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Steel production accounts for about 8% of global CO2 emissions, making it a major contributor to global
warming. Direct reduction of iron ores with hydrogen offers a promising mitigation strategy. Understanding the
atomistic interactions between solid oxides and hydrogen is crucial for scaling this technique to the near 2

FeO . billion-ton annual production. This study uses molecular dynamics simulations to explore the interactions of
Molecular dynamics . . . . . .
ReaxFF solid wiistite (FeO) with hydrogen. The redox process follows a reactive force field model (ReaxFF), revealing key

atomistic dynamics and complex reactions. The results show that hydrogen dissociates into atomic form at the
oxide surface, binding to the outermost oxygen ions. The oxygen content in FeO drops from 50% to 28% at the
interface after 1120 ps, forming an oxygen ion gradient. Oxygen ions diffuse outward, reacting with hydrogen to
form water. Hydrogen atoms migrate through FeO while maintaining a bond distance of ~1.0 A from oxygen.
Hydrogen diffusion at the solid—gas interface ranges from D = 20-200 A%/ps, while in the solid FeO, it drops to D
< 5 A%/ps. Oxygen ion diffusion is significantly slower than hydrogen, making oxygen transport the rate-limiting

step. These insights provide guidance for optimizing green steel production using hydrogen.

1. Introduction

The steel industry is responsible for about 8% of global CO, emis-
sions or, respectively, one-third of all industrial CO; emissions. This
qualifies steel production as the largest single contributor to global
warming, thus creating an urgent decarbonization challenge (Raabe,
2023; Raabe et al., 2019). This is due to the fact that 75% of the demand
for reducing agents and energy is met by fossil fuels in today’s steel
sector (IEA, 2022). In the next two decades, this decarbonization chal-
lenge is expected to grow owing to a further increase in the global steel
demand by 20-25%. This rise is fueled by the need for more than
thousand types of steel grades in construction, industrial infrastructure,
transport, power plants, advanced machinery, and numerous safe-
ty—critical components. Nowadays, 70% of the global iron and steel is
made via integrated blast furnaces and basic oxygen furnace production,
using fossil sources as reductants and fuels, creating 80% of all CO,
emissions in steel making. At global average this carbon-based inte-
grated steel production route generates ~1.8 tons of CO; per ton of steel
(Vogl et al., 2018). Therefore, renewable and carbon-lean reductants
and energy sources are necessary to replace their fossil-originated
counterparts. In this context, hydrogen-based extractive metallurgy is

* Corresponding authors.

an attractive solution because its associated redox by-product is HoO
instead of COq, thus directly targeting the hard-to-abate part in steel
production, namely, the extraction of iron from its oxides. In the realm
of hydrogen-based reduction methods, solid-state direct reduction of
iron oxides with hydrogen stands out as a promising and scalable option
(Spreitzer and Schenk, 2019; Souza Filho et al., 2022; Sastri et al., 1982;
Chen and Zuo, 2021). The natural-gas-based direct reduction technology
is currently, where steam reforming is nowadays providing the Co + Hy
reductant gas mixture is well established and mature. Some of the un-
derlying knowledge can be transferred to hydrogen-based direct
reduction, and huge corresponding investments are underway around
the globe (Vogl et al., 2018; IEA, 2020). Moreover, scalability is
particularly relevant as forecasts anticipate a global steel demand of
approximately 2.5 billion tons annually by about 2040 (Raabe, 2023;
Raabe et al., 2019). Future sustainable ironmaking approaches are ex-
pected to meet such a huge demand.

Previous studies have revealed that hydrogen reduces iron oxides
much faster than carbon monoxide does (Spreitzer and Schenk, 2019; El-
Geassy and Nasr, 1988; Gallegos and Apecetche, 1988; Weiss et al.,
2009; Zhang et al., 2016; Bonalde et al., 2005). Particularly, hydrogen
offers a substantial kinetic advantage over carbon monoxide in the early
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stages of reducing hematite to magnetite and then to wiistite. Experi-
mental results showed that the rate of hematite reduction by hydrogen
was about two times faster than the reaction with carbon monoxide
(Bonalde et al., 2005). However, this kinetic advantage diminishes in the
final reduction step, i.e., from wiistite (FeO) to iron. The reduction ki-
netics is one order of magnitude slower than the initial hematite
reduction. Thus, the reduction of wiistite to iron is considered to be the
rate-limiting step (Halder and Fruehan, 2008); substantially lowering
the efficiency of green steel production (Zhang et al., 2022; Meshram
et al., 2023; Chen et al., 2019; Piotrowski et al., 2005; Turkdogan et al.,
1971; Turkdogan and Vinters, 1971). This sluggish reduction behavior
has been suggested to be due to the slow outbound oxygen transport
through the iron layer that forms around the remaining wiistite (Bonalde
et al., 2005; Kim et al., 2021; Bai et al., 2022; Pineau et al., 2007; Ma
et al., 2022; Ma et al., 2022; Dang et al., 2013). This is a plausible
explanation because the nucleation barrier to form the cubic wiistite in
the likewise cubic magnetite is very small between these two phases
because the ionic oxygen lattice is the same for the two crystal structures
and the interfaces between them seem to be essentially coherent. This
means that the formation of wiistite inside of the magnetite proceeds
essentially through local reshuffling of the iron ions, while the oxygen
iron lattice remains unchanged. This leads us to the question, if the high
reduction rates observed when using hydrogen instead of carbon mon-
oxide as a reductant, might be instead related to the fast diffusion of
hydrogen and not to differences in the nucleation rates or in the ener-
getics of the reaction. The later aspect can also be ruled out as a main
reason for reaction acceleration, due to the discrepancies in the under-
lying driving forces. This can be readily seen from the fact that the
driving force for the redox reaction FeO + CO — Fe + CO» (likewise for
the other oxides) does not only exceed the one for hydrogen based
reduction along the redox equation FeO + Hy — Fe + H3O, but the
former is also exothermic while the latter one is endothermic, i.e. the
hydrogen-based reaction requires external heat to be added.

Similar findings about the dominance of transport over energetics
when it comes to hydrogen based direct reduction were also made in
atomic-scale experiments. For instance, with the recent progress in
reactive and quasi-in-situ atom probe tomography (APT) in terms of
sample preparation, reaction hub treatment and specimen workflows
under maintained UHV (Ultra-high vacuum) and cryogenic conditions in
conjunction with the use of labeled hydrogen (i.e. deuterium), studying
the reaction process at near-atomistic scale has even become possible in
experiments (Stephenson et al., 2018; Sun et al., 2021; Zhao et al., 2022;
Ma et al., 2023). Using APT, El Zoka et al. (El-Zoka et al., 2023) observed
the reduction of wiistite by deuterium at the near-atomic scale, the
formation of oxygen vacancy clusters, the relationship between gangue-
elements and water formation and the evolution of nano-sized pores
filled with heavy water D0O. The latter phenomena were also experi-
mentally observed by electron diffraction and explained by phase field
simulations by Zhou et al. (Zhou et al., 2023).

These findings and considerations suggest that the transport phe-
nomena behind hydrogen based direct reduction seem to be critical.
Irrespective of the progress sketched above, monitoring the elementary
transport and reaction processes directly in real-time and at single-
atomic resolution has remained challenging using experimental tech-
niques alone, as the reduction reaction occurs at high temperatures
(>873 K) and some of the rate controlling steps happen at picosecond
time scales.

This has motivated the current study, namely, taking a theoretical
approach at these questions. The molecular dynamics (MD) simulation
approach provides a particularly suited method to studying these
elementary mechanisms, capable of directly revealing the atomic in-
teractions and ion dynamics in such a complex reactive three-
component (Fe, O, H) multibody system, within the limits of the val-
idity of the interatomic potentials being used. Moreover, the reactive
force-field (ReaxFF) MD method (Ai et al., 2021; Zou and Van Duin,
2012) enables modeling chemical features of the reactions (e.g., bond
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breaking, bond formation, charge transfer, charge state) in large-scale
atomic redox systems (Van Duin et al., 2001). Based on a bond-order-
based force field, it combines certain quantum mechanical potential
aspects with the adiabatic Born-Oppenheimer-type Newtonian MD
method for simulating kinetics (Aryanpour et al., 2010). Naturally, this
method trades thermodynamic accuracy for lower computational
expense, making it possible to reach simulation scales that are orders of
magnitude beyond those accessible to quantum mechanical simulations.
Unlike traditional force-field methods, the ReaxFF approach does not
explicitly define bonds but uses bond orders to allow for continuous
bond formation and breaking (Van Duin et al., 2001). It has been shown
that the ReaxFF method can simulate certain reaction-critical features of
redox systems, even for reactions involving transition metals, which are
typically challenging to handle for classical force-field methods (Wang
and Wang, 2018; Rusalev et al., 2022). Previous studies employing
ReaxFF molecular dynamics have modeled the gas—solid reduction of
iron oxides with limited system sizes and simulation durations (Cheng
et al., 2023). These constraints primarily enabled observations of gas
adsorption on the crystal surface. However, the concentration gradients
of O, the penetration depth of H, and the long-time evolution of atomic
neighbor relationships had not been captured in earlier works, due to
system size limitations (Cheng et al., 2023; Thijs et al., 2023).

To address these challenges and more realistically capture the
reduction process of iron oxides, this study employs a significantly larger
system with 375 thousand atoms, representing the largest atomic-scale
model used to date for this type of reduction reaction. The elementary
atomistic reaction steps that occur during the reduction process of FeO
exposed to molecular hydrogen at a temperature of 1273 K were
investigated using ReaxFF MD simulations. The large-scale model used
in this study enables the observation of some of the elementary phys-
ical-chemical processes, including the formation of near-surface oxygen
gradients, the penetration behavior of hydrogen, and the stepwise
reduction of the uppermost FeO regions, revealing a layered structure
evolution. By extending the spatial and temporal dimensions of the
simulation, our approach captures critical details such as the dynamic
evolution of neighbor relationships and reaction pathways that were
previously inaccessible. Combined with statistical analysis of the indi-
vidual types of reaction rates, the adsorption and dissociation processes
of hydrogen molecules on the surface layer of the FeO single crystal were
revealed, as well as the basic steps of reducing the surface FeO layers
into Fe by atomic hydrogen. With this study, we aim to provide atomistic
insights into the most critical mechanisms of hydrogen-based direct
reduction of iron oxides with hydrogen. Filling this knowledge gap sheds
light on future strategies in leveraging mechanism-based optimization of
process efficiency in terms of pellet design (e.g., sintering, size, perco-
lation, gangue, high-temperature strength, fracture toughness, and
porosity), reductant gas composition (e.g., Hp, CO, CH4, NH3), temper-
ature, and gas pressure. While recent studies, such as Cheng et al. (Cheng
et al., 2025), have employed ReaxFF-MD to elucidate oxidation-induced
microstructural evolution in Fe-based alloys, these works focused pri-
marily on oxygen ingress and mechanical degradation during oxidation.
In contrast, the present study addresses the reverse process—the
reduction of wiistite (FeO) by hydrogen—providing an atomistic
perspective on the early stages of green-steel production. By extending
both the spatial and temporal dimensions of the simulation, our
approach captures the coupled diffusion of hydrogen and oxygen ions,
interfacial charge transfer, and dynamic layer-by-layer reduction
mechanisms that were not accessible in previous oxidation-focused
models. The diffusion coefficients reported here are effective values
extracted over a fixed time window during an ongoing reactive process,
and are used primarily as relative metrics for comparing species mobility
rather than implying a fully steady-state transport regime.
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2. Methods
2.1. Identification of the ReaxFF parameters

ReaxFF (Van Duin et al., 2001) molecular dynamics simulations were
performed using the Large-scale Atomic/Molecular Massively Parallel
Simulation platform LAMMPS (Plimpton, 1995). The total interaction
energy can be expressed as a function of the bond orders that depend on
the atomic distances (Aryanpour et al., 2010).

Etotal = Ebond + Eover + Eunder + Eval + Etor + Elp + EH -bond +
Eyawaals + Ecoulomb(1)where Eponq represents the bond formation en-
ergies. Eqyer and Eypqer quantify the over-coordination penalty and the
under-coordination penalty energy values, respectively. Eor stands for
the torsion angle energies. Ejp and En.pond are the terms of lone-pair and
hydrogen-bond energies, respectively. Eyqwaals and Ecoulomb Serve to
incorporate the non-bonded interactions, namely, van der Waals and
Coulomb interactions, respectively. Eyqwaals and Ecoulomb are computed
for atom pairs, while all other energy terms are calculated for the bond
order between atoms i and j. This basic structure of the ReaxFF formu-
lation offers a number of advantages but also bears some challenges. Its
main advantage lies in dynamically modeling the formation and
breaking of chemical bonds, a feature that provides a more nuanced
understanding of reaction mechanisms and the response of materials
exposed to such redox conditions, bridging the gap between traditional
force fields and quantum mechanical calculations. This balance makes
ReaxFF particularly valuable for studies that require a detailed yet
computationally feasible analysis of complex chemical systems. The
challenge of ReaxFF is the method's reliance on accurately parameter-
ized force fields, which means that developing these parameters for new
materials and reactions is complex and resource-intensive and will
require machine learning methods in the future. Despite being less
computationally demanding than quantum mechanical approaches,
ReaxFF simulations still require significant computational resources,
especially when dealing with very large systems and extended time
scales, such as in this study or when aiming for extended simulation
timescales. These pros and cons must be considered to develop a better
understanding of the limits within which these results can be discussed.

2.2. Validation of the Shin2015 force field parameters in FeO systems

Five different reaction force field parameter sets reported in the
literature (Ai et al., 2021; Aryanpour et al., 2010; Shin et al., 2015; Lu
etal., 2018; Zou et al., 2012) were tested and compared to validate their
ability to fit the dynamics and structure of the Fe-O system. More details
can be found in the Supporting Information. The calculated radial dis-
tribution function (RDF) curves of the Fe-O bond are shown in Fig. S1(a),
while the coordination number (CN) curves are provided as Fig. S1(b) to
characterize the structural properties further. The main characteristics
of simulating the FeO structure using individual force-field potential
parameters are summarized in Table S1. Table. S2 compares the radial
distribution functions of the five potential parameters with the radial
distribution function curves measured by ab initio molecular dynamics
(AIMD), comparing the amount of radical deviation corresponding to
the peaks and the full width at half maximum (FWHM) of the curves,
respectively.

Due to the limitations of the ReaxFF force-field potential parameters,
the results obtained for all potential parameter sets tested show different
error ranges compared with the AIMD results. When taking these errors
of the resulting RDF values as main quantifies and as a basis for the
selection, the Shin2015 parameters have the smallest deviation from the
AIMD results and thus qualify as a suited parameter set for our purpose
(deviation of r = 13.61%, FWHM = -27%). In addition, the Shin2015
parameter set shows the best match of the simulated lattice parameters
to those of the main initial structures for the NaCl type structure in the
temperature range of 300-1273 K. Table. S3 quantifies the lattice
deformation in Fig. S2, and it can be seen that no deformation occurs

Chemical Engineering Science 326 (2026) 123611

along the reaction direction vertical to the surface (z). However, a more
notable lattice deformation occurs in the in-plane directions x and y for
different sets of potential parameters, where the Shin2015 parameter set
shows the smallest lattice parameter change relative to the AIMD results
at 1273 K (Ax = 9.98%, Ay = 0.98%) (The AIMD computational pro-
cedure reference information is given in Supporting Information S1). It
is also worth noting that ongoing research in our group is focused on
developing new force field parameters using machine learning ap-
proaches, which aim to address some of the limitations observed in the
current parameter sets. However, the differences in parameter sets,
while notable, do not critically affect the conclusions drawn in this study
regarding reduction dynamics and structural evolution trends in the
interface region between wustite and Ho.

Therefore, the Shin2015 potential parameters have the highest
applicability for the presently studied system at a temperature range of
300-1273 K. The applicability of this parameter set to Fe-containing
systems has also been tested and evaluated in previous studies (Yao
et al., 2023); (Mohammadtabar et al., 2018). The results of this study,
the enrichment of H atoms at the gas-solid interface and the concen-
tration gradient of O?~ anions in the solid phase, are similar to those
obtained from APT experiments. Due to the aberration errors associated
with the APT method, where the specimen tip also serves as the imaging
lens, the MD simulations of the Fe-O system can, in principle, make
predictions of higher accuracy within the limits of its thermodynamic
fidelity when it comes to structural aspects. When comparing the results
of APT experiments and MD simulations, data normalization is achieved
by Min-Max Scaler in order to compare the enrichment of H atoms at the
interface and the trend of the density gradient of O atoms. Transforming
each feature value to scale from O to 1 based on its minimum and
maximum values. The Min-Max Scaler transfers the original value by:

X — Xmin

Xseater = o 22min_ 2
Scales Xonax — Xonin ( )

where X is the original value, Xpi, and Xpax are the minimum and
maximum values, respectively, and Xscaler is the value after scaling.

While the Shin2015 parameters show the best overall performance
among the tested ReaxFF parameter sets for this study, certain limita-
tions should be acknowledged. One notable limitation of the Shin2015
parameter set, and ReaxFF in general, is its inability to account for
magnetic effects and spin state transitions explicitly.

To further address the limitations of existing force-field parameters,
a series of new machine-learning-based parameter sets tailored for the
Fe-O-H system is currently under development. The results of this work
are expected to be published in the near future.

2.3. Validation of Shin2015 force field parameters in y-Fe systems

y-Fe adopts a face-centered cubic (fcc) lattice structure, while a-Fe
adopts a body-centered cubic (bcc) lattice structure. At room tempera-
ture, pure iron exists in the bec phase (a-Fe). As the temperature reaches
1185 K, o-Fe transitions into the fcc phase (y-Fe). In the present study,
the system temperature is set at 1273 K, and the final reduction product
of FeO is y-Fe. To evaluate the applicability of the Shin2015 parameter
set in simulating the y-Fe lattice, we performed structural optimization
of the y-Fe lattice using this parameter set. Snapshots of the y-Fe lattice
before and after relaxation are shown in Fig. S3(a).

After relaxation, the y-Fe lattice exhibits no significant distortion,
with Fe atoms maintaining a well-ordered arrangement and the original
fcc configuration remaining intact. Further analysis of the radial distri-
bution function (RDF) and coordination number (CN) before and after
relaxation reveals that the RDF peaks show no notable shifts and remain
within the expected range. Moreover, the Fe coordination number re-
mains stable at approximately 12 after relaxation. These results
demonstrate that the Shin2015 parameter set performs well in accu-
rately modeling the y-Fe lattice structure.
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To further evaluate the performance of the Shin2015 parameter set
in simulating reaction processes within the Fe-O system, the oxidation
reaction of y-Fe in an O, environment was simulated (Fig. S4). As shown
in the reaction snapshot (Fig. S4 (a)), the upper region of the y-Fe lattice,
where Fe atoms react with O atoms to form a mixed Fe-O solid phase,
does not exhibit the expected orderly lattice transformation. Instead,
this region becomes disordered. In contrast, the lower region, consisting
of pure Fe, retains its lattice structure with minimal deformation.

Additionally, Fig. S4(b) presents the radial distribution function
(RDF) and coordination number (CN) of the system after the reaction.
These analyses reveal no significant transition indicative of an ordered
lattice structure. The diffusion coefficients of 100 random O in the sys-
tem were calculated in Fig. S4(c), and it can be seen that the diffusion
coefficients of O within the solid-phase region (Fe lattice region) are
extremely small within 10711A2/ps, and it is reasonable to assume that
the majority of the O is stabilized within the Fe lattice after entering the
lattice, and a phase transition reaction may occur. Based on these ob-
servations, we infer that the simulation discrepancies introduced by the
Shin2015 parameter set primarily arise in the interactions between Fe
and O atoms.

2.4. Model construction and simulation procedures

The configuration of the simulation system is shown in Fig. S5. The
in-plane dimensions of the simulation box were 108.00 A x 108.00 A,
while the spatial length normal to the reaction interface separating the
solid from the gas phase was 833.36 A. The FeO slab contained 250,000
atoms with a height of 218.507 A, while the gas phase comprised
125,000 hydrogen atoms, equivalent to 62,500 hydrogen molecules.
Based on the initial conditions (hydrogen molecule count, gas-phase
volume, and temperature of 1273 K), the estimated initial hydrogen
pressure is approximately 805 MPa. The simulation temperature (1273
K, i.e., 1000 °C) was chosen to represent the solid-state reduction regime
relevant to gas-based direct reduction, while keeping a stable wiistite
lattice for transport analysis. The resulting high initial H2 pressure is not
intended to replicate industrial conditions; instead, it provides sufficient
H2 number density and accelerates rare reactive events within the
accessible nanosecond-scale simulation time. This value is distinct from
the dynamic pressures observed during the simulation and highlights a
significant difference compared to earlier nano-scale experiments,
where the maximum partial pressure of H; rarely exceeded a few bars. In
ReaxFF simulations, such extremely high-pressure conditions must often
be imposed in order to achieve faster (and hence detectable) reaction
rates for a limited simulation time. To eliminate finite-size/free-edge
effects, periodic boundary conditions were applied in the two in-plane
directions, x and y. In contrast, fixed boundary conditions were used
in the z direction normal to the reaction plane. A vacuum region with a
thickness of 355 A was added below the FeO region to eliminate
boundary effects in the normal direction. Before the reduction reaction,
test simulations were conducted for both the NPT (at 1273 K and 1 atm)
and the NVT (at 1273 K) ensembles to study the effects of these condi-
tions on the Fe-O lattice structure (Figs. S2 and S6). It was observed that
the FeO structure optimized in the NPT ensemble in the pre-processing
simulation showed a stable crystal lattice structure of FeO at 1273 K. In
contrast, the structure directly pre-processed in the NVT ensemble
produced an incorrect amorphous FeO structure. As experiments show
clear maintenance of the FeO wiistite crystal structure at this tempera-
ture, we have chosen NPT conditions for the pre-processing. More spe-
cifically, the simulated FeO crystal was pre-processed under NPT
conditions at 300 K for 10 ps, and then the temperature was raised from
300 K to the target temperature of 1273 K within a time step of 10 ps
under NPT ensemble conditions. Subsequently, the system was kept at a
constant temperature of 1273 K for 2000 ps before hydrogen molecules
were introduced to the system. The reduction reaction was then carried
out under NVT ensemble conditions at a temperature of 1273 K for 1120
ps. To keep the H; partial pressure of the gas mixture at the top of the
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system constant, HoO molecules diffusing to the top of the simulation
box (~176 A above the reaction interface) were removed every 500
steps (the time step was 0.2 fs). Visualization and post-processing of the
simulation results were carried out using the software packages VMD
(Humphrey et al., 1996) and Ovito (Stukowski, 2009), respectively.

3. Results
3.1. Overadll reduction kinetics

Surface relaxation and sub-surface diffusion are critical phenomena
during hydrogen-based direct reduction, setting the boundary condi-
tions for the local chemical potentials that fuel the overall reaction and
redox processes. Fig. 1a (the yellow rectangular box marks the interfa-
cial spillover zone where O diffuses outward into the gas phase and H
penetrates into the solid phase) shows the diffusion of H,0O molecules
(redox product of the reduction reaction FeO + Hy — Fe + Hy0) from the
surface into the gas phase and the intrusion of hydrogen atoms into FeO
at the beginning of the reaction (10 ps) and after 1120 ps at a temper-
ature of 1273 K. Upon reduction, surface 02~ anions react directly with
the dissociated H atoms, departing next from the FeO surface in the form
of H,0 into the gas phase. After 1120 ps, 9.9% of all O>~ anions were
removed from the immediate outermost FeO surface layer, entering into
the gas phase. Consequently, this transition region got very quickly
depleted in oxygen anions, leaving the solid in a state of a non-
stoichiometric Fe O, (n:m > 1). This finding is interesting since after
the phase diagram, the n:m ratio should be always below 1 in equilib-
rium, in the form of Fe,O, with x being in the range of 0.87-0.95. This
means that that the removal of oxygen anions is so fast at the surface that
the ratio is deviating from this commonly assumed stoichiometry
already at the beginning of the reaction, or, respectively, at the pro-
ceeding reaction interface. In either case, we refer at this point to the
solid as wiistite, yet, the changing stoichiometry has to be kept in mind,
for example when interpreting the state of the H agglomeration and the
vacancy populations in the solid.

Simultaneously, H atoms gradually dissociate at the surface from the
incoming Hy molecules and enter into the Fe Oy, crystal surfaces up to a
depth of 85.5 A (Fig. 1a and 1b). Free H atoms were mainly found to
aggregate around the O~ anions. As will be discussed in more detail
below, the charge state of the H is negligible compared to O and Fe, so
that Coulomb contributions to this aggregation are not so decisive and H
is considered here essentially to be in an atomic state. A statistical
analysis using radial distribution functions (RDF) revealed that the O-H
bond length was ~1.0 A and the Fe-H bond length was ~1.7 A on
average after 1120 ps, as shown in Fig. 1(c).

To reveal the near-surface reduction process, we calculated the
corresponding overall reduction degree R emerging from these indi-
vidual reaction steps (Fig. 1d), where R is defined as R = N¢/Nj, where N¢
is the number of O~ anions removed from the wiistite at an elapsed time
t, and N is the initial number of 02" anions in the wiistite (i.e., 125,000
02~ anions). With proceeding reduction, the number of O~ anions in
the wiistite decreases, resulting in a progressive increase in the reduc-
tion degree R (Fig. 1d). The reduction rate, i.e. the first time derivative of
the reduction degree dR/dt gradually drops after the onset of the reac-
tion (Fig. le). This trend agrees well with the decaying kinetics of
hydrogen reduction of wiistite observed in experiments (Bonalde et al.,
2005). This observation gives a first hint that the rapid build-up of a
reduced Fe layer on top of the surface of the wiistite slab seems indeed to
act as an elementary kinetic barrier which reduces outbound oxygen
transport kinetics. This hypothesis will be discussed in more detail
below.

To quantitatively elucidate the diffusion behavior of individual
species in the redox system, the effective diffusion coefficients of
hydrogen, oxygen, and iron were calculated based on the trajectories of
randomly selected 200 atoms of each element within a time interval of
100 ps. The extraction of self-diffusion coefficients from the trajectories
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Fig. 1. Reduction behavior and kinetics during the hydrogen-based direct reduction of FeO at 1273 K. Formation of water molecules at the solid-gas interface after
(a) 10 ps and 1120 ps; The yellow rectangular box in (a) highlights the interfacial spillover zone, indicating the spatial range where O atoms diffuse outward into the
gas phase and H atoms penetrate inward into the solid phase. (b) Intrusion of H atoms into wiistite; (c) Radial distribution function (RDF) plots of O-H bonds and Fe-H
bonds in the near-surface region (atoms in the distance of 200-225 A from the bottom of the simulation box were analyzed) after O ps and 1120 ps (Note that there
was no hydrogen atom in the wiistite lattice at 0 ps and thus the RDF was zero.); (d) Reduction degree R as a function of time t; (e) Corresponding reduction rate (dR/

dt) vs. reduction degree (R).

(MSD-based procedure) and the construction/interpretation of the fre-
quency histograms in Fig. 2d are detailed in Supporting Information
Section S2. The spatial variation of the effective diffusion coefficient of
hydrogen in the simulation box is shown in Fig. 2a. The diffusion coef-
ficient was distinguished into three regimes based on transition regimes
observed in the first derivative of the self-diffusion coefficient curve
(Fig. 2b). These three regimes corresponded to the hydrogen diffusion
behavior in the solid phase (region I, from 0 to 142.74 10\), solid-gas
reaction interface (region II, 142.74-270.61 i\, where the first derivative
of the diffusion coefficient of hydrogen reveals a positive value), and the
gas phase (region III, 270.61-571.10 A), respectively.

In the solid phase (region I), the effective diffusion coefficient of
hydrogen atoms at 1273 K was less than 3 Az/ps (see Fig. 2c). Such a low
diffusion coefficient was supposed to be due to adsorption of H atoms by
lattice O anions. The diffusion coefficient in the interface region (region
II) was mainly in the range of 0 to 200 A%/ps. In this transition region,
the average value of the effective diffusion coefficient of hydrogen atoms
gradually decreased from 85.62 A%/ps to 24.33 A%/ps as they entered
from the gas phase into the FeO lattice. In the vicinity of the solid phase
(142.74-203.85 A in the simulation box), the diffusivity of hydrogen
atoms was similar to that inside of the solid phase, with a range of 0 ~50
A2%/ps. This was because hydrogen atoms were adsorbed by the 0%~
anions in the interface region (Fig. 1b). In contrast, in the vicinity of the
gas phase (203.85-270.61 A in the simulation box), the hydrogen atoms
had a large diffusion coefficient (20-200 Az/ps), similar to that in the
gas phase. The large variation of the hydrogen diffusivity in the transi-
tion region (region II) could be due to the deviation of the interatomic
bonding and van der Waals forces between hydrogen atoms and oxygen
anions. In the gas phase (region III), the diffusion coefficient of hydrogen
(in the form of a molecule) was much larger (average value of 85.62 A%/
ps) compared with that in the solid phase (average value of 24.33 A%/
ps). The diffusion coefficient of H in the gas phase includes hydrogen
molecules and water molecules (the diffusion coefficient of water mol-
ecules is shown in Fig. S7). The diffusion coefficients of molecules in the
gas-phase region are strongly influenced by pressure, temperature, and
intermolecular forces, resulting in a wide range of diffusion coefficients.
The calculated H diffusion coefficient at 1273 K in the Fe-O-H system
was further compared with the experimental data in the Fe-H system, as
no experimental data of the H diffusion coefficient at about 1273 K in the

Fe-O-H system was available in the literature. It was found that the
diffusion coefficient of H in ferritic stainless steel was 0.05 A%/ps at 873
K (lacoviello et al., 1998). Jaroslav et al experimentally obtained
diffusion coefficients of 0.001-0.007 A%/ps for H in TRIP 800 Steel
(magenta linein Fig. 2(c)) (Sojka et al., 2016). Zhou et al. (Zhou et al.,
2021) found through simulations that at 900 K, the diffusion coefficient
of H in nanocrystalline iron was 10 Az/ps (blue line in Fig. 2(c)). This
comparison between these literature data and the current simulation
results shows a fair consistency between calculated and experimental
values, but further experiment seem to be required to explore H diffu-
sion in iron oxides.

Fig. 2(d) shows the frequency histograms of the distribution of the
simulated diffusion coefficients for each of the atomic species consid-
ered. H shows a broad distribution of its diffusion coefficients (0-300
Az/ps) in both the wiistite (as atomic H) and in the gas phase (as either
Hj and Hy0). The diffusion coefficients of most of the O anions were
around 0.176 A%/ps in the wiistite phase, while the diffusion coefficient
of HyO is much larger, namely, in the range of < 1.0 Az/ps. Compared
with oxygen ions (with diffusion coefficients of 0.176 A%/ps) in the solid
phase, Fe ions showed larger diffusion coefficients in the range of 0-0.3
Az/ps in FeO (and the O-depleted Fe,Op,) with a normal distribution
function, Fig. 2(d). This difference may be due to the difference in ionic
radius of Fe?* (0.78 A) and 0%~ (1.4 A) in the Fe,Op, (including FeO)
lattice (Shannon, 1976), where iron ions diffuse through the oxygen
lattice. It is important to note that the diffusivity values of O and Fe ions
in the solid phase are used in this study only as relative metrics under the
same conditions to compare the relative ease of diffusion between
different elements. In molecular dynamics simulations, the pressure
inside the simulation box is set as high as 3000 atm to facilitate rapid
reactions within the ps timescale, enabling the observation of atomic
interactions for research purposes. Additionally, reaction products are
continuously removed from the system. Therefore oxygen diffusivity
obtained in this study differs significantly from experimental results
under 1 atm conditions, such as the oxygen diffusivity in the solid phase
during CO reduction of FeO, which is reported as 5 x 10’8A2/ps.
(Yamaguchi and Someno, 1982) Further experimental studies will be
conducted in the future to investigate the actual diffusivity values of
elements in the Fe-O-H system.
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3.2. Diffusion profile of redox species across the reaction interface

Fig. 3a displays the atomic density (number of atoms of an element in
unit volume) of Fe, O, and H atoms across the gas-solid interface
(200-225 A) and the hydrogen molecular densities at 1120 ps. The
hydrogen molecular density curves are realized by counting the coor-
dination number of H atoms in the interfacial region. It can be distinctly
observed in the figure that in the solid phase the H element is mainly
present in the form of H atoms, and the H atoms are enriched at the
interface. In the gas phase, hydrogen molecules are the main form of H
element. The simulation results concurred well with the experimental
observation using APT in the literature (where the sample was reduced
by deuterium gas at 973 K for 5 s) (El-Zoka et al., 2023), see Fig. S8. Due
to the different sizes of the MD (~200 ;\) and APT (~700 A) datasets, the
absolute values of the concentration data were not compared directly.
Instead, the concentration profiles of H atoms and O anions from ex-
periments and simulations were normalized using the Min-Max
normalization method (see ‘Method’), as shown in Fig. 3b and 3c. The
normalized hydrogen density showed a similar value of ~0.6 inside the
FeO solid for both the APT measurement and the MD simulation
(Fig. 3b). The interface region was enriched in H atoms, as indicated by
the spike of the H density (Fig. 3b). Such enrichment can be attributed to
the adsorption of H atoms on the surface-active sites of the FeO surface
(where some O anions were removed during the reduction reaction).
However, the experimentally measured interface with a width of 5 nm

extended broader than that observed in the simulation with a width of
0.5 nm. This discrepancy was most likely due to the larger system size
(70 nm for the APT measurement vs. 20 nm for the MD simulation) and
longer reaction time (5 s for the APT vs. 1100 ps for the MD) in the APT
experiment. Such longer exposure to hydrogen in the experiment can
result in a higher reduction degree, which alters the width of the reac-
tion interface.

During the hydrogen-based direct reduction, O was gradually
removed by dissociated Hy at the solid—gas interface, as suggested by a
decrease in the density of O anions in the region close to the surface from
200 to 225 A (relative to the density of Fe ions, Fig. 3c and Fig. S8(a)).
Consequently, after 1120 ps, an O anion concentration gradient
occurred in the top surface region of the FeO. Therefore, in the surface
region, FeO transformed into Fe,Op,, and the value of n:m changed from
1:1 at 0 ps to a maximum of 5:1 after 1120 ps. The overall concentration
profile of oxygen revealed a sigmoid shape in both simulation and
experimental results. In addition, the simulated oxygen profile showed
fluctuation when the normalized oxygen density was above 70% and
this fluctuating behavior disappeared when the normalized oxygen
density was below 70%. Such behavior was supposed to be due to a
change in the oxygen diffusion rate across the interface region. El-Zoka
et al (El-Zoka et al., 2023). suggested several reasons: i) a change in
oxygen diffusion mechanisms; ii) a change in the crystal structure of the
remaining wiistite; and iii) a change in the internal point defect, line
defect and/or pore structures. As pores and other macroscopic defects
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Fig. 3. Characteristics of the reduction behavior at the reaction interface (200-225 ;\) during the reduction of FeO with H; (a) Number density of Fe, O, and H atoms
at 1120 ps; Comparison of normalized distribution density of (b) H-atom and (c) O-ions measured by atom probe tomography (APT) (El-Zoka et al., 2023) and MD
simulation; (d) Radial distribution function (RDF) profiles of Fe-O and Fe-Fe bonds before and after the reaction; (e) Schematic of the charge distribution of the FeO

system at 1120 ps; and (f) the corresponding charge quantities of different atoms.

were not included in this simulation, this cannot affect the simulation
results here. Otherwise, different shapes of oxygen profiles between the
experiment and simulation are expected. As the change in the chemistry
of Fe,Op, after reduction was observed in the simulation, it is a possible
reason for the change in the diffusion coefficient. Nevertheless, due to
the limitations of the system scale and lattice parameters, the diffusion
mechanisms of oxygen remained unexplored in this study. To better
understand the underlying diffusion mechanisms requires future
detailed studies using Monte Carlo simulations and first-principles
calculations.

Moreover, the simulation evidenced significant penetration of H
atoms into the solid phase (126.69 A), which might be attributed to the
relatively large interstitial space within the O-depleted Fe,Oy, lattice.
The simulated diffusion coefficient of hydrogen atoms in the Fe,Op, was
much higher (Dy = 0.415 + 0.19 A%/ps) compared with that of oxygen
anions (Do = 0.176 + 0.03 Az/ps). This result underlines that the

inward diffusion of H atoms was not the rate-limiting step during the
reduction. The penetration of H atoms into the FeO lattice results in
larger Fe-O bond lengths and smaller Fe-Fe bond lengths, as suggested
by the RDF profiles of Fe-O and Fe-Fe bonds in the FeO lattice near the
surface region (200225 A), Fig. 3d.

Fig. 3e shows the atomic charge distribution of the system after 1120
ps. The FeO possessed positively charged Fe ions (depicted as the red
spheres), while O anions were negatively charged (represented by the
blue spheres). The average charge quantity of Fe in the FeO lattice
ranged from 0.4e to 0.8e, while that of O anions was from —0.8e to
—0.4e, Fig. 3f. Near the surface, the Fe cations were gradually reduced to
metallic Fe, and the charge quantity of Fe ions reached zero for metallic
Fe. This process is due to charge transfer. The 2 electrons the of 0%~
anions were gradually transferred to the positive charge of Fe?* cations
with the proceeding FeO/Fe interface, as indicated by the gradient in the
peak color in Fig. 3e. Hydrogen atoms in Hy molecules had a charge of
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zero (Fig. 3e and 3f). When H atoms react with O anions to form water
molecules, a slightly positive charge of H atoms was observed, as indi-
cated by the dark pink color of the hydrogen atoms in the water mole-
cules (Fig. 3e). Moreover, the H atoms became more positively charged
as they penetrated into the solid phase and combined with O?7ions in
the lattice (as shown in pink color). Also, several H atoms were present
in the lattice void in a free-charged state, as indicated by the white color.
The average charge quantity of H atoms within the FeO crystal region
ranged from O to 0.4 e.

The variation of the number density of O and H along the normal
direction of the reaction interface was further investigated throughout
the entire reaction process at 1273 K from 0 ps to 1120 ps, Fig. 4a.
Details of the characterization method are summarized in Supporting
Information S3. Compared with the H atoms, the O anions exhibited less
fluctuation in their density. Particularly in FeO, the density of O anions
remained almost unchanged. In the preceding discussion, we found that
there is a concentration gradient of O®  anions and a significant
enrichment of H atoms in the interfacial region. The slope (K) for the
atomic density gradient is defined in the following form: K = Atomic
density / Distance. The absolute values of parameter K in this study
reflect the diffusion potential of the atom. A smaller |K| value indicates a
lower diffusion potential of atoms. Fig. 4b shows the plots of |K| values
for O and H atoms in different time intervals. As the reaction progresses,
the trend of |K (O)| and |K (H)| decreases, indicating an increased dif-
ficulty in the diffusion of H atoms and O anions as the reaction takes
place. As the reaction proceeded, the surface FeO was reduced to Fe,Op,
and some of the surface O left the lattice as HoO. This led to a change in
the ratio of Fe and O~ anions in the surface region over time along the
direction normal to the reaction interface. To further characterize the
specific information of Fe,Op, in the surface region, Fig. 4(c) illustrates
the change of n/m with time along the direction normal to the reaction
interface (200-225 10\). As the depth increased towards the interior, n/m
approached 1 and remained relatively stable. Conversely, the surface
region manifested a higher reduction degree, as suggested by a larger n/
m value. (n/m = 5 after 1100 ps). It is worth noting that the state of n/
m~s5 is not maintained as a long-term stable configuration. This ratio
represents the early stages of oxygen depletion during the reduction
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process, wherein no phase transition from wiistite to iron was observed.
The primary limiting factors include the inability of ReaxFF simulations
to account for the magnetic properties of Fe, which are crucial for
accurately modeling phase transitions, and the insufficient simulation
timescales to capture the complete transformation process. These limi-
tations are further elaborated and discussed in the Discussion section.

3.3. Trajectory of atoms in the reaction process

Fig. 5 shows the trajectories of O, H, and Fe atoms during a specific
period in the reaction process. A visualization of the migration of near-
surface O anions within 0-118.4 ps is illustrated in Fig. 5a. The near-
surface O anions required approximately 60 ps to exit from the crystal
structure, which was considered to be the lag time before the reaction.
Similarly, the appearance of a reaction lag phenomenon was observed in
a recent experiment'®. Once oxygen diffused to the outmost surface, it
reacted with H atoms to form water vapor and diffused away from the
surface. It is worth noting that the water molecules did not immediately
diffuse far away from the interface. At the same time, they remained
active in the vicinity of the wiistite surface and might be attracted by the
surface and decomposed on the surface again. This fact indicated a
reversible reaction. Previous studies have confirmed that the H bonds in
surface hydroxyl groups and near-surface water molecules are more
robust than those in free water (Schienbein and Blumberger, 2022). This
fact means that the generated water molecules stay on the FeO surface
for some time and are easily attracted by the FeO surface. The time for
different 0%~ anions to detach from the surface as water molecules is
variable (e.g., selected O~ anions attach to the surface for approxi-
mately 60 ps). Further studies are needed to determine the specific
conditions under which detachment occurs. It is speculated that
detachment may be related to the accumulation of the system energy.
Fig. 5(b) shows the migration path of an H atom that penetrates the FeO
crystal. Due to the massive size of the calculation system, we had to split
the entire calculation time into multiple small blocks to ensure a smooth
display in the visualization software. Throughout the permeation pro-
cess, H atoms passed through the Fe, Oy, region on the surface, the in-
termediate mixing region, and the FeO region inside, and the diffusion
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rate in the Fe,Op, region is larger than that in the FeO region. It can be
seen that with the elapsed time, the H atom that entered the system
gradually and migrated from the surface region to the interior of the
system at a max depth of about 67.8 A after 1120 ps. However, with an
increase in reaction time, it became more difficult for H to penetrate
further due to the decrease in hydrogen diffusion potential as indicated
by the decrease in hydrogen density gradient along the direction normal
to the reaction surface (Fig. 4b). This was evidenced by a reduced
traveling distance of H with elapsed time, as shown in Fig. 5(b).
Furthermore, as a comparison, Fig. 5(c) shows the migration paths of
two Fe ions during the reaction, and it can be seen that the Fe ions only
moved around a very small region within the lattice during the entire
reaction process.

4. Discussion

We conducted ReaxFF MD simulations of hydrogen reduction of FeO
slab in a large system containing 375,000 atoms at 1273 K for 1120 ps.

(a) H: 5~200 A%/ps ~
(gas-phase)
9 H: 5~200 A*/ps
(interface)
H: 0~5 A%ps
(solid-phase)
FeO
(@ Adsorption and catalytic Reduction
(2 Dissociation by H2

(@ Hydrogen Diffusion

To avoid formation of amorphous FeO in the simulation, as commonly
observed as a characteristic error emerging from this specific potential
formulation, the structure was pre-treated under the NPT ensemble
(isothermal-isobaric ensemble, a system with a constant particle number
N, constant volume P and a temperature fluctuating around an equi-
librium value T) before the subsequent simulation of the reaction pro-
cess. According to the simulation results and under the constraints of the
validity of the used potential fit, the elementary steps of the hydrogen-
based reduction of FeO are summarized in Fig. 6. The first step in-
volves the dissociation of Hy into H atoms under the catalytic effect of
the surface Fe ions that remain at the uppermost layer after the surface
0% anions have reacted with H to form water molecules that were
released into the gas phase (Zhang et al., 2023; Zhang et al., 2022)
(Fig. 6(a), step @ and @). Note that the H diffusion coefficient in the gas
phase is not identical to that at the solid—gas interface due to mixed
interfacial populations (surface-constrained H, highly mobile H in Hy/
H50, and transient intermediates), leading to different dominant ranges
(interface: ~5-50 A%/ ps; gas: ~5-200 A%/, ps; see Fig. 2a). Some H atoms

(b) g > /5
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(solid-phase)
Fe: 0.1~0.2 A%/ps
(solid-phase)

@ Surface Reaction
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Fig. 6. Schematic mechanism of kinetic behavior for atoms during the hydrogen reduction of FeO, where the diffusion coefficients of the particles at each stage are
labeled on the right side of the corresponding figure. (a) Catalytic dissociation of hydrogen molecules on the surface of FeO, adsorption and dissociation process of H
atoms. (b) Reduction reaction of H and O to produce water molecules and desorption process. (c) After the surface 02~ anions are reduced to form lattice vacancies,
the internal O®~ anions form a concentration difference and migrate toward the solid-gas interface and the internal lattice structure reconstruction process.
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penetrate the FeO crystal lattice and migrate along the interstitial sites
(see Fig. 5(b) and Fig. 6(a), step ®). This migration involves bonding
and bond breaking between hydrogen atoms and oxygen ions. The bond
length between H and O inside the FeO lattice is about 1.0 A (see Fig. 1
(b) and (c)). The interstitial sweeping of the H into the FeO leads to an
increase in the Fe-O bond length in the lattice. Then, dissociated H reacts
with the O in the outermost surface monolayers to form OH™ in-
termediates (Fig. 6(a) and (b)). When these OH™ groups suspend on the
surface, they attract other free H atoms in the vicinity and then desorb in
the form of H>0 molecules, leaving an oxygen anion vacancy behind
inside the surface Fe Oy, monolayer (Fig. 6(b), step ®). The oxygen ions
beneath migrate between the lattice vacancies and are reduced when
they reach the surface (Fig. 6(b), step ®). The oxygen anion vacancy
leads to structure relaxation or even to reconstruction features (Fig. 6(c),
step ®). Fig. S9 shows a snapshot of the process as obtained from the
simulations.

The calculated self-diffusion coefficients of hydrogen and oxygen
demonstrate that the reduction rate is predominantly governed by the
slower outward migration of oxygen from the solid lattice. These find-
ings further extend beyond previous oxidation-oriented ReaxFF studies
such as Cheng et al. (Cheng et al.,, 2025), providing an inverse
perspective on the Fe-O redox process. By resolving hydrogen-driven
oxygen extraction and interfacial diffusion dynamics at atomic resolu-
tion, the present work advances toward a unified mechanistic under-
standing of oxidation-reduction symmetry in Fe-based materials. In
contrast, hydrogen diffuses rapidly thon steps only in the outermost
surface regions of the FeO crystal. The simulation time was not long
enough for a full metallic iron monolayer or nucleus to form. Addi-
tionally, the ReaxFF parameter set used in this study does not account
for the magnetic properties of the Fe atoms and the simulated phases,
which are critical for accurately describing the phase transitions that
occur in this system. The magnetic transitions between ferromagnetic
and antiferromagnetic states might play a pivotal role in the structural
transformation from wiistite to metallic iron. This omission limits the
ReaxFF framework’s ability to capture the oxide-to-metal transition
mechanism effectively, a topic which is therefore also outside the scope
of the present study.

Moreover, the simulated physical time required to observe localized
phase transitions is likely to extend to the scale of seconds. Achieving
such large simulation time scales would require computational re-
sources that are not accessible today. The crystal structures of pure iron,
which depend on temperature, assume a bece lattice below 1183 K and an
fcc lattice above 1183 K during the reduction process. Indeed, these
transitions were not observed in our study due to the combined con-
straints of simulation time and the limitations of the ReaxFF parameter
set. In addition, our recent ab initio metadynamics/DFT study indicates
that H2 dissociation on FeO surfaces involves a pronounced barrier
(~1.03-1.38 €V), whereas the subsequent O-Fe bond breaking after
O-H formation only requires a very small barrier (Jiang et al., 2025).
Therefore, the “rate-determining step” inferred from atomistic simula-
tions can be scenario-dependent: our ReaxFF-MD represents an ideal-
ized, defect-scarce interface where a locally densified near-surface Fe
layer may hinder oxygen transport, while in practical experiments
macro-scale porosity/cracks/defects can facilitate oxygen transport,
making Hy dissociation/activation one of the dominant rate-limiting
steps. The influence of pre-existing native defects (Fe/O vacancies)
and defect-assisted transport coupled with FeO-Fe phase evolution will
be investigated in our ongoing AIMD-based study using more suitable
electronic-structure methods; since this work is still in progress, detailed
results are not included here.

5. Conclusion
In this study, we conducted reactive force field molecular dynamics

(ReaxFF-MD) simulations of the reduction of a FeO slab with hydrogen
at 1273 K in a system containing 375,000 atoms in ionic and molecular
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forms. Based on the simulation results, a detailed atomic-scale reduction
model was proposed to describe the main rate-limiting reduction
mechanisms associated with reducing solid FeO with molecular
hydrogen Hy. This process involves the catalytic dissociation of Hj
molecules into H atoms on the FeO surface and their subsequent diffu-
sion into the FeO lattice. H atom diffusion in FeO shows different ki-
netics in two regions: in the solid—gas interface region, the self-diffusion
coefficient of H atoms is 20-200 A2/ps, while in the solid phase region, it
is 0-5 A2/ps. Oxygen diffusion in the wiistite is extremely slow (around
0.176 A%/ps) compared with H, which is the rate-limiting step in the
reaction process. The gradient of oxygen number density in the MD
simulation agrees well with the trend of the curve observed in the APT
experiments. It implies the success of the simulation model for the re-
action behavior at the FeO-Hy gas-solid interface. However, further
improvement in the force-field potential parameters is required to
simulate the phase transformation from wiistite to iron. This study
provides the basis for fundamental theoretical studies of hydrogen
reduction of wiistite, clarifies the diffusion coefficient of H atoms in
wiistite, and explores the possible limiting links for reduction. This study
compares theoretical simulation studies with experimental results to
provide experience and comparative data for future research in this
direction.
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