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Abstract

The adsorption process and hydrogenation mechanisms of 2-methylthiophene
on the Pt(111) surface have been elucidated using density functional theory
(DFT). The optimal adsorption sites for reactants, intermediates, and prod-
ucts, as well as the activation energies and reaction energies for each elementary
reaction, were investigated. The results revealed that the most stable config-
uration is 2-methylthiophene tilted on the Pt(111) catalyst with the C1-C2
double bond at the top site. During the hydrogenation process, the reaction
enthalpies are predominantly negative, so lower temperatures favor the hydro-
genation process. The hydrogenation steps of the mechanism proceed along
C2—C3—C1—C4—S—C1 to generate the product pentane-2-thiol, in which
the first step with the highest energy barrier is the rate-determining step.
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The adsorption process and hydrogenation mechanisms of 2-methylthiophene
on the Pt(111) surface have been elucidated using density functional theory
(DFT). The optimal adsorption sites of reactants, intermediates, and products
as well as the activation energy and reaction energy of each elementary reaction
were investigated. The results revealed that 2-methylthiophene tilted toward
the Pt(111) catalyst with the C1-C2 double bond at the top site was the most
stable configuration. During the hydrogenation process, the heat of reaction
was almost always negative, indicating that lowering the temperature favors
the hydrogenation process. The hydrogenation steps of the mechanism proceed
along C2—C3—C1—-C4—S—C1 to generate the product pentane-2-thiol, in
which the first step with the highest energy barrier is the rate-determining step.

Keywords: density functional theory; 2-methylthiophene; Pt(111); adsorption;
hydrogenation mechanisms

1 INTRODUCTION

In modern society, with increasing energy consumption demand, growing en-
ergy supply shortages, and rising awareness of the need to curb greenhouse gas
emissions, many research efforts have focused on the exploitation of new types
of energy resources [1-5]. Hydrogen is regarded as one of the high-performance,
low-cost, and environmentally friendly energy resources [6-8], which has been
widely applied in electronics, petrochemical, metallurgy, machinery, and other
fields [9-11]. However, due to storage restrictions and low energy density of
materials, there are still limitations in hydrogen usage [12, 13]. Consequently,
numerous hydrogen storage materials with high energy density have been devel-
oped in recent years [14-17].

2-Methylthiophene (2MT) is a representative heteroatom aromatic compound,
and the electron-donating effects of the methyl group favor hydrogen release
both thermodynamically and kinetically under mild conditions [18, 19]. Further-
more, cleavage of one C-S bond during the hydrogenation process can store an
additional mole of hydrogen. For these reasons, 2MT is considered an effective
material for hydrogen storage. Celis-Cornejo et al. [20] investigated the adsorp-
tion of 2MT on a CoMo/ -Al O supported catalyst during hydrogenation and
found that the adsorption mechanism follows the Langmuir-Hinshelwood model.
Zhao et al. [19] compared 16 catalysts for hydrogenation and ring-opening of
2MT, finding that Pt exhibited the best reactivity and selectivity, and they
proposed a possible reaction equation for the hydrogenation process. Although
some research on 2MT hydrogenation exists, studies on the detailed hydrogena-
tion mechanism remain scarce due to characterization limitations and reaction
complexity.

Density functional theory (DFT) [21, 22] has become a unique and powerful
research approach for examining individual elementary reaction steps at the
molecular level. Gece [23] used DFT methods to find that thiophene has a
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considerable tendency for protonation, with the most probable site being the
-position. Zhu et al. [24, 25] studied the most efficient hydrogenation route
of thiophene on different crystal planes of Pt catalysts. Our previous theoret-
ical calculations [26-28] investigated the adsorption and hydrogenation process
of thiophene catalyzed on Au, Pd, and Au/Pd catalysts to identify the most
favorable pathway for thiophene hydrodesulfurization.

Despite these efforts, to our knowledge, no theoretical reports are available on
the adsorption behavior and hydrogenation process of 2MT on Pt catalysts.
Therefore, in this study, the DMol?® program package within DFT methods
was used to calculate the hydrogenation storage of 2MT and its hydrogenated
derivatives on a clean Pt(111) surface. The aim of this study is to analyze the
possible hydrogenation storage pathways of 2MT and to better understand Pt
catalysts at the molecular level for 2MT hydrogenation.

2 COMPUTATIONAL METHODS AND MODEL
2.1 Methods

All DFT simulations were conducted using the DMol? program package [29] in
Materials Studio 6.0 (Accelrys Inc.). Throughout this study, the Perdew and
Wang (PW91) [30-32] functional with the generalized gradient approximation
(GGA) was adopted. The double numerical basis set with polarization functions
(DNP) was employed to describe the valence atomic orbitals. The convergence
criteria for energy, maximum force, maximum displacement, and maximum self-
consistent-field (SCF) were set as 5x10 eV, 2x102 eV/nm, 5x10 nm, and
2x10 eV/atom, respectively. Furthermore, transition states (TS) between re-
actants and products were searched using the complete LST (linear synchronous
transit) /QST (quadratic synchronous transit) method [33]. The calculated TS
was confirmed by the presence of a single imaginary vibrational frequency whose
vibrational vector aligns with the reaction direction. During computations, the
Fermi smearing method was employed to determine electron occupancies with
a smearing width of 0.1 eV.

2.2 Catalyst Model

Based on the optimized structure of Pt bulk, we constructed a four-layer Pt(111)
surface with a (4 x 4) unit cell (64 Pt atoms per cell), corresponding to 1/16
monolayer (ML) coverage for a single 2MT molecule on the surface, as shown
in Fig. 1 [Figure 1: see original paper]|. The reciprocal space was sampled with
a (5 x 5 x 1) k-points grid generated automatically using the Monkhorst-Pack
method, and a vacuum region thickness of 1 nm was added in the perpendicular
direction to prevent interactions between periodic configurations. This created
a repeating unit in space using the layer and vacuum region. During geometry
optimization and TS searches, the bottom bilayer of Pt(111) was kept fixed
while the remaining atoms were allowed to move freely. With these parameters,
the calculated lattice constant for the Pt(111) surface was 0.3924 nm, which is
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consistent with the experimental value of 0.3923 nm [34, 35]. These simulation
results demonstrate that the method used in this paper is correct and feasible.

3 RESULTS AND DISCUSSION
3.1 Adsorption

Calculation of adsorption energies is regarded as an efficient measure to illustrate
changes in the adsorbate-substrate system before and after adsorption. In this
work, the adsorption energy (E ds) is defined as follows:

E, .. = E(A/surface) — (E4 + Eswface)

where E(A /surface) is the total energy of 2MT together with the Pt(111) surface,
E_A is the total energy of a free 2MT molecule, and E_ surface is the total
energy of the bare surface. By this definition, more negative values of adsorption
energy denote more stable binding between the 2MT molecule and the Pt(111)
surface.

Based on the ring-plane structure of 2MT and our previous results [26-28, 36],
2MT adsorbed parallel to the Pt(111) surface is considered more stable than
in the vertical orientation. Therefore, sixteen possible parallel adsorption sites
were labeled by local coordination: (1) four top sites (0°, 30°, 60°, 90°), (2) four
hep sites (0°, 30°, 60°, 90°), (3) four fcc sites (0°, 30°, 60°, 90°), and (4) four
bridge sites (0°, 30°, 60°, 90°), as shown in Fig. 1. Different angles represent
2MT rotated by 0°, 30°, 60°, and 90° around the symmetry axis of the ring-plane
from the horizontal orientation.

Table 1 summarizes the calculated adsorption energies of 2MT on the Pt(111)
surface. The data are divided into two groups with energies around -139.0 and
-175.0 kJ - mol *. The 2MT molecule prefers to adsorb in a tilted orientation
through the double bond farthest from the methyl functional group. Among
different initial positions, 2MT adsorbed at the Top-60° site with the lowest
E ds of -175.0 kJ - mol ! is the most stable configuration. The top and side
views of this most stable structure are shown in Fig. 2 [Figure 2: see original
paper].

In Fig. 2, the ring-plane rotates clockwise around the axis, while the methyl
group associated with the C3-C4 double bond moves away from the Pt(111)
surface during adsorption. Ultimately, 2MT adsorbs on the bridge site via the
C1-C2 double bond. Table 2 lists the calculated structural parameters for the
most stable adsorption site of 2MT on the Pt(111) surface.

Comparison of the results in Table 2 shows that the calculated bond lengths
for 2MT agree well with experimental data [37]. These phenomena suggest that
our method is suitable for studying 2MT adsorption on the Pt(111) catalyst.
Furthermore, the bond length d shows the greatest change, suggesting that the
C1-C2 double bond is the probable site for reaction initiation.
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3.2 Hydrogenation Mechanism of 2MT

Based on our previous research results [19], the hydrogenation products on the
Pt catalyst were classified into two types of thiols during the reaction process.
Fig. 3 [Figure 3: see original paper| shows the structures of all intermediates in
sequence during the hydrogenation process of 2MT.

We simulated the optimal configurations of reactants (IS), products (F'S), and
corresponding transition states (TS) shown in Fig. 3. The activation energies
and reaction energies at TS are tabulated in Table 3 . Based on different hy-
drogenation pathways, we considered the co-adsorption of 2MT and hydrogen
as the first step, then compared the intermediate steps (steps 1-5 in Fig. 3).

3.2.1 IS1* + H* — C H S* (FS1-FS4) At the start of the reaction, we
considered four possible initial hydrogenation products: FS1 through FS4. The
calculated barriers (E ), total energy changes (AE), and corresponding struc-
tures of IS, TS, and FS for step 1 are shown in Fig. 4 [Figure 4: see original
paper]. According to our calculations, the H atom shifted from the adjacent fcc
site to the bridge site while 2MT remained adsorbed on the bridge site via the
C1-C2 double bond.

For product FS1, the molecule moved leftward horizontally, while the C1-H
functional group tilted upward to become perpendicular to the Pt(111) surface
and the C4 atom shifted downward. Finally, FS1 adsorbed on a hollow site via
the C3-C4 double bond. TS1 was calculated between IS1 and FS1. During
the reaction, the H atom transferred to the fcc site and the C1 atom moved
downward slightly to form the C1-H bond. The first step forming FS1 was
exothermic with AE of -52.2 kJ - mol ! and the corresponding E was 167.7 kJ -
mol L.

In FS2, the C2-H functional group tilted upward while the S atom and methyl
group moved downward. Consequently, FS2 preferred to adsorb at the top
site of the Pt surface via the S atom. During FS2 formation, the H atom
gradually shifted to the fcc site to approach C2 for methylene C2-H formation
in TS2. The generation of FS2 was exothermic with AE of -8.1 kJ - mol ' and
the corresponding E was 75.0 kJ - mol *.

In FS3, the methyl group of 2MT tilted upward and became almost vertical to
the Pt surface, while the C3 atom shifted downward slightly to approach the
surface. FS3 adsorbed on the hollow site via the C1-C2 double bond as the
most stable configuration. In TS3, the H atom moved to the top site while the
methyl functional group folded upward. The formation of FS3 was exothermic
with AE of -54.9 kJ - mol ! and the corresponding E was 130.9 kJ + mol *.

The FS4 molecule showed almost no change compared to IS1 when the reaction
occurred. Finally, FS4 adsorbed on the bridge site via the C1-C2 double bond.
In TS4, the H atom moved away from the Pt surface to the adjacent fcc site
to approach C3. These phenomena facilitated the formation of another C3-H
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bond. The formation of FS4 was endothermic with AE of 29.7 kJ - mol ' and
the corresponding E was 187.1 kJ « mol 1.

Comparing FS1, FS3, and FS4 from Table 3 and Fig. 4, the activation energy
of FS2 is the minimum, indicating that FS2 formation is most likely in step 1.
This result is consistent with the structural parameter analysis of 2MT. Ther-
modynamically, the relative energies of FS1-FS3 are exothermic with negative
values, so reducing temperature can improve these hydrogenation reactions. In
contrast, the relative energy of FS4 is endothermic with a positive value, so
higher temperature is helpful for this hydrogenation pathway.

3.2.2 IS2* + H* —» C H S* (FS5-FS7) FS2 was identified as the dominant
product in the first step, and the further hydrogenation process in step 2 has
three possible products: FS5, FS6, or FS7. The activation energies, reaction
energies, and corresponding structures of IS, TS, and FS for step 2 are shown
in Fig. 5 [Figure 5: see original paper]. Step 2 begins with the co-adsorption of
FS2 and H. Through optimization, the H atom shifted away from the fcc site
to the bridge site while FS2 adsorbed on the hollow site through the S atom.

For product FS5, the S atom shifted downward toward the Pt surface and
the reacted methyne tilted upward to relieve steric hindrance for the H atom.
Ultimately, FS5 adsorbed on the top site of the Pt surface through the S atom.
In TS5, the H atom shifted to the hollow site to approach the reacted -C, finally
forming a new C1-H bond. The formation of FS5 was endothermic with AE of
11.6 kJ - mol ! and the corresponding E was 164.6 kJ - mol *.

For product FS6, the methyl group moved upward slightly and the product
remained adsorbed on the top site through the S atom. The configuration of
TS6 was optimized as shown in Fig. 5. The H atom shifted away from the
surface to approach C3 to form another C3-H bond, while the distance between
H and C3 decreased from 0.4215 to 0.2644 nm. The formation of FS6 was
endothermic with AE of 5.3 kJ - mol ! and the corresponding E was 19.5 kJ -
mol 1.

For product FS7, the C1-C4 atoms located close to the surface and the methyl
group migrated upward to become perpendicular to the surface due to H atom
attack. Finally, FS7 adsorbed on the top site through the S atom. In TS7, the H
atom shifted from the bridge site to the fcc site and the relevant C4-H distance
decreased from 0.5057 to 0.2458 nm. The formation of FS7 was endothermic
with AE of 76.4 kJ - mol ' and E of 109.3 kJ - mol .

As shown in Table 3 and Fig. 5, the relative energies of FS5-FS7 were en-
dothermic with positive values, so raising the temperature benefits the second
hydrogenation step. Moreover, the relative energy and reaction energy of FS6
are the lowest among the different products, implying that the process from IS2
to FS6 is most likely to occur in step 2.
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3.2.3 IS3* + H* — C H S* (FS8 or FS9) In step 2, FS6 was deemed the
dominant product, which would further hydrogenate to form FS8 or FS9. The
activation and reaction energies of IS, TS, and FS for step 3 are illustrated in
Fig. 6 [Figure 6: see original paper]. The process begins from the most favorable
co-adsorption configuration of FS6 and the H atom. Through optimization, the
H atom shifted away from the fcc site to the bridge site and FS6 adsorbed on
the hollow site through the S atom.

For product FS8, the molecule transferred to the bottom right and the C1-C4
atoms shifted away from the Pt surface. Meanwhile, the C5 atom moved down-
ward to make the C4-C5 bond parallel to the surface. Finally, FS8 adsorbed
on the top site through the S atom. In TS8, the H atom migrated to approach
the C1 atom and the relevant C1-H distance decreased from 0.4911 to 0.3581
nm. The formation of FS8 was exothermic with AE of -102.1 kJ - mol ' and the
corresponding E was 67.9 kJ - mol *.

During the IS3-FS9 process, significant distortion occurred in the C2 and C3
atoms. FS9 adsorbed on the top site via the S atom as the most stable config-
uration. The H atom shifted to the adjacent hollow site while the methylene
group of C2 and C3 tilted upward, as shown in TS9. The formation of FS9 was
endothermic with AE of 5.3 kJ - mol ! and the corresponding E was 97.3 kJ -
mol L.

According to these simulation results, IS3 prefers to hydrogenate at -C1 rather
than -C2. The generation of FS8 is exothermic, while that of FS9 is endother-
mic. Additionally, a lower barrier of 67.9 kJ - mol ' along with a shorter bond
length is present for the -C1-H bond formed in FS8. Consequently, the hydro-
genation of IS3 to FS8 is most likely to occur.

3.2.4 IS4* + H* — CH S* (FS10) Based on the previous discussion in
step 3, FS8 was identified as the optimal product. Only one possible pathway
exists for further hydrogenation of FS8 to form the saturated product C H S.
The activation and reaction energies of IS, TS, and FS for step 4 are shown in
Fig. 7 [Figure 7: see original paper]. The initial hydrogenation channel of step 4
involves co-adsorption of FS8 and an H atom. After co-adsorption, the H atom
located at the bridge site and FS8 maintained almost the same structure as in
step 4.

The product FS10 slanted toward the Pt(111) surface through the S atom, while
the methyl functional group tilted upward to decrease steric hindrance. In TS10,
the H atom transferred to the adjacent top site to approach the C4 atom, finally
forming a new C1-H bond. The formation of FS10 was exothermic with AE of
-97.0 kJ + mol ' and the corresponding E was 112.6 kJ - mol !.

3.2.5 IS5* + H* — CH S* (FS11-FS14) In step 5, FS10 is further
hydrogenated to thiol with the assistance of an H atom. The activation and
reaction energies of IS, TS, and FS for step 5 are shown in Fig. 8 [Figure 8: see
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original paper]. The hydrogenation began with FS10 located at the top site on
the Pt(111) surface through the S atom and the H atom moving from the fcc
site to the top site.

In FS11, the C2-C5 atoms tilted upward and distorted significantly. Meanwhile,
the C1 and S atoms moved downward, allowing FS11 to adsorb stably on the
Pt surface. In TS11, the distance between H and S atoms decreased from
0.3600 to 0.2500 nm. This caused the d bond to break, accompanied by the
H atom shifting to the adjacent top site and the S atom moving downward.
The formation of FS11 was endothermic with AE of 48.9 kJ - mol ! and the
corresponding E was 116.9 kJ - mol L.

In FS12, the C1 methyl group shifted to the hcp site and the C2-C5 bonds
remained in a straight line from the top view. Finally, FS12 adsorbed on the
top site through the S atom. In TS12, the H atom moved to the adjacent bridge
site and the C2-C3 bond rotated clockwise to approach the attacking H atom.
The forming distance of the -C-H bond decreased from 0.2770 to 0.2065 nm.
The formation of FS12 was endothermic with AE of 39.3 kJ - mol ! and the
corresponding E was 388.2 kJ - mol 1.

The FS13 molecule rotated anticlockwise while the C3-C5 atoms tilted upward
to move away from the Pt surface, causing FS13 to adsorb on the top site
through the S atom. TS13 was calculated between IS5 and FS13. The H atom
shifted to the adjacent fcc site to approach the S atom, decreasing the S-H
distance from 0.3600 to 0.1970 nm. The formation of FS13 was endothermic
with AE of 138.3 kJ - mol ! and the corresponding E was 233.9 kJ - mol *.

Significant distortion occurred in the FS14 product when the reaction took
place. The methyl group rotated anticlockwise around the C4 atom and the
C2-C4 bond folded upward. In TS14, the H atom moved to the bridge site
to approach C4 to generate the C4-H bond, while the distance between the
dissociative H and C4 decreased from 0.4582 to 0.2987 nm. The formation of
FS14 was endothermic with AE of 13.0 kJ - mol ! and the corresponding E was
416.0 kJ - mol .

Through comparative analysis of the IS, TS, and FS results in Fig. 8, the reac-
tion energy of FS11 is 116.9 kJ - mol !, which is the smallest among FS11-FS14.
Moreover, the relative energies of different products in step 5 are positive, thus
high temperature is beneficial for the reaction. Based on kinetic and thermody-
namic considerations, hydrogenation of FS10 on the Pt surface is more likely to
produce FS11 rather than FS12-FS14, suggesting that FS11 is more competitive
in step 5.

3.2.6 IS6* + H* — CH S* (FS15) FS11 is the dominant product in step
5. Fig. 9 [Figure 9: see original paper]| illustrates the activation and reaction
energies of IS, TS, and FS in the final hydrogenation step. The hydrogenation
began with co-adsorption of FS11 and an H atom. When step 6 started, the
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H atom shifted to the top site and the C H S structure remained the same as
FS11.

For the final product FS15, the molecule twisted into a shape from the top view
and adsorbed at the top site via the S atom. In the TS15 intermediate, the C1
methyl group moved upward while the H atom shifted to the adjacent hollow
site to approach C1, decreasing the H-C1 distance from 0.3017 to 0.2460 nm.
The formation of FS15 was exothermic with AE of -15.8 kJ - mol ! and the
corresponding E was 210.8 kJ + mol 1.

3.3 Brief Summary of the Hydrogenation Process of 2MT

In this study, possible pathways involved in the hydrogenation mechanism of
2MT were investigated. The potential energy surface (PES) landscape for each
step is shown in Fig. 10 [Figure 10: see original paper]. As shown in Fig.
10, the most favorable hydrogenation mechanism follows these steps: 2MT was
hydrogenated to FS2, which then underwent a second hydrogenation to yield
FS6. FS6 can be further hydrogenated to generate FS8, which then undergoes
hydrogenation to form FS10. FS10 can undergo a fourth hydrogenation to
produce FS11, and finally FS11 can be hydrogenated to generate pentane-2-
thiol (FS15). These results are in agreement with previous experimental studies
in the literature [19]. Among the different steps shown in Fig. 10, the first
hydrogenation step to generate FS1 is the rate-determining step.

4 CONCLUSION

We have investigated and compared the adsorption and hydrogenation mecha-
nisms of 2-methylthiophene using periodic density functional theory methods.
Various adsorption modes of the intermediates involved in the reaction were
studied from energetic and geometrical viewpoints, and the hydrogenation mech-
anism has been clarified. The major findings can be summarized as follows.

Our calculations show that tilted adsorption of 2MT at the top site through the
C1-C2 double bond is the most stable configuration. With the increase in bond
length of 2MT after adsorption, the H atom will most likely attack the C1-C2
double bond of 2MT. The dominant hydrogenation mechanism follows the steps
C2—C3—C1—-C4—S—C1 to generate pentane-2-thiol from a kinetic perspec-
tive. The hydrogenation process of 2MT is almost exothermic, so reducing the
temperature is beneficial for the reaction. In addition, the first hydrogenation
step of 2MT, which has the highest activation barrier, is the rate-determining
step.
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Table 1. Adsorption Energies of 2MT on the Pt(111) Surface

Adsorption site Eds (kJ-mol')  Adsorption site E ds (kJ - mol 1)

Top-0° Fec-0°

Top-30° Fee-30°
Top-60° Fce-60°
Top-90° Fee-90°
Hcp-0° Bri-0°

Hcp-30° Bri-30°
Hcep-60° Bri-60°
Hep-90° Bri-90°

The adsorption positions in Table 1 represent the initial adsorption sites of 2MT.

Table 2. Adsorption Energy and Bond Lengths of 2MT Molecule on Pt(111)
for the Most Stable Adsorption Geometry

Eds (kJ- d d d d d d
Model mol 1) (nm)  (nm)  (nm)  (nm)  (nm)  (nm)
2MT
(Expt) [37]
2MT
(Calc.)
OMT/Pt(111)

Ad

Table 3. Activation Energy (E ) and Reaction Energy (AE) of Elementary
Reactions on the Pt(111) Surface

Reaction E (kJ-mol?) AE (kJ - mol 1)

CHS* + H* = FS1* + *
CHS* + H* — FS2* + *
CH S* + H* — FS3* + *
CHS* + H* — FS4* + *
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Reaction E (kJ-mol?) AE (kJ - mol 1)
FS2* + H* — FS5* 4 *
FS2* + H* — FS6* + *
FS2* 4+ H* — FS7* + *
FS6* + H* — FS8* + *
FS6* + H* — FS9* + *
FS9* + H* — FS10* + *
FS10* + H* — FS11* 4+ *
FS10* + H* — FS12* 4 *
FS10% 4+ H* — FS13* 4 *
FS10* + H* — FS14* + *
FS10* + H* — FS15* + *

Fig. 1. Top (left) and side (right) view of Pt(111) surface models (4x4)

Fig. 2. The most stable configurations of 2MT on the Pt(111) surface: (a)
2MT; (b) top view; (c) side view

Fig. 3. Different reaction pathways for the hydrogenation storage of 2MT (FS
represents the product)

Fig. 4. IS, TS, FS, activation energy and reaction energy (kJ-mol ) of step 1
Note: FS1: EF = 167.7;, AE = -52.2, FS2: E = 75.0; AE = -8.1, FS3: E =
180.9; AE = -54.9, FS4: E = 187.1; AE = 29.7

Fig. 5. IS, TS, FS, activation energy, reaction energy (kJ-mol') and bond
length (nm) of step 2

Note: FS5: E = 16/.6; AE = 11.6, FS6: E = 19.5; AE = 5.3, FS7: E =
109.3; AE = 76.4

Fig. 6. IS, TS, FS, activation energy, reaction energy (kJ-mol') and bond
length (nm) of step 3
Note: FS8: E = 67.9; AE = -102.1, FS9: E = 97.3; AE = 5.3

Fig. 7. IS, TS, F'S, activation energy and reaction energy (kJ - mol ') of step 4
Note: FS10: E = 112.6; AE = -97.0

Fig. 8. IS, TS, FS, activation energy, reaction energy (kJ-mol') and bond
length (nm) of step 5

Note: FS11: E = 116.9; AE = /8.9, FS12: E = 388.2; AE = 39.3, FS13: E
= 233.9; AE = 138.3, FS1): E = }16.0; AE = 13.0

Fig. 9. IS, TS, FS, activation energy, reaction energy (kJ-mol') and bond
length (nm) of step 6
Note: FS15: E = 210.8; AE =-15.8

Fig. 10. Sketch for potential relative energy (E_R) of hydrogenation mecha-
nisms on the Pt(111) surface
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Potential energy diagram showing: 2MT() — TS2 (75.0) — FS2 (-8.1) — TS6
(11.4) — FS6 (-2.8) — TS8 (65.1) — FS8 (-104.9) — TS10 (7.7) — FS10 (-
201.9) — TS11 (-85.0) — FS11 (-153.0) — TS15 (57.8) — FS15 (~168.8)*

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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