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1. INTRODUCTION

Small amounts of sulfur in gasoline and diesel are increasingly
demanded to meet the global environmental regulations; the
deep desulfurization of sulfur-containing hydrocarbons has at-
tracted widespread attention.1�3 In the petroleum industry,
hydrodesulfurization (HDS) is one of the most important
processes to produce clean fuels, and CoMo and NiMo sulfides
are widely used as conventional HDS catalysts that can ade-
quately desulfurize aliphatic sulfur compounds.3�6 However,
these Mo-based catalysts are apparently less effective in treating
aromatic thiophene and its derivatives, especially 4,6-dimethyl-
dibenzothiophene (4,6-DMDBT), to achieve the so-called deep
HDS.3,7,8 A great deal of research has been focused on the
improvement of more effective HDS catalysts to remove S from
thiophenic compounds. Recently, development of highly active
HDS catalysts (e.g., supported noble metal catalysts,9�11 which
are more active than the commercial CoMo andNiMomaterials)
to produce fuels with much low sulfur contents has been claimed
in the petroleum industry. The key step of the desulfurization
process is the C�S bond cleavage, which is still not well under-
stood. For the rational improvement of the HDS catalysts, a
detailed investigation of the desulfurization mechanism over
noble metal surfaces is necessary.

The HDS mechanisms of thiophenic compounds have been
discussed in a number of reviews,1,4,12�14 and the general
conclusion is made that there exist two different reaction path-
ways that may compete with each other. The first one is termed
the hydrogenation (HYD) pathway, initiated by hydrogenation
and followed by S removal. In contrast, in the second one
(termed the direct desulfurization (DDS) pathway), S is removed
from thiophene without the prior hydrogenation. Owing to its
relatively simple structure, thiophene is often used as a model
molecule for studying the catalytic C�S bond scission and HDS
mechanism. Recently, Moses et al. performed a detailed DFT
investigation of thiophene on both MoS2 and Co-promoted
MoS2.

15,16 They pointed out that the DDS pathway is less
important than the HYD pathway for MoS2, which is in accor-
dancewith the important clues of theHYDpathway obtained from
scanning tunneling microscopy studies,17 and the net effect of Co
promotion was found to increase the hydrogenation activity. In
contrast, because of the steric hindrance of the methyl groups,
desulfurization of 4,6-DMDBT takes place mainly via the HYD
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route,7,12 and the hydrogenation ability of the catalyst is of critical
importance for deep HDS. Supported noble metals are much
better hydrogenation catalysts than metal sulfides,18,19 but are
easily poisoned by sulfur. The sulfur resistance can be improved by
alloying11 and by using an acidic support.20

Platinum, the representative of noble metals, is an effective
hydrogenation catalyst for many petrochemical processes.21

When supported on zeolites9 and related acidic materials (such
as mesoporous silicate),10 platinum exhibits high activity toward
the HDS of organic sulfur compounds, making it a potential
second-generation catalyst for deep HDS. The Pt(111) surface is
often considered because it is the thermodynamically most stable
surface that dominates in large particles used in the catalysts.
Different from the nonselective decomposition of thiophene on
Mo(100),22 Mo(110),23 Re(0001),24 and Ru(0001),25 yielding
atomic sulfur, carbon, and H2 as the products, ultrahigh vacuum
(UHV) experiments have demonstrated that butadiene can be
also formed on Pt(111)26,27 (also, Pd(111)28 and Rh(111)29),
which reflects the high hydrogenation activity of platinum.

Despite these efforts, to our knowledge, no theoretical reports
are available to illustrate the adsorption and HDS mechanism of
thiophene on Pt surfaces. Furthermore, the effect of hydrogena-
tion on the C�S bond cleavage of thiophene has not been
clarified. These facts motivate us to perform a theoretical
investigation of the desulfurization and hydrogenation processes
of thiophene and its hydrogenated derivatives on Pt(111) based
on the periodic, self-consistent DFT calculations. We address
both the structures and energies of the involved intermediates,
present detailed potential energy surfaces (PES) for the title
reactions, and discuss the HDS mechanism of thiophene.

2. COMPUTATIONAL DETAILS

The DFT calculations were performed with the program
package of DMol3 in the Materials Studio of Accelrys, Inc.30�32

The exchange�correlation energy was calculated within the
generalized gradient approximation (GGA) using the form of
the functional proposed by Perdew and Wang,33,34 usually
referred to as Perdew�Wang 91. To take the relativity effect
into account, the density functional semicore pseudopotential
method was employed for the Pt atoms, and the carbon, sulfur,
and hydrogen atoms were treated with an all-electron basis set.
The valence electron functions were expanded into a set of
numerical atomic orbitals by a double�numerical basis with
polarization functions (DNP). A Fermi smearing of 0.136 eV and
a real-space cutoff of 4.5 Å were used to improve the computa-
tional performance. All computations were performed with spin
polarization.

The lattice constant of the bulk platinum was calculated to
be 4.006 Å, in good agreement with the experimental value
(3.912 Å).35 This calculated lattice constant was subsequently
used in all calculations to maintain a true energy minimum with
respect to the bulk Pt reference state. The Pt(111) surface was
modeled by a four-layer slab with nine platinum atoms per layer
representing a p(3 � 3) unit cell, and a vacuum region of 14 Å
thickness was used to separate the surface from its periodic image
in the direction along the surface normal. The reciprocal space
was sampled by a grid of (3 � 3 � 1) k-points generated
automatically using the Monkhorst�Pack method.36 A single
adsorbate was allowed to adsorb on one side of the (3� 3) unit
cell, corresponding to a surface coverage of 1/9 ML. Full-
geometry optimization was performed for all relevant adsorbates
and the uppermost two layers without symmetry restriction,
while the bottom two layer Pt atoms were fixed at the positions at
the calculated lattice constant. The tolerances of energy, gradient,
and displacement convergence were 2.721 � 10�4 eV, 5.442 �
10�2 eV/Å, and 5 � 10�3 Å, respectively.

At the present theoretical level, the average S�Pt bond length
was calculated to be 2.303 Å for S adsorbed at a fcc site, which
agrees well with the low-energy electron diffraction result of
2.28( 0.03 Å.37 The adsorption energies for S at fcc and hcp sites
on Pt(111) were calculated to be 4.72 and 4.48 eV, compared
with the respective values of 4.54 and 4.26 eV calculated using the
GGA-PBE functional and designed nonlocal pseudopotentials
implemented in the CPMD code38 and 4.94 and 4.75 eV
calculated using the GGA-PBE96 functional and all-electron
full-potential linearized augmented plane-wave potential in the
WIEN2k code.39 Moreover, the calculated geometrical para-
meters of the gas-phase thiophene are almost the same as the
experimental values (the largest difference is 0.015 Å).40

Transition state (TS) searches were performed at the same
theoretical level with the complete LST/QSTmethod.30�32,41 In
this method, the linear synchronous transit (LST) maximization
was performed, followed by an energy minimization in directions
conjugating to the reaction pathway to obtain an approximated
TS. The approximated TS was used to perform quadratic sync-
hronous transit (QST) maximization, and then another con-
jugated gradient minimization was performed. The cycle was
repeated until a stationary point was located. The convergence
criterion for the TS searches was set to 0.272 eV/Å for the root-
mean-square of atomic forces. Vibrational frequencies were
calculated for all the initial (IS) and final (FS) states as well as
the TSs from the Hessian matrix with the harmonic approxima-
tion, and zero-point energy (ZPE) was calculated from the
resulting frequencies.

3. RESULTS

This part is divided into two sections. In section 3.1, we give
structures and energies for the stable adsorptions of thiophene
and its hydrogenated derivatives on Pt(111). In section 3.2, we
investigate the desulfurization and hydrogenation steps of thio-
phene and its hydrogenated derivatives to gather a general view
of the HDS network. For clarification, all energies reported
herein are after ZPE corrections.
3.1. Adsorptions of Thiophene and Its Hydrogenated

Derivatives. In this section, we present a detailed investigation
of structures and energies for thiophene and its hydrogenated
derivatives on Pt(111) at a surface coverage of 1/9 ML. The
labeling convention for atoms in the thiophene ring, which is also

Figure 1. Schematic diagram of the thiophene molecule showing the
labeling convention for the constituent atoms used in the text. The letter
x in Cx represents the position of the C atom in the thiophene ring.
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applied to its hydrogenated derivatives, is shown in Figure 1. The
adsorption energies and some important geometric parameters
of the relevant species are given in Table 1, and the representative
adsorption configurations are shown in Figure 2.
3.1.1. Thiophene (T). As shown in Figure 2a,b, two types of

adsorption configurations, cross-bridge and bridge-hollow
(including bridge-fcc and bridge-hcp), are found for thiophene

on Pt(111). Although these configurations give almost the same
adsorption energies (see Table 1), differences existing in the
adsorption structures are obvious. In the cross-bridge configura-
tion (see Figure 2a), the molecule is flat located, in agreement
with the near-edge X-ray absorption fine structure, X-ray photo-
electron spectroscopy (XPS), and high-resolution electron en-
ergy loss spectroscopy (HREELS) observations.26,27 Compared

Figure 2. The most stable adsorption structures of thiophene and its hydrogenated derivates on Pt(111). T, MHT, DHT, and THT are the
abbreviations of thiophene, monohydrothiophene, dihydrothiophene, and tetrahydrothiophene, respectively. TheC, S, H, and Pt atoms are shown in the
black, dark-gray, white, and light-gray colors, respectively.

Table 1. Adsorption Sites, Adsorption Energies (ΔEads, eV), and Bond Lengths (Å) for Adsorbed Thiophene and Its
Hydrogenated Derivatives on Pt(111)

aMHT, DHT, and THT represent monohydrothiophene, dihydrothiophene, and tetrahydrothiophene, respectively. bAdsorption energies are
calculated using the equation: ΔEads = Eads + EM � Eads/M, where ΔEads is the adsorption energy of an adsorbate on the metal surface, Eads/M is the
energy of the adsorbate�M adsorption system, and Eads and EM are the energies of the free adsorbate and the clean slab, respectively. All the energies
are after zero-point energy corrections.
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with the gas-phase values, the C2�C3 and C4�C5 bonds in the
adsorption state are stretched by∼0.1 Å, and the C�S bonds are
elongated by ∼0.13 Å, reflecting the loss of aromaticity of the
molecule caused by adsorption. Furthermore, a tilted adsorption
configuration of thiophene was also proposed in experiments,26,27

and confirmed by our calculations that the plane of the molecule is
distorted in the bridge-fcc (see Figure 2b) and bridge-hcp config-
urations, and the C2C3C4C5 plane tilts from themetal surface at an
angle of 22�, compared with the experimental value of ∼40�.26
Three new bonds (C2�Pt, C5�Pt, and S�Pt) are formed
(η3 mode), in agreement with the experimental result by Lang
et al.,27 representing a compromise between theπ interaction of the
adsorbate ring with the surface (η5 mode) and the formation of a
single thiophene�platinum bond via the sulfur atom (η1 mode).
The C2�C3, C4�C5, C2�S, and C5�S bonds are elongated, as
expected; however, the extents of the elongations are smaller
than those in the cross-bridge configuration (see Table 1), which
might be explained by the fact that in this case, the thiophene ring
does not fully interact with the surface. The larger stretching of
the C�S bonds indicates the cross-bridge adsorption indeed
weakens the C�S bonds to a larger extent and thus favors the
rupture of the bonds. We also note that, compared with the gas
value, the C3�C4 bond length in the cross-bridge configuration
remains almost unchanged (0.002 Å), whereas in the bridge-
hollow state, it shrinks remarkably (ca. 1.37 Å) as a result of the
formation of a double bond.
DFT investigations of thiophene adsorption on Ni(100),42

Ni(110),43 Al(111),44 Pd(100),45 Cu(100),45 and (Co-promoted)
MoS2

15,16 have been published. On Ni(100), a strong chemisorp-
tion of thiophene was observed (ΔEads = 2.57 eV), in which direct
disruption of the aromatic ring is caused by the breaking of one of
the C�S bonds. However, on Ni(110), Pd(100), Al(111), and
Cu(100), thiophene adsorbs molecularly in a flat manner, with the
adsorption energies of 2.42, 2.20, 0.54, and 0.47 eV, respectively;
the calculated adsorption structures on these surfaces are in reason-
able agreementwith the results obtained in theX-ray absorption fine
structure and angle-resolved UV photoemission spectroscopy exper-
iments.44,46�49 It is worth mentioning that thiophene could
easily desorb from Cu(100), in contrast to the direct dissociation
onNi(100).50 For (Co-promoted)MoS2 at typical HDS conditions,
thiophene adsorbs atMo and S edges (orCo�Mo�S edge) with an
adsorption energy of ∼0.07 eV.15,16,51 On Pt(111), the calculated
adsorption energy for thiophene is∼1.53 eV (see Table 1), between
the values for Ni(100), Ni(110), Pd(100), Al(111), Cu(100), and
(Co-promoted) MoS2 (0.07�2.57 eV). Although the DFT results
regarding the adsorption energies of thiophene on metals and

sulfides are very limited by far, we assume that the Sabatier
principle, that is, the interaction between catalyst and adsorbate
should be neither too strong nor too weak, works in this case,
which might partially explain why the Pt metal is the proper
catalyst for thiophene desulfurization.
3.1.2. Monohydrothiophene (MHT). Adding the first hydro-

gen atom to thiophene producesMHT, including 2- and 3-MHT,
and in the gas phase, 2-MHT is 0.45 eVmore stable than 3-MHT
on the basis of the calculated total energies. The addition of H
destroys the aromaticity of thiophene, but the remaining parts of
2-MHT (C3, C4, C5, and S) and 3-MHT (C2, C4, C5, and S)
retain partial property ofπ-bond system, as shown in Figure 3b,c.
Thus, compared with the parameters in thiophene, the C3�C4,
C4�C5, and C5�S bonds in 2-MHT change slightly (ca. 0.03 Å)
but the other bonds stretch noticably (ca. 0.12 Å). In 3-MHT, the
C4�C5, C2�S, and C5�S bonds also vary slightly (ca. 0.02 Å),
with the rest bonds increasing by ∼0.10 Å.
When adsorbed on Pt(111), both MHTs prefer to adsorb at a

hollow site, as shown in Figure 2c,d, with adsorption energies of
2.66 (2-MHT) and 2.98 (3-MHT) eV; the molecule plane is
essentially flat except for the slight uplift of the CH2 group, and
the S atom sits at the top site. Moreover, compared with the
relevant gas values, the C3�C4, C4�C5, and C5�S bonds in
2-MHT increase by ∼0.08 Å while the other bond lengths
undergo relatively small changes (ca. 0.01 Å). For 3-MHT, the
C4�C5, C2�S, and C5�S bonds increase by ∼0.08 Å while the
variation in the other bonds is small (ca. 0.02 Å). These facts
indicate that the adsorptions further weaken the π-bond system
of MHTs.
3.1.3. Dihydrothiophene (DHT). In the previous studies, only

2,3- and 2,5-DHTwere taken as the intermediates involved in the
HDS process.1,15,16,52,53 Thus, for simplicity, we consider only
these two DHT’s. DHT is formed after the addition of a
hydrogen atom to MHT, and the π-bond system is further
depleted, including only the C5�S and C4�C5 bonds in 2,3-
DHT and the C3�C4 bond in 2,5-DHT, which can be seen from
the shrinking of the π orbital (see Figure 3d,e). In the gas phase,
compared with the relevant parameters of thiophene, the average
variation of the C5�S and C4�C5 bonds in 2,3-DHT is small
(ca. 0.03 Å) but the other bonds increase by∼0.13 Å; in 2,5-DHT,
the C3�C4 bond is shortened by 0.09 Å for the formation of the
double bondwhile the rest bonds are stretched bymore than 0.12Å.
As shown in Figure 2e, the most stable adsorption of 2,3-DHT

is at fcc and hcp sites, gaining energies of∼1.50 eV. Themolecule
plane is tilted, which is caused by the uplift of the two adjacent
CH2 groups, and the S atom of 2,3-DHT stays at top site; however,

Figure 3. Schematic pictures of the π orbital of thiophene and its hydrogenated derivates in the gas phase.
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2,5-DHT forms two types of adsorption modes on Pt(111),
which are at cross-bridge and hollow (fcc and hcp) sites. The S
atom of 2,5-DHT also sits at the top site. Except for the
adsorption site, as shown in Figure 2f,g, the difference between
these adsorption configurations is small. The adsorption energies
at the cross-bridge, fcc, and hcp sites are 1.61, 2.14, and 2.12 eV,
respectively. Compared with the gas-phase parameters, adsorp-
tion of 2,3-DHT on Pt(111) leads to relatively large stretches
in the C5�S and C4�C5 bonds (ca. 0.06 Å) and small changes in
the C2�S, C2�C3, and C3�C4 distances (ca. 0.01 Å), indicating
the π-bond system of 2,3-DHT is further destructed. For 2,5-
DHT, the adsorption results in an obvious increase in the C3�C4

bond length (ca. 0.15 Å) and small change in the other bonds (ca.
0.02 Å), reflecting the π bond between C3 and C4 is, indeed,
weakened in the adsorption state.
3.1.4. Tetrahydrothiophene (THT). The addition of four H atoms

to thiophene completely destroys theπ-bond system.Comparedwith
the relevant parameters of thiophene, all theC�S andC�Cbonds in
THT are elongated bymore than 0.1 Å. As shown in Figure 2h, THT
prefers the top site through the S atom with the adsorption energy of
1.60 eV. The adsorbed THT has actually taken off from the metal
surface, and the S atom is out of theC2C3C4C5 plane. The adsorption
ofTHT leads to small changes in all theC�S andC�Cbond lengths
(less than ca. 0.01 Å). The especially small change in the C�S bond
lengths (by only ca. 0.002 Å) indicates that the adsorption process
may have little effect on the C�S bond scission of THT.
3.2. Reaction of Thiophene and Its Hydrogenated Deri-

vates. St€ohr et al.26 and Lang et al.27 have shown in their X-ray
and HREELS studies that the C�S bond cleavage in thiophene
begins at around 290 K, and the removal of the S atom from the
ring starts at 350 K; the final products include H2, C, S, and
butadiene. In this section, we present the desulfurization path-
ways of thiophene and its hydrogenated derivates, together with
the hydrogenation pathways of thiophene into 2,3- and 2,5-
DHT, and the formation of butadiene. Since similar adsorption
structures and energies are obtained at bridge-fcc and bridge-hcp
sites for thiophene and at fcc and hcp sites for the hydrogenated
derivates of thiophene, we choose the adsorptions of thiophene

at the bridge-fcc site and 2-MHT, 3-MHT, 2,3-DHT, and 2,5-
DHT at the fcc site to represent the corresponding bridge-hollow
and hollow adsorption configurations in the investigation of the
desulfurization of the intermediates. The details regarding the
change in the C�S distances during the desulfurization process
are given in Table S1 of the Supporting Information.
3.2.1. Desulfurization of Thiophene. The calculated results of

Section 3.1 have shown that the C�S bond cleavage in thiophene
might occur more readily from the cross-bridge configuration
because in that case, the relevant bond is weakened to a larger
extent. Thus, we determine the desulfurization processes of
thiophene from that state. The calculated desulfurization PES
of cross-bridge adsorbed thiophene is displayed in Figure 4 with
the corresponding schematic structures involved, and the initial
configuration is taken as the energetic reference.
The desulfurization process for the cross-bridge configuration

of thiophene involves two sequent C�S bond scissions. The first
C�S (C5�S) bond cleavage involves movement of the S atom
toward the adjacent bridge site forming bond with another
surface Pt atom. In the TS of this step (TS1-A), the C5�S bond
is ruptured. After TS1-A, a stable intermediate, C4H4S(thiolate),
is formed as the FS in which both the C5 and S atoms stay at
bridge sites with the C5�S distance further elongated. The
adsorption structure of C4H4S when the Pt atom is included in
the 6-member ring is similar to that found in the organometallic
reaction, in which the metal atom inserts into the C�S bond of
thiophene.1,54 This step accounts for an activation barrier of 0.88 eV
and a reaction energy of�0.19 eV. The secondC�S bond cleavage
is activated with the help of the C�S bond-stretching vibration,
producing coadsorbed C4H4 and S. In the TS of this step (TS2-A),
the S and C2 atoms still sit at the bridge and top sites, respectively,
but the C2�S bond is ruptured. After TS2-A, the C2 atommoves to
the bridge site, and the S atom shifts to its most stable (hollow)
site,55 forming the FS ((C4H4 + S)-A). The activation barrier of this
step is 0.92 eV, and the reaction energy is �0.03 eV. A similar
desulfurization process of bridge-fcc adsorbed thiophene is also
determined, and the corresponding PES is given in Figure S1 of the
Supporting Information.

Figure 4. Desulfurization pathway of thiophene from the T-cross-bridge adsorption configuration on Pt(111). TS represents the transition state. The
energy reference corresponds to the total energy of T-cross-bridge plus four atomic H adsorbed at infinitely separated sites on the slab. The atomic H's
adsorbed at infinitely separated sites on the slab are omitted for simplicity.
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3.2.2. Desulfurization of MHT. In this part, we explore the
desulfurization of MHT’s (2- and 3-MHT). The corresponding
PES’s together with the schematic structures involved are pre-
sented in Figures 5 and 6.
2-MHT, as shown in Figure 2c, has two different C�S bonds

and, thus, has two desulfurization paths, according to the C�S
bond scission sequence. Here, we define the path, which begins
with the C2�S bond scission, as path B; and the other path,
starting with the breaking of the C5�S bond, as path C. Path B
is more favorable than path C because of the lower C�S
bond cleavage barrier involved. In path B, as shown in
Figure 5, intrarotation of the CH2 group along the C2�C3 axis
facilitates interaction between C2 and the surface so that the
C2�S bond is activated. The energy barrier of this step is
1.31 eV, and the reaction energy is �0.47 eV. The second

step is the C5�S bond cleavage, which results from the
stretching vibration of the involved bond. This step accounts
for an activation barrier of 1.05 eV and a reaction energy of
0.4 eV.
3-MHT also has two kinds of reaction paths according to the

C�S bond scission sequence. We define the path beginning with
the C2�S bond scission as path D; and the path starting with the
rupture of the C5�S bond as path E, as shown in Figure 6. Path D
is more favorable than path E because of the lower C�S bond
cleavage barrier involved. For path D, the initial C2�S bond
scission is facilitated by a swag vibration of the C2H group,
leading to the movement of the C2 atom toward the adjacent
bridge site. The energy barrier of this step is 1.31 eV, and the
reaction energy is�0.18 eV. In the second step, the C5�S bond
scission is due to the C5�S stretching vibration. This step

Figure 5. Desulfurization pathway of 2-monohydrothiophene at the fcc site on Pt(111) (2-MHT-fcc). Parameters follow the same notation as in
Figure 4.

Figure 6. Desulfurization pathway of 3-monohydrothiophene at the fcc site on Pt(111) (3-MHT-fcc). Parameters follow the same notation as in
Figure 4.
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accounts for an activation barrier of 1.00 eV and a reaction energy
of �0.09 eV.
In summary, two competitive paths are involved in the

desulfurization of MHT’s, and the path with the initial rupture
of the C�S bond close to the CH2 group is more favorable. This
might be explained by the steric effects. For 2-MHT, because the
C2 atom is not involved in a surface bond, the deformation of
2-MHT caused by the C2�S bond scission proceeds more easily
than by the C5�S bond scission; moreover, the FS of the C5�S
bond scission (C4H5S(thiolate)-C) is less stable than that of the
C2�S bond scission (C4H5S(thiolate)-B) because obvious sur-
face corrugation is involved in C4H5S(thiolate)-C, in which the
Pt atom lifts up from themetal surface because it is bound to both
the C5 and S atoms. For 3-MHT, the process of the initial C2�S

bond scission is accompanied by a change in the hybridization of
the C4 andC5 atoms from sp2 to sp3, leading to strong interaction
with the metal surface, whereas the hybridization situation does
not alter in the initial C5�S path. In addition, the initial C5�S
bond scission also causes significant surface corrugation, making
C4H5S(thiolate)-E unstable. Thus, the initial C2�S bond scis-
sion is favored for 3-MHT, as well.
3.2.3. Desulfurization of DHT. This part is dedicated to

the investigation of the desulfurization mechanism of DHT’s
(2,3- and 2,5-DHT). The corresponding PES’s together with the
schematic structures involved are shown in Figures 7 and 8,
respectively.
2,3-DHT, as shown in Figure 2e, gives two different C�S bonds

(H2C�S and HC�S) and, thus, has two kinds of desulfurization

Figure 7. Desulfurization pathway of 2,3-dihydrothiophene at the fcc site on Pt(111) (2,3-DHT-fcc). Parameters follow the same notation as in
Figure 4.

Figure 8. Desulfurization pathway of 2,5-dihydrothiophene at the fcc site on Pt(111) (2,5-DHT-fcc). Parameters follow the same notation as in
Figure 4.
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paths, according to the different C�S bond scission sequences.
Here, we define the path that begins with the H2C�S (C2�S)
bond scission as path F and the path starting with the rupture of
the HC�S (C5�S) bond as path G (see Figure 7). Compared
with path F, path G is more favorable, based on the relevant
energy barriers and total reaction energies. In path G, the C5�S
bond scission results from a swag vibration of the C5H group.
The energy barrier of this step is 1.07 eV, and the reaction energy
is�0.39 eV. The second step is facilitated by the intrarotation of
the C2H2 group along the C

2�C3 axis. The barrier of this step is
0.86 eV, and the reaction energy is �0.64 eV. Note that, in
contrast to the situation of MHT, 2,3-DHT prefers to first break
the C5�S bond, which is far away from the CH2 groups.
2,5-DHT, as shown in Figure 2f,g, has two types of adsorption

configurations (cross-bridge and hollow). Similar to the situation
of thiophene desulfurization (Section 3.2.1), the fcc and hcp
configurations have similar adsorption properties (see Table 1);
thus, for simplicity, we use the fcc configuration to represent the
hollow adsorption structure. The desulfurization process of 2,5-
DHT on Pt(111), which involves two paths, is shown in Figure 8.
Path H starts with the conversion of 2,5-DHT from the fcc site to
the cross-bridge site, followed by the C5�S and C2�S bond
scission, and path I includes the C5�S bond scission in the fcc
adsorbed 2,5-DHT and a surface isomerization process that
incorporates path I into path H at C4H6S(thiolate)-H. Com-
pared with path I, path H is more favorable because of the
relatively low energy barrier involved. In path H, the energy
barrier for the fcc-to-cross-bridge conversion of 2,5-DHT is
0.81 eV. The second step is the cleavage of the C5�S bond,
motivated by the intrarotation of the C5H2 group along the
C4�C5 axis. The activation barrier of this step is 1.45 eV, and the
reaction energy is �0.44 eV. The final step is the C2�S bond
cleavage, which is also motivated by the intrarotation of the
relevant CH2 group. This step accounts for an energy barrier of
0.53 eV and a reaction energy of �1.02 eV.
3.2.4. Desulfurization of THT. The desulfurization PES of

THT together with the schematic structures involved is shown
in Figure 9. The barrier of the first C5�S bond scission step is
1.71 eV, and the reaction energy is�0.1 eV. The second step is the

C2�S bond scission, producing coadsorbed C4H8 and S. This
step accounts for an energy barrier of 1.07 eV and a reaction
energy of�0.12 eV. It should be pointed out that both the C�S
bond scissions are activated with the help of the intrarotation of
the corresponding CH2 group.
3.2.5. Hydrogenation of Thiophene.Hydrogenation and C�S

bond cleavage may compete with each other in the HDS
processes of thiophene. In the above sections (3.2.1�3.2.4),
we mainly illustrated the desulfurization processes of thiophene,
MHT, DHT, and THT on Pt(111). To explore the HDS mech-
anism of thiophene, we need to further study thiophene hydro-
genations. Considering the complexity of reactions caused by
various possible hydrogenation positions in thiophene and its
hydrogenated derivatives and for simplicity, we calculate only the
hydrogenation processes from thiophene to 2,3-DHT and 2,
5-DHT via 2-MHT and 3-MHT. PES together with the sche-
matic structures involved in the hydrogenation of thiophene
(bridge-fcc) to 2,3-DHT (fcc) and 2,5-DHT (cross-bridge and fcc)
is shown in Figure 10. Here, we define the paths starting with the
addition of H to positions 2 and 3 of thiophene as paths K and L,
respectively. The hydrogenation PES of thiophene (cross-bridge) to
2-MHT and 3-MHT, together with the schematic structures
involved, is presented in Figure S2 of the Supporting Information.
For path K, the first hydrogenation step yields 2-MHT. The

energy barrier of this step is 1.17 eV. The second hydrogenation
step involves three possibilities: the first is the addition of H to
position 3 of 2-MHT, forming 2,3-DHT, with an energy barrier
of 0.76 eV. The second is the H addition to position 5 of 2-MHT,
forming 2,5-DHT-fcc with an energy barrier of 1.28 eV; and the
last is also the H addition to position 5 of 2-MHT; however, it
forms 2,5-DHT-cross-bridge, with an energy barrier of 1.47 eV.
For path L, the first hydrogenation step produces 3-MHT, with
an energy barrier of 0.74 eV. The second hydrogenation step
involves H addition to position 2, forming 2,3-DHT, with an
energy barrier of 1.44 eV.
3.2.6. Formation of Butadiene. For the final hydrogenation of

C4H4 and S, the C�S bond scission product of T-cross-bridge
((C4H4 + S)-A) is chosen as the IS, which is coadsorbed on the
Pt(111) surface; the hydrogenation PES is presented in Figure 11.
For the S atom, the first hydrogenation step (S +Hf SH, pathM)

Figure 9. Desulfurization pathway of tetrahydrothiophene (THT) on Pt(111). Parameters follow the same notation as in Figure 4.
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has an energy barrier of 1.38 eV; however, further hydrogenation of
the SH group (SH + H f H2S) is unfavorable because the
optimization of adsorbed H2S definitely leads back to the isolated
state (SH* + H*), indicating adsorbed H2S is, indeed, unstable, in
accordance with the DFT results on the clean Pt(111) by Michae-
lides andHu.56 For the C4H4 species, the hydrogenation process for
the formation of cis-butadiene contains two paths: one starts with
hydrogenation on the C2 atom (path N), and the other begins with
hydrogenation on the C5 atom (path O). Both paths end up with
the same FS ((C4H6 + S)-N), and relatively high hydrogenation
barriers (TS1-O, 2.02 eV; TS2-N, 2.14 eV) are involved, whichmay
be caused by the blocking of strong adsorbed S onhydrogenation on
the C5 atom. Despite these high barriers involved, the formation of
adsorbed butadiene is more favorable than that of adsorbed H2S.
Moreover, the adsorption energy of cis-butadiene is calculated to be

1.03 eV on the clean Pt(111) and 0.73 eV on the S-co-adsorbed
Pt(111) ((C4H6 + S)-N), meaning that coadsorbed S could facil-
itate the desorption of cis-butadiene from Pt(111). These results
explain the UHV experimental observations26,27 that butadiene
rather than H2S could be formed and desorbed from Pt(111).

4. DISCUSSION

In this section, we discuss some important points based on the
calculated results.
4.1. General Structural Features for Adsorbed Thiophene

and Its Hydrogenated Derivatives. It is commonly accepted
that the adsorption configuration of a molecule has an important
influence on its reaction mechanism. After getting the stable
adsorption structures of thiophene and its hydrogenated derivatives,

Figure 10. Hydrogenation pathways of thiophene from the bridge-fcc site on Pt(111) (T-bridge-fcc). Parameters follow the same notation as in
Figure 4.

Figure 11. Hydrogenation pathways of the C�S bond scission product of T-cross-bridge ((C4H4 + S)-A). Parameters follow the same notation as in
Figure 4.
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we can give a general description of hybridizations for both C and S
atoms, which to a large extent determines the bondingmodeswithin
themolecule and between themolecule and themetal surface. The S
atom in all the adsorbed thiophenic compounds is always sp3-
hybridized because when adsorption occurs, the π-bond system of
the gas-phase thiophene, 2-MHT, 3-MHT, and 2,3-DHT is
destroyed and a σ bond between sulfur and a surface Pt atom
would be formed, leading to the conversion of sulfur from sp2 to
sp3, whereas in 2,5-DHT and THT, the S atom retains its sp3

hybridization, as in the gas phase. The C atom exists in two groups:
CH and CH2. In the methylene group, the C atom is always sp3-
hybridized. In the methyne group, the C atom is either sp2- or sp3-
hybridized, depending on how the group interacts with the surface
Pt atoms. When forming a σ bond to a surface Pt atom, the C atom
is sp3-hybridized; but it would be sp2-hybridized when it interacts
with the surface via the π(CdC) orbital or it does not interact with
the surface, for example, the C3 and C4 atoms in the bridge-fcc
configuration of thiophene. The hybridization of the C atom in the
CH group dictates the tilting angle of the C�H axis with respect to
the surface plane in the adsorbed thiophenic compounds, that is, the
sp3 hybridization of C leads to a larger titling than the sp2 hybridiza-
tion.A similar situation is alsoobserved in thiopheneonNi(100),42,45

Ni(110),43 Cu(100),45 Pd(100),45 and benzene on Pt(111).57,58

The investigation of the change of the C�S bond lengths
between thiophene and its hydrogenated derivatives in both the
gas phase and adsorption state is instructive for the study of HDS
mechanism. On the basis of the analysis of the bond lengths in
thiophene and its hydrogenated derivatives, it is suggested that in
the gas phase, the delocalized π-bond system always tries to keep
the unhydrogenated parts of a molecule unchanged from the
influence of hydrogenation, that is, the variation of the C�C or
C�S bond length upon hydrogenation is small if the bond is
included in the π-bond system; otherwise, it increases noticably.
The shrinking of the π-bond system from thiophene to its

hydrogenated derivatives shown in Figure 3 illustrates the
gradual decrease in the effect of the π bond on the molecular
structure during the hydrogenation process.
When adsorbed on Pt(111), the π-bond system of the

molecule is destroyed because of the interaction between the d
orbitals of surface Pt atoms and the π orbitals of the adsorbed
molecule. It is worth noticing that, different from the stepwise
damage of theπ-bond system caused by hydrogenation in the gas
phase, the adsorption of thiophene on Pt(111) completely
destroys the π-bond system or leaves only one π bond in the
molecule; that is, under the HDS conditions, the adsorption
process of thiophene has already destroyed the delocalized
π-bond system before hydrogenation occurs. After comparing
the structural parameters in the adsorption state, we find that on
going from thiophene to its hydrogenated derivatives, the C�S
bond length changes slightly (<∼0.02 Å). This indicates that
hydrogenation toward thiophene on Pt(111) does not have
much influence on the C�S bond and, thus, may not lower
the C�S bond scission barrier.
Adsorption of thiophene over Co/MoS2 is more complicated

because two different edges are involved. To probe the funda-
mental descriptors that determine the adsorption energy of
sulfur-containing molecules, such as thiols, thiophene, and its
derivatives, Joshi et al. limited the number of interactions
between the adsorbate and the adsorbent and focused on the
η1 adsorption mode of both edges, in which only the S atom of
the molecule interacts with the surface atoms.59 They found that
the sulfur lone pair descriptors can be used to describe the
adsorption energy variation for a set of molecules and the
occupancy of the lone pair orbitals for electrons on sulfur plays
an important role in determining the adsorption energy. On
Pt(111), however, thiophene and its hydrogenated derivatives
are mainly in flat or nearly flat modes (η3, η4, and η5; η1 for only
THT; see Figure 2), which means, in addition to the S atom, the

Figure 12. Desulfurization network of thiophene (T) and its hydrogenated derivates (monohydrothiophene (MHT) and dihydrothiophene (DHT))
on Pt(111). The activation barriers (eV) of each step and its reverse process are given. For T and 2,5-DHT, the C5�S scisson followed by C2�S scission
is taken as the order of the C�S bond cleavage. For simplicity, the reactions for 2-MHT, 3-MHT, 2,3-DHT, and 2,5-DHT on the hcp sites and for
thiophene on the bridge-hcp site are not given. The pathway contained in the dashed line is the most favorable desulfurization pathway for thiophene on
Pt(111) (DDS pathway).
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C atoms generally participate in the interaction with the metal
surface. Thus, the descriptors that determine the adsorption
energies for thiophene and its hydrogenated derivatives on
Pt(111) might not be simply attributed to the electronic struc-
ture of the S atom.
4.2. Reaction Pathways.On the basis of the calculated results,

we can give the reaction network of the desulfurization of
thiophene on Pt(111), as shown in Figure 12. The conversion
barriers between the cross-bridge and bridge-fcc configurations
of thiophene are 0.65 and 0.70 eV, respectively (the conversion
PES together with the involved schematic structures is shown in
Figure S3 of the Supporting Information). The DDS pathway of
thiophene includes the two-step C�S bond scission with barriers
of 0.88 and 0.92 eV for the T-cross-bridge configuration and 1.00
and 1.07 eV for the T-bridge-fcc configuration. Thus, under the
UHV condition, the desulfurization of thiophene proceeds more
readily from the T-cross-bridge configuration, in line with the
C�S bond lengths (see Table 1).
When the hydrogenation conditions are considered, there are

four different initial hydrogenation steps for thiophene, that is,
T-cross-bridge/T-bridge-fcc hydrogenations to 2- and 3-MHT.
Among them, the T-bridge-fcc to 3-MHT hydrogenation has the
lowest energy barrier (0.74 eV) and, thus, appears to be the
most favorable hydrogenation path. However, further reactions of
3-MHT are hindered by rather high barriers (e.g., 1.44 eV for
hydrogenation to 2,3-DHT and 1.37 eV for the C�S bond
scission), whereas the dehydrogenation barrier for 3-MHT back
to T-bridge-fcc is only 0.55 eV. Thus, we propose that 3-MHT
would prefer dehydrogenation rather than hydrogenation or C�S
bond cleavage. As a result, the hydrogenation of T-bridge-fcc to
3-MHT is blocked, although the involved barrier is relatively low.
For the T-bridge-fcc configuration, conversion to the T-cross-

bridge configuration is a favorable path because it involves a
lower barrier (0.70 eV) with respect to the alternative C�S bond
scission (1.00 eV) and hydrogenation to 2-MHT (1.17 eV).
Similarly, for the T-cross-bridge configuration, the conversion to
the T-bridge-fcc configuration is also preferred when the corre-
sponding desulfurization and hydrogenation barriers are consid-
ered. Notice that on Pt(111), the T-bridge-fcc configuration is
slightly more stable than the T-cross-bridge configuration, and
thus, at low temperatures, thiophene prefers the bridge-fcc
adsorption. With the temperature increased, thiophene would
first convert into the T-cross-bridge configuration, and the C�S
bond cleavage occurs subsequently. We further examine the
hydrogenation of the C4H4S(thiolate)-A intermediate, which is
the product of the initial C�S bond scission of the cross-bridge
adsorbed thiophene (see Figure S4 in Supporting Information).
The barrier of this step is∼1.47 eV, much higher than the barrier
for its C�S bond scission (0.92 eV), indicating the stepwise C�S
bond cleavage pathway is favored. Therefore, thiophene desul-
furization on Pt(111) should proceed along the DDS pathway.

Our calculated result of the DDS pathway is in good agree-
ment with the previous XPS and HREELS studies of thiophene
on Pt(111).26,27 The thiophene molecule at 150 K is oriented
in a tilted manner, and as the temperature increases, thiophene
changes from the tilted configuration to a parallel-bonded ge-
ometry at 180 K.26 This is in accordance with conversion of
adsorbed thiophene from the tilted T-bridge-fcc configuration to
the parallel T-cross-bridge configurationwith a barrier of 0.70 eV.
TheC�S bond cleavage begins at around 290 K, and the removal
of S starts at 350 K,26,27 which is in line with the calculated
barriers of 0.88 and 0.92 eV for the stepwise C�S bond cleavages.
Since these experiments were performed under the UHV con-
dition, the observed desorption of H2 and butadiene indicates
that there is a small amount of adsorbedH, which comes from the
dehydrogenation of the adsorbed C4H4 species.

26 However, no
hydrogenated thiophenic compounds were isolated in these
studies,1,26,27 which might be interpreted as the disfavor of the
HYD pathway.
The formation of butadiene can be explained as the result of

the hydrogenation toward the remaining C4H4 species, which
has not been dehydrogenated yet. Recent DFT study of thio-
phene desulfurization on Ni(100) also confirms the DDS path-
way by investigating the influence of hydrogenation (two H
atoms addition to positions 2 and 5 of thiophene) after the initial
C�S bond cleavage.60 The hydrogenation is predicted to lower
the desulfurization barrier to 0.14 eV, compared with the barrier
of 0.71 eV for the DDS pathway. However, the hydrogenation
barrier itself, 0.98 eV, disfavors the HYD pathway.
Since saturated organosulfur compounds are industrially more

easily desulfurized than aromatics, it is generally believed that the
C�S bond of aromatic organosulfur compounds would be more
friable if they are hydrogenated because of the loss of aromaticity.
The hydrogenation, as mentioned above, is predicted to lower
the C�S cleavage barrier on Ni(100).60 This point is also
confirmed by the XPS experiments conducted by Lang et al.
that the C�S bond cleavage of thiophene on Pt(100) starts at
230 K, whereas for THT, it begins at 175 K.27 However, the
present calculations clearly show that this is not the case for
Pt(111). As shown in Table 2, with the proceeding of hydro-
genations (from thiophene to THT), the first C�S bond scission
sbarrier would increase rather than decrease (except for 2,3-DHT);
the second C�S bond scission barrier changes slightly (remains
around 1.00 eV, except for 2,5-DHT), indicating that hydrogenation
toward thiophene on Pt(111) does not make the desulfurization
process easier, in agreementwith the effect of hydrogenations on the
C�S bond strengths in the thiophenic compounds on Pt(111), as
discussed in Section 4.1.
The LUMO of the gas-phase thiophene is the C�S antibond-

ing orbital (3b1).
61,62 When adsorption occurs, electrons would

transfer from the metal into this antibonding orbital and strong-
ly weakens the C�S bond. For the hydrogenated derivates,

Table 2. Comparison between the Calculated Energy Barriers Ea (eV) of the C�S Bond Scission for Adsorbed Thiophene and Its
Hydrogenated Derivatives on Pt(111)a

thiophene 2-MHT 3-MHT 2,3-DHT 2,5-DHT THT

site cross-bridge bridge-fcc fcc fcc fcc cross-bridge fcc top

Ea 1st C�S scission 0.88 1.00 1.31 1.31 1.07 1.45 1.67 1.71

2nd C�S scission 0.92 1.07 1.05 1.00 0.86 0.53 0.53 1.16
a For 2-MHT-fcc, 3-MHT-fcc, and 2,3-DHT-fcc, the energy barriers of the first and second C�S bond scission are chosen from the corresponding most
favorable C�S bond cleavage pathway.
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however, the LUMO is no longer the C�S antibonding orbital
and, thus, is not effectively occupied in the adsorption config-
urarions. From this perspective, it is not surprising that hydro-
genation of thiophene on Pt(111) does not help to reduce the
energy barrier for the C�S bond cleavage. Note that the C�S
bond cleavage of thiophene on Pt(111) begins at around
290 K;26 thus, the experimental results on Pt(100) of Lang et al.
might be explained by the higher activity of Pt(100) than Pt(111)
toward thiophene and its hydrogenated derivatives. A detailed
study on the structural sensitivity of Pt surfaces in the HDS
process is underway and will be presented in our next paper.
It is interesting to compare our results on Pt(111) with the

previous DFT studies for thiophene on Mo-based sulfides. On
MoS2, the HYD pathway is preferred, but on Co-promoted
MoS2, the HYD pathway is still favored, but with more impor-
tance in the DDS pathway caused by the Co promotion effect;
2,5-DHT is the most important intermediate on both MoS2 and
Co-promotedMoS2 during theHDS process.

15,16,53 On Pt(111),
the DDS pathway becomes dominant, and the hydrogenated
derivatives of thiophene, such as 2,5-DHT, could not be formed
easily. Notice that the HYD pathway on Co/MoS2, according to
the DFT results of Moses et al.,15,16 involves multiple diffusions
of intermediates between Mo- and S-edges (or Co�Mo�S edge)
in addition to hydrogenation, whereas the DDS pathway on
Pt(111) contains only two direct C�S scission steps, indicat-
ing the higher desulfurization efficiency of Pt compared with
Mo-based sulfides. In addition, the final hydrocarbon product of
thiophene HYD route on Co/MoS2 is cis-2-butene, but on
Pt(111), cis-butadiene is produced via the thiophene DDS route
and the final hydrogenation steps. This fact suggests that Pt
would consume less hydrogen than Co/MoS2 in the thiophene
HDS process.
In our previous DFT study of methanthiol on Pt(111),55 we

found that adsorbed CH3SH prefers spontaneous dissociation
into thiolmethoxy (CH3S), followed by direct C�S bond scis-
sion of CH3S under the hydrogenation condition; in this work,
we find that the thiophene reaction proceeds along the DDS
pathway on Pt(111), followed by hydrogenation to form buta-
diene with less hydrogen compared with the situation of Co/
MoS2. These results suggest that the platinum catalyst exhibits
high desulfurization efficiency with low hydrogen consumption
for the simple S-containing compounds. For the more compli-
cated S-containing molecules, such as 4,6-DMDBT, the hydro-
genating ability of platinum might become crucial for S removal.
The methyl groups in 4,6-DMDBT, adjacent to the sulfur atom,
prevent the sulfur atom from σ-binding with the catalytic
site,7,12,63 and it is suggested that hydrogenation might result
in the removal of the molecular planarity in the adsorption
structure so that the S atom could reach the catalyst surface
without being blocked by alkyl groups. Our calculated result of
the adsorption structure of THT on Pt(111) (see Figure 2h)
shows that the S atom is extruded from the molecule plane and
becomes less affected by the rest parts of the molecule, and this
might be considered as a preliminary theoretical explanation for
the effect of hydrogenation on the adsorption structure of 4,6-
DMDBT.

5. CONCLUSIONS

First principle periodic DFT calculations have been used to
study the desulfurization of thiophene and its hydrogenated
derivatives on Pt(111). The HDS network has been mapped out.

Thiophene has two types of adsorption structures (the parallel
cross-bridge and partially tilted bridge-hollow configurations),
whereas for its hydrogenated derivates, the molecule gradually
lifts up from the surface with the addition of hydrogen atoms. In
all the adsorbed thiophenic compounds, the S atom is always sp3-
hybridized; the C atom in the methylene group is always sp3-
hybridized, whereas in the methyne group, it is either sp2- or sp3-
hybridized, depending on how the group interacts with the
surface Pt atoms. On the basis of the thermodynamic and kinetic
analysis of the elementary steps, the DDS pathway is proposed
for thiophene on Pt(111), and hydrogenations of thiophene do
not reduce energy barriers for the C�S bond cleavage. The
platinum catalyst exhibits high desulfurization efficiency via the
DDS pathway for simple S-containing compounds, but for the
more complicated molecules, such as 4,6-DMDBT, the isomer-
ization caused by hydrogenation process might be important for
S removal.
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