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Exploring Adsorption Behavior of Sulfur and Nitrogen
Compounds on Transition Metal-Doped Cu (100) Sur-
faces: Insights from DFT and MD Simulations

Achraf Benbella*@, Hicham Jabraoui*?, Imane Matrane?, and M'hammed Mazroui®

We conducted an extensive investigation using density functional theory (DFT) calculations
and ReaxFF molecular dynamics (MD) simulations to elucidate the mechanisms of desulfu-
rization and denitrogenation on Cu (100) surfaces. This study encompassed both pristine
surfaces and those modified with Pt or Rh transition metals. Our primary objective was to
gain a deep understanding of the adsorption behavior of thiophene (C,H,S) and pyridine
(C5HgN) molecules on stepped Cu (100) surfaces, which serve as models for sulfur and nitro-
gen compounds. We systematically explored the interplay among water, adsorption efficiency,
and surface regeneration capabilities. Using DFT, we thoroughly examined various aspects,
including interaction energies, charge transfers, changes in electron density, and alterations
in work function upon molecule adsorption. Notably, we observed a decrease in the interac-
tion energy of thiophene, whereas that of pyridine increased when adsorbed on Pt/Rh-doped
surfaces compared to pristine ones. Thiophene adsorption reduced the work function, poten-
tially enhancing detectability, without causing inhibitory effects on any surface. Stepped Cu
(100) surfaces demonstrated a strong affinity for thiophene, exhibiting an energy difference
of approximately 86 kJ/mol. However, this trend reversed on doped surfaces, where pyridine
displayed stronger adsorption than thiophene, resulting in energy differences of around 123
kJ/mol and 62 kJ/mol on Pt-Cu and Rh-Cu surfaces, respectively. Moreover, our investi-
gation highlighted the regeneration capacity of these surfaces, indicating that all surfaces
can be considered promising candidates for desulfurization, while only Cu and Pt-Cu surfaces
were found to be suitable for denitrogenation. Furthermore, results from MD simulations in
combination with Potential of Mean Force (PMF) simulations at 300 K, aligned with DFT
calculations, confirmed the adsorption configurations of pyridine and thiophene. This anal-
ysis demonstrated the competitive advantage of thiophene over pyridine in adsorption and
highlighted the inhibitory effect of water on pyridine adsorption on the Cu (100) surface.

1 Introduction

Environmental protection societies have been advocating
for the production of clean fuels with low sulfur content
not exceeding 0.1 to 0.2 ppm in diesel and gasoline fu-
els'. This is crucial because sulfur compounds in trans-
portation fuels poison catalysts during the reduction of CO
and NO, 2, leading to the production of acid rain and
toxic SO, compounds during fuel combustion. Various

methods, such as oxidative desulfurization (ODS) 3, extrac-
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tive desulfurization (EDS), reactive adsorption desulfuriza-
tion (RADS), hydrodesulfurization (HDS), and adsorptive
desulfurization (ADS), are employed for fuel desulfuriza-
tion. While HDS is a major process in removing sulfur ele-
ments from sulfides, thiols, and thiophene compounds, it is
ineffective against the dibenzothiophene (DBT) molecule
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and its derivatives, which are prevalent in diesel fuels®.
DBT molecules are particularly refractory to HDS treat-
ment, often producing H,S that limits effective hydrodesul-
furization. The reactivity of sulfur compounds increases in
the order: thiophene < thiols < sulfides < disulfides, with
thiophene being the most challenging element to desulfu-
rize®. Adsorption techniques like adsorptive desulfuriza-
tion (ADS) have shown promise in selectively removing
sulfur compounds, especially thiophene, to produce ultra-
clean fuel under ambient conditions®. This efficacy arises
from the development of sorbents with higher selectivity
for thiophene than other fuel components. However, com-
petitive adsorption with other aromatics must be consid-
ered, as it could hinder the desulfurization process. Nitro-
gen compounds are abundant in gasoline and transport fu-
els, negatively impacting thiophene adsorption and desul-
furization '°. Pre-removal of nitrogen compounds from fu-
els through adsorption proves effective in activating desul-
furization and producing ultra-clean fuels!!. Furthermore,
excellent adsorbents should exhibit large adsorption capac-
ity and effective regeneration®%12-15,

The quest for materials with high affinity for ad-
sorbing sulfur and nitrogen compounds is also driven by
their potential use in fuel cell applications®!®. Recent re-
search focuses on sorbents like activated alumina 17, ze-
olite formulations 819, and metal-based materials1420:21,
Noble metal incorporation (e.g., Pt, Cu, Rh, Pd) en-
hances catalytic capacity for thiophene/pyridine removal,
enabling deep desulfurization/denitrogenation processes®.
These doped sorbents utilize n-complexation for thiophene
and pyridine elimination from liquid fuels®?2. Strong
bonds are formed through n-complexation between DBT
compounds and transition metals due to their electron
donation/back-donation capacity. Copper (Cu) has the
necessary electronic structure for strong m-complexation,
offering high selectivity for thiophene, as demonstrated
with Cu(DY and Cu(IDY zeolite formulations23.

Continued research aims to identify sorbents
with high adsorption efficiency for sulfur and nitrogen-
containing molecules, free from water-inhibiting effects,
and with high regeneration capacity. These criteria guide
the selection of sorbents for desulfurization and denitro-
genation processes?*. Previous studies?°~2’ highlight ef-
ficlent m-complexation between thiophene/pyridine and
transition metals. Thus, selective adsorption of these
molecules on transition metals appears promising due
to robust m-complexation interactions. Experimental ob-
servations indicate toluene?®2° and benzene3° adsorp-
tions limiting thiophene adsorption on HY zeolite, while
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Cu(Y, Cu(IDY, Ag(D)Y, and Zn(II)Y metal-Y zeolite formu-
lations exhibit strong thiophene selectivity?3. Transition
metal-based surfaces hold potential for adsorbing organic
molecules3!-34,

Adsorption on metal surfaces has been exten-
sively studied for its technological relevance in selective
adsorption and gas sensing>>3°. Perfect metallic transition
surfaces have been well-researched 23741 but the role of
defects (e.g., steps*>*3 vacancies*?, adatoms“*) in practi-
cal applications has been understudied despite their preva-
lence and superior adsorption compared to flat terraces.
Defective surfaces can enhance the interaction of organic
molecules, offering potential for efficient gas sensors and
sorbent materials 443

Understanding the adsorption of sulfur and
nitrogen-containing aromatic molecules on defective metal
surfaces at atomic and electronic levels is crucial for de-
signing new sorbents for deep desulfurization and denitro-
genation processes. In this study, we investigate the ad-
sorption of thiophene (C4H4S) and pyridine (CsHsN) on
a stepped Cu (100) surface. This surface consists of up-
per and lower terraces formed by removing atoms along
successive dense rows of the ideal structure. We employ
density functional theory (DFT) with dispersion corrections
and ReaxFF molecular dynamics (MD) to study the individ-
ual and mixed adsorption of pyridine and thiophene on Cu
(100), considering the inhibiting effect of water and the Cu
(100) doping with Pt and Ru for desulfurization and deni-
trogenation. The combination of DFT and ReaxFF provides
insights into reactivity and adsorption mechanisms*>~>3.
We analyze total interaction energies, partial radial dis-
tribution functions (RDF), statistical investigations, charge
transfer, charge density differences, and changes in work
function to elucidate the adsorption mechanisms on the
studied surfaces.

2 Computational details

2.1 Density Functional Theory

In this study, DFT calculations are performed using the Vi-
enna ab initio simulation package (VASP)>*°. Herein,
the electron-ionic core interaction has been described by
the projected augmented wave (PAW) method°®>’. The
exchange-correlation interactions were treated using the
Perdew-Burke-Ernzerhof (PBE) formulation of general-
ized gradient approximation (GGA) °®. The ionic relaxation
was performed using the conjugate gradient method. Tak-
ing into account van der Waals interactions in our calcula-



tions, the semi-empirical scheme D2 developed by Grimme
is used. The cutoff energy for the plane-wave basis expan-
sion is set to 450 eV, and the K-point is adjusted at 6x6x1
for integration of the Brillouin zone. Spin polarization was
taken into account in all calculations as Cu surfaces reveal
the magnetic performance®. All structures are fully opti-
mized until the total energy converges to 1.0 107% eV and
the force on each atom is smaller than 0.02 eV/ A.

Our simulation process began with the construction of a re-
alistic Cu supercell based on the anatase crystal structure.
This supercell adopted a simple cubic unit cell with lattice
parametersa = b = ¢ = 3.62 A and angles o = 8 = y=90°,
and was assigned the space group Fm3m. The surface was
modelled by a (4x4) lateral supercell of copper with a slab
of five layers of Cu (100) surface. Noteworthy, the bottom
two layers of our slabs are fixed at their mass positions,
while the ions of the top three layers are allowed to relax to
their optimal positions. The vacuum height between neigh-
boring slabs in the direction perpendicular to the surface
is maintained at 20 A, which is sufficient to avoid inter-
actions between adjacent supercells (periodic image) and
ignored dipole corrections. The adsorption of thiophene
or pyridine is carried out on the perfect and stepped Cu
(100) surfaces. The stepped Cu (100) surface was created
by removing two rows of Cu atoms from the top layer of
the (100) surface, as shown in Figure 1b. Further, be-
fore commencing the adsorption of the molecules on the
defected surfaces, we conducted a thorough geometric re-
optimization of this surface, including the relaxation of
the atomic positions, the shape and volume of the cells.
The fully-optimized geometry are illustrated in Figure 1-b.
Hence, several possible adsorption configurations for thio-
phene and pyridine on the stepped Cu (100) surface are
also tested, see Figures S1 and S2.
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stepped surfaces, we calculate the total interaction energy
(Eint) as follows 60,61:

Eiy = (Emol + Exlab) - Esys (1)

where E,,;, Egq, and Egy represent the energies of an
isolated gas molecule, isolated clean/doped surfaces, and
the whole system in interactions ‘molecule-surface’, respec-
tively. The redistribution of charge upon adsorption on
stepped surfaces is known to influence strongly its physical-
surface properties, such as its electron density difference
and work function change. To investigate this point,
we study the difference in electron density (Ap) to fur-
ther improve our understanding of the adsorption of the
two molecules onto the considered Cu, Pt-Cu and Rh-Cu
stepped surfaces. To visualize the electron density differ-
ence (Ap) introduced by the adsorption of both molecules,
we combine the three electron densities: the density of the
whole system (Pmolecule—surface); the density of the isolated
molecule (Pmorecute); and the density of the isolated surface
(Psurface) Which is formulated as follows %%64:

Ap = pmoleculefsurface — Pmolecule — psurface (2)

Otherwise, the work function could be influenced by the
crystallographic orientation and the density of steps and
tuned by the adsorption of organic molecules®. Thus, we
calculated the change in the work function of the stepped
surfaces. The work function ¢ is the minimum energy re-
quired to displace an electron from the metal surface to the
vacuum, which is defined as:

¢ = Vsaccum — EFermi (3)

where Viccum is the electrostatic potential in the vacuum
region and Ep,,; is the Fermi energy. Then, we calculate
the work function change (A¢), using the following formu-
lation:

AP =¢—do 4

where ¢ and ¢y denote the work function of the adsorbed
system and the isolated Cu (100) surface, respectively.

2.2 Molecular Dynamics Investigations

Fig. 1 Side view of simulation cells used in the calculations of Cu
(100) surface: (a) perfect surface, and (b) stepped surface. The
stepped copper atoms shaded brighter.

To assess the adsorption of pyridine and thio-
phene molecules adsorbed onto clean and doped Cu (100)

In this study, we employed MD simulations within a peri-
odic boundary framework, conducted using the LAMMPS
package®®. Temperature thermalization was achieved us-
ing the Nosé-Hoover thermostat. The interactions within
the entire system, including Cu—pyridine, Cu—thiophene,
Cu—(pyridine thiophene mixing), and Cu— (pyridine thio-
phene mixing with water), were modeled using the ReaxFF
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force field parameters. These parameters were specifi-
cally developed to investigate the adsorption and reactivity
of systems containing carbon (C), hydrogen (H), nitrogen
(N), sulfur (S), and copper (Cu) surfaces>>%7.

The MD simulations of the Cu (100) surface have
dimensions of 20.35 A x 20.35 A and a height of approx-
imately 27 A, employing the same Cu-unit cell and (100)
surface configuration as used in the DFT calculations. This
MD simulation box consists of 288 Cu atoms (see Figure
S5). Initially, we relaxed the perfect surface alone for 0.1
nanoseconds (ns), with a time step of 1 femtosecond (fs).
Subsequently, an additional 0.1 ns relaxation session was
performed at 300 K. During this phase, a vacuum was in-
troduced perpendicular to the (100) plane, creating a step
defect similar to the previous process. This configuration
resulted in a vacuum gap of about 20 A between two of
these relaxed slabs within the periodicity along the z-axis
(see Figure 1). Our choice to represent Cu through the
(100) plane was guided by its unique affinity and propen-
sity for adsorption, particularly involving molecules like
water, pyridine, and thiophene 899

Our analysis comprehensively explored the inter-
facial interactions of thiophene and pyridine with the Cu
surface, including water. We focused on interfaces involv-
ing pyridine and the Cu(100) surface, thiophene and the
Cu(100) surface, as well as the combination of pyridine
and thiophene with the Cu(100) surface. Additionally, we
delved into the intricate interplay of 20 water molecules
at the interface of a mixture of pyridine and thiophene
with Cu (100). This investigation involved introducing 12
pyridine molecules (see Figure 8(b, d)) and 12 thiophene
molecules (depicted in Figure 8(a, ¢)). The balanced com-
position featuring pyridine and thiophene molecules on the
Cu surface is illustrated in Figure S5. These interfaces
were annealed at 300 K within the NVT ensemble, over
1 ns using a 0.1 fs time step, providing insights into the
dynamic behavior of these interfaces.

We also conducted Potential of Mean Force (PMF)
calculations using the Steered Molecular Dynamics (SMD)
algorithm, which we implemented through the LAMMPS
software package’%73. Within this computational frame-
work, we imposed a constant negative velocity on one of
the atoms from either the thiophene or pyridine molecules
participating in the chemical reaction. This method was
devised to facilitate the adsorption pathway from the gas
phase to the Cu (100) surface.
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3 Results

3.1 Density Functional Theory (DFT) Analysis

Thiophene and pyridine adsorption was initiated as a
model system on a perfect Cu (100) surface as depicted in
Figure 1-a. As the presence of defects on any considered
surface is unavoidable, we also consider the adsorption on
the stepped surface as defective. The defect (Figure 1-b)
was created by omitting two rows of atoms across the y-
direction in the top layer. In order to determine the most
stable adsorption configuration, our study was initiated by
calculating the total interaction energies of several config-
urations of two molecules, namely upper terrace, vertical-
lower terrace, flat-lower terrace, step, and inclined configu-
rations, on stepped Cu (100) surfaces. All these adsorption
configurations are reported in Figures S1 and S2 (supple-
mentary material). Furthermore, we studied a substituted
Cu (100) stepped surface, where the Cu atoms in the step
have been replaced by Pt or Rh atoms. Besides, the ad-
sorption heights S —— Cu and N — Cu, the carbon-carbon
(C——0C) bond distances, and the tilt angle between the
molecule plane and the surface plane 6 are studied for dif-
ferent defective surfaces of Cu (100), then compared with
those of a prefect one.

3.1.1 Adsorption of thiophene

The stepped surface was examined to investigate the influ-
ence of defects with weakly coordinated atoms on the sur-
face stability and adsorption behaviour of thiophene. Five
different adsorption configurations for thiophene were first
tested (Figure S1) to define the most stable one. Here, the
flat-lower terrace thiophene configuration was found to be
the most stable (see Figure 2). Table 1 presents the results
of thiophene adsorbed on different considered surfaces of
Cu (100) surface.

For a perfect surface, the Hollow-45° site repre-
sents the most stable site, with a total interaction energy
of 105.16 kJ/mol. The presence of a stepped defect signif-
icantly alters the adsorption mechanism of the thiophene
molecule while the adsorption order of configuration is
found as follows: f-upper terrace < vertical-lower terrace
= flat-step < inclined < flat-lower terrace. The flat-lower
terrace, like most configuration energies, presents a total
interaction energy of 231.565 kJ/mol, higher than for the
perfect surface by about 126 kJ/mol. In the same context,
a previous simulation study revealed two modes of ad-
sorption for 4,6-dimethyldibenzothiophene (4,6-DMDBT)
on MoS, surface®, the flat adsorption via n-interaction and



Table 1 Geometries and total interaction energies (E;, ) of the relaxed thiophene (C4H4S) adsorbed structures on perfect, stepped, and

substituted Cu (100) Surface with Pt and Rh atoms.

. Epu(C4H4S) S-Cu cc* b

Sorbent Adsorption site (kJ/mol) (&) (&) (deg)
Perfect Hollow 105.169 2.33 1.38 2
f-upper terrace 205.514 2.29 1.38 2
v-lower terrace 212.268 2.42 1.38 36
Stepped f-lower terrace 231.565 2.40 1.38 22
f-step 212.268 3.27 1.39 61
inclined 226.740 2.33 1.39 25
. Pt-Cu (f-step) 87.802 3.29 (S-Pt) 1.39 44
Substituted by o (f.step)  137.01  3.18 (S-Rh) 1.39 39

aThe C-C bond length in the gas phase is 1.38 A.
b The tilt angle between the molecule plane and the surface plane is 6.

S mode adsorption with the edge of MoS,. This behavior
is in good agreement with our present results where the
adsorption modes of thiophene are modified when going
from a perfect to a stepped Cu (100) surface. As detailed
geometry in this adsorption configuration, the thiophene
molecule binds to the surface through both the sulfur and
the aromatic ring, with S—— Cu and ring — Cu distances
of 2.40 A and 3.23 A, respectively. Here, bond distances
C——C show no significant stretching with a distance of
1.38 A and an inclination angle of 22° from the surface.

Fig. 2 Side and top views of thiophene adsorbed on the most sta-
ble configuration (flat-lower terrace). Blue, green, grey, and dark
red balls represent copper, sulfur, hydrogen, and carbon atoms, re-
spectively. The values illustrated in the Figure indicate the shorter
S—Cu (black) and ring—Cu (red) distances, respectively.

To gain insights into the impact of weakly coordi-
nated atoms (stepped atoms) on the adsorption behavior
of the thiophene molecule, we replaced the Cu atoms in
the stepped layer with Pt or Rh atoms (Figure 3). Initially,
we shifted the preferred thiophene configuration from a
flat lower terrace arrangement to a flat step configuration
for both cases—Pt-Cu and Rh-Cu. The total interaction en-
ergies for these configurations were measured at 87.802
kJ/mol (Pt-Cu) and 137.01 kJ/mol (Rh-Cu), both of which

were lower than the energies associated with the stepped
Cu terrace. This adsorption pattern primarily arises from
7 interactions, where the thiophene ring approaches the Pt
and Rh atoms at distances of 2.46 A and 2.31 A , respec-
tively. Notably, the S—— Pt and S —— Rh bond lengths are
3.18 A and 3.29 A, respectively. However, 85% (75.01
kJ/mol) and 51% (69.29 kJ/mol) of the total interaction
energy corresponds to dispersion energy for Pt-Cu and Rh-
Cu surfaces, respectively. This higher energy component
corresponds to physisorption, lacking significant chemi-
cal interaction or dissociative adsorption. This indicates a
higher sensing capability with good regenerability of these
materials towards the thiophene molecule. Furthermore,
these configurations indicate reduced interaction between
thiophene and the Cu atoms of the second layer. Drawing
parallels with benzene as a thiophene-like structure, ear-
lier research on benzene adsorption onto a Pt (221) step
surface reveals that the most stable sites are situated at the
step edges®3.

3.1.2 Adsorption of pyridine

Table 2 summarizes the energy and geometrical details
of the pyridine molecule on different surfaces. The flat-
lower terrace as the stable adsorption configuration of the
pyridine molecule on the stepped surface of Cu (100) con-
trolled by both n-interaction and N—— C interaction with
a total interaction energy of 145.693 kJ/mol, see Figure 4.
Inclined configurations are also interesting with total inter-
action energies of 144.73 kJ/mol, see SI for more details on
all configurations tested. Whereas, on a perfect Cu (100)
surface, the pyridine molecule has a vertical configuration
with a total energy of 103.239 kJ/mol and an N——Cu
distance of 2.04 A, which is less than its adsorption on a
stepped surface by about 42 kJ/mol. In the same context,
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Fig. 3 Side and top views of thiophene adsorbed on the most stable configuration (flat-step). Blue, green, grey, purple, pink, and dark red
balls represent copper, sulfur, hydrogen, platinum, rhodium, and carbon atoms, respectively. (a) and (b): Thiophene adsorbed on Pt-Cu
and Rh-Cu substituted surface respectively. The values illustrated in the Figure indicate the shorter S—Pt/Rh (black) and ring—Pt/Rh

(red) distances, respectively.
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Fig. 4 Side and top views of pyridine adsorbed on the most stable
configuration (flat-lower terrace). Blue, yellow, grey, and dark red
balls represent copper, nitrogen, hydrogen, and carbon atoms, re-
spectively. The values illustrated in the Figure indicate the shorter
N—Cu (black) and ring—Cu (red) distances, respectively.

a previous study of the adsorption of pyridine on a perfect
metal surface revealed that the N atom of pyridine adsorbs
on top of a metal atom?>747> which lined up with a good
agreement to our study. The most sorbent configuration on
a stepped Cu (100) surface represents the same behaviour
provided by a perfect Cu (100) surface, where the nitro-
gen atom only binds to the neighboring Cu atom over a
distance of 2.04 A. Within the same framework, Tafreshi
et al.** studied the adsorption of hydrazine on the perfect
and defective copper surfaces (100), (110), and (111), and
they found that the hydrazine molecule adsorbs through a
nitrogen atom on the adatom Cu (100) and the vacancy Cu
(100) and (110) surfaces. Moreover, Waldmann et al.’®
studied the adsorption of the pyridine molecule and large
pyridine derivative molecules on a stepped Ag (100) sur-
face, and they concluded that the hetero-cyclic nitrogen
atoms in pyridine and their derivatives prefer the positions
on top of Ag atoms.

As thiophene, pyridine was also adsorbed on a substituted
Pt/Rh-Cu (100) stepped surface, see Figure 5. The total
interaction energies of the pyridine molecule on Pt-Cu and
Rh-Cu surfaces are 210.34 kJ/mol with a distance N—Pt of
2.18 A and 198.76 kJ/mol with a distance N—Rh of 2.06
A, respectively (see Table 2). An increase in total inter-
action energy is observed when moving from Cu to Pt-Cu
and Rh-Cu stepped surfaces, which refers to changes in ad-
sorption modes ranging from flat-lower terrace to inclined
configuration. However, the distances between the pyri-
dine ring and the metal atoms remained larger than 3 A,
showing a low 7 interaction between pyridine and metals.

3.1.3 Regeneration capacity

The bond lengths S——C and N——C are calculated in
order to estimate the regeneration capacity of different sur-

faces, see Table 3. In short words, regenerative surfaces
is a term used to describe the surfaces which are able to
adsorb an adsorbent without undergoing molecular dis-
sociation which might result in the formation of surface
new radicals and therefore modifying its chemical compo-
sition??. Here, we compared the bond length of thiophene
(S——C) and pyridine (N——C) in the gas phase and
adsorbed on different surfaces while a large significant in-
crease can lead to dissociation of molecules leading us to
conclude that the corresponding surface is less regenera-
ble.

Table 3 Bond length difference between the gas phase (before ad-
sorption) and the complex phase (after adsorption) of thiophene
(C4H4S) and pyridine (CsH5N) molecules.

Sorbent A(S—C3)/A(S—C4) A(N—Cs)/A(N—Cy)
system ( f\) ( /0\)
Cu 0.015/0.016 0.014/0.013
Pt-Cu 0.021/0.021 0.014/0.012
Rh-Cu 0.024/0.024 0.043/0.016

For both molecules, we can see that the inter-
action with each surface distinctly affects the heteroge-
neous intra-molecular distances. Considering the thio-
phene molecule, on Cu, Pt-Cu and Rh-Cu, both S——C
bonds are elongated insignificantly by almost 0.016 A,
0.021 A, and 0.024 A compared to those in the gas
phase. Regarding the pyridine molecule, in Cu and Pt-
Cu, the elongation of the two N——C bonds fell in the
range between 0.012 A and 0.014 A, which can also be
considered insufficient to promote dissociation of the pyri-
dine molecule. Contrariwise, in Rh-Cu, one N—— C bond
was lengthened by around 0.043 A while the second one
was by 0.016 A. Large elongation of one N—— C bond by
more than 0.03 A could lead to the trap of the N atom in
the adsorption site; thus, the dissociation of the pyridine
molecule. In general, excluding the Rh-Cu/CsHsN system,
no significant variation in bond lengths between the iso-
lated molecules and after adsorption (< 0.03 A) can lead
to the dissociation of both molecules.

3.1.4 Water-inhibiting effect

In order to show the inhibiting effect of water on the pro-
cesses of desulfurization and denitrogenation by Cu (100)
surfaces, we study the adsorption of water on the stepped
Cu, Pt-Cu, and Rh-Cu surfaces. The most stable adsorp-
tion configurations of water are shown in Figure 7. We
can see that on any surface, the H,O molecule prefers to
be adsorbed on the metal atoms by its oxygen atom. The
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Table 2 Geometries and total interaction energies (E;;;) of the relaxed pyridine (CsHsN) adsorbed structures on perfect, stepped, and
substituted Cu (100) Surface with Pt and Rh atoms.

Ein (CsHsN) N—Cu c—Ca gP

Sorbent Adsorption site (kJ/mol) ( A) ( f\) (deg)
Perfect Top 103.239 2.04 1.39 90
v-upper terrace 101.31 2.04 1.39 90
v-lower terrace 115.78 2.06 1.39 90
Stepped f-lower terrace 145.693 2.04 1.39 14
f-step 118.677 1.98 1.39 67
inclined 144.73 2.04 1.39 4
Substituted Pt-Cu (inclined) 210.34 2.18 (N-Pt) 1.39 13

Rh-Cu (inclined) 198.76 2.06 (N-Rh) 1.40 20

aThe C—C bond length in the gas phase is 1.39 A
b The tilt angle between the molecule plane and the surface plane is 6.

Fig. 5 Side and top views of pyridine adsorbed on the most stable configuration (inclined). Blue, yellow, grey, purple, pink, and dark red
balls represent copper, nitrogen, hydrogen, platinum, rhodium, and carbon atoms, respectively. (a) and (b): Pyridine adsorbed on Pt-Cu
and Rh-Cu substituted surface respectively. The values illustrated in the Figure indicate the shorter N—Pt/Rh (black) and ring—Cu/Pt/Rh
distances, respectively.
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total interaction energy of water is 44.38 kJ/mol on Cu,
27.98 kJ/mol on Pt-Cu and 46.31 kJ/mol on Rh-Cu (see
Figure 7). In the case of Cu, Pt-Cu, and Rh-Cu surfaces,
the smallest M-O distance between the metallic Cu/Pt/Rh
atoms and the water O atom is 2.18/2.53/2.36 A, respec-
tively. This increase can be correlated with increases in
atomic radius from Cu to Pt. It is clear that the highest
energy is obtained with Rh-Cu, while the lowest is shown
with Pt-Cu. Based on these findings, Rh-Cu should ad-
sorb water more efficiently than Cu and Pt-Cu. However,
likewise on all surfaces studied in here, the total interac-
tion energies of the water molecule are low, meaning that
physisorption might be mainly controling its adsorption
mechanisms. Evaluating the adsorption of water in com-
parison to that of thiophene or pyridine, we found out that
the latter molecules are more highly absorbed than water
on any surface considered meaning that there is no inhibit-
ing effect of water on any of desulfurization and denitro-
genation processes, see Figure 6.

u Thiophene

u Pyridine

‘Water

Total Interaction Energy (kJ/mol)

Fig. 6 Variation of the total interaction energy (kJ/mol) of thio-
phene, pyridine and water depending on the sorbent Cu, Pt-Cu and
Rh-Cu stepped terraces.

3.2 Exploring Molecular Dynamics Simulations

To thoroughly explore how temperature affects the effi-
ciency of the Cu surface to facilitate desulfurization and
denitrogenation processes, molecular dynamics simula-
tions were performed based on the reax force field, which
is known to accurately represent molecular interactions
thanks to its consideration of bond order and reactiv-
ity. Our investigation mainly focused on the analysis of
interactions involving thiophene and pyridine molecules.
This analysis delved into the specific behaviors of these
molecules when they come into contact with a Cu surface
at room temperature (300 K). We extended our exploration
to include scenarios where a mixture of these molecules in-

teracted with the Cu surface. This allowed us to better un-
derstand the complex interaction between thiophene, pyri-
dine and the Cu surface. An important part of our study
was devoted to evaluate how water molecules influence
the adsorption dynamics of these mixed molecules. Our
intention in introducing water into the system was to find
out how its presence affects the adsorption characteristics
of thiophene and pyridine, potentially leading to changes
in their usual adsorption behaviors.

In the absence of water molecules, the adsorp-
tion of thiophene and pyridine is primarily governed by
the interactions of their sulfur and nitrogen atoms with the
copper atoms on the surface, as depicted in Figure 8(a-
b). Interestingly, these adsorptions occur in a vertical ori-
entation, which contrast with isolated adsorption modes
where thiophene and pyridine prefer flat adsorption modes
based on DFT calculations. This change in adsorption ori-
entation can be attributed to competitive adsorption be-
tween the molecules, leading to repulsive interactions and
causing them to adsorb vertically. Specifically, all thio-
phene molecules are adsorbed through their sulfur atoms
at distances ranging from 2.10 to 2.41 A from the near-
est copper atoms, consistent with the S-Cu distances ob-
served in DFT investigations. Moreover, 60% of these thio-
phene molecules are adsorbed behind the stepped region.
In contrast, only 17% of pyridine molecules are directly
adsorbed on copper atoms, while 8% adsorb on Cu step re-
gion with an N-Cu distance of 2.10 A. The remaining pyri-
dine molecules are situated much farther away, at distances
greater than 4 A from the surface.

In the presence of water molecules, as shown in
Figure 8(c-d), the adsorption behavior of thiophene and
pyridine on the clean Cu (100) stepped surface was al-
tered. Approximately 75% of thiophene molecules were
adsorbed on the upper terrace of the surface, with 60% of
these molecules approaching step atoms, and the smallest
S-Cu distance was about 2.17 A . Moreover, 50% of the
pyridine molecules were positioned at N-Cu distances of
approximately 3 A. The remaining molecules of both thio-
phene and pyridine were not adsorbed and remained dis-
tant from the surface. The water molecules spread across
the entire surface, with most of them being located near
the pyridine molecules. This distribution suggests that wa-
ter molecules may have an affinity for or preferential inter-
action with the pyridine adsorbates on the surface.

Regarding the desulfurization and denitrogena-
tion processes, these MD simulations showed more promis-
ing results compared to previous DFT calculations. In the
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Fig. 7 The most stable adsorption configurations were calculated for water (H20) over (a) Cu, (b) Pt-Cu, and (c) Rh-Cu stepped surfaces.

Blue atoms correspond to Cu atoms, purple atoms correspond to Pt atoms, pink atoms correspond to Rh atoms, orange atom correspond

to O atom and grey atoms correspond to H atoms.

absence of water molecules, approximately 1% of thio-
phene exhibited a single S-C bond cleavage, resulting in
an elongation of the S—— C bond distance to 1.87 A. For
45% of thiophene molecules, two S—— C bonds were bro-
ken, with 30% of them displaying S—— C bond distances
of 1.9 A and the remaining 15% showing bond distances
exceeding 1.98 A. Interestingly, the last 10% of thiophenes
were adsorbed on Hollow sites, experiencing complete de-
formation and dissociation. In contrast, only a minimal
elongation of 0.05 A was observed for certain intramolec-
ular N—— C bonds of pyridine.

The heterogeneous intramolecular bonds S ——C
and N——C were also affected in the presence of water
molecules. Among the adsorbed thiophene molecules, as
presented in Figure 8-e, 10% exhibited one S—— C cleav-
age, with the bond length exceeding 1.9 A, while 90% ex-
perienced the breaking of two S——C bonds at lengths
greater than 1.9 A. As for the adsorbed pyridine (see Fig-
ure 8-f), 70% of both N——C bonds were dissociated,
with bond distances exceeding 1.5 A. In the same context,
90% of the adsorbed water molecules underwent disso-
ciation to form separate entities: hydrogen (H) and hy-
droxyl (OH) radicals, while only 10% of water molecules
remained unchanged (see Figure S6). These hydrogen
radicals strongly attracted the majority of the separate N
atoms, with the smallest H-N distance being 1.1 A. Con-
versely, the dissociated S atoms were separated by more
than 3 A from the nearest H radical. The interaction be-
tween pyridine molecules and water molecules may lead
to the challenging adsorption of pyridine molecules on the
surface and hinder the denitrogenation process.

Overall, the results presented in this section
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confirm the higher affinity of the clean Cu (100) stepped
surface to adsorb and remove sulfur and/or nitrogen
compounds, with a particular favorability towards the
desulfurization process, consistent with DFT results,
especially in a non-humid environment.

In order to determine the average distance
between the Cu stepped surface and various adsorbates,
we conducted partial radial distribution function (RDF)
analyses. The results of our investigation are presented
in Figure 9, which displays the RDFs of Cu-N, Cu-S,
and Cu-Op,o. In the case of thiophene, the Cu-S peak is
situated at 2.23 A, both with and without water molecules.
Notably, this observed Cu-S distance at the Cu-thiophene
interface aligns with the range of distances obtained from
DFT calculations (from 2.27 A to 2.42 A). For Cu—Ogy,o
RDF, the peak appears at 1.93 A , representing the scenario
where a Cu atom is attracted to a water molecule. In this
context, the oxygen atom of the water molecule binds to
the Cu atom due to its closer proximity to the Cu surface.
In the Cu-N RDF, in the absence of water molecules,
the peak is evident at 1.93 A . These observations are
consistent with DFT findings of the Cu-pyridine interface,
where the Cu-N distance extends from 1.98 A to 2.04 A.
Conversely, in the presence of water molecules, no peak
emerges at distances less than 3 A, indicating a lack of
interactions between Cu and N atoms. Therefore, the
presence of water molecules appears to inhibit pyridine
adsorption and suppress the denitrogenation process.

On the one hand, to examine the behavior of pyri-
dine and thiophene adsorption on the Cu (100) surface,



we utilized potential of mean force (PMF) calculations at
300 K to derive the potential energy surface. We tracked
the reaction coordinate from the gas phase to the surface.
In this study, we compared the nature of the surface, in-
cluding both defective (stepped) and perfect ones, for both
thiophene and pyridine molecules. On the other hand,
we investigated the competitive adsorption between these
two molecules on their respective surfaces. Figure 10(a-b)
shows that the adsorption of thiophene via its S atom on
the perfect region requires a barrier energy of about 0.52
eV for the transition from the gas phase to the adsorption
configuration state at 4.5 A to the final state at 2.23 A,
compared to 0.38 €V for its adsorption on the stepped re-
gion. This indicates that adsorption on the stepped region,
which requires a lower barrier energy, is more favorable.
The same behavior is observed in the case of pyridine ad-
sorption, where on the perfect surface, pyridine adsorption
from the gas phase requires a barrier energy of 0.89 eV
to be adsorbed on the Cu surface, ranging from 4.5 A to
1.93 A. While this barrier energy decreases to 0.53 eV for
adsorption on the stepped region as indicated in Figure 10.
Whether on the perfect region or the stepped one, the PMF
calculations reveal that thiophene requires a lower barrier
energy than pyridine to be adsorbed. This confirms, as
demonstrated below, that thiophene prevails in the com-
petitive adsorption.
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Fig. 9 Partial radial distribution functions (RDFs) for (a) Cu-N,
(b) Cu-S, and (c) Cu-Op,0o interactions at the (thiophene & pyri-
dine)—Cu (100) interface, both in the absence and presence of wa-
ter. The RDFs were calculated based on the data from the final
0.5 ns of the NVT simulation at 300 K.

4 Discussion

After analysis of the adsorption results (Figure 6), on the
stepped surface of Cu (100), thiophene is adsorbed more
strongly than pyridine at about 86 kJ/mol, showing higher
affinity towards thiophene than pyridine. Thus, we have
come to conclude that Cu surfaces could be used to se-
lectively adsorb thiophene from a mixture containing thio-
phene and pyridine altogether, in other words, Cu surfaces
are found to be more suited to the desulfurization process
than to the denitrogenation process. However, the total in-
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Fig. 8 Competitive adsorption between thiophene and pyridine is depicted, emphasizing the preference of thiophene, highlighted in its
designated color, as shown in (a) without and (c) with water molecules, while pyridine is represented as a secondary structure in dark color.
Conversely, pyridine is highlighted with its color code in (b) without and (d) with water molecules, with thiophene as a secondary structure
in dark color. The adsorption of thiophene (e) and pyridine (f) is illustrated in the presence of water molecules. In this representation,
blue, green, white, yellow, orange, and dark red spheres correspond to Cu, S, H, N, O, and C atoms, respectively.
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Fig. 10 Potential of Mean Force (PMF) energies at 300 K for adsorption pathways and the corresponding barrier energies for thiophene
on a perfect Cu (100) surface (a) and a stepped Cu (100) surface (b), and for adsorption pathways of pyridine on a perfect Cu (100)

surface (c) and a stepped Cu (100) surface (d).

teraction energy of thiophene on Cu is too high (231.565
kJ/mol), which could inhibit the process of desorption. In
the case of Pt-Cu and Rh-Cu subsurfaces, thiophene is less
adsorbed than pyridine by 122.54 and 61.75 kJ/mol, re-
spectively, exhibiting higher affinity for pyridine than for
thiophene. This could mean that Pt-Cu and Rh-Cu sub-
surfaces could be more favourable to the denitrogenation
process than desulfurization. Regarding the regeneration
capacity of the sorbents, with the exception of the Rh-Cu
surface for the adsorption of pyridine, all the other surfaces
tested are regenerable and can be used in complete safety
for the desulfurization and denitrogenation processes. In
terms of water inhibiting effect, the systems examined can
be ranked in ascending order as follows: Rh-Cu, Cu, and
Pt-Cu are the best candidates for strong affinity towards
thiophene and pyridine molecules in a humid environment.
The adsorption mechanism of thiophene and pyridine
molecules on a stepped Cu (100) surface is further ex-
plained by electronic analysis. Bader’s charge investiga-
tion””>’® was employed to calculate the electron transfer
between the surfaces and molecules. An amount of posi-
tive charges is indicated when transferring electrons from
the surface to the molecule. As shown in Table 4, thio-
phene molecule receives a small amount of charge in the
cases of perfect Cu and stepped Rh-Cu substrate, while for

the other substrates the direction of electron transfer gets
reversed. In the case of the pyridine molecule, the charge
transfer mechanism of the pyridine molecule, on the sub-
stituted surfaces, was almost similar to the mechanism of
thiophene. On the perfect surface of Cu (100), electrons
of about 0.07 are transferred from the pyridine molecule,
while on stepped one, electrons of about 0.06 are received
by the pyridine molecule. The highest electronic changes
are observed for the Rh-Cu/CsHsN system. This small
transfer of charges indicates the favouring of molecular
bonding instead of ionic bonding. Overall, these electronic
results are insufficient to properly describe the adsorption
behaviour. In contrast, plotting the electron density differ-
ence was essential to identify the type of bond spanning the
molecule/metal interactions. Here, we can observe from
these profiles the validity of the geometric results. Fig-
ure 11-a shows a small accumulation of charge on the S-
Cu region, while the S atom or its closest Cu atom shows a
state of loss of charge, which promotes the S-Cu covalent
bond. For the substituted surfaces, the behaviour has been
changed and the electron density map shows a higher de-
pletion charge around the C atoms and a charge accumula-
tion between the Pt/Rh and C atoms (see Figure 11-b/c).
This type of interaction could explain the decrease in the
total interaction energy since aromatic molecules tend to
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be suited in parallel to surfaces and interact only with their
delocalized electrons.

The mechanism of adsorption of the pyridine molecule
on clean and substituted surfaces behaves similarly, in
which the pyridine molecule interacts via its hetero-N
atom on the nearest metal atom, promoting covalent bond-
ing/electrostatic interactions. In addition, charge accumu-
lation in the N-metal region and depletion around N, Cu,
Pt and Rh atoms were increased when switching from Cu
surfaces to Pt-Cu and Rh-Cu surfaces’®. The Rh-Cu elec-
tron density map shows a double contribution of Rh with
N and a C atom, leading to a higher charge transfer to the
pyridine molecule (4+0.13 e-) which could help in its de-
tection, see Figure 11-f.

To better understand the adsorption behaviour of
molecules on different surfaces, the work function (¢) is
also taken into account (Table 5). This physical quan-
tity represents the minimum energy necessary to free an
electron from a material. The work function of thiophene
on a perfect or stepped Cu surface decreased by only 0.24
eV, while on Pt-Cu and Rh-Cu surfaces the work function
decreased by 0.33 and 0.43 eV, respectively. This allows
the electron to easily cross the potential barrier and facili-
tate the detection mechanism. This higher sensing capacity
can be explained by the electronic and chemical sensitiza-
tion effects of Pt and Rh on the Cu surface. The lower
work function of Pt-Cu and Rh-Cu, compared to that of Cu,
facilitates more electron transfer between these surfaces
and C4H,4S, resulting in an increased sensing response. In
the same context, a previous experimental investigation on
the sensor response of Pt decorated CuO nanorods, it was
found that this material can be considered as an optimal
sensor for some volatile organic compounds>°. Compared
to thiophene adsorption, the work function reduction after
pyridine adsorption was less, showing only 0.24 and 0.30
eV decrease for Pt-Cu and Rh-Cu surfaces, respectively.

Table 4 Bader charge transfer obtained for thiophene (C4H4S) and
pyridine (CsHsN) molecules.

Sorbent Charge transfer =~ Charge transfer
to to
C4HLS (e) CsHsN (e-)
Cu perfect +0.08 -0.07
(Adsorption site) (Hollow) (Top)

Cu -0.003 +0.06
(Adsorption site)  (f-lower terrace) (f-lower terrace)
Pt-Cu -0.08 -0.07
(Adsorption site) (f-step) (inclined)

Rh-Cu +0.07 +0.13
(Adsorption site) (f-step) (inclined)
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Table 5 The work function change (A¢) of thiophene and pyridine
molecules adsorbed on perfect, stepped, and substituted Cu (100)
surface. The work function value ¢ of isolated Cu (100) surface
is 4.909 eV.

Sorbent Work function change  Work function change
(A¢) (eV) (A¢) (eV)
C4HyS CsHsN
Cu perfect -0.24 -0.22
Cu -0.24 -0.29
Pt-Cu -0.33 -0.24
Rh-Cu -0.43 -0.30

I  Electron depletion

Electron accumulation

Fig. 11 The difference in electron (Ap) induced by the adsorption
of thiophene and pyridine in Cu ((a) and (b)), Pt-Cu ((c) and (d))
and Rh-Cu ((e) and (f)) stepped terraces, respectively. Blue, green,
grey, yellow, pink, purple, and dark red balls represent Cu, S, H, N,
Rh, Pt and C atoms, respectively. The iso-value is (2 x 1073¢/A3).

5 Conclusion

In this study, we employed DFT calculations to evaluate the
adsorption behavior of thiophene and pyridine molecules
on both the pristine and Pt/Rh-doped Cu (100) stepped
surface. Our main findings are summarized as follows:

* On the pristine surface, thiophene and pyridine
molecules are adsorbed onto a level lower terrace
through sulfur and nitrogen bindings, respectively.



* On doped surfaces, the adsorption pattern of thio-
phene shifts from a flat lower terrace to a flat step,
enhancing Pt/Rh-aromatic ring interactions and sig-
nificantly lowering energy levels.

* On doped surfaces, pyridine assumes a tilted config-
uration upon adsorption, demonstrating interactions
involving both nitrogen and subtle z-bonds with the
surface, resulting in strong adsorption.

* The overall interaction energy of thiophene follows
this order on surfaces: Pt-Cu < Rh-Cu < Cu. For pyri-
dine, the sequence is Cu < Rh-Cu < Pt-Cu.

* Bader’s analysis revealed minor charge transfers be-
tween the molecules and the surfaces, indicating the
prevalence of molecular bonds over ionic bonds. This
observation is further supported by electron density
difference plots.

* The physisorption behavior of thiophene, along with a
substantial reduction in work function values for Pt-Cu
and Rh-Cu materials, indicates a good sensing capacity
towards the thiophene molecule.

e MD simulations show that pyridine and thiophene
molecules are adsorbed vertically via their N and S
atoms, respectively.

* In a non-humid environment, MD simulations high-
light the predominance of thiophene molecules in the
competitive adsorption process, with the amount of
adsorbed thiophene and pyridine molecules reaching
100% and 17% of their initial amounts, respectively.

* In a humid environment, 75% of the thiophene
molecules were adsorbed onto the Cu surface.

* MD results show that the presence of water molecules
hampers the adsorption of pyridine and curtails the
denitrogenation process.

* PMF calculations show that the adsorption pathway of
thiophene, whether on the stepped or perfect region of
the Cu (100) surface, requires a lower barrier energy
than pyridine.

To summarize the preference of adsorption, we found that
the Cu (100) stepped surface exhibits a stronger inclina-
tion towards thiophene compared to pyridine. In contrast,
Pt-Cu and Rh-Cu surfaces exhibit higher pyridine adsorp-
tion compared to thiophene, with pyridine being notably
more favored on the Rh-Cu surface by approximately 62
kJ/mol. This highlights the superior detection capability of

pyridine over thiophene. As for regenerability, our inves-
tigation suggests that nearly all studied surfaces possess a
significant capacity for regeneration. We anticipate that
our study will inspire further theoretical and experimen-
tal endeavors in the realm of novel sorbents for processes
involving desulfurization and denitrogenation.
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