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Abstract: Density functional theory (DFT) calculation has been used to study the hydrodenitrogena-
tion (HDN) and ring-opening of indole on an M (M = Ni, Pt, Ni-Pt) slab surface. The possible reaction
pathway of indole hydrogenation has been investigated in order to reveal the bimetallic synergistic
effects of an M slab surface. Compared to the mechanism of indole hydrogenation on an M slab
surface, it was found that a PtNi(111) surface favors indole hydrogenation. According to the results
of DFT calculation, it suggests that the bimetallic effect of the M surface plays an important role in
indole hydrogenation.

Keywords: density functional theory; indole hydrodenitrogenation; M slab model

1. Introduction

With increasingly stringent vehicle emissions standards, and a growing requirement
for clean and green energies to be improved, refineries must strive to produce qualified
products, such as ultra-low sulfur diesel, by removing sulfur, nitrogen and oxygen from
heavier, lower-quality feedstocks. However, S-compounds in the desulfurization process
compete with N-compounds which also exist in feedstocks. Therefore, it is necessary to
carry out the denitrification process before desulfurization in order to avoid the inhibition
of catalyst activity due to the competition between N-compounds and S-compounds. For
N-compounds in inferior feedstock, catalytic hydrodenitrogenation (HDN) is a promising
process to produce renewable, clean and high-quality fuel. In recent decades, transition
metals have performed spectacular catalytic activities for HDN because of their unique
chemical and physical properties, which have attracted considerable attention from re-
searchers. These transition metals are highly capable of adsorbing hydrogen, which is good
for activation and transition of the reactant molecules. Based on these properties, these tran-
sition metals show good catalytic performance in activity, selectivity and poison resistance.

The early literature suggests that noble metals have good HDN activities because of
providing abundant active hydrogen species [1,2]. In numerous works, noble metals, either
alone or as a promoter, can provide effective active sites for adsorption of N-compounds [3].
The dispersion of noble metals in the metallic state plays a pivotal role in C-N cleavage [2,4].
Pt metal sites are especially in favor of hydrodenitrogenation [5]. Molina et al. suggested
that metallic Pt acts as an active hydrogen site which has a promotional effect for HDN [3].
Pt/NaY catalysts with synergistic effect of Pt atom and support can achieve a high conver-
sion of quinolone HDN [6]. These works show Pt-based catalysts have good potential for
application in HDN [7].

However, noble metallic catalysts are hard to widely apply because of their expensive
cost. One method of reducing the catalyst cost is to use a bimetallic catalyst by doping noble
metal into non-noble metal [8]. Elliott and co-researchers found that doping Ru into Ni can
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enhance the activity and life of catalysts in a HDN reaction [8]. Hirschon’s group suggested
the synergistic effect of Rh and Co on HDN, which can improve catalytic activity [9]. Guo
et al. found that doping Ru into Ni can enhance catalytic activity for HDN. In addition,
the ring opening reaction is most effective when catalysts are bifunctional [10,11]. Mcviker
et al. studied selective ring opening by bifunctional catalyst [10]. An effective acidity
function accompanied with a high-activity hydrogenolysis metal, such as Ir and Pt, results
in a bifunctional catalyst system which is much better than conventional hydrocracking
catalysts for the selective conversion of naphthenes to alkanes. Atsumi’s group and Ding’s
group found an Ni-based catalyst is beneficial for Ring open reaction because of its effective
acidity function [12,13].

Indole, with benzene ring and heterocyclic N-containing compounds [14-16], is ex-
tracted from nitrogen-rich biomass by hydrothermal liquefaction [17,18]. In order to
improve the combustion value of indole, it is necessary to convert indole into alkanes
by denitrification and ring opening reactions. Based on prior works [18-20], noble metal
catalysts, such as Pt, are good for hydrogenation reactions, while the catalysts with an
acidity function, such as Ni, are good for ring opening reactions. As mentioned above, it
has been reported that Pt and Ni experimentally presented high catalytic activity for indole
hydrodenitrogenation. A great deal of literature [21,22] about HDN and ring opening
mechanism on monometallic catalysts was investigated by DFT. However, the synergistic
effect of bimetallic catalysts is still not clear. In addition, a Ni-Pt bimetallic catalyst for
indole hydrodenitrogenation has not been reported as far as we know. In this work, we
studied the reaction mechanism of indole hydrodenitrogenation and ring-opening on M
(M = Ni, Pt, Ni-Pt) slab model by DFT calculation. The calculated results revealed the
mechanisms of the indole hydrodenitrogenation reaction on the M slab surfaces, which
provide a better understanding from a microscopic perspective.

2. Computational Methodology

The DMol3 code in Materials Studio is applied to calculate all the DFT work. In
this paper, the exchange-correlation energy is calculated by the Perdew—Burke-Ernzerf
(PBE) functional with a generalized gradient approximation (GGA). The localized double-
numerical quality basis was set as DNP to calculate the wave functions. The effective
core potential (ECP) was applied to simulate the core electrons of the metal atoms. The
k-point mesh was 3 x 3 x 1 and the thermal smearing was 0.005 hartree. The convergences
of the energy, maximum force and a maximum displacement were set as 2.0 x 107> Ha,
0.004 Ha/A and 0.005 A, respectively. The van der Waals (vdW) interactions were per-
formed by the empirical correction scheme of Grimme (DFT-D).

All the transition states (TS) of the elementary reactions, starting from reactant to
product, were carried out using a complete linear synchronous transit and quadratic
synchronous transit (LST/QST) approach. The methods of linear synchronous transit and
quadratic synchronous transit (LST/QST) were applied to calculate the transition states
(TS) of the elementary reactions. In addition, the imaginary frequency calculations were
carried out to optimize every transition states.

The adsorption energy (E,;;) for adsorbate on M surfaces was calculated as follows:

Eags = Eaym — Em — Ex(y) @

where E 4 is the total energy of M surface with an adsorbate; Ey; is the energy of the M
surface; E4(g) is the energy of the adsorbate in gas-phase.
The activation energy (E;) and reaction energy (AE)

E, = Ers — Es )

AE = Ers — Eps 3)

where Ets is the energy of the transition state; Ejs is the energy of the initial state; Ers is the
energy of the final state.
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All the chemicals involved in indole hydrodenitrogenation are abbreviated and listed
in Table 1

Table 1. Nomenclature of chemicals.

Name Abbreviation Structural Formula
Indole IND CgHyN
1H-Indole,4,5,6,7-tetrahydro INDTE CgH13N
Indoline DHIND CgHgN
Octahydroindole OHIND CgHi5N
o-ethylcyclohexylamine OECHA CgHiyN
Ethylcyclohexane ECH CgHig

3. Results and Discussion
3.1. M Slab Model

Four surface models of M (M = Ni, Pt, NiPt, PtNi) slab were constructed. The calcu-
lated lattice constant of bulk Ni and Pt was, respectively, 3.54 A and 3.91 A, which are in
good agreement with the previous experimental value of 3.53 A and 3.92 A, respectively.
The Ni(111) surface model and the Pt(111) surface model are shown in Figure 1a,b, re-
spectively. The NiPt(111) surface model is constructed as Ni atom doping into the Pt(111)
surface in Figure 1c, while the PtNi(111) surface is constructed as a Pt atom doping into
the Ni(111) surface in Figure 1d. In Figure 1a—d, a four-layer symmetric periodic slab was
optimized, in which the bottom two layers were fixed at their original atomic positions,
and the upper two layers and the adsorbates were allowed to relax during structural
optimization. The crystal face of an M slab surface is an M(111) surface with a 3 x 3 surface
unit cell. The vacuum thickness is set as 12 A, which separates the interactions of the
periodically slabs.

Figure 1. M slab models: (a) Ni(111) surface; (b) Pt(111) surface; (c) NiPt(111) surface; (d) PtNi(111)
surface.

3.2. The Adsorption of Indole and Intermediates on M Slab

It is important to study the adsorption structures of reactive species to investigate the
elementary steps in indole hydrodenitrogenation reaction. The adsorption structures of
indole, octahydroindole and H on M slab were optimized and shown in Figures 2-5. The
corresponding adsorption energies are listed in Table 2.

Table 2. Adsorption energies of indole, octahydroindole and H on Ni(111) surface, Pt(111) surface,
NiPt(111) surface and PtNi(111) surface.

Adsorption Energy (eV)
Configurations - - .
Ni(111) Pt(111) NiPt(111) PtNi(111)
(a) ~1.06 —121 -125 ~1.13
(b) —213 —229 236 —221
(© —1.87 ~1.96 —2.09 177
(d) ~1.05 123 ~1.11 127
(e) -1.29 —1.45 -1.32 —1.49
%) —0.59 —0.70 —0.68 —0.66
(g) —0.73 —0.87 —0.93 —0.77
(©) 210 277 —281 213
(i) —2.14 —2.80 —2.69 —2.61
() -2.19 —2.82 —2.54 —2.66

(k) —221 —2.88 —259 —272
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Figure 2. Adsorption configuration of indole, octahydroindole and H on Ni(111) surface: (a) indole
adsorption on bridge site; (b) indole adsorption on hcp site; (c) indole adsorption on fcc site; (d) indole
adsorption on top site 1; (e) indole adsorption on top site 2; (f) INDTE flat adsorption; (g) INDTE
chair adsorption; (h) H adsorption on top site; (i) H adsorption on bridge site; (j) H adsorption on
hcp site; (k) H adsorption on fcc site.
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Figure 3. Adsorption configuration of indole, octahydroindole and H on Pt(111) surface: (a) indole
adsorption on bridge site; (b) indole adsorption on hcp site; (c) indole adsorption on fcc site; (d) indole
adsorption on top site 1; (e) indole adsorption on top site 2; (f) INDTE flat adsorption; (g) INDTE
chair adsorption; (h) H adsorption on top site; (i) H adsorption on bridge site; (j) H adsorption on
hcp site; (k) H adsorption on fcc site.
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Figure 4. Adsorption configuration of indole, octahydroindole and H on NiPt(111) surface: (a) indole
adsorption on bridge site; (b) indole adsorption on hcp site; (c) indole adsorption on fec site; (d) indole
adsorption on top site 1; (e) indole adsorption on top site 2; (f) INDTE flat adsorption; (g) INDTE
chair adsorption; (h) H adsorption on top site; (i) H adsorption on bridge site; (j) H adsorption on
hcp site; (k) H adsorption on fcc site.
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Figure 5. Adsorption configuration of indole, octahydroindole and H on PtNi(111) surface: (a) indole
adsorption on bridge site; (b) indole adsorption on hcp site; (c) indole adsorption on fcc site; (d) indole
adsorption on top site 1; (e) indole adsorption on top site 2; (f) INDTE flat adsorption; (g) INDTE
chair adsorption; (h) H adsorption on top site; (i) H adsorption on bridge site; (j) H adsorption on
hep site; (k) H adsorption on fcc site.
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3.2.1. Indole Adsorption on M Slab

Indole interacts with several surface atoms upon adsorption, with the main binding
interaction between the aromatic 7 electrons and the metal surface states. The adsorption
configurations of indole on the four M(111) surface are shown in congfiguration (a), (b), (c),
(d) and (e) of Figures 2-5. Configuration (a), (b), (c), (d) and (e) present indole adsorption
on bridge site, hcp site, fcc site, top site 1 and top site 2 of the M(111) surface, respectively.
In Table 1, the bridge adsorption energy, hcp adsorption energy, fcc adsorption energy, top
adsorption energy 2 and top adsorption energy 2 on the Ni(111) surface are —1.06, —2.13,
—1.87, —=1.05 and —1.29 eV, respectively. On the Pt(111) surface, the adsorption energies of
configuration (a), (b), (c), (d) and (e) are lower than that of the corresponding configuration
on the Ni(111) surface. The bridge adsorption energy, hcp adsorption energy, fcc adsorption
energy, top adsorption energy 2 and top adsorption energy 2 on the Pt(111) surface are
—1.21, —2.29, —1.96, —1.23 and —1.45 eV, respectively. On the NiPt(111) surface, the
adsorption energies of configuration (a), (b), (c), (d) and (e) are —1.25,2.36, 2.09, —1.11 and
—1.32 eV, respectively. On the PtNi(111) surface, the adsorption energies of configuration
(@), (b), (c), (d) and (e) are —1.13,2.21,1.77, —1.27 and —1.49 eV, respectively. According
to the adsorption energies, the configuration (b) of indole adsorption is the most stable
configuration, regardless of the adsorption surfaces. Compared to the adsorption energies
of the four surfaces, the indole adsorption energy on the PtNi(111) surface are lowest.
This suggests indole adsorbs on the PtNi(111) surface are more stable than that on the
other surfaces.

3.2.2. Octahydroindole Adsorption on M Slab

Octahydroindole is the important intermediate in indole hydrodenitrogenation. We
considered two adsorption configurations of INDTE adsorption on the four M(111) surface.
For configuration (f) in Figures 2-5, INDTE flatly adsorbs on the M(111) surface with
adsorption energies in the range between —0.59 and —0.70 eV. For configuration (g) in
Figures 2-5, INDTE adsorbs like a chair on the M(111) surface. The adsorption energies of
configuration (g) are in the range between —0.77 and —0.93 eV, which are lower than that
on the corresponding surface. The adsorption energy of configuration (g) is lower than
that of configuration (f), which suggests INDTE prefers to adsorb on the M(111) surface
by chair conformation. In addition, the adsorption energy of chair conformation on the
PtNi(111) surface is lower than that on the other surface. It suggests INDTE adsorption on
the PtNi(111) bimetallic surface is stronger than that on the other surfaces.

3.2.3. H Adsorption on M Slab

We studied the H atom adsorption on the four M(111) surface. Four adsorption sites,
top, bridge, fcc and hcp, were considered on M(111) surfaces. The adsorption energies are
listed in Table 2. According to the calculation result of four surfaces, it suggests the H atom
prefers to adsorb on the Pt(111) surface because of low adsorption energies. In addition,
fcc site of the Pt(111) surface is favorable for H adsorption with a lowest adsorption
energy of —2.88 eV. For the Ni(111) surface, Pt(111) surface and NiPt(111) surface, the
adsorption energies follow the order Top site > Bridge site > Hcp site > Fcc site. However,
the adsorption energies of the PtNi(111) surface do not follow the order. The adsorption
energy on top site surface is lowest in the four adsorption site of PtNi(111). It indicates H
atom bonds more strongly with a Pt atom than an Ni atom.

3.3. Mechanism of Indole Hydrodenitrogenation
3.3.1. Mechanism of Indole Hydrodenitrogenation on the Ni(111) and Pt(111) Surfaces

Elementary steps of indole hydrodenitrogenation on the Ni(111) and Pt(111) surfaces
divided into 20 steps are shown in Figures 6 and 7, respectively. The potential energy
profiles of indole hydrodenitrogenation on the Ni(111) and Pt(111) surfaces are shown in
Figures 8 and 9, respectively. The corresponding activation energies and reaction energies
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are listes in Table 3. The reaction pathway of indole hydrodenitrogenation is determined in
two parts: Ring hydrogenation and heterocyclic ring opening.

Figure 6. Mechanism of indole hydrodenitrogenation on Ni(111) surface: (a) to (t) represent Step 1 to Step 20.
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Figure 7. Mechanism of indole hydrodenitrogenation on Pt(111) surface: (a) to (t) represent Step 1 to Step 20.
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Figure 8. Potential energy profiles of indole hydrodenitrogenation on Ni(111) surface.
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Figure 9. Potential energy profiles of indole hydrodenitrogenation on Pt(111) surface.
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Table 3. Activation energies and reaction energies of indole hydrodenitrogenation on M(111) surface.
No. Elementary Steps Nia11) Pr(111) NiPt(111) PtNi(111)

Ea EI'XII Eﬂ EI'XII Ea EI'XII Ea EI'XII
Step 1 CgHyN* + H*—CgHgN* 1.35 0.47 1.14 0.13 1.11 0.26 1.09 0.42
Step 2 CgHgN* + H*—CgHgN* 0.61 0.12 0.49 0.11 0.51 0.14 0.51 0.12
Step 3 CgHygN* + H*—CgHoN* 0.73 —0.04 0.59 —0.04 0.55 —0.01 0.52 —0.08
Step 4 CgH;oN* + H*—CgHy; N* 0.58 —0.09 044 —012 034 -010 031 —0.11
Step 5 CgHyN* + H*—CgH1,N* 0.66 —0.13 0.53 —0.15 0.52 —0.16 0.55 —0.09
Step 6 CgHpN* + H*—CgH3N* 0.49 —-0.11 0.41 —0.09 0.38 —0.05 0.43 —0.12
Step 7 CgHy3N* + H*—CgHy,N* 0.87 0.14 0.79 0.14 0.77 0.17 0.72 0.11
Step 8 CgHy4N* + H*—CgH5N* 1.33 —0.42 1.83 —0.55 1.60 —0.57 1.15 —0.57
Step 9 CgHi5N* + H*—~CgHq3 + NH3* 0.96 0.09 1.08 0.12 0.98 0.09 0.91 0.05
Step 10 CgHys + H*— CgHy,* 0.49 —020 041 —0.08 040 —006 039 ~0.17
Step 11 CgHys* + H*—CgHy5* 0.55 —-0.14 0.45 —0.16 0.48 -0.2 0.46 —0.12
Step 12 CgHi5* + H*—CgHqg* 0.53 —0.13 0.52 —0.14 0.50 —0.11 0.54 —0.16
Step 13 CgHyN* + H*—CgHgN* 0.98 0.39 0.86 0.28 0.84 0.35 0.90 0.30
Step 14 CgHgN* + H*—~CgHoN* 0.73 0.06 0.67 0.11 0.63 0.09 0.60 0.14
Step 15 CgHyoN* + H*—CgHqoN* 1.29 —0.11 1.07 —-0.17 1.00 —-0.13 1.03 —0.21
Step 16 CgH;oN* + H*—CgHy; N* 0.54 —013 041 ~016 033 ~014 039 ~0.19
Step 17 CgH11N* + H*—CgH o, N* 0.70 —-0.14 0.54 —0.09 0.51 —-0.17 0.59 —0.11
Step 18 CgHpN* + H*—CgH3N* 0.55 —-0.15 0.51 —0.14 0.50 —-0.17 0.56 —0.23
Step 19 CgHy3N* + H*—CgHy,N* 0.64 —~0.08 061 —0.06 056 —0.11 0.63 ~0.12
Step 20 CgHp4N* + H*—CgH;sN* 058  —019 056  —012 054  —021  0.61 ~0.29

3.3.2. Ring Hydrogenation

Ring hydrogenation includes benzene ring hydrogenation first (Path 1) and hetero-
cyclic ring hydrogenation first (Path 2). On the Ni(111) surface in Figure 6, the reaction of
benzene ring hydrogenation is first divided into six elementary steps. The first elementary
step starts from indole adsorption configuration in Figure 2b. The C atoms in the benzene
ring are attacked by an H atom step by step. In the first hydrogenation step, the destruction
of conjugation in the benzene ring shows high activation energy of 1.35 eV. After the first
hydrogenation step is complete, the following hydrogenation steps proceed more easily
with lower activation energies than the first step. The activation energies of step 2 to step 6
are in the range between 0.58 and 0.73 eV. The activation energy of step 3 is higher than the
other steps because the benzene ring intermediate transforms from slab conformation to
boat conformation, requiring more energy. According to the activation energies of Path 1
on the Ni(111) surface, step 1, with activation energy of 1.35 eV, is the rate-determining
step in Path 1.

The reaction of heterocyclic ring hydrogenation first on the Ni(111) surface is divided
into eight elementary steps, which are shown from step 13 to step 20. The first elementary
step starts from the indole adsorption configuration in Figure 2c. The C atoms in the
heterocyclic ring are attacked by an H atom step by step. Because of 7 conjugation effect in
benzene ring, the activation energy of step 15 with 1.29 eV is the highest in Path 2. This
indicates step 15 is the rate-determining step in Path 2. Compared to Path 1, the activation
energy of the rate-determining step in Path 2 is lower than that in Path 1, which indicates
the reaction pathway of heterocyclic ring hydrogenation first is easier to proceed than the
reaction pathway of benzene ring hydrogenation first.

On the Pt(111) surface in Figure 7, the benzene ring hydrogenation first steps (Path 1)
is similar to the steps on the Ni(111) surface. The activation energy of step 1 on the Pt(111)
surface is 1.14 eV, which also is highest in the benzene ring hydrogenation. Compared
to that on the Ni(111) surface, the activation energy of step 1 on the Pt(111) surface is
lower because Pt acts as an active hydrogen supplier which has a promotional effect for
hydrogenation [3]. Similar to that on the Ni(111) surface, the activation energies of follow
hydrogenation steps on Pt(111) also are lower than the first step. The activation energies of
the step 2 to step 6 range between 0.44 and 0.59 eV. All the activation energies of benzene
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ring hydrogenation on the Pt(111) surface are lower than that on the Ni(111) surface, which
indicates that the Pt(111) surface is favorable for benzene ring hydrogenation.

The heterocyclic ring hydrogenation first steps (Path 2) on the Pt(111) surface is close
to that on the Ni(111) surface. Path 2 also includes eight elementary steps, in which step 15,
with highest activation energy, is the rate-determining step in Path 2. Compared to the
activation energies of Path 1 on the Pt(111) surface, the activation energies of Path 2 are
lower. It indicate indole hydrogenation prefers heterocyclic ring hydrogenation first on the
Pt(111) surface.

3.3.3. Heterocyclic Ring Opening

For heterocyclic ring opening on the Ni(111) surface, the elementary steps are shown
from step 7 to step 12 in Figure 6. In step 7, H atom adsorbs in the hcp site and attacks the
C atom in the heterocyclic ring further, in order to weaken the C-N bond. In step 8, the H
atom attacks the N atom in the heterocyclic ring and forms an N-H bond, which results in
heterocyclic ring opening. In step 9, the H atom continues to attack the N atom in order to
achieve denitrogenation. In step 10 to step 12, H atoms hydrogenate one by one to form
alkane. The activation energy of step 8 is 1.33 eV. This activation energy is lower than that
of step 1 with 1.35 eV, while it is higher than that of step 15 with 1.29 eV. It indicates step 8
is the rate-determining step of indole hydrodenitrogenation.

For heterocyclic ring opening on the Pt(111) surface, the configuration of elementary
steps is similar to that on the Ni(111) surface. However, the activation energies of het-
erocyclic ring opening on the Pt(111) surface is higher than that on the Ni(111) surface.
The activation energy of step 8 on the Pt(111) surface is 1.83 eV, which is higher than
that of 1.33 eV on the Ni(111) surface. This result indicates that heterocyclic ring opening
prefers to proceed on the Ni(111) surface. In addition, the activation energy of step 8 is the
highest from step 1 to step 20, which indicates step 8 is the rate-determining step of indole
hydrodenitrogenation.

As mentioned above, it suggests that ring hydrogenation prefers to proceed on the
Pt(111) surface while heterocyclic ring opening prefers to proceed on the Ni(111) surface.
According to the calculation result, we further study indole hydrodenitrogenation on the
NiPt(111) surface and the PtNi(111) surface in order to investigate the bimetallic effect. In
the next study, we continue to investigate indole hydrodenitrogention from the two parts of
ring hydrogenation and heterocyclic ring opening. The mechanisms of indole hydrodenitro-
genation on the NiPt(111) surface and the PtNi(111) surface are shown in Figures 10 and 11,
respectively. The potential energy profiles of indole hydrodenitrogenation on the NiPt(111)
surface and PtNi(111) are shown in Figures 12 and 13, respectively.

3.3.4. Ring Hydrogenation

Ring hydrogenation also is divided into benzene ring hydrogenation first (Path 1) and
heterocyclic ring hydrogenation first (Path 2). On the NiPt(111) surface in Figure 10, the
elementary steps of benzene ring hydrogenation first (Path 1) are determined as six steps,
which is similar to that on the Pt(111) surface. The N atom in the heterocyclic ring prefers
to adsorb on the top site of the Ni atom in the NiPt(111) surface. In addition, the activation
energies of benzene ring hydrogenation on the NiPt(111) surface is also close to that on the
Pt(111) surface. The rate-determining step of benzene ring hydrogenation is also step 1,
with activation energy of 1.11 eV. The activation energies of step 2 to step 6 are in the range
between 0.34 and 0.55 eV, which are lower than that of step 1. In addition, the activation
energies of six elementary steps on the NiPt(111) surface are all lower than that on the
Pt(111) surface, which suggests Ni doping in the Pt(111) surface is positive for benzene
ring hydrogenation.

The elementary steps of heterocyclic ring hydrogenation first (Path 2) on the NiPt(111)
surface is from step 13 to step 20. The configurations of each elementary step on the
NiPt(111) surface are similar to that on the Pt(111) surface. The activation energy of step 15
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is 1.00 eV, which is the highest in Path 2. Therefore, step 15 is the rate-determining step on
the NiPt(111) surface.

On the PtNi(111) surface in Figure 11, the configurations and activation energies of
elementary steps are similar to that on the Ni(111) surface. H atom prefers to adsorb on
the top site of Pt atom on the PtNi(111) surface before hydrogenation. The activation
energy of step 1 with 1.09 eV is also the highest in the six elementary steps of benzene
ring hydrogenation. Compared to that on the Ni(111) surface, the Pt(111) surface and the
NiPt(111) surface, the activation energy of step 1 on the PtNi(111) surface is the lowest.

Similar to the other three surfaces, the elementary steps of heterocyclic ring hydro-
genation first (Path 2) on the PtNi(111) surface include from step 13 to step 20. Step 15is a
rate-determining step with the highest activation energy in Path 2 on the PtNi(111) surface.
Compared to the other three surfaces, the activation energy of step 15 on the PtNi(111)
surface is the lowest among the four surfaces. It suggests ring hydrogenation prefers to
proceed on the PtNi(111) surface than the others. As reported by other works, the addition
of a second metal changes the electronic property of the surface, which results in the
difference in adsorption of reactants [23,24].

3.3.5. Heterocyclic Ring Opening

On the NiPt(111) surface in Figure 10, the elementary steps of heterocyclic ring opening
are divided from step 7 to step 12. The N atom in the heterocyclic ring prefers to adsorb
on the top site of the Ni atom. In step 8, the H atom attacks the N atom in the heterocyclic
ring and forms an N-H bond, which results in heterocyclic ring opening. Similar to that
on the Pt(111) surface, the activation energy of step 8 with 1.60 eV is highest in indole
hydrodenitrogenation. This indicates that step 8 is the rate-determining step of indole
hydrodenitrogenation.

On the PtNi(111) surface in Figure 11, the elementary steps of heterocyclic ring open-
ing are similar to that on the NiPt(111) surface. Step 8, C-N bond breaking, is the rate-
determining step with the highest activation energy of 1.15 eV in indole hydrodenitro-
genation. In addition, the H atom still prefers to adsorb on the top site of the Pt atom
before hydrogenation. The other steps of heterocyclic ring opening are easy to proceed
with low activation energies ranging between 0.39 and 0.72 eV. Compared to benzene ring
hydrogenation, the activation energy of step 8 in heterocyclic ring opening is higher, which
indicates step 8 is the rate-determining step of indole hydrodenitrogenation.

According to the calculation results of indole hydrodenitrogenation, the activation
energy of rate-determining step on the PtNi(111) surface is the lowest of the the four
surfaces. Therefore, the PtNi(111) surface is also favorable for hydrogenation. In summary,
indole hydrodenitrogenation is easy to proceed on the PtNi(111) surface. Scheme 1 is
shown the reaction pathway of indole hydrodenitrogenation. As mentioned above, the
reaction menchansim of indole hydrodenitrogenation includes two possible pathways.
Path 1 is benzene ring hydrogenation first (Path 1) and Path 2 is heterocyclic ring hy-
drogenation first. According to the activation energies of rate-determining steps, Path 2
is easy to proceed, especially, on the PtNi(111) surface. The main reaction pathway:
IND—DHIND—OHIND—OECHA —ECH.
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Figure 10. Mechanism of indole hydrodenitrogenation on NiPt(111) surface: (a) to (t) represent Step 1 to Step 20.
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Figure 11. Mechanism of indole hydrodenitrogenation on PtNi(111) surface: (a) to (t) represent Step 1 to Step 20.
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4. Conclusions

In this study, DFT was applied to address the reaction mechanisms of indole hydro-
denitrogenation on an M slab model. Compared to adsorption energies of reactants and
intermediates, a PtNi(111) surface is favorable for indole and intermediates adsorption.
In addition, low activation energies of indole hydrodenitrogenation on a PtNi(111) sur-
face result from Pt-Ni bimetallic synergistic effects, which indicates Pt atom doping in
an Ni surface is favorable for indole hydrodenitrogenation. The catalytic activities of M
surfaces are predicted by DFT calculation, which can support the theoretical guidance for
the experiments of indole hydrodenitrogenation.
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