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Adsorption kinetics of small molecules on FePt
metallic electrodes by classical molecular dynamics
simulation
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Understanding how long reactants remain on catalytic surfaces (adsorption time) is essential for linking
interfacial dynamics to overall reaction efficiency. In complex multistep systems such as the methanol
oxidation reaction (MOR), the reaction pathways and surface poisoning are strongly related to the
adsorption time and molecule orientation. By employing the molecular dynamics (MD) simulation
method, the methanol, sulfuric acid and water molecules on the FePt alloy exposed to (001), (100) and
(111) crystal planes were studied, thereby quantitatively defining and evaluating the adsorption time.
Methanol exhibits the longest adsorption time, followed by sulfuric acid and water. Molecular
conformation analysis further reveals two distinct interfacial regions: a 5 A guiding layer, where methanol
molecules initially approach the surface in a C-down configuration, and a 3 A reaction layer, where the
C-0O bonds reorient parallel to the surface. Facet-dependent analysis indicates that the (111) surface,
with alternating Pt and Fe atoms, possesses the strongest adsorption capacity, where the adsorption
time for methanol is about 18 ps longer compared to the (001) facet. These findings establish a unified
framework that quantitatively connects atomic structure, adsorption time, and molecular orientation,
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Introduction

Among various sustainable energy technologies, direct meth-
anol fuel cells have received extensive attention owing to their
high energy efficiency, environmental impact, and efficient
portability.! Clarifying the mechanism of complex electro-
chemical reactions has always been a challenge to improve the
electrocatalytic performance.

Over the past two decades, first-principles calculations have
played a pivotal role in electrochemistry, providing funda-
mental insights towards the design principles of novel nano-
materials for energy devices such as fuel cells and lithium-ion
batteries. A representative example is the seminal work by
Norskov and co-workers, who in 2004 calculated the free-energy
landscape of the oxygen reduction reaction (ORR) on Pt surfaces
and identified the potential-determining step.”> This thermody-
namic approach, based on density functional theory (DFT),
excels at predicting thermodynamically stable adsorption
configurations and elucidating interfacial reaction mecha-
nisms, thus guiding the experimental catalyst development by
enabling rapid screening of overpotentials. Zhou et al
computed the most stable adsorption configurations of single
volatile organic compound molecules on various metal oxide
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which provides a time-resolved perspective for the rational design of FePt-based electrocatalysts.

surfaces,® while Li et al. revealed that electron localization
governs hydrogen adsorption and hydride layer formation on
Mg(0001) surfaces.” However, the method inherently focuses on
reaction energetics at equilibrium and does not explicitly
address kinetic effects such as transition-state barriers. In
reality, electrode processes are strongly influenced by interfacial
phenomena, including double-layer charging, local electric
fields, and solvent-mediated proton transfer, all of which can
alter kinetics substantially.>” Experimental techniques such as
in situ infrared spectroscopy and surface-enhanced Raman
scattering have successfully identified adsorbed species on
catalyst surfaces. But, these methods inherently average over
surface aggregation and time scales, obscuring the transient
adsorption/desorption dynamics at individual active sites.
Another method, classical molecular dynamics (MD), is
emerging as an important supplementary way to simulate the
dynamic process in the actual reaction. MD simulations can
calculate interfacial processes involving multiple molecules and
thousands of atoms, providing a realistic statistical represen-
tation of the catalytic environment. Moreover, MD resolves
atomic trajectories on the picosecond timescale, enabling direct
observation of adsorption, diffusion, and desorption events.
These features make MD a powerful tool for investigating
kinetic phenomena that govern surface reactions. True
electrochemical interfaces are characterized by the presence of
an interfacial electric field and a solution phase. Furthermore,
differences in electrode surface charge directly lead to changes
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in the electrochemical bilayer structure, which brings about
changes in reaction kinetics as well as a variety of other possi-
bilities. The presence of the solution phase, on the other hand,
promotes proton transfer and lowers the reaction energy
barrier. The femtosecond precision makes MD simulations
powerful to investigate the kinetic behavior. For example, mean
square displacement (MSD) analysis, diffusion coefficient (D),
and radial distribution functions (RDFs, g(r)) have been widely
used to characterize molecular mobility and structural ordering
near surfaces.*' The time scales of adsorption behavior of
reactants, particularly their adsorption time (7,45) at active sites,
emerge as a critical yet underexplored kinetic determinant. This
time dimension dictates whether intermediate species can
undergo complete transformation or desorb prematurely, ulti-
mately controlling reaction selectivity and efficiency.'>**

Prior studies indicate that methanol, sulfate/sulfuric acid
species, and water play distinct interfacial roles and exhibit
different adsorption strengths on Pt-based electrodes; however,
their time-resolved adsorption behavior has not been quanti-
tatively established. Surface structure can significantly influ-
ence the adsorption/desorption thermal dynamics, leading to
various adsorption behaviours of different molecular
species.">*® However, a direct, time-resolved description of
adsorption events is not acquired at the molecular level. This
gap motivates our analysis of adsorption time distributions
across species and facets, which are quite important to explore
the complex multistep reactions such as the MOR.

In this work, all-atom classical molecular dynamics simula-
tions are employed to elucidate the relationship between the
electrode surface structure and the adsorption behavior of
methanol on FePt electrocatalysts with different facets. The
adsorption time, a quantitative descriptor, is quantitatively
determined, which can provide an intuitive, time-resolved
perspective on small-molecule adsorption at catalytic inter-
faces. Furthermore, the posture configurations of molecules
near the surface are analyzed. The study of dynamic processes
with MD simulation offers new insights into the molecular-level
dynamics of the MOR and helps design Pt-based nanomaterials
with specific microstructures.

Method

Simulation model

Simulations were performed with the GROMACS package.'® The
experimental electrolyte used in the reference study consisted of
0.5 M H,SO, and 1 M CH;OH." Based on the experimental data,
the methanol-to-sulfuric acid ratio was set to 2 : 1. To maintain
a manageable computational cost, the number of water mole-
cules was moderately reduced. The liquid phase box comprises
2000 methanol molecules, 1000 sulfuric acid molecules, and 30
000 water molecules. After appropriately reducing the number
of water molecules, the final concentration of methanol was
approximately 1.8-2 mol L', and the ratio of methanol to
sulfuric acid was 1 : 2. The lateral dimensions of the simulation
box (x and y) were fixed at approximately 13 nm to match the
electrode slab size. The box length along the z-direction was
then determined from the experimental density and the total
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number of molecules in the system. Water was represented by
the TIP4P model, and all intermolecular interactions were
described using the General AMBER Force Field version 2
(GAFF2).*® The force-field combination adopted here has been
evaluated in previous studies against solvation and cross-
solvation free energies in aqueous and organic environments,
providing prior support for its applicability in the present
simulations.”?® The FePt electrode atoms were modeled using
Lennard-Jones parameters derived from the Universal Force
Field (UFF).*® The Lennard-Jones parameters used in the
simulations correspond to the values implemented in the
GROMACS topology. Cross interactions between different
atom types were calculated using the Lorentz-Berthelot
combining rules:

o+ 0
o5 = T/ (1)
&j = \/EiEj (2)

where o;; and ¢; are the Lennard-Jones size and energy param-
eters between atom types 7 and j, respectively.

After energy minimization and equilibration, production
runs were conducted in the NVT ensemble at 298 K with a time
step of 1 fs. The temperature was controlled using the V-rescale
thermostat, and atomic charges were assigned with the Gas-
teiger method.”” Long-range electrostatic interactions were
treated using the particle mesh Ewald (PME) method, while
short-range electrostatic and van der Waals interactions were
truncated at 1.13 nm. All bonds involving hydrogen atoms were
constrained using the LINCS algorithm. For each system, five
consecutive NVT simulations were performed, each lasting 10
ns, giving a total simulation time of at least 50 ns. The trajectory
from the final 10 ns run was used for analysis. The trajectory
from the final 10 ns was used for analysis. The molecular
trajectories were analyzed and visualized with the OVITO soft-
ware* (Fig. 1).

The lattice parameters of the FePt surface alloy were ob-
tained from the Materials Project database (MP-1198813),>**° as
listed in Table 1. The surface orientations were constructed
based on the L1y-phase structure (JCPDS 43-1358).%° Three slab
models exposing the (100), (001), and (111) surfaces were con-
structed for the simulations. The atomic coordinates of the FePt
electrode slabs were generated using an in-house code based on
the crystallographic lattice parameters and surface orientations
described above. For the (001) and (100) facets of FePt, the
topmost atomic layer can be terminated by either pure Pt atoms
or pure Fe atoms because of the layered L1, ordering. Conse-
quently, two distinct surface terminations, Pt-terminated and
Fe-terminated surfaces, naturally arise for these orientations. In
contrast, the (111) surface exposes a mixed Fe-Pt atomic layer,
making a single, compositionally mixed termination. Under
periodic boundary conditions, the simulation cell forms
a surface-liquid-surface arrangement. For the FePt(001) and
(100) slabs, this arrangement naturally gives rise to one Pt-
terminated interface and one Fe-terminated interface, which
are analyzed separately in the following sections. The atoms of
the electrode slab were kept fixed during the simulations.

This journal is © The Royal Society of Chemistry 2026
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(b) 3 types of surfaces

Fe terminal

(a) Molecular dynamics simulation box of the FePt electrode—electrolyte interface. The FePt slab is placed at the bottom of the simulation

box and exposed to a mixed electrolyte containing methanol (CHzOH), sulfuric acid (H,SO4,), and water (H,O). Periodic boundary conditions are
applied in all directions. (b) Surface atomic structures of FePt with different Miller indices. For the (001) and (100) facets, two distinct terminations
are present, corresponding to Pt-terminated and Fe-terminated surfaces. In contrast, the (111) facet exposes a mixed Fe—Pt termination. Atom

colors: O (red), H (white), S (yellow), C (gray), Pt (orange), and Fe (blue).

Table 1 Lattice parameters of the FePt alloy

Crystal structure Lattice (conventional)

Lattice constant a 2.73A
Lattice constant b 2.73A
Lattice constant ¢ 3.74 A
Angle o 90.00°
Angle ¢ 90.00°
Angle vy 90.00°
Volume 27.81 A®

Detailed force-field parameters and atomic charges used in the
simulations are provided in the SI Section S1.

Results and discussion
Density distribution analysis

The distribution of molecules near the surface strongly affects
the kinetic dynamics in electrocatalysis, which further influ-
ences the formation of an electrical double layer. Also, previous
studies have found that the electrode area, surface morphology,
and atomic arrangement influence the attachment and move-
ment of molecules.””*® As shown in Fig. 2, for the Pt-terminal
surface on the left, a pronounced methanol peak appears
within the first 3.8 A, confirming strong methanol adsorption. A
minor sulfuric acid peak is also present for the Pt-terminal

This journal is © The Royal Society of Chemistry 2026

surface. At the Fe interface, the absence of a density peak for
sulfuric acid indicates that it does not adsorb and is weakly
repelled by Fe sites. Water and methanol overlap within 4.1 A of
the Pt surface. Previous studies have also reported that
competitive adsorption occurs on the catalyst surface.”

Comparisons across the three different Miller index surfaces
reveal no significant differences in the methanol and water
density profiles, while the sulfuric acid density is notably lower
near the (111) facet. At a distance of 3 A from the surface, the
sulfuric acid density decreases from approximately 145 kg m >
on the (001) surface to 71 kg m™> on the (111) surface, consis-
tent with stronger sublayer Fe involvement and the associated
repulsive interaction at this interface.

Fig. 2(d)—(f) shows the density distributions of each species
on the Pt-contact surface with different Miller indices. As shown
in Fig. 2(d) and (f), the methanol and water density profiles for
the three facets indicate that variations in surface orientation
have little influence on surface adsorption behavior. Fig. 2(e)
reveals that the three terminal layers affect the sulfuric acid
density distribution, as sulfuric acid is repelled from Fe sites.
The sulfuric acid density decreases with increasing Fe exposure
at the surface, indicating that sulfuric acid molecules are
repelled by Fe sites. A minor peak appears on the (001) surface,
where the subsurface Fe layer lies farther from the surface. In
this configuration, the weaker repulsive influence of Fe atoms
allows limited sulfuric acid accumulation, resulting in the small

J. Mater. Chem. A
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Fig. 2 Density distributions of methanol, sulfuric acid, and water along the axis-Z for FePt surfaces with different Miller indices. (a—c) Density
profiles across the entire simulation box for the (001), (100), and (111) surfaces, respectively. (d—f) Enlarged density profiles within 1.0 nm from the
Pt-contact surface, highlighting the near-surface distributions of methanol, sulfuric acid, and water, respectively, for different surface

orientations.

peak observed. The sulfuric acid density on the (100) facet,
which exhibits a higher degree of Fe exposure in the subsurface
layer, is lower than that on the (001) facet. On the (111) surface,
where surface Fe atoms are fully exposed, the sulfuric acid
peak vanishes entirely. On the (111) surface, the adsorption
of sulfuric acid becomes less favorable, thereby allowing
preferential accumulation of methanol and water molecules at
the surface.

The density profiles provide valuable information about
molecular aggregation near the surface. These analyses offer
quantitative insights into interfacial composition, solvation
structure, and the thickness of the equilibrium molecular
layers, which are highly valuable for guiding experimental
studies on surface adsorption and catalyst-electrolyte interac-
tions. However, these static profiles do not directly reflect the
time-scale aspect of adsorption. The duration of molecular
residence at active sites is particularly important for multistep
reactions such as the MOR, where longer adsorption times
facilitate more complete reaction pathways. Therefore, the
adsorption times of each species were analyzed to obtain a more
intuitive, time-resolved understanding of the adsorption
behavior.

Adsorption time

The adsorption time of reactants kinetically governs the MOR,
and surface poisoning results from an imbalance of reactant
adsorption on the catalyst surface.”?*' Such an imbalance
typically results in excessively long adsorption times of CO-
producing intermediates or insufficient adsorption of OH-
supplying species, leading to incomplete oxidation pathways.

J. Mater. Chem. A

In other words, surface poisoning can be mitigated either by
shortening the adsorption time of poisoning precursors or by
extending the adsorption time of species required to remove
them. Therefore, adsorption time serves as a key descriptor for
understanding MOR kinetics, as prolonged adsorption at the
solid-liquid interface facilitates the complete conversion of
intermediates such as CO. Through classical molecular
dynamics simulations, we established a method to directly
quantify the adsorption time. To determine an appropriate
adsorption distance, ten methanol molecules were randomly
selected from the entire simulation box, and their center-of-
mass positions were tracked along the z-axis. These trajecto-
ries show that adsorption events consistently occur within 1 nm
of the catalyst surface, consistent with the density distribution
analysis. Therefore, a 1 nm range was adopted as the effective
adsorption region. This choice is also physically justified, as van
der Waals interactions in the GAFF2 force field are explicitly
evaluated only within the Lennard-Jones cutoff of 1.13 nm.
Molecules inside 1 nm are thus subject to the dynamical
influence of the surface, whereas those farther away experience
negligible direct interactions.

To exclude transient collisions-instances where molecules
briefly enter the adsorption region and immediately escape, we
defined a molecule as “adsorbed” only if it remained within
1 nm of the surface for longer than 5 ps. This criterion ensures
that only meaningful adsorption events are included in the
analysis. This criterion is determined through a convergence
analysis. Smaller distance thresholds (e.g., 3 A) result in too few
adsorption events with residence times exceeding the cutoff,
leading to unstable statistics. The distance and time criteria are

This journal is © The Royal Society of Chemistry 2026
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therefore gradually increased until the adsorption-time distri-
butions converge, yielding 1 nm and 5 ps as robust thresholds
for defining meaningful adsorption events. It should be noted
that the 1 nm criterion used in the adsorption-time analysis
does not represent direct surface contact in the strict
Helmholtz-layer sense, but rather defines a near-surface resi-
dence region for kinetic analysis.

The adsorption time distributions of methanol, sulfuric
acid, and water molecules are shown in Fig. 3(a)-(c). The
adsorption time distributions of methanol, sulfuric acid, and
water were fitted using single Gaussian functions of the form

(x — /vh‘)2

2(7,'2

gi(x)—A;exp{— ], i=1,2,3 (3)
to quantify their average adsorption times and temporal
dispersions. The fitted parameters are listed in Table 2.
Considering the Pt-terminal surface, first, methanol, as the
main reactant, exhibits the longest adsorption times, ensuring
sufficient surface contact for reaction progression. Sulfuric acid
molecules display middle-range adsorption times. Rather than
acting as a direct reactant in the MOR, they primarily serve to
maintain an acidic, ion-conductive environment that facilitates
charge transport in the electrolyte. In addition, adsorbed sulfate
species partially occupy surface sites and modulate the local
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Table 2 Gaussian fitting parameters (A, u, and ) for adsorption time
distributions of methanol, sulfuric acid, and water on FePt surfaces

Surface Molecule A w (ps) a (ps)
(001) Methanol 0.021 45.583 18.064
Sulfuric acid 0.044 19.710 9.071
Water 0.144 11.019 2.619
(100) Methanol 0.016 53.335 24.135
Sulfuric acid 0.040 20.381 10.251
Water 0.117 12.787 3.244
(111) Methanol 0.018 63.453 20.343
Sulfuric acid 0.051 20.621 7.286
Water 0.120 13.893 3.135
(111)-CO co 0.028 70.426 13.234
Sulfuric acid 0.138 13.779 2.627
Water 0.218 8.865 1.760

electronic environment of the catalyst surface, thereby helping
to suppress undesired side processes such as excessive CO
adsorption and surface oxidation of the metal. Water mole-
cules, in contrast, show the shortest adsorption times, as they
must rapidly participate in surface reactions and continuously
replenish OH™ ions. This distribution reflects the functional
roles of the three species during the MOR and supports the
reliability of our simulation model. Notably, this work quanti-
tatively characterizes—for the first time—the adsorption
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Fig. 3 Probability density distributions of adsorption times for different species on FePt surfaces with different Miller indices. (a—c) Adsorption
time distributions of methanol, sulfuric acid, and water on the (001), (100), and (111) surfaces, respectively. Adsorption time is defined as the
continuous residence duration of a molecule within 1 nm of the catalyst surface. Solid lines represent Gaussian fits to the probability density
distributions. (d) Adsorption time distributions of CO, sulfuric acid, and water on the FePt(111) surface, illustrating the competitive adsorption
behavior induced by strong CO binding. The results reveal distinct residence-time hierarchies among different species and highlight the pro-

longed surface occupation of CO on the (111) facet.

This journal is © The Royal Society of Chemistry 2026

J. Mater. Chem. A


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta10483a

Open Access Article. Published on 13 April 2026. Downloaded on 5/5/2026 2:37:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

durations of individual reactants in the FePt-catalyzed MOR
system, providing an intuitive comparison of how different
reactants interact with the surface on distinct time scales.

Facet-dependent adsorption behavior further reveals the
structure-function relationship of FePt surfaces. A comparison
of the (001) and (100) facets indicates that the average methanol
adsorption time on the (100) surface is 7.8 ps longer (Table 2).
Previous studies have demonstrated that facet engineering and
doping engineering can substantially influence the adsorption
behavior of reactants and intermediates, because different
crystal planes expose distinct atomic coordination environ-
ments, while dopants modify the local geometric structure at
the catalyst surface." In our FePt system, the Pt-Pt spacing on
the (001) facet is 2.73 A, while the Pt-Pt spacing on the (111)
facet is 3.74 A. This variation in surface lattice strain enables
subsurface Fe atoms to participate more effectively in interfacial
interactions with methanol, thereby extending the adsorption
time.

In addition to compositional effects, lattice strain in Pt-
based catalysts has been reported to modulate the methanol
oxidation pathway by tuning the stability of reaction interme-
diates.®> Zeng et al. have shown that lattice contraction stabi-
lizes formate-related intermediates, while moderate strain
enhances CO, production through CO intermediates and miti-
gates CO poisoning.** Pt provides stable MOR sites but is
susceptible to CO poisoning, and Fe enhances water adsorption
and assists in the removal of CO intermediates.**?*

Among all facets, the (111) surface shows the most optimal
adsorption characteristics. Its alternating Pt-Fe atomic surface
arrangement allows Fe to contribute more significantly to
adsorption, while Pt serves as the primary catalytic site for the
MOR. This configuration integrates the complementary roles of
Pt and Fe, with Fe modulating methanol and water adsorption.
Notably, methanol adsorption on the (111) surface is 17.9 ps
longer than on the (001) surface, highlighting the rationality of
FePt as a methanol fuel cell electrode material. The (111) facet
maximally leverages the synergistic functions of Fe and Pt,
thereby enhancing catalytic performance.

Given the crucial role of CO as a poisoning intermediate in
the MOR, we further performed adsorption-time analysis for CO
on the FePt(111) surface. As shown in Fig. 3(d), CO exhibits
a much longer adsorption duration of 70.4 ps, substantially
longer than that of methanol. Such prolonged residence
enables CO to occupy active Pt-Fe interfacial sites persistently,
thereby blocking methanol adsorption and hindering the
overall reaction progress. This finding is consistent with in situ
spectroscopic observations showing that CO,q4s can persist on
Pt-based surfaces even when conventional electrochemical
indicators suggest minimal poisoning, highlighting the
importance of resolving adsorption behavior beyond current-
based metrics.*®

In contrast to the methanol-only simulations, where
extending methanol residence did not noticeably shorten the
adsorption times of sulfuric acid and water, the CO-loaded
system shows a distinctly different behavior. In the presence
of CO, both sulfuric acid and water display significantly reduced
adsorption durations, indicating strong competitive adsorption
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between CO and these two species. Because sulfuric acid
modulates the interfacial ionic environment and water provides
hydroxyl radical pathways, the suppression of their adsorption
further aggravates MOR deactivation. These results demon-
strate that excessively strong CO adsorption not only blocks
methanol but also disrupts the adsorption balance of coexisting
electrolytes, thereby amplifying CO poisoning effects.

To further understand the interfacial behavior of poisoning
intermediates, we additionally analyzed the density distribution
of CO along the surface-normal direction (Fig. S1). CO exhibits
a pronounced density enhancement near the FePt surface, with
a steep increase in the interfacial region of approximately 0.6
0.9 nm from the surface. Compared with methanol under similar
conditions, the CO density profile shows a broader interfacial
peak, indicating that CO is more strongly localized near the
electrode and forms a thicker adsorption layer. In contrast to the
methanol-containing system, where methanol and water densi-
ties increase more synchronously within about 0.6-1.0 nm, in the
CO-containing system H,SO, and H,O remain relatively low in
the 0.6-0.8 nm region and increase more noticeably only at larger
distances. These results are consistent with the relatively long
adsorption times of CO and support its role in surface poisoning
during the MOR process. The growth rate of the CO density
profile is substantially higher than that of H,0, whereas the slope
for CH;0H is comparable to that of H,O. This suggests that,
under the present molecular composition, CH;OH and H,O show
similar interfacial access and residence behavior, which may be
favorable for methanol oxidation at the surface. In contrast, the
much steeper increase for CO indicates a stronger tendency for
interfacial accumulation, consistent with its slower removal or
oxidation at the interface. More detailed density-profile analysis
is provided in the SI Section S3.

Generally speaking, the adsorption time distribution obtained
in this work is consistent with the mechanistic requirements of
the MOR: methanol exhibits the longest adsorption time to
ensure sufficient surface residence for oxidation, sulfuric acid
maintains the interfacial ionic environment with intermediate-
duration adsorption, and water molecules display the shortest
adsorption times due to their rapid transport across the interface.
Furthermore, our additional analysis of CO reveals that its
excessively long adsorption time severely perturbs this balance,
displacing both sulfuric acid and water from the surface and
thereby amplifying poisoning effects. These findings demon-
strate that facet selection and Fe incorporation effectively tune
molecular adsorption and interfacial dynamics, providing
quantitative guidance for the rational design of FePt-based
bifunctional electrocatalysts. Although previous studies have
qualitatively suggested differences in adsorption behavior among
reactants, the present work provides a quantitative, time-resolved
description of these adsorption processes, helping to clarify how
individual species interact and compete at the catalytic interface.

Molecular conformation and its role in the MOR

Prior experimental and spectroelectrochemical studies have
shown that methanol oxidation on Pt-based surfaces proceeds
through multiple surface intermediates, including CO-related

This journal is © The Royal Society of Chemistry 2026
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pathways, and that the interfacial molecular environment can
significantly influence electrocatalytic behavior.**** While
adsorption time analysis establishes how long reactants remain
in contact with the surface and validates the time dimension of
the MOR pathway, it does not reveal how molecules actually
interact with the surface during this adsorption time. To
address this complementary aspect, an examination of the
contact modes of methanol molecules near the electrode
surface is carried out. Two primary configurations were identi-
fied: C-down and O-down. In the C-down configuration, the
carbon side of methanol approaches the surface first, which
may be more conducive to interactions associated with C-H
activation. In contrast, the O-down configuration brings the
hydroxyl group closer to the surface and may therefore be more
favorable for interactions associated with O-H activation.*® This
spatial-orientational perspective, when combined with adsorp-
tion lifetime analysis, provides a more complete molecular-level
understanding of the reaction mechanism.

To quantitatively describe these orientations, we defined cos
f as the angle between the C-O bond vector of methanol and the
positive z-axis perpendicular to the surface. The orientation
analysis was carried out for two surface layers with thicknesses
of 5 A and 3 A (Fig. 4(a) and (b)). These distances were selected
with reference to the classical Helmholtz double-layer model
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Fig. 4 Orientation distributions of methanol and CO near the FePt(111) surface, expressed as cos 6, where cos @ is the angle between the
molecular bond vector and the surface normal. (a and b) cos @ distributions of methanol at distances of 5 A (guiding layer) and 3 A (reaction layer)
from the surface, respectively. At 5 A, methanol exhibits a pronounced preference for C-down orientations, whereas at 3 A the distribution
becomes nearly symmetric around cos § = 0, indicating a surface-parallel configuration. (c and d) cos @ distributions of CO at 5 A and 3 A from the
surface, respectively. In contrast to methanol, CO predominantly adopts O-down orientations in both layers, suggesting kinetically favored
configurations that are less conducive to CO bond activation and oxidation.
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that describes the interfacial structure of electrochemical
systems. In classical electrochemical interface theory, the elec-
trode-electrolyte boundary is described by an electrical double
layer (EDL) composed of the inner Helmholtz plane (IHP) and
outer Helmholtz plane (OHP) among others.* The IHL is
understood to consist of molecules and specifically adsorbed
ions in direct contact with the electrode surface, extending on
the order of a few A from the interface.** Accordingly, we
selected 3 A as the boundary for the reaction-layer and 5 A for
the guiding-layer analysis in our molecular-dynamics model.
The choice of 3 A approximately corresponds to the molecular
dimension of methanol,*” such that this layer represents the
first adsorbed molecular layer in direct contact with the catalyst
surface. The 5 A region was selected to capture the second-layer
configurations, which are important for understanding how
molecular orientations in the outer layer transform into the first
contact layer. Because interfacial molecules are not arranged in
perfectly discrete layers but rather in a partially overlapping
arrangement, 5 A provides a more realistic boundary than 6 A.
At 5 A, most methanol molecules exhibit a C-down orientation.
However, closer to the surface, in the 3 A first contact layer, the
cos  distribution becomes nearly Gaussian, indicating that
methanol molecules preferentially lie flat on the surface. Such
lying-flat configurations maximize the contact area with the
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surface, representing a pre-reaction state in which both C-down
and O-down pathways are accessible. The prevalence of C-down
orientations in the 5 A layer also provides a kinetic explanation
for the well-known difficulty in removing CO intermediates
during the MOR process.

We define the 5 A region as a guiding layer, where C atoms
act as anchor points due to their stronger interaction with the
surface, driving the methanol molecules toward the surface.
Upon entering the 3 A first contact layer, the molecules reorient
to a flat configuration, preparing for bond break and subse-
quent MOR steps. This two-layer adsorption mechanism illus-
trates how initial C-down attraction facilitates molecular
migration, while surface-parallel orientations at the first contact
layer enable efficient reaction pathways with minimized CO
formation. At this point, the adsorption mechanism diagram of
the pre-MOR from a classical molecular dynamics perspective is
shown in Fig. 5. The interfacial region above the FePt surface is
divided into a reaction layer and a guiding layer. In the guiding
layer, reactant molecules are kinetically steered toward the
surface, where molecular approach and initial orientation are
governed by long-range surface interactions. Upon entering the
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Fig. 5 Schematic illustration of the two-layer interfacial adsorption
model.
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reaction layer, molecules are in direct contact with surface
atoms, adopt surface-parallel configurations, and undergo
orientation reorganization that facilitates bond activation and
subsequent reaction steps. This two-layer framework provides
a unified interpretation of the adsorption-time statistics and
orientation distributions observed in the classical molecular
dynamics simulations.

We also analyzed the contact configurations of CO at both 5
A and 3 A from the surface (Fig. 4(c) and (d)). In contrast to
methanol, CO exhibits a dominant O-down orientation in both
regions. Because the O atom is more electronegative, O-down
contact suppresses electron transfer into the antibonding
orbitals of CO, thereby limiting C-O bond activation and
hindering its further oxidation. As will be shown in our DFT
analysis, CO's C-down configurations are thermodynamically
more stable than O-down ones (Fig. 6(f) and (1)). In the C-down
geometry, the carbon atom can interact more effectively with
the surface through its available lone-pair electrons, thereby
facilitating CO activation.

However, our MD results indicate that CO approaches and
resides near the surface predominantly in the O-down geom-
etry. This kinetic preference helps explain why CO is difficult to
remove during the MOR. Although C-down adsorption would be
more favorable for oxidation, the pathway by which CO migrates
toward the surface naturally drives it into the less-reactive O-
down configuration. If the solution-phase migration pathway
could be modulated, such as by applying an external electric
field to bias the dipole orientation, CO molecules might arrive
at the interface with a higher probability of adopting a C-down
configuration, which could significantly enhance CO oxidation
efficiency and thereby improve overall MOR performance.

This two-layer adsorption mechanism elucidates how initial
C-down attraction facilitates molecular motion, while surface-
parallel orientations at the reaction layer enable efficient path-
ways with minimized CO formation. Moreover, it provides
a dynamic perspective that complements classical concepts
such as the bifunctional mechanism and d-band theory (ther-
modynamics). From a catalytic design standpoint, these

(d) *CH,0 () *co
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$

E,,.= -49.50 eV E,=-6744eV  E=-62.80eV

() *CH,0 (k) *CHO

3 3
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E,,,= -33.60 eV E,=-4990eV  E,=-64.87 eV

Fig. 6 DFT-optimized adsorption configurations and adsorption energies (E,qs) of methanol and key MOR intermediates on the FePt(111)
surface. Panels (a—f) show O-down adsorption geometries, while panels (g—1) present the corresponding C-down configurations. The results
indicate that both C-down and O-down adsorption modes coexist along the reaction pathway, reflecting the accessibility of multiple adsorption

orientations during the MOR.
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insights highlight the importance of engineering electrode
surfaces that balance strong initial adsorption with facile re-
orientation, thereby promoting selective MOR pathways while
mitigating CO poisoning. Such a molecular-level understanding
bridges dynamic simulation results with a thermodynamic
perspective and offers guiding principles for the rational design
of advanced FePt-based electrocatalysts.

Density functional theory results

To complete the entire reaction process and link kinetics and
thermodynamics, DFT calculations were performed to comple-
ment the MD simulations and provide energetic validation of
the observed adsorption configurations. The theoretical calcu-
lations were carried out using Density Functional Theory (DFT)
with the generalized gradient approximation (GGA) and the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional in the CASTEP module of Materials Studio. A 2 x 2
FePt(111) slab with the L1, phase structure was constructed to
simulate the multistep methanol oxidation reaction (MOR)
process on the FePt surface. Different adsorption configurations
of CH;O0H and the reaction intermediates were examined to
identify the most stable adsorption sites.

A vacuum layer of 20 A was introduced to avoid spurious
interactions between periodic images along the surface-normal
direction. To represent the bulk-like properties of the FePt slab,
the bottom two layers were fixed, while the top layer and the
adsorbates were fully relaxed. The plane-wave cutoff energy was
set to 520 eV, and the Brillouin zone was sampled using a 3 x 3
x 1 Monkhorst-Pack k-point mesh. Structure optimization was
performed until the total energy convergence criterion reached
1077 eV. All calculations were spin-polarized.

The adsorption free energies of CH;OH and the reaction
intermediates on the FePt slab were calculated according to

AE = Ejgs+substrate —

substrate

- Eads (4)

where E,ggisubstrate aNd Egybstrate are the Gibbs free energies of
the slab with and without the adsorbate, respectively, and E,4s is
the Gibbs free energy of the isolated adsorbate.

The adsorption energy (E.qs) of methanol and its key inter-
mediates was determined on the FePt(111) surface, which
provides the most thermodynamically stable adsorption among
the examined facets. The details are shown in Fig. 6. CH,OH,
CH;0, and CO species preferentially adopt a C-down orienta-
tion at equilibrium, whereas CH;OH, CH,0, and CHO species
favor O-down adsorption configurations. This trend indicates
that both O-down and C-down configurations exist in the
methanol oxidation-reduction reaction pathway. Such
phenomena indicate that the MOR does not occur solely
through C-down or O-down contacts; the configuration of both
contacts is crucial. This aligns with our discussion in a previous
section, where we observed that within the 3 A range of the
inner Helmholtz layer (reaction layer), methanol molecules
tend to lie flat to prepare for triggering the next reaction stage.
MD simulations reveal a kinetic sequence in which methanol
first adsorbs in a C-down orientation and later lies down to the
O-down state within the reaction layer. It should be noted that

This journal is © The Royal Society of Chemistry 2026

View Article Online

Journal of Materials Chemistry A

the MD and DFT calculations describe the system under
different modeling frameworks and solvation environments.
The MD simulations include explicit solvent dynamics and
classical force-field interactions, whereas the DFT calculations
capture adsorption energetics at the electronic-structure level
under more idealized conditions. Therefore, comparisons
between MD-derived orientations and DFT-derived adsorption
configurations should be interpreted qualitatively and viewed
as complementary insights.

Linking dynamics with thermodynamics results, we propose
a two-layer interfacial mechanism. In the 5 A guiding layer, the
molecular approach is kinetically steered by carbon-surface
attraction, so methanol predominantly displays a C-down
orientation while migrating toward the interface. Upon
entering the 3 A reaction layer, molecules adopt a surface-
parallel geometry and reorient into O-down configurations, at
which point thermodynamics becomes dominant and bond
activation is facilitated. Furthermore, the difficulty in removing
the poisoning intermediate CO during the MOR process can
also be attributed to the kinetically dominated C-down config-
uration within the 5 A guiding layer. This orientation favors C-H
activation pathways that inevitably promote CO formation at
the surface. We propose that modulating the interfacial electric
field to induce a transition of surface-parallel methanol mole-
cules in the 3 A reaction layer toward an O-down orientation
could effectively suppress CO accumulation and facilitate its
removal, thereby improving catalytic capacity.

Conclusions

In this work, all-atom classical molecular dynamics simulations
were employed to elucidate the dynamic behavior of methanol
and co-reactants at FePt electrode surfaces during the MOR. By
introducing adsorption time as a quantitative descriptor, we
demonstrated that the adsorption times of water, sulfuric acid,
and methanol align with their mechanistic roles in the MOR
pathway, thereby validating the simulation framework.
Furthermore, orientation analysis revealed a two-layer adsorp-
tion mechanism in which initial C-down anchoring in the
guiding layer drives molecular migration toward the surface,
while subsequent reorientation into surface-parallel configura-
tions in the reaction layer enables efficient O-down pathways
with minimized CO formation.

These findings establish a time-resolved and orientationally
resolved picture of molecular adsorption that complements
traditional thermodynamic descriptions provided by density
functional theory. The results not only provide molecular-level
support for bifunctional and d-band center concepts in FePt
catalysis, but also offer general design principles: effective
electrocatalysts should balance strong initial attraction with
facile reorientation to promote selective reaction pathways
while suppressing poisoning intermediates.

Beyond FePt and the MOR, the framework presented here
highlights the broader potential of adsorption-time and
contact-mode analysis to unravel interfacial dynamics in
complex electrochemical systems. Coupling such molecular
dynamics approaches with constant-potential DFT and
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multiscale models represents a promising direction toward
predictive design of next-generation electrocatalysts.
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