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ABSTRACT: Methane activation on stepped Ni(511) surfaces
involves the rearrangement of surface atoms as the chemical
reaction proceeds. This process is particularly sensitive to
temperature. Using machine-learned interatomic potentials
(MLIPs) coupled with enhanced sampling techniques, we
investigate the activation of methane under realistic operando
conditions. Our analysis reveals that methane dissociation occurs
predominantly at step-edge nickel atoms. As CHx (where x = 3 or
4) species bind to additional surface nickel atoms, their reduced
mobility leads to entropic penalties that suppress certain
configurations and transition states. This is reflected in the
underlying free energy surfaces, where configurations such as
methyl binding to hollow sites and activation routes involving two
nickel atoms become unfavorable as temperature increases. At elevated temperatures, methane activation extends from step-edge
sites to terrace regions because of reduced free-energy barriers and enhanced surface dynamics. By decomposing the free-energy into
enthalpic and entropic contributions, we uncover temperature-dependent shifts in the preferences of methane for the relevant active
sites and arrive at a detailed molecular picture of methane activation.
KEYWORDS: methane activation, surface defects, machine-learned interatomic potentials, dynamic sampling, transition metal catalysts,
entropy effects in catalysis

1. INTRODUCTION
The conversion of methane into value-added chemicals
provides an opportunity to mitigate its impact as a greenhouse
gas, while addressing the growing demand for industrial
feedstocks.1−7 Extensive research efforts have focused primarily
on the direct synthesis of methanol from methane8−15 and the
production of syngas through methane steam or dry reforming
in heterogeneous catalytic systems.16−23 In both direct
oxidation of methane and methane reforming, the conversion
of methane to high value chemicals and fuels remains a
significant challenge due to the high dissociation energy of the
first C−H bond in methane (∼440 kJ mol−1), which requires
extreme operando conditions, typically involving elevated
temperatures (800−1100 K), to promote bond cleav-
age.18,24−29 Notably, the initial C−H bond breaking step is
often rate-limiting and governs the overall reaction rates in
various methane chemistries.30−37 Therefore, the development
of efficient catalysts for methane conversion and relatively
facile methane activation requires that advanced character-
ization techniques and detailed computational methods at the
atomic level, capable of generating new knowledge under
operando conditions.

From a computational perspective, static density functional
theory (DFT) calculations have been widely employed to
elucidate the nature of active sites, reaction intermediates, and
the energetics of the overall reaction mechanism on a variety of
pristine and modified metal surfaces.9,24,30,31,35,38−40 However,
efficient and accurate descriptions of the dynamic nature of the
catalyst surface at realistic operating conditions are beyond the
reach of the static DFT approach. Ab initio molecular dynamics
(AIMD) simulations can incorporate finite-temperature effects
and capture surface dynamics.41−44 However, the high
computational cost of AIMD often limits such calculations to
short time scales and small systems, resulting in insufficient
sampling of high-energy states and rare events critical to
methane activation.

Recent advances in machine-learned interatomic potentials
(MLIPs) coupled with flexible, enhanced sampling methods
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have emerged as a powerful tool to conduct reactive molecular
dynamics (MD) simulations that narrow the computational
efficiency gap at realistic operating conditions. By learning the
force and energy produced from ab initio simulations, machine
learning models such as neural networks can serve as an
interatomic potential that maintains high accuracy at a fraction
of the computational cost of AIMD.45−56 Compared to
traditional methods, MLIPs exhibit minimal deviations from
ab initio reference calculations, with force errors typically
below 0.1 eV/Å, while achieving significant speedups,
particularly when implemented on GPU-accelerated platforms.
These capabilities have been demonstrated in studies of N2
decomposition on Fe(111),57,58 ammonia cracking on Fe(110)
and Fe(111),59 and methane activation on Ni(111).60 These
successes have thus far been limited to idealized, low-index
metal surfaces, which fail to capture the full complexity of
industrial catalysts under operando conditions. Important
dynamic phenomena such as active site evolution, variations
in surface reactivity, and the complex, temperature-dependent
free-energy landscapes that emerge during realistic catalytic
processes remain to be explored.

In this study, we present a workflow that combines MLIPs
with enhanced sampling techniques to investigate the temper-
ature-dependent activation of a physisorbed methane molecule
on a Ni(511) surface under realistic operando conditions,
represented by the following reaction: CH4(phys) + 2* →
*CH3 + H*, where * denotes an active site on the Ni(511)
surface. Specifically, we rely on MD simulations using a
purposely developed MLIP, combined with Spectral Adaptive
Biasing Force (Spectral ABF) sampling,61 to construct the free
energy surface that governs methane activation, and elucidate
the entropic and enthalpic contributions to this process on the
underlying stepped nickel surfaces at 500−1100 K. By
highlighting temperature-induced shifts in transition states,
adsorption modes, and reaction coordinates, our findings
provide new mechanistic insights of general interest to the
catalysis community and establish a framework for exploring
entropically driven phenomena on defected surfaces.

As depicted in Figure 1, the Ni(511) surface features a
diverse set of atomic environments.30,32 In our simulations,

methane interacts dynamically with these surface sites,
generating temperature-dependent free-energy landscapes.
We observe that methane initially coordinates to step-edge
nickel atoms before any C−H bond cleavage, leading to a
modest enthalpic rise but a significant entropic penalty from
restricted molecular mobility. Upon crossing the transition

state, the adsorbed species regain some mobility, resulting in a
significant increase in entropy. When CHx (x = 3 or 4) binds
to multiple nickel atoms, such as at bridge or hollow sites, its
mobility decreases further and its entropy decreases accord-
ingly, particularly at elevated temperatures where certain
configurations vanish from the free-energy surfaces. Further-
more, our results show that methane activation is not limited
to step edges at high temperatures; terrace sites also become
active driven by both nickel−methane interactions and thermal
fluctuations. In general, we reveal how the temperature
reshapes the free energy landscape of methane activation in
surprising ways, and we underscore the adaptive, dynamic
nature of catalytic sites under realistic conditions.

2. RESULTS AND DISCUSSION
2.1. Molecular and Thermodynamic Details of

Methane Activation on Ni(511). To investigate the
thermodynamic and molecular details of the activation of a
physisorbed methane molecule on the Ni(511) surface, we
computed the two-dimensional (2D) free energy surfaces
(FES’s) at 500, 700, 900, and 1100 K using MLIP molecular
dynamics (MLIP-MD) with enhanced sampling. The FES’s,
shown in Figure 2A−C, are constructed using two collective
variables (CVs): the C−Ni coordination number (CNC−Ni),
which quantifies the interaction between methane and the Ni
surface, and CNC−H, which describes the dissociation state of
one arbitrary C−H bond of methane. We determine the
minimum free energy path (MFEP) using the AutoNEB
algorithm62 with the climbing image scheme63 over the FES
and identify critical states along the path. We refer to the
resulting path as MFEP1. In this section, we provide a detailed
examination of the FES and MFEP1 at 700 K, highlighting the
key molecular interactions and thermodynamic features
associated with methane activation on the Ni(511) surface.

As shown in Figure 2A−C, the FES exhibits two main local
minima. The first minimum, denoted as state 0 and located at
the CV values of (0.02, 3.87), corresponds to the initial state.
Here, the carbon atom is not coordinated with any nickel
atoms, and the physisorbed methane molecule remains intact
and is reasonably distant from the nickel surface. The second
local minimum, denoted as state 4 and located at (1.90, 2.90),
represents the product state. In this state, a hydrogen atom has
been liberated onto the surface, leaving an adsorbed methyl
molecule that occupies a bridge site. This is indicated by the
CNC−Ni of 1.90 showing that the carbon atom in the methyl
group binds, on average, to two surface nickel atoms. Along the
MFEP1 that connects the local minima, the activation process
proceeds through distinct molecular and energetic changes,
divided into four segments: from states 0 to 1, 1 to 2, 2 to 3,
and 3 to 4.

The first segment extending from state 0 to 1, corresponds
to a gradual increase in CNC−Ni from 0.02 to 0.92, while
CNC−H remains nearly constant around 3.85, indicating that no
C−H bond cleavage has occurred yet. Representative
molecular configurations corresponding to each state are
shown in Figure 2D, illustrating that the methane molecule
approaches the nickel surface without significant activation of
any C−H bond. This process marks a gradual increase in free
energy, which can be separated into the enthalpic (ΔH) and
entropic (−TΔS) contributions, as shown in Figure 2E−G. At
700 K, the enthalpy increases slightly by 0.15 eV, which is
attributed to the increased repulsion between the approaching
methane molecule and the nickel surface, without any C−H

Figure 1. (A) Side view of the Ni(511) surface with nickel atom rows
colored red, blue, and gray, representing step sites (SS), terrace sites
(TS), and other sites (OS), respectively. (B) Top view of the Ni(511)
surface showing step-atop, step-bridge, and fcc-hollow sites marked as
square, diamond, and triangle, respectively.
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bond cleavage occurring. Meanwhile, there is a significant
increase in the −TΔS term, 0.41 eV at 700 K, indicating a
decrease in the entropy of the system. We attribute this
entropy change to the strong methane-surface interactions at
the step edge. In state 0, the methane molecule retains some
motion along the z direction (perpendicular to the surface). In
state 1, this vertical motion is restricted due to increased
interactions of the molecule with the nickel surface. More
importantly, at state 1, both the hydrogen and carbon atoms of
methane interact with a surface nickel atom, with mean Ni−H
and Ni−C distances of 1.7 and 2.2 Å, respectively (Figure

2D1). This interaction is distinctive to the step-edge nickel
atoms because of their under-coordinated nature and higher
reactivity compared to the terrace nickel atoms. On Ni(111),
we observe only subtle Ni−H interactions at state 1.60 On
Ni(511), the presence of both Ni−H and Ni−C interactions
for the step-edge Ni atoms at state 1 imposes significant
constraints on the mobility of the methane molecule in the x−
y plane. These restrictions on the translation and rotation of
methane contribute to the observed decrease in entropy.

In the second segment of MFEP1 (states 1 to 2), the system
approaches the transition state that leads to the dissociation of

Figure 2. (A−C) Free energy diagram for methane activation based on MLIP-MD with Spectral-ABF sampling scheme, with the MFEP1 and
MFEP2 highlighted in orange and gray, respectively, at 500, 700, and 900 K. (D) Representative molecular schematics of the key states along the
MFEPs (Ni = gray, C = brown, and H = white). (E−G) Details of the MFEP1 and the key states in terms of free energy, enthalpy, and the “−TS”
entropic contribution. (H) 2D enthalpic contribution profile based on the MLIP-MD at 700 K. The free energy analysis in E−G treats the
physisorbed methane as the reference state, which is zero for all temperatures.
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a C−H bond. This segment is characterized by a notable
decrease in CNC−H (3.49 at state 2) and a slight increase in
CNC−Ni (1.07 at state 2). In the transition state (state 2), there
is a more pronounced elongation of the C−H bond oriented
toward one nickel atom at the step edge, where the mean C−H
distance increases to 1.7 Å at 700 K. As seen in Figure 2D3, the
nickel atom binds to both carbon and hydrogen atoms, where
the mean Ni−C and Ni−H distances are 2.0 and 1.5 Å
respectively. Meanwhile, the hydrogen atom of the activated
C−H bond weakly interacts with an adjacent nickel atom with
a mean distance of 1.7 Å at 700 K. We note that some bonding
features in state 2 are similar to those in state 1, where the
nickel atom interacts with both the carbon and hydrogen
atoms of methane. The main difference is the further stretching
of the C−H bond in state 2. Therefore, the constraints on the
mobility of methane molecule remain similar between states 1
and 2, and the entropy of the system decreases only slightly
during this segment, leading to a minor increase in the −TΔS
term of 0.11 eV at 700 K (Figure 2F). The slight decrease in
entropy may also be attributed to the participation of an
additional nickel atom in the transition state, which adds
additional constraints on the molecule’s motion. Notably, a
slight “dip” in the −TΔS profile between states 1 and 2 is
consistent with our earlier observations on Ni(111),60 where
C−H and Ni−H pairs form and break intermittently, leading
to the translational and rotational freedom of methane before
the transition state. Although the effect here is less
pronounced, we attribute the small local minimum in the
−TΔS curve on Ni(511) to the same molecular behavior:
transient increases in methane mobility arising from these
dynamic bond switching interactions at the step edge. On the
other hand, the enthalpy of the system increases sharply
throughout this segment, reaching 0.69 eV, because of the
significant energy required to elongate and partially break the
strong C−H bond while the carbon and hydrogen atoms
remain bonded (Figure 2G). This sharp enthalpic increase
contributes significantly to the pronounced increase in free
energy observed in the second segment of the MFEP1. The
combined effect of the increase in enthalpy and the slight
entropic contribution leads to the peak of the MFEP1 at the
transition state (Figure 2E).

The third segment of MFEP1 extends from the transition
state (state 2) to a local minimum (state 3), marking the
complete cleavage of the C−H bond in methane and the
formation of a methyl group (*CH3) and an adsorbed
hydrogen atom (*H). In this segment, the CNC−H decreases
significantly from approximately 3.49 at state 2 to 2.91 at state
3 at 700 K, indicating that a hydrogen atom has fully
dissociated from the carbon atom. The methyl group stabilizes
on the Ni(511) surface. As reflected in Figure 2D4, the methyl
group preferentially binds to a nickel step atom in the atop
geometry. The carbon atom forms a strong bond with a single
nickel atom at the step edge, with a mean Ni−C bond distance
of 2.04 Å at 700 K. Furthermore, the carbon atom weakly
interacts with an adjacent nickel atom, resulting in an effective
Ni−C CN of 1.17 (Figure 2B). The enthalpy profile (Figure
2H) shows a pronounced drop after the transition state,
corresponding to the formation of the full Ni−C and Ni−H
bonds. In addition, the system experiences a notable increase
in entropy during this segment, as indicated by a decrease in
the −TΔS term of 0.63 eV at 700 K (Figure 2F). The methyl
group, now adsorbed on the surface, is no longer constrained
by the geometrical limitations observed in the transition state.

The surface-bound methyl group acquires more rotational and
translational freedom on the surface, particularly along the step
edge. The adsorbed hydrogen atom, capable of diffusing across
the surface, also contributes to the increase in entropy. The
combined effect of a sharp enthalpy decrease and a
pronounced entropy increase results in a significant reduction
in the free energy of the system in this segment of the MFEP1
(Figure 2E).

In the final segment of the MFEP1, the adsorbed methyl
group migrates from an atop site, where it binds to a single
nickel atom, to a bridge site, where it binds to two nickel
atoms. This migration results in an increase in the C−Ni
coordination number from 1.17 to 1.90, while the C−H
coordination number remains nearly constant at 2.90 in state 4
at 700 K (Figure 2B). The move of the methyl group to the
bridge site leads to a stronger and more favorable binding to
the nickel surface, evidenced by a continuing decrease in the
enthalpy of the system in Figure 2H. Figure 2D5 indicates that
the methyl group bridges two nickel atoms at the step edge,
with mean Ni−C bond distances of 2.0 Å at 700 K. However,
this final segment shows a slight decrease in entropy, reflected
by a minor increase in the −TΔS term (0.16 eV at 700 K). The
entropy change suggests that as the methyl group migrates
from an atop to the bridge site, its mobility slightly decreases.
Nevertheless, the substantial decrease in enthalpy outweighs
the minor entropic change, resulting in an overall decrease in
free energy of the system (−0.18 eV at 700 K).

Figure 2E illustrates how temperature (ranging from 500 to
1100 K) impacts the relative height of the MFEP1 on the
Ni(511) surface. The physisorbed methane molecule is treated
as the reference state with zero free energy at all temperatures.
However, we note that if the gas-phase methane was chosen as
the reference, the free-energy barriers would become even
more sensitive to temperature because of the additional
entropy loss upon adsorption, thus magnifying the observed
trends.

Our results reveal that the activation free energy barrier
along the MFEP1 increases with temperature. This trend
indicates that as the system progresses from the reactant to the
transition state, the activation process is associated with an
overall reduction in the mobility of the methane molecule,
particularly due to the loss of mobility along the z-direction
(perpendicular to the surface) compared to the initial
physisorbed state (states 0−1).

When we examine the trend of the reaction free energy, we
find that, unlike the activation energy barrier, it decreases with
increasing temperature. This opposite trend suggests that the
overall thermodynamics of the reaction become more favorable
at higher temperatures. The decrease in reaction free energy is
largely driven by the reaction entropy. We focus on the
reaction entropy, which corresponds to the difference in the
−TΔS term between the reactant (initial physisorbed
methane) and the product (adsorbed methyl group and
hydrogen atom) state. At lower temperatures (500 to 700 K),
the reaction entropy is nearly zero, indicating that the
difference in entropy between the reactant and product is
minimal. However, at higher temperatures (900 and 1100 K),
the −TΔS term becomes increasingly negative, suggesting a
significant increase in entropy in the final adsorbed state
compared to the initial physisorbed state. This trend is
particularly evident in the segment of the entropy profile from
the transition state to the final adsorbed state, where the −TΔS
term decreases sharply at higher temperatures, indicating that
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the system gains entropy by forming the adsorbed methyl
group and hydrogen atom at elevated temperatures. This
behavior is consistent with our previous analysis of methane
activation on the Ni(111) surface,60 where we observed a
similar trend and attributed the increase in entropy at higher
temperatures to the role of surface atom vibrations that
facilitate the mobility of the adsorbed methyl group. Here on
Ni(511), these intensified phonon-driven vibrations work in
tandem with enhanced mobility of the product species (CH3
and H), where the probability of adsorbate migrating from one
site to another increases markedly with temperature, indicating
that a higher thermal energy not only propels the adsorbates
more intensely but also allows them to overcome diffusion
barriers between adsorption sites. This collective effect further
increases the mobility of the adsorbed methyl group and
hydrogen atom, contributing to the entropic gains and the
more exergonic nature of methane dissociation at elevated
temperatures. In addition, we computed the subsequent C−H
bond cleavage of adsorbed *CH3 to form *CH2 + *H at 900 K
using a MLIP trained via the same workflow (see Methods and
Supporting Information). The activation free energy for this
step is approximately 0.60 eV, significantly lower than that of
the initial C−H bond cleavage in methane, suggesting that the
first C−H bond dissociation of CH4 is the most likely rate-
determining step among the sequential bond-breaking
processes.

2.2. Temperature Effects on the Nature, Dynamics,
and Thermodynamic Favorability of Active Sites. The
analysis of the enthalpic contributions to the FES at 700 K,
shown in Figure 2H, reveals an additional local minimum,
referred to as state 6, where the C−H and C−Ni coordination
numbers are 2.62 and 2.91, respectively. This state represents a
methyl molecule binding to a hollow site on the Ni(511)
surface. Our analysis of the molecular configurations at state 6

reveals that these hollow sites consist primarily of nickel atoms
at the step edge and additional nickel atoms located on the
terrace portion of the Ni(511) surface. Although state 6 is
distinguishable as a local minimum in the enthalpy profile at
700 K, it does not appear in the overall FES at this temperature
(Figure 2B). Notably, state 6, though present in the enthalpic
profiles, is absent in FES’s at all temperatures considered here
(500, 700, 900, and 1100 K). We attribute this behavior to
entropic effects, similar to the entropy difference observed
between the atop site and the bridge site configurations (states
3−4 in Figure 2F). As the methyl moiety binds to more surface
nickel atoms, transitioning from atop to bridge to hollow sites,
its mobility decreases due to increased bonding constraints.
Such a trend makes the configuration increasingly entropically
unfavorable at higher temperatures, which explains the absence
of state 6 in the FES’s.

This entropic trend is not limited to the methyl group but
also applies to the [H−CH3]‡ transition state. In addition to
the MFEP1, a second methane activation route, referred to as
MFEP2, can be identified on the FES at 500 K, as well as the
enthalpic contribution profile in Figure 2H. As shown in Figure
2A, starting from state 0, MFEP2 extends to a CV location
with a higher value of the C−Ni coordination number
compared to the MFEP1. At 500 K, the transition state
along the MFEP2 has CV values of 1.71 for the CNC−Ni and
3.57 for CNC−H, suggesting that during methane activation, the
carbon atom binds simultaneously to two nickel atoms.
Analysis of the MD frames at the transition state reveals that
this activation route involves one stretched C−H bond, with
the carbon atom interacting with two adjacent nickel atoms on
the step edge of the Ni(511) surface (Figure 2D5). After the
C−H bond cleavage, the methyl group is directly stabilized by
coordination with the two nickel atoms at the bridge site (state
4).

Figure 3. (a) Free energy surfaces (FES) reconstructed using posthoc Spectral-ABF analysis at temperatures of 500, 700, and 900 K. Additional
postprocessing was applied to enforce cyclic symmetry on the FES. Detailed methodology is provided in the Methods section. (b) Statistical
distribution of carbon and nickel atom positions at the transition state (state 2) along the minimum free energy path 1 (MFEP1).
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The transition state for MFEP2 is clearly visible at 500 K,
but it disappears at higher temperatures (700, 900, and 1100
K). This is consistent with the behavior of the methyl group
binding to a hollow site on Ni(511) at lower temperatures,
which is not favored at higher temperatures. As the adsorbate
binds to more surface nickel atoms, its mobility is likely
reduced, diminishing its entropic advantage. Note that the
enthalpies corresponding to the two paths are comparable, as
shown in Figures S2 and 2H. Consequently, the entropic
contributions to the free energy along the MFEP2 transition
state become unfavorable at higher temperatures, causing the
saddle point to no longer be identifiable on the FES’s at higher
temperatures.

The above analysis reveals that the structural diversity of
active sites on the Ni(511) surface plays a crucial role on the
thermodynamics of methane activation. We further examine in
more detail the geometric and chemical characteristics of the
Ni(511) surface, as depicted in Figure 1. This surface
comprises a repeating array of step and terrace regions, with
step-edge sites (SS) typically exhibiting under-coordination
compared to terrace sites (TS) and other surface atoms (OS).
These structural features directly influence the nature and
distribution of adsorption sites for methane and its
intermediates, as well as the entropic contributions that drive
their stability. To gain a more detailed insight, we investigate
the interactions of methane and methyl groups with the
Ni(511) surface at different temperatures. Specifically, we

identify and analyze their preferred adsorption sites by
estimating the FES as a function of the X−Y coordinates of
the carbon atom of the methane molecule or the adsorbed
methyl. Such FESs, shown in Figure 3A, are the product of
posthoc Spectral-ABF analysis through the same set of
trajectories generated by the MLIP-MD with enhanced
sampling. This approach minimizes the additional computa-
tional overhead needed to estimate the FES with respect to a
new set of CVs without additional biasing potential. A detailed
description of the approach can be found in the Methods
section.

Figure 3 presents the spatial distribution of carbon atoms at
the methane activation transition state (state 2 in Figure 2)
within the X−Y plane on the Ni(511) surface, derived from the
MLIP-MD simulation frames. The locations of step-site (SS),
terrace-site (TS) and other-site (OS) nickel atoms are also
highlighted for reference. Additionally, the figure displays the
FES’s as a function of the X−Y coordinates, illustrating the free
energy variations of the binding of [H−CH3]‡ across different
regions of the X−Y plane at 500, 700, and 900 K. At 500 K,
carbon atoms at the transition state predominantly bind to the
step-edge nickel atoms, with few instances of migration to
terrace regions observed in the simulation frames. This
preference is reflected in the FES at 500 K, where the step-
edge region corresponds to a deeper energy minimum, and a
significant free energy difference exists between the terrace and
step-edge regions. Such a significant energy difference indicates

Figure 4. Logarithmic probability of the methane activated by particular nickel atom sites as the nearest and second nearest neighbor (NN) to the
carbon atom. Each row corresponds to a specific state (states 1, 2, and 3) as defined in Figure 2. Nickel atoms are categorized as step site (SS),
terrace site (TS), and other site (OS).
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that the binding of the transition state at the step edges is
thermodynamically more favorable. This observation aligns
with previous studies,30,64 which suggest that methane
dissociation preferentially occurs at stepped nickel sites due
to their enhanced catalytic activity. As the temperature
increases, the distribution of adsorption and activation sites
broadens, with a noticeable increase in the number of frames
showing carbon atoms located in terrace regions. Correspond-
ingly, the free energy difference between the step-edge and
terrace regions becomes narrower on the FES’s at 700 and 900
K. This reduction in the free energy difference implies that the
thermodynamic preference for the transition state binding to
either region diminishes, allowing adsorption to occur more
uniformly across the surface.

We further analyze the specific types of surface nickel atoms
involved in methane activation by examining the molecular
interactions along MFEP1, focusing on states 1 through 3.
Figure 4 illustrates the probabilities of step-site (SS), terrace-
site (TS), and other-site (OS) nickel atoms being the nearest
and second nearest neighbors to the carbon atom of methane
or the adsorbed methyl at temperatures ranging from 500 to
1100 K. At 500 K, the carbon atom consistently interacts with
step-site nickel atoms, both as the nearest and second nearest
neighbors, in nearly all simulation frames. However, at higher
temperatures, there is a significant increase in the probability of
terrace-site nickel atoms being both the nearest and second
nearest neighbors to the carbon atom across states 1−3. This
shift indicates that elevated temperatures facilitate methane
activation at terrace sites, resulting in a more diverse
distribution of active sites involved in the reaction.

To elucidate the molecular origins of the reduced free
energy gap between the step and terrace regions for methane
or methyl binding, we analyze the dynamic interactions of
nickel atoms in the transition state of MFEP1. Figure 5 shows
that in this transition state, the active nickel atom shifts out of
the interface plane toward the carbon atom, lowering its
coordination number with adjacent nickel atoms and creating a
localized, under-coordinated environment that facilitates the
C−H bond cleavage. The displacement of the active nickel
atom is strongly correlated with the Ni−C distance at all
temperatures, with the extent of elevation increasing as the
temperature increases. Additionally, Figure 5 indicates that
nickel atoms farther away from carbon do not exhibit this

reconstructive response, showing no significant change in their
position or coordination as the C−H bond breaks. This
temperature-dependent elevation of the active Ni atom reflects
the increased flexibility of the Ni(511) surface under thermal
fluctuations. At elevated temperatures, Ni atoms are more
sensitive to the breaking of the C−H bond and can slightly
reconstruct even on terrace sites, thereby reducing the free
energy barriers for methane/methyl binding. This dynamic
reconstruction narrows the free energy gap between step and
terrace regions, and in turn broadens the range of active sites
available for methane activation at higher temperatures.

3. CONCLUSION
In this study, we have presented a detailed molecular-level
investigation of methane activation on the Ni(511) surface
under realistic operando conditions, using MLIP combined
with enhanced sampling techniques. Our simulations reveal
that the Ni(511) surface, characterized by its diverse array of
atomic environments, exhibits unique reactivity trends for
methane activation.

At the molecular level, methane initially interacts dynam-
ically with step-edge nickel atoms, coordinating both its carbon
and hydrogen atoms to these under-coordinated sites. This
early stage coordination leads to a slight increase in enthalpy as
a result of the repulsion between a nearly intact methane
molecule with the surface but results in a significant decrease in
entropy, attributed to the restricted mobility of the methane
molecule upon binding. As the reaction progresses past the
transition state, the mobility of the adsorbed species increases,
leading to substantial entropy gains. However, when CHx
species (where x = 3 or 4) bind to multiple surface nickel
atoms, such as in bridge or hollow sites, their mobility is
further restricted, causing a decrease in entropy. This entropic
penalty explains why certain configurations, although energeti-
cally favorable in terms of enthalpy, are not observed in the
free energy landscapes at higher temperatures. Similarly, our
analysis uncovers two primary activation routes: a dominant
single-nickel activation mechanism at step-edge sites and a
secondary route involving cooperative activation by two nickel
atoms. The second one becomes less favorable at elevated
temperatures due to entropic contributions that increase the
free energy barrier, causing it to disappear from the free energy
surfaces beyond 700 K. This highlights the critical role of

Figure 5. Correlation between Ni−C distance and Ni atom displacement along the Ni−C axis. Data points are collected from the transition state
(state 2) along the minimum free energy path 1 (MFEP1). Nickel atom positions are color-coded based on their proximity to the carbon atom in
methane, with colors indicating their rank from closest to farthest (blue = closest, orange = farthest); negative displacement values indicate that the
nickel atom is moving toward the carbon atom.
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entropy in determining the preferred activation route under
different temperatures. Importantly, our findings demonstrate
that at higher temperatures, methane activation is not limited
to step-edge sites, but extends to terrace sites as well. Elevated
temperatures reduce the free energy barriers associated with
the adsorbates migrating from the step to terrace sites, and
enhanced thermal fluctuations increase the surface dynamics.
This leads to a broader distribution of active sites, reflecting
the adaptive and transient nature of catalytic sites under
operando conditions.

Using MLIPs combined with enhanced sampling methods,
we can separate enthalpic and entropic contributions to the
activation of methane on a relatively complex surface with a
higher Miller index. This approach provides helpful insights
into surface reactivity and reaction dynamics at realistic
temperatures. Our work underscores the importance of
considering both the static structural features of catalytic
surfaces and their dynamic, temperature-dependent behaviors
when designing efficient catalysts. We have focused here on a
case study relevant to catalytic methane activation and
established a methodological workflow that can be adapted
to different bond-breaking processes catalyzed by various
metals, alloys, or more intricate catalysts. Our study highlights
the power of machine learning-based approaches to accurately
capture the interplay of enthalpic and entropic contributions,
surface reactivity, and reaction dynamics at realistic length and
time scales, and under relevant reaction conditions. Our
models offer microscopic insights that can provide a
foundation for the rational design of more efficient catalysts
that could be potentially capable of operating under milder
conditions. Future work may extend this approach to explore
other complex catalytic systems, offering a pathway toward
addressing critical challenges in sustainable chemical trans-
formations.

4. METHODS
4.1. First-Principles Calculations. DFT calculations are

performed using the Vienna ab initio simulation package
(VASP, version 6.3.2).65−69 A periodic, five-layer Ni(511)
surface is prepared with the two lowest layers fixed to simulate
the bulk structure (unit cell shown in Figure 1). A 10 Å
vacuum space is added in the z dimension to minimize the
periodic image interaction in that direction. All DFT
simulations are conducted with spin polarization enabled.
We employ the BEEF-vdW exchange−correlation functional in
conjunction with projector-augmented wave (PAW) pseudo-
potentials.69−71 A plane-wave energy cutoff of 400 eV is set,
and the electronic self-consistency is achieved with a

convergence criterion of 10−4 eV. The Brillouin zone is
sampled using a Monkhorst-Pack k-point grid of 2 × 2 × 1. A
Fermi smearing scheme is applied.

4.2. Machine-Learned Interatomic Potentials. The
Allegro framework72 is employed to train the MLIP that
captures interactions among nickel, carbon, and hydrogen
atoms. The contribution of each atom is modeled using an
equivariant neural network. The network begins by embedding
the local relative atomic positions into spherical harmonics,
creating a representation of the environment of each atom.
This embedding is then processed through tensor product
layers to yield a single scalar representing its potential energy
contribution. The total potential energy of a given config-
uration is computed as the sum of energy contribution of each
atom, based on their local atomic environments within a cutoff
radius. In our experiments, an embedding layer with spherical
harmonics is used and a cutoff radius of 6.0 Å is set. Our model
incorporates two layers of the tensor product, each containing
64, 128, 256, and 512 neurons, respectively.

4.3. Validation of MLIPs and Effect of Active
Learning. We monitor and validate the accuracy of the
machine learning interatomic potential (MLIP).73,74 Building
on our previous study of methane activation on the Ni(111)
surface,60 we employ active learning to iteratively refine MLIP,
resulting in three models: MLIP-1, MLIP-2, and MLIP-3 (see
Section 4.7 for more details). Figure 6 compares the predicted
forces and energies of MLIP with the ground truth values
calculated by DFT. Each scatterplot point represents the force
or energy of a frame from a trajectory generated using the
current MLIP iteration (MLIP-X) with molecular dynamics
and enhanced sampling. The selected frames are uniformly
distributed throughout the space of collective variables.60 For
MLIP-3, the predicted forces and energies show high
correlations with the DFT results, with correlation coefficients
of 0.999 and 0.998, respectively. The root mean squared errors
(RMSEs) are 0.5 meV/atom for energy and 0.06 eV/Å for
force, both below the commonly accepted chemical accuracy
threshold of 1 kcal/mol.75 The comparison of MLIP-1, MLIP-
2, and MLIP-3 demonstrates that iterative refinement through
active learning progressively reduces prediction errors for both
energy and force.

4.4. Molecular Dynamics Simulations. We perform
classical MD simulations using the Atomic Simulation
Environment (ASE) framework,76 integrated with the Alle-
gro72 and PySAGES77 packages for enhanced sampling. To
efficiently explore the free energy landscape of methane
activation, we discretize the CV space into a 5 × 5 grid, with
each grid window further subdivided into 30 bins per axis.

Figure 6. Energy predicted by DFT calculations versus those generated by MLIP-1, MLIP-2, and MLIP-3, and force comparison for MLIP-3.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.5c00724
ACS Catal. 2025, 15, 8931−8942

8938

https://pubs.acs.org/doi/10.1021/acscatal.5c00724?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c00724?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c00724?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c00724?fig=fig6&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c00724?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Initial configurations are prepared by applying harmonic
biasing to confine the system within the designated CV
range. In the next step, we perform MD simulations using the
Spectral-ABF enhanced sampling method.77 Simulations are
carried out at temperatures of 500, 700, 900, and 1100 K, with
a time step of 0.25 fs for 2,000,000 steps per CV window, for a
total simulation time of 12.5 ns. The MD simulations are
controlled by Langevin thermostat (friction coefficient: 10
ps−1).

4.5. Free Energy Calculations with Enhanced Sam-
pling. We use Spectral-Adaptive Biasing Force (Spectral-
ABF)61 as our enhanced sampling technique to estimate the
free energy surface of the methane-nickel system. As a method
of the ABF family.78,79 Spectral-ABF gradually builds an
estimate of the gradient of the free energy which is applied as
biasing force to the system. In the long-time limit, this biasing
force ensures good sampling in the chosen CV space�
assuming the CVs roughly correspond to the slowest
dynamical modes of the system. The starting point of adaptive
biasing force methods is to compute the gradient of the free
energy. Spectral-ABF uses the expression proposed by Darve,
et al.79

= = ·F
A

t
W p

d ( )
d

d
d

( )bias
(1)

where A(ξ) represents the free energy given collective variable
ξ, W represents the inverse of the jacobian of ξ as a function of
the positions of all atoms in the system (W·∇ξ = I), p
represents the momenta of all atoms, and ⟨°|ξ⟩ means
conditional average. The applied force acts opposite to the
gradient of the underlying free energy, enabling the system to
explore the collective variable (CV) space in a manner
analogous to free diffusion once the method converges.

Formally, the gradient of the free energy surface A(ξ*)
corresponds to the average gradient of the Hamiltonian, H, at
ξ*.

*
= = *A Hd ( )

d
d
d (2)

In practice, we separate the CV space into bins, such that the
condition ξ = ξ* is relaxed as ξ falls into the same bin as the
center of the bin ξ*. Spectral-ABF models the free energy
landscape of the system as a basis expansion whose gradient
matches the gradient of the free energy *Ad ( )

d
computed in a

simulation. For our experiments in a single window, we use a
grid of [8, 8] bins, and for the final combined FES estimation,
we expand the grid to [64, 64] bins. We choose Chebyshev
polynomials for the basis expansion. Compared to other
enhanced sampling methods, Spectral-ABFconverges reason-
ably faster.77

4.6. Posthoc Spectral-ABF Analysis. Although original
Spectral-ABF enables fast sampling across complex CV spaces,
it is limited to producing free energy surface estimates with
respect to the initially designated CVs, typically restricted to
one or two because the binning strategy suffers from the curse
of dimensionality. This constraint means that important
information�such as the location of active sites for our
system of study�may be omitted from the set of chosen CVs.
Rerunning simulations to study the free energy as a function of
different CV combinations can be computationally expensive.
This can usually be addressed by performing a reweighted

estimation estimation of the free energy. In this work, instead
of reweighting, we perform a posthoc analysis using Spectral-
ABF on existing trajectories to directly reconstruct the free
energy surface with new CVs. First, we estimate the gradient of
the free energy with respect to the new CVs ξnew, similar to eq
2.

*
= = *A Hd ( )

d
d

d
new

new new
new new

(3)

In eq 3, H is the Halmiltonian derived from the trajectories
generated from the MLIP-MD enhanced sampling simulations.
Given that our collective variable of interest is the X−Y
coordinate of methane, we discretize both major axes of the
box into 40 segments, yielding a grid of 1600 points.
Recognizing that the nickel surface exhibits cyclic symme-
try�where each row of nickel atoms is equivalent�we
conceptualize the surface as a series of five repeating
parallelograms. The x-axis length of each parallelogram is
11.43 Å, while the y-axis is tilted with vector components
(1.36, 2.09 Å). We then average the gradient data collected
from these five parallelograms to produce a grid of gradient
estimates with dimensions (40, 8). To reconstruct the full X−Y
surface, we tile these estimates five times, preserving the cyclic
nature of the surface. Since our experiments were unbiased
with respect to the X−Y coordinate, they may suffer from
undersampling in low-energy regions. By leveraging surface
symmetry, our postprocessing method increases accuracy by
incorporating more data from the available trajectories.

4.7. MLIP Training and Active Learning. MLIP training
process typically requires a curated and representative set of
configurations, where energy and force data are generated
through DFT calculations. However, constructing such a
representative set can be challenging, particularly in complex
interfacial systems like the Ni(511) system in this work.
Therefore, we use an active learning pipeline60,80 to iteratively
update the training set and the MLIP to ensure the validity of
the model. To initialize the MLIP training set, we use an
existing methane-nickel MLIP model developed for the
Ni(111) surface,60 which we refer to as MLIP-0. This model
is chosen because it captures methane-Ni interactions
effectively. However, because it has not encountered the
undercoordinated nickel atoms, it may not adequately describe
methane interactions with step edges. For an extensive
sampling, we employ the same setting described in Subsection
4.4 to partition the CV space into a 5 × 5 grid. We then
conduct Spectral-ABF simulations within each grid cell.
Subsequently, k-means clustering is applied to segment the
simulation trajectory in each window within the CV space,
selecting frames nearest to cluster centers as representative
configurations. These configurations are used for DFT
calculations, forming the training set for our initial MLIP
model, MLIP-1. We train this model using the parameters
detailed in Subsection 4.2. We refer to the entire sequence�
simulation, configuration generation, and training�as an
iteration. We complete the X iterations to yield a series of
MLIP-X models, where X = 1, 2, and 3. In subsequent
iterations (X > 1), we refine the training set by selecting only
frames exhibiting significant energy prediction discrepancies
between MLIP and DFT calculations. This selection strategy
emphasizes previously unseen cases by the MLIP model,
enhancing the model performance on those configurations.
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4.8. Collective Variables Definition. To effectively
model methane activation on the Ni(511) surface, we define
CVs that describe the progression from initial physisorption
through the transition state to the fully activated state where
the C−H bond is broken. Specifically, we define coordination
numbers between the carbon and hydrogen atoms (ξC−H) and
between the carbon and surface nickel atoms (ξC−Ni) to
quantify the different types of interactions between methane
and the Ni(511) surface. These coordination numbers are
calculated using smooth switching functions to ensure
continuity and differentiability.

The CVs are formally defined as

= R R
R R
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In these equations, R(C,Nii) represents the distance between
the carbon atom and the i-th nickel atom on the surface,
calculated under the minimum image convention. Similarly,
R(C,Hj) denotes the distance between the carbon atom and
the j-th hydrogen atom. We increase the exponent in the
denominator for ξC−Ni to better distinguish surface bonds,
enhancing the sensitivity of the CV to changes in coordination.
The cutoff distances are set to R0 = 2.6 Å for C−Ni
interactions and R1 = 1.6 Å for C−H interactions, respectively.
A visualization of these CV definitions is provided in the
Supporting Information.
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