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ABSTRACT: Methane Steam Reforming (MSR) is a critical pro-
cess for hydrogen production in the chemical industry. Nickel-based
catalysts are usually preferred for MSR due to their high activity and
low cost. Several studies have shown that step edges and defects on
Ni surfaces have a strong influence on the MSR kinetics. However, a
detailed mechanistic-level understanding of the MSR reaction on
stepped Ni surfaces has remained elusive. In this work, we have
developed a DFT-parameterized Kinetic Monte Carlo (KMC)
model to investigate the detailed kinetics of MSR reaction on
stepped Ni surfaces (which contain step and terrace sites) and com-
pare them systematically against the (111) facet. Comparisons of
the predicted MSR turnover frequencies (TOFs) on Ni(211) and
Ni(111) surfaces indicate that the TOF on Ni(211) exhibits strong
temperature dependence, whereas Ni(111) is more sensitive to the partial pressure of CH4. Additionally, we found that the step sites
are more active in adsorbing and dissociating water, suggesting that higher water partial pressure improves Ni(211) performance. To
further understand the role of step sites, we extended our analysis by changing the density of the step sites in the KMC lattice, pro-
viding insights into the broader impact of step density on catalytic behavior. These findings contribute to a deeper understanding of
the reaction mechanisms governing MSR on stepped Ni surfaces, offering valuable insights for optimizing catalyst design and improv-
ing hydrogen production efficiency.
KEYWORDS: catalysis, kinetic Monte Carlo, density functional theory, methane steam reforming, nickel, catalytic activity,
structure sensitivity

1. INTRODUCTION

In the global transition toward sustainable energy systems,
hydrogen has gained increasing attention as a clean and efficient
energy carrier, capable of decarbonizing multiple sectors.1

Among all production methods, methane steam reforming
(MSR) remains the most dominant and cost-effective route,
currently responsible for over 95% of global hydrogen
production.2−4 At the industrial scale, the MSR reaction oper-
ates at 600–900 °C and 10–30 bar.5 The relevant pathways
can be classified into four categories: (i) Methane dissociation
(which forms CHx intermediates), (ii) Water dissociation
(which leads to the formation of hydroxyl and oxygen species),
(iii) oxidation pathways (where C and CH react with O and OH),
and (iv) reactions giving rise to the final products (syngas:
CO(g) and H2(g)).

6−8 Nickel (Ni)-based catalysts are widely
used in MSR due to their high activity for C–H scission and rel-
ative affordability.9 However, Ni catalysts are highly susceptible
to carbon poisoning (coking) under MSR operating conditions,
which leads to blockage of active sites, and, in severe cases,
mechanical damage through the growth of carbon whiskers.10,11

Understanding and mitigating coke formation is thus central to

improving catalyst life span and process efficiency. Most mecha-
nistic studies of MSR on Ni have focused on the flat Ni(111) sur-
face due to its thermodynamic stability.12−14 However, growing
evidence from experiments and density functional theory (DFT)
calculations suggests that stepped surfaces such as Ni(211) are
more reactive and play a critical role in initiating carbon nucle-
ation and whisker growth.15,16 The under-coordinated atoms at
step edges are more prone to hydrocarbon decomposition, mak-
ing the Ni(211) facet especially relevant for understanding coking
behavior.
DFT investigations of key MSR elementary reactions on

Ni(111) and Ni(211) indicate that, for most steps, the
Ni(211) surface has lower activation barriers than Ni(111).
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Nevertheless, DFT models are inherently limited by the
assumptions of 0 K temperature and vacuum conditions, and
thus, fail to capture the reaction kinetics under the operating
conditions of MSR. More generally, recent work by Lozano-
Reis et al.,17 has shown that the dominant reaction mechanism
inferred from static DFT energetics may differ substantially
from the results obtained via kinetic modeling under realistic
catalytic conditions once coverage effects, site availability, and
pathway competition are explicitly taken into account. This
highlights the limitation of assigning the dominant catalytic
pathway from DFT energetics alone in complex reaction net-
works, and further motivates the use of kinetic modelling
approaches. In order to study the influence of operating condi-
tions, Blaylock et al. developed a DFT-parameterized mean-
field microkinetic model (MKM) that provided an integrated
description of three facets Ni(111), Ni(100) and Ni(211).18

Their multifaceted scheme reproduced overall methane-
conversion trends better than a terrace-only model, confirming
the catalytic relevance of step sites.

However, the same study also underscored the intrinsic lim-
itations of the mean-field approach: (i) aside from empirical
corrections to the adsorption energies to indirectly account
for C*–C*/CH*–CH* adsorbate-adsorbate lateral interactions,
such interactions are otherwise neglected, even though cover-
ages on Ni(211) and Ni(100) were substantial; (ii) by averag-
ing over all surface sites it neglects the spatial fluctuations that
are responsible for whisker-carbon nucleation and step block-
ing. This limitation is further exemplified in the recent work
by Gracia et al.,19 which systematically compared mean-field
microkinetic model results with CE-based KMC simulation pre-
dictions for CO2 hydrogenation on Ni(111). It was thus shown
that while the two approaches are in closer agreement at low
surface coverages, KMC is a more reliable method for predict-
ing accurate kinetics under high-coverage conditions where
adsorbate interactions and spatial correlations play a critical
role. These shortcomings motivate the adoption of higher-
fidelity techniques, such as the graph-theoretical kinetic
Monte Carlo (KMC),20−23 which captures explicitly spatial
inhomogeneities, treats lateral interactions in detail using cluster
expansion Hamiltonians and Brønsted-Evans-Polanyi relations,
and captures complex chemistries between adsorbates in detail.

In this work, we develop a first-principles-based KMC model
to elucidate the MSR kinetics on Ni(211) as well as other
stepped surfaces, and draw a comparison against Ni(111),
which contains only terrace sites. By simulating the perfor-
mance of these surfaces across varying temperatures and partial
pressures, we conduct sensitivity analyses to understand how
the oxidation pathways are influenced by reaction conditions.
We find that the TOF of MSR on Ni(211) exhibits a strong
temperature dependence, whereas the TOF of MSR on
Ni(111) is more sensitive to pressure variations. At industrial
operating conditions, the MSR TOFs on Ni(111) surface were
predicted to be much higher than Ni(211) due to the lower
levels of surface coverage. Additionally, step sites demonstrate
a greater ability to adsorb and dissociate water, suggesting that
higher water partial pressure improves Ni(211) performance,
while it reduces Ni(111) performance. Furthermore, KMC flux
analysis was carried out to identify the dominant reforming
pathways on the Ni(111) and Ni(211) surfaces. Moreover, by
combining insights from both facets, this study provides a step
toward modelling the realistic behavior of Ni nanoparticles,
which inherently expose a mix of terrace and stepped sites.

These results provide a deeper insight into the mechanism by
which step sites alter the MSR kinetics.

2. METHODS

2.1. DFT Calculations

In this study, all DFT calculations were performed using the Vienna
Ab initio Simulation Package (VASP) 5.4.4.24−26 The exchange-
correlation component of the Kohn-Sham theory was approximated
by employing the Perdew-Burke-Ernzerhof (PBE) functional, and dis-
persion (van der Waals) interactions were included using the D3
method.27 This choice was based on the results of the benchmarks
by Yadavalli et al.,28 who identified PBE-D3 as a suitable functional
for capturing the MSR and coking chemistries on the Ni surface. The
clean slab DFT model consists of a 6-layer p(3 × 4) supercell of
Ni(211), with the bottom three layers frozen, the top view of the lattice
is depicted in Figure 1a. Periodic slab images were separated by 16 Å of
vacuum, and a dipole correction was applied to all slab calculations.29

The electronic step tolerance was set to 10−7 eV. Furthermore, the
conjugate gradient optimization technique was utilized, aiming to con-
verge the forces acting on each atom to less than 0.01 eV/Å. The plane
wave energy cutoff was set to 400 eV, and the projector augmented
wave (PAW) method30 was adopted to model the interactions between
core and valence electrons. The Brillouin zone was sampled using a
6 × 5 × 1 Monkhorst-Pack k-point grid.31

The transition state (TS) search calculations were conducted by
using the ML-NEB module of CatLearn32−34 and the Dimer method.35

Furthermore, the identified TS geometries (saddle points in the poten-
tial energy surface) were refined by using the quasi-Newton method36

and validated by performing vibrational analyses. The latter clearly
show that all of the TS structures only have one imaginary mode,
which represents the bond stretching for the corresponding elementary
event of MSR (refer to Table S1). All crystal structure manipulations
and data analysis were carried out using the Python Materials
Genomics package (pymatgen)37 and the Atomic Simulation
Environment (ASE).38 The MSR DFT dataset of Ni(111) was
obtained from a previous study.39

The formation energies of the adsorbates were computed using as
reference states the corresponding clean slab (e.g. Ni(111) or
Ni(211) as appropriate), as well as CH4(g), H2O(g) and H2(g) as
the reference gas species. In eq 1, EFA is the formation energy of
adsorbate A, EDFT

A+slab is the DFT energy of the adsorbate-Ni slab system,
EDFT
slab is the DFT energy of the Ni clean slab, EDFT

CH4(g), EDFT
H2(g), and EDFT

H2O(g)

represent the gas-phase DFT energies of methane, hydrogen, and water,
respectively:

EFA = EA + slab
DFT −EslabDFT − ðnECH4ðgÞ

DFT +mEH2ðgÞ
DFT + rEH2OðgÞ

DFT Þ (1)

The stoichiometry between the adsorbate’s atoms and those of the
gas-phase reference species is balanced out using the real numbers
n, m and r. For instance, the formation energy calculation of the CHO
adsorbate would have n = 1, m = −2.5, and r = 1.

2.2. KMC Calculations

All kinetic simulations were conducted using the Zacros software,21

which implements the graph-theoretical KMC approach to model com-
plex chemistries on the surfaces of heterogeneous catalysts. In Zacros,
adsorbate-adsorbate lateral interactions are captured using cluster
expansion (CE) Hamiltonians, and the influence thereof on the activa-
tion energies of elementary events are modeled via Brønsted-Evans-
Polanyi relations.22 The rate constants for each elementary step are
computed by employing the transition state theory (TST). Under
the TST formulation, the pre-exponential factors involve (quasi)parti-
tion functions of reactants and transition states.21,40 Thus, the partition
functions of gas-phase species were computed using the free translator,
rigid rotor, and harmonic oscillator models, while, for adsorbed species,
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the harmonic oscillator model was employed to estimate the relevant
partition functions.

The preparation, data analysis, and visualization of the KMC simu-
lations were carried out using ZacrosTools.41 In contrast to traditional
MKM models, on-lattice KMC models retain the spatial information
on site connectivity, adsorbate lateral interactions, and spatial correla-
tion effects. Based on the DFT results, the stable adsorption sites for
MSR species on Ni(211) are the step-top, step-bridge, and the four-
fold step-hollow. For simplification, the step-top and step-bridge sites
are grouped together as a single “step site” in the KMC model, as
shown in Figure 1a. Similarly, on Ni(111), reactions occurring at either
bridge or hollow sites are treated as occurring on a single “terrace site.”
Additionally, the terrace sites on Ni(211) are assumed to exhibit iden-
tical energetics and reactivity as those on Ni(111). Accordingly, in the
stepped-surface KMC models, terrace-site reactions and energetics are
taken from the Ni(111) dataset, whereas step-site reactions and ener-
getics are taken from the Ni(211) dataset. Thus, the Ni(211),
Ni(533), and Ni(11 9 9) models all combine Ni(211)-based step
chemistry with Ni(111)-based terrace chemistry. The difference among
these stepped models lies in the density and geometric arrangement of
step and terrace sites in the lattice.

As a result, the Ni(211) KMC unit cell includes three distinct site
types: step site, step-hollow site, and terrace site, while the Ni(111)
KMC model contains only the terrace site. Repeating the unit cell
10 × 10 times for Ni(211) and 13 × 13 times for Ni(111) yields lat-
tices with 300 and 338 sites, respectively, as shown in Figure 1.

The MSR reaction network is depicted in Figure 2 , while the detailed
list of the 74 reversible elementary processes is provided in Tables S1
and S5. Specifically, Table S1 contains the gas-surface and surface reac-
tion steps, whereas Table S5 lists the diffusion events, giving a total of
10 adsorption/desorption steps, 26 surface reactions, and 38 diffusion
steps.

Since the MSR reaction network features numerous adsorbates, the
number of possible adsorbate-adsorbate interaction terms (patterns)
can be very large, but not all such patterns would be relevant in the
KMC simulations. Thus, to keep the KMC models simple yet relevant,
the following interactions were accounted for: (1) pairwise interactions
between species involved in a bimolecular reaction; (2) lateral interac-
tions among high-coverage species; and (3) interactions between pairs
of adsorbates—often involving high- and low-coverage species—that
appeared frequently in preliminary simulations. As a result, the energet-
ics model incorporates 29 one-body terms (refer to Table S3) and 115
two-body terms (refer to Table S4). In Zacros, the influence of lateral
interactions on energy barriers is handled using the Brønsted-Evans-
Polanyi relations which are linear expressions of the activation energy
and the energy of reaction in the presence of spectators.22,42

For the MSR reaction on each facet, we evaluated the turnover fre-
quency (TOF) for all possible products (H2, CO and CO2), as well as
selectivity and site-specific adsorbate coverage, over a wide range of
temperatures (600–1300 K) and total pressures (0.01–10 bar) at a
specified methane-to-water ratio. These results were visualized as heat
maps by sampling the temperature linearly and the pressure

Figure 1. The DFT lattice and KMC lattice model used in this study. (a) Top view of the Ni(211) surface (left), where different symbols represent
three distinct adsorption sites: step, step-hollow, and terrace. Dashed circles indicate step-bridge sites, which are coarse-grained into step sites (solid
circles). The dashed parallelogram outlines the DFT surface unit cell, while the solid parallelogram indicates the KMC lattice unit cell. The corre-
sponding KMC lattice model is shown on the right. (b) Top view of the Ni(111) surface (left) and the corresponding KMC lattice model (right).
Terrace bridge sites and hcp/fcc hollow sites, shown as dashed triangles in the atomistic model, are coarse-grained into terrace sites (solid triangles) in
the KMC lattice. The dashed outline indicates the DFT surface unit cell, while the solid outline indicates the KMC lattice unit cell.
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logarithmically in a 10 × 10 grid (i.e., 100 KMC simulations per
methane-water ratio on each facet). To address the time-scale disparity
problem in KMC, we employed a dynamic scaling algorithm that accel-
erates the simulation on the fly. Additionally, we raised to 0.40 eV the
energy barriers for all symmetric diffusion steps that had barriers below
0.40 eV. Tests verified that this adjustment does not alter the simula-
tion results apart from enabling a faster approach to steady state.43

Each KMC simulation was conducted for up to 72 h of real time or
until 50,000 s of simulated time was reached, whichever occurred first.
To confirm that all simulations had attained steady-state (stationary)
conditions, ZacrosTools implements a dedicated function that auto-
mates this task, which was employed in our studies (see Note S1 in
the Supporting Information for additional details on this procedure
and the parameters used in the dynamic scaling algorithm). Due to
the large number of KMC simulations required for this study, only a
single simulation was carried out for each set of operating conditions
(water pressure, methane pressure, and temperature). Nevertheless,
in view of the long KMC times attained and the rigorous detection
of steady-state conditions, conducting multiple replicas for each param-
eter set is not necessary.

3. RESULTS AND DISCUSSION

3.1. MSR Pathways on Ni(111) and Ni(211)

We start by systematically comparing the DFT-predicted energy
barriers for the MSR elementary events on the Ni(211) and
Ni(111) surfaces. As illustrated in Figure 3, the Ni(211) surface
exhibits higher reactivity for most elementary steps, notably
including methane activation—commonly regarded as the
rate-determining step of MSR at certain conditions.44,45 Note
though that these observations are based on just the activation
barriers; kinetic simulations are subject to additional effects,
e.g. availability of reactive intermediates on the surface and cov-
erage effects, which may alter these trends. Nevertheless, the
trends emerging from Figure 3 align with expectations of the
behavior of stepped surfaces, where the undercoordinated sites
would facilitate bond cleavage. A particularly striking example is
the CH dissociation step, which has a substantially lower energy
barrier on Ni(211) (0.72 eV) than on Ni(111) (1.31 eV),
potentially exacerbating catalyst poisoning due to facile carbon
formation. In contrast, formation and dissociation of CHOH
follow the opposite trend, demonstrating higher barriers on
Ni(211).

This pattern is consistent with earlier reports on dry methane
reforming,46 which proceeds through a mechanism similar to
that of MSR. Generally, Ni(211) lowers the energy barriers
for most steps, with the notable exception of CHOH

formation/dissociation. Four main competing pathways con-
tribute to CO generation: (i) direct C* oxidation, which has rel-
atively large activation energies (1.74 eV on Ni(211), 2.28 eV
on Ni(111)) and thus likely becomes significant only at ele-
vated temperatures; (ii) CHO‐mediated CO formation, involv-
ing CH* + O* to form CHO* (1.44 eV on Ni(211), 1.51 eV
on Ni(111)) followed by facile CH bond cleavage towards
CO and H (0.05 eV on Ni(211), 0.18 eV on Ni(111)); (iii) a
COH‐mediated route requiring two steps—formation of
COH* by oxidizing C* with OH* (1.82 eV on Ni(211),
1.41 eV on Ni(111)), then OH bond cleavage to produce CO
(0.49 eV on Ni(211), 0.91 eV on Ni(111)); and (iv) the
CHOH pathway, whereby CH* and OH* species react to form
CHOH* (2.17 eV on Ni(211), 1.45 eV on Ni(111)), which
undergoes O–H/C–H bond dissociations to yield CHO*/
COH* intermediates. Notably, Ni(211) favors the C oxidation
pathway, whereas Ni(111) favors pathways proceeding via the
CHOH intermediate. Because of these competing pathways,
identifying a single dominant CO forming route solely from
DFT-predicted energy barriers is not straightforward.
Moreover, as noted earlier the DFT model does not account
for coverage effects, which strongly influence MSR kinetics.
Thus, a KMC model is required to establish the dominant
reforming pathway(s) under realistic MSR operating
conditions.

3.2. Kinetic Modelling of MSR

3.2.1. Activity and Selectivity Trends. We proceed by
comparing the KMC simulation results for MSR on Ni(211)
and Ni(111) under industrially relevant conditions, which
include temperatures ranging from 600 to 1300 K, total pres-
sure varying from 0.01 to 10 bar, and a reactant molar ratio of
CH4:H2O = 1:3 in the feed. As shown in Figure 4, the highest
TOFs are obtained at the highest values of temperature and
pressure (1300 K and 10 bar), which is in line with the indus-
trial operating conditions.18 The KMC-predicted TOFs deviate
significantly from the trends suggested by DFT-based energy
barrier comparisons alone. According to the DFT predictions,
Ni(211) should exhibit higher reactivity due to its lower activa-
tion energies for most elementary steps. However, as shown in
Figure 4a,b, the H2 turnover rates of Ni(211) predicted by
KMC are consistently lower than those of Ni(111) at high tem-
peratures and pressures.
This discrepancy can be attributed to coverage effects, partic-

ularly surface poisoning. As shown in Figure 4b, on Ni(211),
extensive poisoning (high species coverages) is observed

Figure 2. The key elementary events of MSR on Ni surfaces. CO2 formation is excluded since it is a side reaction in the MSR reaction network.
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regardless of operating conditions. The step hollow sites are
heavily occupied by carbon species (∼50%), while step sites suf-
fer from CH* poisoning, reaching over 60% coverage at low
temperatures, with this poisoning effect only partially alleviated
at higher temperatures. Terrace sites also experience significant
poisoning by CH* under low-temperature/high-pressure condi-
tions and by C* at high temperatures/low pressures, as shown
in the coverage and phase diagrams of Figure 4a. In contrast,
Ni(111) maintains significantly lower levels of poisoning (less
than 40% above 800 K), thereby exhibiting sustained catalytic
activity (refer to Figure 4a). The origin of this poisoning lies
in the high C-H bond cleavage activity on Ni(211), which pro-
motes rapid accumulation of CH* and C* species—especially
at step sites—ultimately blocking access to active centers and
limiting the overall reaction rate. Despite the TOFs of H2 on
Ni(211) being lower than those on Ni(111), the former surface
is predicted by KMC to exhibit better selectivity towards CO.
Indeed, the heat maps show that CO2 is not produced on
Ni(211) but is generated on Ni(111) under a broad range of
conditions. This can be explained by the prohibitively high bar-
rier (3.90 eV) for CO* and O* to form CO2 on Ni(211); on
the contrary, the barrier for this reaction is much lower
(1.62 eV) on Ni(111).

Furthermore, the comparison of TOF trends between two
facets shows distinct sensitivities: Ni(111) exhibits a stronger
dependence on partial pressure, while Ni(211) displays more
pronounced temperature dependence. This behavior is quanti-
fied in Figure 5a using Spearman correlation coefficients
(detailed equations are shown in Note S2 in the SI), which
measure the strength and direction of monotonic relationships
between variables. The analysis reveals that temperature plays

an important role in determining the TOFs on both surfaces,
with Ni(211) showing greater sensitivity to temperature
changes. In contrast, the partial pressure of CH4 exerts a stron-
ger positive influence on the TOFs of both H2 and CO on
Ni(111) than on Ni(211), whereas the partial pressure of
H2O has a more pronounced effect on the CO and H2 TOFs
in the Ni(211) system compared to Ni(111).
To explain these trends, we note that Ni(111) exhibits water-

induced surface poisoning at low temperatures, suggesting a sat-
uration effect and a limited ability to dissociate H2O under such
conditions. Although the activation energy barriers for water
dissociation are similar on both surfaces, the water adsorption
energy on the undercoordinated step sites of Ni(211) is much
lower than that on Ni(111) (as shown on Table S1), indicating
that Ni(211) has a greater capacity for water adsorption (more
negative adsorption energy means greater stability, as per the
convention used herein). Indeed, Figure 5b,c show that, under
high-pressure conditions, both the Ni(211) step and terrace
sites are active for water adsorption and dissociation, with the
step site showing slightly higher activity. This distinction
becomes particularly evident when evaluating the effect of vary-
ing the CH4:H2O feed ratio. As shown in Figure 6, increasing
the partial pressure of water leads to a marked improvement
in the H2 TOF on Ni(211), eventually surpassing the perfor-
mance of Ni(111). This trend highlights the superior water dis-
sociation capability of Ni(211), which compensates for its
carbon poisoning under specific operating conditions and
enables enhanced H2 production at higher steam
concentrations.
3.2.2. Dominant Pathways. We have analyzed the domi-

nant MSR pathways at 1300 K and 10 bar (this point lies within

Figure 3. The difference in the energy barriers for the MSR elementary steps between Ni(211) (ΔE≠Ni(211)) and Ni(111) (ΔE≠Ni(111)). Values
shown above or below each bar correspond to the barriers on Ni(211) (black) and Ni(111) (gray), respectively. The bar color indicates whether
the barrier difference is positive or negative, with green representing positive values and red representing negative values, while the color intensity
reflects the magnitude of this difference. All barrier values are in electron volts (eV) and exclude zero-point energy contributions. For cases with
two reactants, the barriers are calculated from an initial state where the reactants are infinitely separated (i.e., no lateral interaction). The symbol
“*” indicates an empty site, and a species labeled with “*” in the superscript is an adsorbate on the Ni surface, while “(g)” denotes gas phase species.
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the operating condition range of MSR) for varying CH4–H2O
ratios, and the results are summarized in Figure 7. Ni(111)
exhibits a higher overall reforming rate under low water partial
pressure conditions, whereas Ni(211) outperforms Ni(111) at
CH4:H2O = 1:7, where no reforming reaction occurs on
Ni(111) due to severe surface poisoning by oxygen and OH
species. Increasing the partial pressure of water enhances the
performance of both surfaces. Notably, Ni(211) shows a signif-
icant improvement at CH4:H2O = 1:10, which is consistent
with its strong water dissociation capability.

As discussed previously, DFT calculations of Ni(211) show
that the CHO-mediated route has the lowest energy barrier,
followed by direct CO formation (C* + O* → CO*), and
finally the COH pathway. In contrast, the KMC flux analysis
shows that oxidation pathways that consume C* are favorable,
namely direct CO formation and the COH route. As shown
in Figure 7a, at CH4:H2O = 1:1, the COH pathway is

predominant. The decomposition of the Ni(211) contributions
further shows that CO and COH formation are mainly associ-
ated with step sites, whereas CHOH formation and most of
the CHO formation contribution originate from terrace sites.
For higher water partial pressures, the dominant pathway shifts
toward direct CO formation, and at a ratio of 1:5, the contribu-
tion of the CHO pathway to the total rate surpasses that of the
COH pathway. This is because higher water partial pressure
leads to increased O* coverage on the surface, which promotes
both the CO and CHO pathways. For Ni(111), the DFT pre-
dicted energy barriers for the CHO and COH pathways are
comparable, whereas direct CO formation is significantly less
favorable energetically. Coverage plots on Figure 4 reveal that
CH* dominates the surface below ∼1000 K, indicating sluggish
oxidation thereof at low temperatures. At higher temperatures,
CH* coverage decreases sharply, and the CHO pathway
becomes more dominant. Under the examined conditions, the
CHO route remains the primary oxidation pathway on
Ni(111), followed by the COH pathway. This result is consis-
tent with previous studies.47 The CHOH-mediated pathway is
essentially inactive on both facets. On Ni(211), the forward bar-
rier for CHOH formation is prohibitively high, while in the case
of Ni(111), even though this species can form, the reverse bar-
rier is only 0.51 eV, causing CHOH* to rapidly dissociate back
to CH* + OH* immediately after formation. As a result, the
conversion of CHOH* into either CHO* or COH* is exceed-
ingly rare. The oxidation pathway analysis shows that Ni(111)
exhibits better resistance to poisoning, as the rate of carbon
removal steps is significantly higher than on Ni(211). This
explains the high carbon coverage observed on Ni(211), which
results from the combined effects of its high CH* dissociation
rate and relatively low reforming activity.
3.2.3. Optimization of Operating Conditions. Given

that the reactivities of Ni(211) and Ni(111) exhibit different
sensitivities to the partial pressures of the two reactants, it is
of particular interest to determine the conditions under which
each surface achieves its highest TOF. To explore this, addi-
tional sets of KMC simulations were performed at 1300 K, for
a range of partial pressures of CH4 and H2O. As shown in
Figure 8, Ni(211) exhibits a maximum TOF for P(H2O) =
10 bar and P(CH4) = 0.8 to 1.0 bar within the range of partial
pressures investigated. This suggests that, for a surface com-
posed purely of repeating step sites, the optimal feed ratio is
CH4:H2O = 1:10, owing to the favorable adsorption and disso-
ciation capabilities of the step sites. In contrast, Ni(111) shows
a maximum TOF (for the parameter region investigated) within
the range of P(H2O) = 10 bar and P(CH4) = 2.1 to 4.6 bar,
indicating an optimal feed ratio of CH4:H2O = 1:3 to 1:5.
Notably, this is consistent with typical industrial operating con-
ditions.2 In line with this, experimental studies on industrial Ni-
based catalysts have reported a clear dependence of carbon for-
mation on the steam-to-methane ratio, with more severe carbon
deposition observed at lower steam contents.48

Since step sites are susceptible to poisoning and exhibit lower
DFT energy barriers for most of the elementary steps of MSR,
we varied the step site density to mimic realistic nanoparticle
surfaces, characterized by different step:terrace site ratios
depending on size, and assessed the significance of step sites.
Figure 9 shows the H2 TOF and surface coverage of terrace site
of two representative cases: (i) Ni(533) which has 2 more ter-
race sites than (211) in the unit cell and contains total number
of 320 sites in its lattice model (ii) Ni(11 9 9) which has 8 more

Figure 4. The heat maps for turnover frequencies, coverages, and
dominant species for (a) Ni(111) and (b) Ni(211) at a reactant feed
ratio of CH4:H2O = 1:3. The first row shows TOFs of the products,
and the second row shows the total coverages on different sites over
a large range of temperatures and pressures. Finally, the phase diagram
shows the dominant species on the surface.
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repeated terrace sites in the unit cell and contains total number
of 275 sites in its lattice model (detailed lattice models and cov-
erages of other two types of sites can be found in Figures S2
and S3). Both of the KMC simulations are performed at 1300
K, 10 bar, and a CH4:H2O ratio of 1:3. The results indicate that
increasing the number of step sites leads to reduced TOFs and
more severe poisoning, in good agreement with previous theo-
retical and experimental studies,6,11,49 which have focused either
on imaging individual particles or on local energetics at ideal-
ized step and terrace sites. Our results also reveal that carbon
formed at steps can diffuse onto neighboring terraces and poi-
son them, explaining the increase in terrace carbon coverage
in the presence of step sites on the surface. Since coke forma-
tion is not treated explicitly in the model, the results presented

are relevant to the early stages of the reaction, during which
coke precursors are emerging but have not yet started coupling
towards graphene-type islands. Ongoing research in our lab is
focusing on the subsequent coking chemistry, which presents
significant challenges due to the complexity of the underlying
pathways.

4. CONCLUSIONS

Although the MSR reaction on Ni surfaces has been widely
investigated, the effect of Ni step sites on the MSR kinetics is
not well understood. In this work, we elucidate the effect of
these sites by using Ni(211) as a model surface and drawing
comparisons against the Ni(111) surface. DFT calculations

Figure 5. (a) Spearman correlation coefficients for TOFs on Ni(211) and Ni(111) as a function of temperature and partial pressures. Higher values
indicate a stronger monotonic trend between the TOF and the influencing variable. (b) Process statistics of water-involving reactions on Ni(211) at
1067 K and 10 bar. The labels “tt” and “ss” indicate that the elementary step occurs on terrace and step sites, respectively. (c) Same as in panel (b),
but at a lower total pressure of 0.05 bar.

Figure 6. Differences in the TOF of H2 between Ni(111) and Ni(211) surfaces for the following CH4:H2O gas feed ratios: (a) 1:1, (b) 1:2, (c) 1:3,
(d) 1:4, (e) 1:5, (f) 1:7. Blue indicates Ni(111) has better TOF, while red indicates Ni(211) has better performance. As the partial pressure of water
is increased, the H2 TOF of Ni(211) becomes larger than that of Ni(111).
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show that Ni(211) is more reactive for most MSR elementary
steps. However, KMC simulations that explicitly include both
step and terrace sites and the full MSR reaction network reveal
that the H2 TOFs on Ni(211) are lower than those on Ni(111)
at industrial operating conditions, primarily due to carbon poi-
soning. To further understand this behavior, we conducted
high-throughput KMC simulations over a broad range of
conditions—varying the partial pressures of water and methane,
as well as the temperature. The results show that the TOF of
Ni(211) is more sensitive to water partial pressure and temper-
ature, while for Ni(111) the parameters with the strongest influ-
ence on TOF are methane partial pressure and temperature.
The KMC flux analysis at different operating conditions indi-
cates that Ni(111) exhibits better resistance to coking than
Ni(211). Additionally, we performed partial pressure scans for

both surfaces and identified their optimal operating conditions.
Finally, our detailed lattice KMC model, which, in addition to
the MSR chemistry takes into account the diffusion of strongly
bound carbonaceous precursors over the entire surface, enabled
us to investigate the effect of the step site density on the MSR
kinetics under industrially relevant conditions. We thus found
that increasing the number of step sites reduces the overall
TOF and enhances surface poisoning, in agreement with the
previously established experimental picture that steps are pre-
ferred coking centers. Crucially, our simulations went beyond
the previous work by providing a direct, site-resolved link
between step density, TOF, and carbon species coverage.
This work provides a deeper insight into the mechanism by

which step sites influence the kinetics of MSR, and demon-
strates that KMC simulation is a powerful tool for evaluating

Figure 7. The contributions of MSR reforming pathways on Ni(211) and Ni(111) surfaces. The net reforming rates associated with different ele-
mentary pathways (CO, CHOH, CHO, and COH formation) are shown as stacked bar plots for both surfaces under varying CH4:H2O ratios.
Panels (a)–(e) correspond to increasing H2O partial pressure (from CH4:H2O = 1:1 to 1:10), at 1300 K and a total pressure of 10 bar. The con-
tributions on Ni(211) are further decomposed into terrace-site contributions (dark colors) and step-site contributions (light colors).

Figure 8. Heat maps of H2 TOF over a range of partial pressures of CH4 and H2O at 1300 K, for (a) Ni(211) and (b) Ni(111).
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catalytic performance. More specifically, the present lattice
KMC treatment shows that step sites are not always enhancing
surface reactivity; their presence can become detrimental under
working conditions because they promote local poisoning and
reduce the population of kinetically productive sites. By explic-
itly resolving the local surface environment that develops
dynamically under reaction conditions, the present KMC
approach goes beyond previous mean-field treatments and pro-
vides a more realistic understanding of how different active
surfaces perform, thereby aiding catalyst design and reaction-
condition optimization.

Future research efforts could focus on incorporating carbon
growth mechanisms—such as the formation of carbon chains,
carbon rings, or complex CxHy structures—into the KMC
models. This extension could simulate the nucleation process
of carbon whiskers and provide a more comprehensive under-
standing of the coking and poisoning mechanisms. In addition,
a more complete analysis of the water-gas shift (WGS) reaction
under steam reforming conditions would require an expanded
reaction network including the missing CO2-related elementary
steps and key intermediates, such as COOH*, HCOO*, and
their associated hydrogenation/dehydrogenation reactions,
which are beyond the scope of the present MSR-focused model.
Moreover, with a detailed model of carbon growth and a more
complete treatment of WGS chemistry, it would then be possi-
ble to identify next-generation Ni-based catalysts (such as
single-atom alloy, bimetallic, and trimetallic catalysts) that
exhibit high activity and stability.
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