(1 1 1) surface alloy

The dehydrogenation of the less strongly bound hcp-site 1,3-
cyclohexadiene has a lower activation energy of 0.72 eV and a
reaction energy of 0.20 eV on the Pt3Sn/Pt (1 1 1). Because of
the 0.49 eV lower barrier, the weakly adsorbed hcp-site 1,3-
cyclohexadiene is more likely to be the reactive species, whereas
the fcc-site species may be too strongly adsorbed and can thus
be considered as a spectator species. The second dehydrogenation
step prefers to begin at the hcp-site cyclohexadienyl, because the
hcp-site cyclohexadienyl is produced by the hcp-site 1,3-cyclo-
hexadiene and it dehydrogenates to benzene with lower barrier
of 0.51 eV. The benzene prefers to physisorbed on the Pt3Sn/Pt
(1 1 1) surface. And the barrier for the benzene dehydrogenation
to phenyl is 1.75 eV, indicating that this step is dynamically pro-
hibited on the Pt3Sn/Pt (1 1 1). Therefore, the benzene once pro-
duced could desorb from the alloy easily. This is justified by the
experimental results [11], TPD showed H2 evolution from the
Pt3Sn/Pt (1 1 1) alloy surface with a single peak at 340 K at
0.25 ML 1,3-cyclohexadiene coverage, and there was no H2 desorp-
tion at any coverage above 400 K, implying the pathway for ben-
zene dehydrogenation was cut down on the Pt3Sn/Pt (1 1 1). As a
result, the Pt3Sn/Pt (1 1 1) alloy surface largely increases the selec-
tivity for gas benzene product. And the Sn atom is responsible for
the high selectivity on the Pt3Sn/Pt (1 1 1), because it alters the
barrier for 1,3-cyclohexadiene dehydrogenation. In fact, the
Pt3Sn/Pt (1 1 1) alloy had exhibited its high selectivity for 1,3-
butadiene hydrogenation to liberate butane at high hydrogen
precoverage [9]. And Vigné et al. [10] contributed this high
selectivity to the dual role of Sn as site blocking and ligand effect
by periodic DFT calculations.
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4.3. Dehydrogenation of 1,3-cyclohexadiene on (
p

3 � p3) R30� Pt2Sn/
Pt (1 1 1) surface alloy

The Pt2Sn/Pt (1 1 1) surface alloy showed the highest selectivity
for producing gas benzene in Peck and Koel [11]’s experiment.
Based on our theoretical study, this high selectivity of Pt2Sn/Pt
(1 1 1) could be explained as follows: on the one hand, the Pt2Sn/
Fig. 7. Possible reaction paths for the dehydrogenation of 1,3-cyclohexadiene on Pt (1
((2
p

3 � 2
p

3) cell) (D). The dominant reaction path is indicated in bold. The calculate
indicated. The energy values are given in eV.
Pt (1 1 1) surface alloy is much effective in promoting the second
dehydrogenation step that produces benzene, as a result of the
low dehydrogenation barrier of 0.32 eV. On the other hand, it is dif-
ficult for the benzene to dehydrogenate on the Pt2Sn/Pt (1 1 1), ow-
ing to the high dehydrogenation barrier of 1.90 eV. Thus, the major
production of 1,3-cyclohexadiene dehydrogenation on Pt2Sn/Pt
(1 1 1) is benzene in gas phase. Besides, the excellent selectivity
1 1) (A), Pt3Sn/Pt (1 1 1) ((4 � 4) cell) (B), Pt2Sn/Pt (1 1 1) (C), and Pt3Sn/Pt (1 1 1)
d hydrogenation, dehydrogenation activation energies, and diffusion barriers are
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of the Pt2Sn/Pt (1 1 1) alloy surface may be ascribed to the appro-
priate concentration of Sn, as benzene evolution has been observed
to undergo a stepwise decrease in temperature with increasing Sn
concentration in the experiments [11].
Fig. 8. The structure of all the TS of the three elemental dehydrogenation steps on Pt (1
((2
p

3 � 2
p

3) cell) (D). The dissociative C–H distances (Å) are also labeled.
The elementary steps and TS structures for 1,3-cyclohexadiene
dehydrogenation on the Pt–Sn alloys and Pt (1 1 1) are similar
(shown in Figs. 7 and 8). The reaction processes can be described
as follows: at the beginning of dehydrogenation, the dissociating
1 1) (A), Pt3Sn/Pt (1 1 1) ((4 � 4) cell) (B), Pt2Sn/Pt (1 1 1) (C), and Pt3Sn/Pt (1 1 1)



Fig. 9. BEP correlation for C–H bond-breaking steps in 1,3-cyclohexadiene dehydrogenation to phenyl C6H5 on the Pt (1 1 1) (the left one) and Pt–Sn surface alloys (the right
one). The fit line is ETS(eV) = 0.96EFS + 0.78 (R2 = 0.99) for Pt (1 1 1) and ETS(eV) = 1.42EFS + 1.05 (R2 = 0.98) for Pt–Sn alloys, where EFS is the energy of the final state for the
dominant dehydrogenation reaction, relative to the initial state gas-phase species and the clean slab, ETS is the energy of the corresponding TS with the same reference.
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hydrogen atom moves away from the remainder and it begins to
localize electron density at the nearest surface Pt atom. The disso-
ciating C–H bond is elongated to be in the range of 1.40–1.71 Å at
the TS (see Fig. 8). Then, a new Pt–H bond is formed via the disso-
ciating H and the surface Pt atom after the C–H bond scission.

Furthermore, all the TSs we have studied are more product like,
so they can be called ‘‘later barrier’’. There is a good linear relation-
ship between the TS energy and the FS energy (Fig. 9) [50]. It is ac-
cepted that BEP (Brønsted–Evans–Polanyi) relationships may apply
to reactions in heterogeneous catalysis. And considerable evidence
is provided from the experiments [51,52] and theoretical studies
[53,54]. However, the classical BEP principle does not work all
the time [55,56]. No linear relationship between the activation en-
ergy and the reaction energy change is found in our work.
5. Energy decomposition of the reaction barrier

In order to obtain the determined factors for the changes of the
barriers, we decompose the calculated barrier (Eact) using the fol-
lowing formula: [57]

Eact ¼ DEsub þ DEdef
AB � EIS

AB þ ETS
A þ ETS

B þ Eint
A���B; ð2Þ

where DEsub ¼ ETS
sub � EIS

sub, and reflects the influence of the structural
change of the substrate from the initial state (IS) to TS on the acti-
vation energy. DEdef

AB ¼ Egas
A���B � Egas

AB , and is named as deformation en-
ergy, which measures the effect of the structural deformation of AB
on the barrier. EIS

AB is the adsorption energy of AB in the IS configu-
ration. The ETS

A and ETS
B mean the binding energies of A (without B)

and B (without A) with the surface in the TS structure and are cal-
culated as ETS

AðBÞ = EA(B)/M � EA(B) � EM, where A(B) means adsorbate, M

means substrate, A(B)/M means the system of A(B) adsorbed on M
at the TS. Because all of the TSs, we studied are late TSs, ETS

A and
ETS

B reflect largely the A and B bonding ability on the metal surface.
It is thus expected that ETS

A þ ETS
B is by and large determined by the

local electronic effect of metals. The Eint
A���B is the interaction between

A and B in the TS configuration, including bonding competition
which is caused by A and B sharing bonding with the same surface
atom [57–59] and the direct Pauli repulsion between A and B. Thus,
Eint

A���B is a quantitative measure of the geometrical effect on catalytic
reactions. ETS

A þ ETS
B and Eint

A���B are closely related to the TS structure
[60]. A denotes C6H7, B denotes H for the first C–H bond breaking
and the rest can be done in the same manner. Each term of the con-
tributions to the barrier is shown in Table 2.
For the first C–H scission on the Pt (1 1 1) and Pt–Sn surface al-
loys, DEsub, DEdef

AB , �EIS
AB, and the geometrical effect ðEint

A���B) contribute
positively to the barrier. The local electronic effect (ETS

A þ ETS
B ) is

much larger than other terms and plays a positive role in reducing
the barrier. For the second C–H scission, DEdef

AB , �EIS
AB, and the geo-

metrical effect (Eint
A���B) share the same trend with the dehydrogena-

tion barrier. A sharp decrease in the local electronic effect
(ETS

A þ ETS
B ) and geometrical effect (Eint

A���B) is observed, when com-
pared with the first C–H scission. Besides, the significant reduction
in DEsub (0.15 eV) and DEdef

AB (�0.53 eV) contribute to the decrease
in barrier on the Pt2Sn/Pt (1 1 1). DEsub measures the structural
change of the substrate from the IS to the TS. So when the substrate
is more relaxed in the TS than in the IS, the value of DEsub becomes
negative, implying the substrate in the TS is more stable than in the
IS. A similar trend that lower activation energy comes with a smal-
ler value of DEsub (�0.22 eV) and DEdef

AB (0.67 eV) has also been
found for the third C–H scission on Pt (1 1 1). In fact, the local elec-
tronic effect (ETS

A þ ETS
B ) plays an important role in reducing the bar-

rier for the third C–H scission. Based on the above analysis, we
conclude that the local electronic effect (ETS

A þ ETS
B ) is the crucial fac-

tor controlling the barrier for the first and third C–H scission, while
the geometrical effect (EA���Bint ) is responsible for the second C–H
scission.
6. Microkinetic modeling

A microkinetic model has been developed to investigate the
selectivity of the Pt (1 1 1) and Pt–Sn surface alloys for gas-phase
benzene production. Table 3 shows the reactions used for the micr-
okinetic modeling and the rate constant at 500 K. Only the forward
reactions are taken into consideration. R1 is assumed in equilib-
rium. The slowest step is considered as the rds in the present
microkinetic model [61]. We have applied the steady-state approx-
imation [62] for the minority species, e.g. C6H7, C6H6, C6H5, and H.
Similar kinetic modeling methods have been used for various reac-
tions on metal and metal compound surfaces [62–66]. The equilib-
rium constant [63,64] is estimated according to Keq = exp
[�(DEads � TDS)/kBT], where DEads is the adsorption energy for
the adsorbate on the surface, while DS is the entropy change of
gas-phase adsorbate. The rate constant for RN (N = 1, 2, 3, . . .) can
be described as: kN = A exp(�Ea,N/kBT). The pre-exponential factor
(A) is considered as a constant (1013) for the sake of simplicity.
And we include the zero point energy (ZPE) into the activation



Table 2
Energy decomposition of the calculated activation energy.

Eact DEsub DEAB
def -EAB

IS EA
TS EB

TS EA
TS + EB

TS EA���Bint

C6H8 ? C6H7 + H (A: C6H7 B: H)
Pt (1 1 1) 0.62 0.12 1.62 1.45 �4.39 �2.67 �7.06 4.48
Pt3Sn/Pt (1 1 1) 0.72 0.60 0.57 0.67 �2.69 �2.62 �5.31 4.19
Pt2Sn/Pt (1 1 1) 0.75 0.12 0.62 0.4 �1.26 �2.46 �3.72 3.33

C6H7 ? C6H6 + H (A: C6H6 B: H)
Pt (1 1 1) 0.87 0.02 0.86 2.15 �2.49 �2.57 �5.06 2.90
Pt3Sn/Pt (1 1 1) 0.51 0.26 0.71 1.00 �1.18 �2.43 �3.61 2.15
Pt2Sn/Pt (1 1 1) 0.32 �0.53 0.15 0.99 �0.09 �2.25 �2.15 1.86

C6H6 ? C6H5 + H (A: C6H5 B: H)
Pt (1 1 1) 1.49 �0.22 0.67 0.80 �2.31 �2.60 �4.91 5.14
Pt3Sn/Pt (1 1 1) 1.75 0.37 2.22 �0.10 �1.76 �2.54 �4.30 3.56
Pt2Sn/Pt (1 1 1) 1.90 0.43 2.01 �0.06 �1.41 �2.44 �3.85 3.37

Note: B denotes H, A denotes C6H7, C6H6, C6H5 for the first, second, and third dehydrogenation step. Eact: the calculated activation energy. DEsub: the difference between the
energy of the substrate in the transition state and the initial state. DEdef

AB : the difference between the energy of the molecule in the TS and IS. EIS
AB: the adsorption energy of the

molecule in the IS. ETS
A and ETS

B : the binding energies of A(without B) and B(without A) with the surface in the TS structure. Eint
A���B: the interaction between the dissociated H and

the other part of the molecule (unit: eV).

Table 3
The reaction mechanisms and rate constant used for microkinetic modeling on the Pt (1 1 1), Pt3Sn/Pt (1 1 1), and Pt2Sn/Pt (1 1 1) surfaces.

Metal surface Process Ea (eV) K eq k(s�1)

Pt (1 1 1) R1 C6H8 (gas) + �? C6H8� – 0.17 (Eads = �1.48 eVa) –
R2 C6H8� + �? C6H7� + H� 0.52 – 5.7e+8
R3 C6H7� + �? C6H6� + H� 0.74 – 3.4e+6
R4 C6H6�? C6H6 (gas) + � 1.65 a – 2.3e�3
R5 C6H6� + �? C6H5� + H� 1.29 – 9.80
R6 C6H5� + �? C6H4� + H� 1.21 a – 62.00
R7 C6H4� + �? C6H3� + H� 1.43 a – 0.38
R8 2H�? H2 (gas) + � 0.61 – 7.0e+7

Pt3Sn/Pt (1 1 1) R1 C6H8 (gas) + �? C6H8� – 1.7e�2 (Eads = �1.38 eVa) –
R2 C6H8� + �? C6H7� + H� 0.67 – 1.7e+7
R3 C6H7� + �? C6H6� + H� 0.46 – 2.3e+9
R4 C6H6�? C6H6 (gas) + � 1.35 a – 2.40
R5 C6H6� + �? C6H5� + H� 1.63 – 3.6e�3
R6 2C6H5 �? C12H10 (gas) + 2� 1.59 – 9.2e�3
R7 2H�? H2 (gas) + 2� 0.40 – 9.2e+9

Pt2Sn/Pt (1 1 1) R1 C6H8 (gas) + �? C6H8� – 1.0e-6 (Eads = �0.96 eVa) –
R2 C6H8� + �? C6H7� + H� 0.64 – 3.5e+7
R3 C6H7� + �? C6H6� + H� 0.23 – 4.8e+11
R4 C6H6�? C6H6 (gas) + � 0.90 a – 8.4e+4
R5 C6H6� + �? C6H5� + H� 1.78 – 1.1e�4
R6 2C6H5 �? C12H10 (gas) + 2� 1.73 – 3.6e�4
R7 2H�? H2 (gas) + 2� 0.37 – 1.8e+10

Note: An asterisk represents a free site on the surface. The Keq is estimated according to Keq = exp [ - (DEads - TDS)/kBT].The rate constant k is calculated based on
k = A exp ( - Ea/kBT).The pre-exponential factor A is considered as a constant (1013). Keq and k are worked out at 500 K. Activation energies are corrected by ZEP corrections. a

The desorption activation energies of cyclohexdiene and benzene are obtained from literature [11,72], and the reactions of phenyl dehydrogenation are obtained from [69].
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energy [67,68] ZEP ¼
P

ið12Þhmi, where mi is the computed real fre-
quencies of the system.

The mechanism for 1,3-cyclohexadiene dehydrogenation to
benzene on the Pt (1 1 1) is similar to on the Pt–Sn alloys. But for
benzene on the Pt (1 1 1), it was dehydrogenated to leave an adlay-
er of stoichiometry C6H3 around 500 K [69,70]. C6H3 was further
decomposed to graphitic carbon and hydrogen around 800 K on
the Pt (1 1 1) [69,70]. Thus, C6H3 can be considered as the end pro-
duction of C6H5 dehydrogenation on the Pt (1 1 1) at 500 K for our
microkinetic modeling. Whereas the decomposition of benzene
was eliminated on Pt–Sn alloys [11], which is justified by the high
calculated dehydrogenation barrier. To be compared with the case
on the Pt (1 1 1), di-phenyl (C12H10) is considered as the final prod-
uct on Pt–Sn alloys via the process of dimerization of phenyl
(C6H5), 2C6H5 ? C12H10(g). The dimerization barriers are calculated
to be 1.73 eV on the Pt3Sn/Pt (1 1 1) and 1.88 eV on the Pt2Sn/Pt
(1 1 1) (see Supporting information). So the reactions used for
the microkinetic modeling are different on the Pt (1 1 1) from those
on the alloys. Moreover, the barrier for hydrogen association to H2

is calculated to be 0.77 eV on Pt (1 1 1), which is consistent with
the results of Grabow et al. [71]. And the association barrier for
hydrogen is 0.54 eV on Pt3Sn/Pt (1 1 1) and 0.50 eV on Pt2Sn/Pt
(1 1 1).

The coverage of surface species (C6H8, C6H7, C6H6) on the Pt
(1 1 1) and Pt–Sn alloys can be described below:

K1 ¼
hC6H�8

PC6H8 h�
; hC6H�8

¼ K1PC6H8 h� ð3Þ

dhC6H�7

dt
¼ k2h�hC6H�8

� k3h�hC6H�7
¼ 0; hC6H�7

¼ K1k2k�1
3 PC6H8 h� ð4Þ

dhC6H�6

dt
¼ k3h�hC6H�7

� k4hC6H�6
� k5h�hC6H�6

¼ 0; hC6H�6
¼ K1k2PC6H8

k4 þ k5h�
h2
�

ð5Þ

The coverage of C6H5, C6H4 and H on the Pt (1 1 1) is:

dhC6H�5

dt
¼ k5h�hC6H�6

� k6h�hC6H�5
¼ 0; hC6H�5

¼ K1k2k5PC6H8

ðk4 þ k5h�Þk6
h2
� ð6Þ



Fig. 10. Temperature dependence of the relative selectivity of gas benzene
produced by the 1,3-cyclohexadiene dehydrogenation on Pt (1 1 1) and Pt2Sn/Pt
(1 1 1) using the microkinetic modeling technique (PC6H8 = 7.4 � 10–5 Pa). The
dashed line denotes a typical temperature at 500 K.
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dhC6H�4

dt
¼ k6h�hC6H�5

� k7h�hC6H�4
¼ 0; hC6H�4

¼ K1k2k5PC6H8

ðk4 þ k5h�Þk7
h2
� ð7Þ

dhH�

dt
¼k2h�hC6H�8

þk3h�hC6H�7
þk5h�hC6H�6

þk6h�hC6H�5

þk7h�hC6H�4
�k8h

2
H� ¼0

hH� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2k4 þ 5k5h�ÞK1k2PC6H8

ðk4 þ k5h�Þk8

s
h� ð8Þ

And h� þ hC6H�8
þ hC6H�7

þ hC6H�6
þ hC6H�5

þ hC6H�4
þ hC6H�3

þ hH� ¼ 1 ð9Þ

While the coverage of C6H5 and H on the Pt–Sn alloys is:

dhC6H�5

dt
¼ k5h�hC6H�6

� k6h
2
C6H�5
¼ 0; hC6H�5

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K1k2k5h�PC6H8

ðk4 þ k5h�Þk6

s
h� ð10Þ

dhH�

dt
¼ k2h�hC6H�8

þ k3h�hC6H�7
þ k5h�hC6H�6

� k7h
2
H� ¼ 0;

hH� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2k4 þ 3k5h�ÞK1k2PC6H8

ðk4 þ k5h�Þk7

s
h� ð11Þ

And h� þ hC6H�8
þ hC6H�7

þ hC6H�6
þ hC6H�5

þ hH� ¼ 1 ð12Þ

By putting the coverage of surface species into Eq. (9) or (12), we
can calculate h⁄ and other surface converges. Moreover, the rates
for the species (C6H7, C6H6 (gas), C6H5, C6H3) are: RC6H7 ¼ k2hC6H�8h� ,
RC6H6ðgasÞ ¼ k4hC6H�6

, RC6H5 ¼ k5hC6H�6
h� and RC6H3 ¼ k7hC6H�4

h�,
respectively. The nonlinear equation was solved using the bisection
method.

We are able to roughly estimate the selectivity for gas ben-
zene, on the basis of the above microkinetic model and the
DFT-calculated energies. However, the simulated results are not
coincided well with the experimental observations [11] if all
the DFT results were used directly. We find that there are some
differences in the adsorption energies of C6H8 and C6H6 between
our calculated energies and the experiments data [11,72]. So we
tried the adsorption energies obtained from experiments (see
Table 3) and found they led to more reasonable results: the cov-
erage of empty sites is 0.16 on Pt (1 1 1), 0.26 on Pt3Sn/Pt (1 1 1)
and 1.0 on Pt2Sn/Pt (1 1 1), and the relative selectivity for gas
benzene (ratio of the rate for gas benzene to the total rate for
gas benzene and the end production): 0.61 on Pt (1 1 1)

RC6H6ðgasÞ
RC6H6ðgasÞ þRC6H3

� �
, and 0.99 on Pt3Sn/Pt (1 1 1)

RC6H6ðgasÞ
RC6H6ðgasÞ þRC12H10

� �
and

1.0 on Pt2Sn/Pt (1 1 1)
RC6H6ðgasÞ

RC6H6ðgasÞ þRC12H10

� �
, under the typical experi-

mental conditions (PC6H8 = 7.4 � 10�5 Pa, T = 500 K [11]). This is
consistent with the experimental result: the Pt3Sn/Pt (1 1 1)
and Pt2Sn/Pt (1 1 1) had similar selectivity (nearly 100%) for gas
benzene [11], while the Pt (1 1 1) has low selectivity and the
competition was strong between desorption and dehydrogena-
tion on Pt (1 1 1) [69]. Fig. 10 shows the temperature depen-
dence of the relative selectivity of gas benzene produced by
1,3-cyclohexadiene dehydrogenation on Pt (1 1 1) and Pt2Sn/Pt
(1 1 1). The relative selectivity for gas benzene decreases sharply
from 450 to 580 K on Pt (1 1 1), whereas the relative selectivity
for gas benzene remains the same value (nearly 100%) on
Pt2Sn/Pt (1 1 1). In fact, the temperature dependence of selectiv-
ity on Pt3Sn/Pt (1 1 1) is nearly the same as on Pt2Sn/Pt (1 1 1),
and we do not show this result in Fig. 10. So we hold that both
the Pt3Sn/Pt (1 1 1) and the Pt2Sn/Pt (1 1 1) surface alloys may be
an ideal catalyst for promoting 1,3-cyclohexadiene dehydrogena-
tion to gas-phase benzene. This is in agreement well with the
experimental observations that the selectivity of benzene forma-
tion researched to 100% when the Sn coverage is larger than
0.20 ML [11].
7. Conclusions

The adsorption of the stable intermediates for 1,3-cyclohexadi-
ene dehydrogenation to phenyl C6H5 on the Pt (1 1 1), Pt3Sn/Pt
(1 1 1), and Pt2Sn/Pt (1 1 1) surface alloys has been explored with
periodic DFT–GGA calculations. The calculations exhibit that the
interaction between 1,3-cyclohexadiene, cyclohexadienyl, ben-
zene, phenyl, hydrogen atom and the metal surface decreases in
the order of Pt (1 1 1) > Pt3Sn/Pt (1 1 1) > Pt2Sn/Pt (1 1 1). The d-
band center and the work function of the clean Pt (1 1 1), Pt3Sn/
Pt (1 1 1), and Pt2Sn/Pt (1 1 1) also decrease with the increasing
concentration of Sn. The surface Sn atoms increase the repulsion
between the adsorbate and the alloy surface, thus weaken the mol-
ecule adsorption.

The pathways and activation energies for the 1,3-cyclohexadi-
ene dehydrogenation to phenyl on the Pt (1 1 1), Pt3Sn/Pt (1 1 1),
and Pt2Sn/Pt (1 1 1) surface alloys have been studied to under-
stand why the alloys have a high selectivity for gas benzene pro-
duction. Along the dominant reaction path, the barriers on the Pt
(1 1 1) are 0.62, 0.87 and 1.49 eV for the first, second, and third
dehydrogenation step, respectively. They are 0.72, 0.51, 1.75 eV
on the Pt3Sn/Pt (1 1 1), and 0.75, 0.32, 1.90 eV on the Pt2Sn/Pt
(1 1 1). The rate determined step is the third dehydrogenation
step on the three surfaces. The Pt2Sn/Pt (1 1 1) surface alloy is
less active in promoting the first C–H scission step compared
with Pt (1 1 1), but it facilitates the second C–H scission step
and prohibits further dehydrogenation of benzene. Thus, it is
an excellent catalysis for accelerating 1,3-cyclohexadiene
dehydrogenation to gas benzene. However, the Pt (1 1 1) is too
reactive and therefore no selectivity in the dehydrogenation of
1,3-cyclohexadiene, and the coking product obtained from
benzene decomposition could poison the Pt catalyst [69,70].
We suggest the effect of surface Sn concentration on dehydroge-
nation activity may play an important role in improving the per-
formance of supported Pt–Sn reforming catalysts, and the
selectivity researched to 0.99 when the Sn coverage larger than
0.25 ML based on the microkinetic model analysis.
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