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The structure–activity relationship is crucial in catalytic performance and material design but still largely
obscure due to the complexity of heterogeneous catalytic systems. CO activation occurs widely in
Fischer–Tropsch reactions and pyrometallurgy, and it is a key to understanding carburization. Here, we
investigate the structure–activity relationship in Fe nanoparticles by reactive molecular dynamics simu-
lations. We focus on two activities, the adsorption and dissociation of CO, and four structural character-
istics, morphologies, sizes, defects, and heteroatoms. The results show that CO adsorption and
dissociation varies with the change of nanoparticles. Line dislocation and vacancies can strikingly boost
CO dissociation, suggesting an effective way to tune the CO dissociation rate. Further analysis shows that
the Eley–Rideal mechanism possibly works in the early periods, followed by the Langmuir–Hinshelwood
mechanism in the later periods for CO2 formation. Our results shed light on the mechanism and possible
optimization of the carburization of iron.

� 2019 Published by Elsevier Inc.
1. Introduction

Despite great progress in experimental technologies and meth-
ods including transmission electron microscopy (TEM), scanning
electron microscopy (SEM), atomic force microscopy (AFM), and
atom-probe tomography (APT), the understanding of the struc-
ture–activity relationship in heterogeneous catalytic systems is
still an extraordinary challenge. Generally, catalysts experience
changes in morphology and sizes, as well as the formation of
numerous dislocations in reaction processes. These changes signif-
icantly affect their catalytic performance by altering the facets,
exposed area, and configurations of the surface, which are strongly
related to the active sites and their number. However, these
changes occur at a very small scale (atomistic scale) and extremely
fast, in picoseconds or even femtoseconds, posing huge difficulties
in experimental characterization, as well as computational
investigation.
Morphology changes such as relaxation and reconstruction are
inevitable, which leads to instantly varying, complex, and hard-
to-control processes. The morphology changes of catalysts have
three main causes: chemical potential, chemical reaction paths,
and phase transformation. Yoshida et al. [1] reported the surface
relaxation of Au nanoparticles on a CeO2 substrate in a CO/air envi-
ronment, compared with its surface under vacuum during CO oxi-
dation. Hansen et al. [2] obtained the dynamic shape responses of
Cu nanoparticles on a ZnO substrate to H2, CO, and H2O. When
exposed to a mixture of H2O and H2, Cu nanoparticles tend to
transform into a round shape, opposed to a more disclike shape
in a mixed atmosphere of CO and H2. An in situ study [3] showed
that CO dissociation at high temperatures can induce the recon-
struction of Co (0 0 0 1). The strong metal–support interaction also
has an important effect. Zhang et al. [4] reported a shape change of
Pd nanoparticles induced by the formation of a TiOx overlayer from
the reduction of TiO2. Duan et al. [5] reported that water vapor can

pull supported Cu nanoparticles up onto the ZnO (0 0 0 1
�
) surface,

which may lead to new active sites at the perimeter interface
between nanoparticles and support. These consequent changes in
the morphology of nanoparticles may play a critical role in cat-
alytic performance. Vendelbo et al. [6] reported that spherical Pt
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Fig. 1. The reaction model consists of 500 CO molecules and an a-Fe nanoparticle.
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nanoparticles transform into a faceted shape when CO conversion
increases in Pt-catalyzed CO oxidation.

Besides the effect of morphology, the size of nanoparticles also
has a significant effect on catalytic performance. Nanoparticles
have a large variety of sizes, which keep changing during instanta-
neous reactions. For example, Ostwald ripening drives particles to
be larger by a sintering process to lower the surface energy.
McDonald et al. [7] studied the influence of the iron particle size
in an Fe/MgO catalyst. Their results showed a preference of smaller
iron particles to form the e0-Fe2.2C phase over the v-Fe5C2 phase
due to the greater extent of carburization and lower hydrogen
chemisorption potential. Guczi et al. [8] observed that smaller iron
particles are less susceptible to deactivation.

It is worth mentioning that experimental samples contain var-
ious defects, from line defects including edge dislocations [9,10]
and screw dislocations [9–11] to two-dimensional defects includ-
ing grain boundaries between polycrystals [9,12]. These defects
have a critical effect on the physical, mechanical, and chemical per-
formance [13–15] of materials, which, however, have always been
ignored because of the limitations of experimental approaches
[15,16]. The vacancies generally can trap the atoms, such as carbon,
due to their strong binding energy [17,18]. Surface vacancies pro-
foundly influence the carburization of iron [19].

Although in situ methods can observe the changes of catalysts
and characterize their performance in real time, the results are
plausible, as the great pressure gap between in situ and industrial
environments causes a substantial gap in chemical potential in the
vicinity of the catalyst, resulting in a corresponding change of mor-
phology and catalytic performance. Moreover, the space–time res-
olution of the in situ characterization method is at the
nanometer/nanosecond level. Nevertheless, the bond breaking or
formation of the reaction is at the femtosecond level. The reactive
force field (ReaxFF) may be the best choice to bridge the gaps, since
it can simulate the chemical reaction by forming and breaking the
bonds in close to real conditions. In addition, it allows direct obser-
vation of the structure–activity relationship of the catalyst and
inference of the reaction mechanism. Despite extensive attention
[20–22], the structure–activity relationship of catalysts is still not
well established.

Carbon monoxide is an industrial gas that has extensive appli-
cations in bulk chemicals manufacture. Owing to its strong reduc-
tion, it has been used in pyrometallurgy since ancient times to
reduce metals from ore. Syngas, a mixture of CO and H2, is con-
verted catalytically into a wide spectrum of hydrocarbons in Fis-
cher–Tropsch synthesis (FTS) [7,23,24]. In a related reaction, the
hydrogenation of carbon monoxide is coupled with C–C bond for-
mation. CO activation mechanisms on surfaces of solid catalysts
are critical for understanding the above processes.

Carburization of iron and deposition of carbon are two essential
processes in both the Fischer–Tropsch process and blast furnace
steelmaking, where iron carbides [25,26] are regarded as the active
phases and as useful phases [27,28] to enhance the strength of
steel, respectively. Ding et al. [29] investigated CO adsorption on
different iron phases under Fischer–Tropsch conditions, showing
that Fe0 (neutral) species can be carburized completely to iron car-
bides quickly after CO adsorption. The ‘‘competition model” [24]
proposes that most of the carbon atoms are consumed by carbon
penetration into the bulk in the early stage of the synthesis, with
the assumption that the CO dissociation is relatively slow. Mat-
sumoto and Bennett [23] prepared a catalyst consisting of a clean
iron surface with an underlying bulk carbide structure. The results
show that the surface iron can be carburized quickly, which is
agreement with both the carbide model [30] and the competition
model. At the same time, the surface of the active catalyst covered
mostly by a carbon intermediate has much higher Fischer–Tropsch
activity than that of carbon added to the catalyst by CO carburiza-
tion. Apart from its own complexity, the sintering [31] and oxida-
tion [32] of active phases and so on may also contribute to the
difficulty of research, which results in ambiguous understanding
of carburization. Therefore, we choose CO activation and oxidation
as a model reaction to investigate the structure–activity relation-
ship in Fe nanoparticles.

As part of the effort, we have recently reparametrized the Fe–C
[33] and Fe/C/O [34] interatomic reactive force fields (ReaxFF) and
demonstrated their applications in our previous work. Using the
newly developed potential, here we examine CO adsorption and
dissociation on the different nanoparticles, and then analyze the
corresponding CO conversion, as well as the behavior of adsorption
and dissociation. Then the structure–activity relationship is exam-
ined by mapping analysis. Last, we present the mechanism of CO2

formation in the simulation process.
2. Methods

2.1. The ReaxFF method

The ReaxFF force field was originally developed by van Duin
[35] and to help bridge the gap between quantum-mechanical
(QM) methods and experiment. Similarly to the traditional poten-
tials, ReaxFF is an empirical potential, but a bond-order-dependent
force field with instantaneous connectivity for the chemical bonds,
depending on the local atomic environment. ReaxFF employs a
distance-corrected Morse potential for the van der Waals energy
to properly describe the short-range interactions. The use of the
electronegativity equilibration method (EEM) with shielding
makes it possible to calculate the charge distribution updated
every iteration during the ReaxFF molecular dynamics (MD) simu-
lation that determines the geometry of the material. Thus, ReaxFF
is reliable for examining the reaction process and describing the
energetics of various reaction intermediates. For the details of
the energy formulas, the reader is referred to Refs. [35,36].

2.2. ReaxFF MD simulations

ReaxFF MD simulations were performed to investigate the
structure–activity relationship of CO adsorption and dissociation
on the a-Fe nanoparticles. All MD simulations were performed
by LAMMPS [37] and the structures were identified by the OVITO
[38]. The ReaxFF parameters originate from Ref. [34]. The three-
dimensional periodic boundary condition was used in
10.7 � 10.7 � 10.7 nm box, which consists of 500 CO molecules
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and an a-Fe nanoparticle (Fig. 1). The crystal parameter of a-Fe is
2.84 Å. All the atomic structures were initially optimized through
the conjugate gradient method to a thermal structures, followed
by canonical ensemble (NVT) at T = 300 K for 100 ps for thermody-
namics equilibrium. These well-equilibrated configurations are
then subjected to further study at 800 K. The simulation time
was 300 ps with a 0.25 fs time step for every reaction. The simula-
tions employed the velocity Verlet integrator.
Fig. 3. The CO conversion of different Fe nanoparticles at 300 ps. The values in the
columns stand for the conversion factor of areas based on 5-nm quasi spheres for all
nanoparticles.
3. Results

3.1. CO conversion rate

To systematically present the effect of nanoparticle structures
on CO adsorption and dissociation, we classify our models into four
groups to include the effects of morphologies, sizes, defects, and
hetero atoms. For morphology (Fig. 2a), we construct four different
configurations, including the quasi sphere consisting of (1 0 0),
(1 1 0), and (1 1 1) surfaces, the cubic structure consisting of pure
(1 0 0) surface (11745 Fe atoms), the rhombus consisting of pure
(1 1 0) surface (7095 Fe atoms), and the octahedron (octa) consist-
ing of pure (1 1 1) surface (11431 Fe atoms), which have a similar
specific surface area of about 0.12 Å�1 (the ratio of surface area to
volume). The surface energy is consistent with the reference value
[39]. For size (Fig. 2b), we include three quasi spheres with differ-
ent diameters, which are about 2 nm (1641 Fe atoms), 5 nm (6520
Fe atoms), and 7 nm (19409 Fe atoms), respectively. For defects
(Fig. 2c), we prepared four types of defects: surface vacancies, edge
dislocations, screw dislocations, and grain boundaries. Similarly, it
also has the same specific surface area, around 0.12 Å�1. The con-
centration of surface vacancies, namely the quantitative ratio of
vacant sites to total surface atoms, is about 0.09. The other defects
of the sphere contain one edge, one screw, and three grains, respec-
tively. The details of the construction of these defects were
reported in our previous work [15]. For hetero atoms (Fig. 2d),
about 0.5 monolayer (ML) of surface carbon or oxygen atoms cov-
ered the surface, where one monolayer stands for the number of
total surface atoms.

When the reaction reaches 300 ps, we count the CO conversion
of different Fe nanoparticles, as shown in Fig. 3. The 7-nm nanopar-
ticle has the highest CO conversion (99%), indicating that 300 ps is
adequate for all CO reactions with Fe nanoparticles. With increas-
Fig. 2. The setup of four groups of models: (a) morphologies with four configurations, (b
atom with two configurations.
ing size and exposed surface, the CO conversion increases. The con-
version of CO varies with the change of morphologies. The 5-nm
quasi sphere has the lowest CO conversion (85%). The cubic and
octahedral nanoparticles have CO conversion up to 98% and 97%,
respectively. The CO conversion of the rhombus is 88%. The occur-
rence of defects on the catalyst promotes CO conversion in com-
parison with the 5-nm quasi sphere, except that grain boundary.
As expected, the adsorption of carbon or oxygen reduces CO con-
version by blocking the active sites.
3.2. CO adsorption and dissociation

3.2.1. Site of adsorption
The interaction of CO on iron surfaces is of great importance in

understanding the initial steps in iron-based FTS, since the adsorp-
tion and dissociation of CO are believed to be essential for CHx for-
mation [40]. CO has various adsorption configurations, including
single adsorption, twin adsorption (Twin), and multiple adsorp-
tion. As shown in Fig. 4, one CO adsorbs on fourfold sites (4-Fold)
and twofold sites (Bridge-100) of Fe (1 0 0) surfaces, which is
) sizes with two configurations, (c) defects with four configurations, and (d) hetero



Fig. 4. Snapshots of different adsorption sites observed in the reaction process. Color scheme: iron atoms (blue), oxygen atoms (red), and carbon atoms (gray).

Fig. 5. The adsorption isotherm of CO for four groups of Fe nanoparticles. The inset graph in b is the enlarged figure of corresponding data. The ‘‘Ads.” stands for ‘‘adsorbed.”
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consistent with experimental observations [41,42] and theoretical
calculated configurations [43,44], respectively. CO simultaneously
adsorbs and dissociates on the surface (3-Fold and Dissociation),
in agreement with previous experiments [45]. Multiple CO coad-
sorption on top sites (Top) and two-CO adsorption on bridge sites
(Bridge-110) of Fe (1 1 0) are also observed in the reaction process,
agreeing well with experiment [46] and DFT investigations [47].
Owing to the lateral interactions, there is a certain separation
between adsorbed CO molecules. It is worth noting that twin
adsorption on undercoordinated atoms may be the precursor of



Fig. 6. The dissociation rate curves of CO for four different groups of Fe nanoparticles. The inset graph in a and c is the dissociation rate curves of CO in 300 ps.
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carbonyl iron [48], which may take away the iron atom and cause
the loss of iron catalyst.
3.2.2. Different adsorption behavior of CO
Fig. 5 shows the evolution of CO adsorption on the nanoparticle

surface in the reaction process. To account the difference in surface
areas of different nanoparticles, we normalize the number of
adsorbed state CO of a configuration, referring to the number based
on the quasi-sphere surface area of 5 nm NP. We only count the CO
in the form of molecular adsorption. The normalization or conver-
sion factor of area is listed in Fig. 3. The same conversion had also
been used in analysis of molecular number. All curves show a gen-
eral trend that increases at the beginning followed by gradual
increments (Fig. 5). This behavior can be attributed to the reduc-
tion of gas pressure. The numbers of adsorbed state CO on both
rhombus and quasi sphere nanoparticles increase with the lapse
of time; the former is larger, as shown in Fig. 5a. Fast adsorption
on the cubic and octahedral nanoparticles was observed in the first
50 ps and then it reached equilibrium.

The surface energy of nanoparticles decreases with the increase
of nanoparticle sizes with decreasing surface–volume ratio. As a
consequence, the average coordination number (CN) may increase
in correspondence to structure change. As shown in Fig. 5b, the
number of adsorbed state CO decreases with their increasing size.

The defects have a small effect on CO adsorption except at grain
boundaries (Fig. 5c). The number of adsorbed state CO on the
nanoparticles with grain boundaries is the minimum. Surprisingly,
the nanoparticles with oxygen atoms adsorbed on the surface have
the largest number of adsorbed state CO, followed by the surfaces
with carbon atoms adsorbed. The reason might be that the
adsorbed atoms block the surface sites, making it more difficult
to dissociate CO on the surface and having more molecular CO
adsorption.
3.2.3. Different dissociation behavior of CO
We analyzed the CO dissociation behavior in the reaction pro-

cess. Though all morphologies of nanoparticles show the same
approximate CO dissociated rate (Fig. 6a), a small difference has
been observed. The rhombus and octahedron have sharper
decreasing trends than the 5-nm quasi sphere, which leads to the
number of CO dissociations having a relatively larger difference
at final state, as shown in Fig. 7a. Similarly to the CO adsorption,
the quasi sphere and the rhombus have a relatively larger dissoci-
ation number than the cubic and octahedral forms due to the dif-
ference in surface-active sites. The quasi sphere has the largest
CO dissociation number, followed by the rhombus. This can be
attributed to a highly active Fe (1 0 0) surface for CO activation
and a high carbon penetration rate of Fe (1 1 0) surface than other
surfaces [34]. Furthermore, referring to the rhombus and the octa-
hedron, the cubic has the smallest proportion (11.5% vs. 17.5% and
18.9%) of highly active edge and corner sites in the initial period,
which explains why the cubic has the lowest CO dissociation rate.
The proportion here was defined the ratio of the number of edge
and corner atoms to the number of surface atoms. Though the octa-
hedron possesses the largest proportion of highly active sites, it has
the most dramatic surface reconstruction simultaneously, due to



Fig. 7. The dissociation curves of CO for four different groups of Fe nanoparticles. The inset graph in b is the enlarged figure of the corresponding data.
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open Fe (1 1 1) surfaces, leading to fast reduction of partial highly
active sites. This is the underlying mechanism for the rapid CO dis-
sociation rate downward trend of the octahedron compared with
the rhombus in all reaction processes. Fig. 7b shows an increasing
trend similar to that in Fig. 5b.

Smaller nanoparticles have higher CO dissociation rates in all
simulated process (Fig. 6b). The occurrence of a knee point is
ascribed to the reduction of gas pressure, where almost all mole-
cules have been converted by adsorption or dissociation. The initial
CO dissociation rate for 2 nm particles is almost twice that for 7 nm
particles. As for defects, different dissociated curves have been
observed (Fig. 6c), and the nanoparticles with grain boundaries
have a low initial CO dissociated rate. However, all defects have a
positive effect on CO dissociation compared with the quasi sphere
at 300 ps (Fig. 7c), in which the line dislocation (edge dislocation
and screw dislocation) has the maximum CO dissociation number.
The surface vacant and the grain boundary also have a higher CO
dissociation number than the quasi sphere, which is consistent
with experiment [49]. As opposed to adsorption, the hetero atoms
hinder CO dissociation (Figs. 6d and 7d).

3.3. Reconstruction of surface and bulk

To explore the origin of the dominant effects of various types of
defects on CO dissociation, we characterize the change of struc-
tures of defected nanoparticles before and after reaction. A sharply
internal reconstruction is observed for the bulk of edge dislocation
model, which transforms from a disordered structure to an ordered
body-centered cubic structure (Fig. 8a). At the same time, surface
reconstruction is observed, which may be attributed not only to
the adsorption and dissociation of CO, but also to the release of
internal stress (tension and compression stress) produced by edge
dislocation. Similarly to edge dislocation, the release of shear stress
could induce the surface reconstruction of nanoparticles supplying
more surface-active sites. Common neighbor analysis (CNA)
embedded in the OVITO was employed to analyze the number of
surface-active sites quantitatively. We find that the line dislocation
models provide more surface-active sites for CO dissociation from
around initial 26% to final 31%. The percentage here defines the
ratio of surface active atoms to the total atoms of the nanoparticle.
The DFT calculation [19] proved that the vacancies on the surface
can provoke electron changes in the neighborhood of the vacan-
cies, which can lower the dissociation barrier for CO. Our MD
results confirm that the nanoparticles with vacancies dissociate
more CO molecules than the perfect system, with additional
important kinetic information that is not available in DFT calcula-
tions. Fig. 8b shows that the grains with different crystal orienta-
tions restore the BCC structure of bulk iron, which has critical
effects on the surface active sites (from initial 26% to final 31.1%)
and the number of CO dissociations thereof.

3.4. Mapping analysis of nanoparticles

From an atomistic modeling perspective, carburization of the Fe
surface by CO can be viewed as the result of three consecutive
processes: adsorption and dissociation of CO molecules on



Fig. 8. Snapshots of internal structure of one edge dislocation (a) and 3poly (b) in
different periods. Color scheme for (a): inserted atoms (green), deformed atoms
(blue). All atoms are iron atoms. Color scheme for (b): grain I (green), grain II (blue),
and grain III (yellow). All atoms are iron atoms.

Fig. 9. Element mapping along the black line for different morphologies of Fe
nanoparticles. The ‘‘mapping analysis process” is shown in Fig. S4.
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the Fe surface, followed by diffusion of C atoms from surface to
subsurface, and by tremendous changes of structure to form differ-
ent active iron carbides. We present the distribution of elements
(carbon and oxygen) in the nanoparticles, which shows that all
nanoparticles except the 2 nm have a higher concentration of car-
bon atoms in the bulk than of oxygen atoms, indicating that the
carbon from the dissociated CO has more rapid penetration than
oxygen, or the carburization of the bulk is faster than the oxidation
(Figs. 9 and 10, and Figs. S1–S3 in the supporting information).
Interestingly, the concentration profile of carbon atoms is the same
as that of oxygen atoms in the 2 nm nanoparticle (Fig. 10). This
implies that the smaller nanoparticles are very readily oxidized
in the bulk, leaving more surface active sites compared than on
the 7 nm nanoparticle. This may be one reason that smaller
nanoparticles maintain more CO adsorption and dissociation.

3.5. Turnover frequency

The turnover frequency (TOF) is one of the key indicators for
catalytic activity [50,51]. Here TOF value is defined as CO dissocia-
tion per surface Fe atom per second: TOF = N/NA/M/t, where N
stands for the number of CO dissociations, NA is Avogadro’s num-
ber, M represents the surface atoms (which stands for approximate
number of surface active sites), and t is the reaction time. Owing to
the reduction in gas pressure near 99 ps inferred from the knee
point in Fig. 6, we use 99 ps here as the reaction time, eliminating
the effects of pressure gap. Fig. 11 shows that the 5 nm quasi
sphere has the highest TOF value of all morphology models. The
line dislocation and surface vacancies can obviously improve the
intrinsic activity for CO dissociation relative to other models.
Though the 2 nm nanoparticle has the highest TOF value, the oxi-
dation inside its bulk makes it not have the potential to serve as
the active phase of FTS.
3.6. Mechanism of formation of CO2

The activation of CO on the catalyst can provide key information
for the FTS, which relates to the formation of carbon sources. The
Eley–Rideal (E-R) mechanism proposed in 1938 by D.D. Eley and
E.K. Rideal suggests that only one of the molecules adsorbs and
the other reacts with it directly from the gas phase without adsorb-
ing. The Langmuir–Hinshelwood (L-H) mechanism suggested by
Irving Langmuir in 1921 and further developed by Cyril Hinshel-
wood in 1926 has two molecules adsorb on neighboring sites
and the adsorbed molecules undergo a bimolecular reaction.
Owing to high CO2 formation in the reaction process for 2 nm
particles (Fig. 12), the CO2 formation mechanisms discussed in
the following are based on the 2 nm nanoparticle.



Fig. 10. Element mapping along the black line for different sizes of Fe nanoparticles. The ‘‘mapping analysis process” is shown in Fig. S4.

Fig. 11. The TOF for different Fe nanoparticles at 99 ps.

Fig. 12. The population analysis of CO2 and its different formation mechanisms on
2 nm nanoparticles.
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3.6.1. Eley–Rideal mechanism
Geng et al. [52] believed that CO2 is directly formed by the gas

CO and CO adsorbed on the iron surface. The reaction process can
be expressed by the steps
Fe þ CO ðgÞ þ � ¼ Fe - CO ðadsÞ ð1Þ

Fe - CO ðadsÞ þ CO ðgÞ ¼ Fe - C ðadsÞ þ CO2 ðgÞ ð2Þ
where * stands for the surface site. In our simulations, the same
reaction process is observed (Fig. 13a). When CO adsorbs onto the
surface of iron, the strength of the CAO bond decreases, resulting
in the formation of FeACO. When the FeACO is struck by another
CO molecule, the oxygen atom from the FeACO moves to the CO
molecule, which is then converted into a CO2 molecule. The residual
C atoms then penetrate into the subsurface and diffuse.

Many researchers [53,54] argue that the CO2 is formed from the
gas CO and an oxygen atom adsorbed on the iron surface, which
includes two steps:

CO ðgÞ $ C ðin FeÞ þ O ðadsÞ ð3Þ

CO ðgÞ þ O ðadsÞ ! CO2 ðgÞ ð4Þ
They assume that the equilibrium of the reaction (3) is not com-

pletely established. The reaction (4) is a rate-dependent step in
which the carbon atoms dissociated from the CO diffuse into the
bulk. Fig. 13b reproduces the conjecture in the literature [54].

3.6.2. Langmuir–Hinshelwood mechanism
Fruehan [55] found that the initial rate of carburization of iron

was constant under COAHe. The rate was proportional to P2CO at
low partial pressure of CO and proportional to PCO at high partial
pressure of CO. Therefore, he concluded that the initial carburiza-
tion was determined by the following reaction with CO2 formation:

2CO ðadsÞ $ ðCOÞz2 ! CO2 ðgÞ þ C ðin FeÞ ð5Þ
This mechanism is supported by our simulation (Fig. 13c). The

formation of CO2 involves ðCOÞz2 as an activated complex.
Kim et al. [56] concluded that overall carburization of iron by

CO gas can be represented by the following reaction:

2CO ðgÞ ! 2CO ðadsÞ ð6Þ

CO ðadsÞ ! C ðadsÞ þ O ðadsÞ ð7Þ

CO ðadsÞ þ O ðadsÞ ! CO2 ðadsÞ ð8Þ

CO2 ðadsÞ ! CO2 ðgÞ ð9Þ
Fig. 13d presents the reaction (8) in which adsorbed CO and

adsorbed oxygen atom form CO2 on the iron surface. The carbon
atoms left on the surface then diffuse into the bulk.



Fig. 13. Reaction mechanism for CO2 formation. (a) E-R mechanism 1 relates to one adsorption molecule for the formation of CO2. (b) E-R mechanism 2 relates to one
adsorption atom for the formation of CO2. (c) L-H mechanism 1 relates to two adsorption molecules for the formation of CO2. (d) L-H mechanism 2 relates to one adsorption
atom and one adsorption molecule for the formation of CO2.
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In terms of the reaction time in Fig. 12, only E-R mechanism1
was observed for CO2 formation before 100 ps. The rate of CO2 for-
mation by E-R mechanism1 roughly estimated at 150 ps is about
0.23 CO2/ps, higher than the CO2 formation by L-H mechanism2.
The approximate rate of CO2 formation by L-H mechanism2 at
residual 90 ps is around 0.19 CO2/ps, which is higher than that
for CO2 formation by E-R mechanism1. Therefore, we guess that
the E-R mechanism may mainly play a role in the early reaction
periods, and the L-H mechanism in the later periods. In the early
periods, the adsorbed CO can rapidly dissociate into adsorbed C
atoms and adsorbed O atoms. Then the C atoms diffuse into the
subsurface and bulk, leaving the O atoms on the surface. Due to
lower oxygen concentration on the surface at this period, the
adsorbed O atoms forming CO2 with the gas CO molecule is a tough
challenge. At the same time, though most of the CO dissociation
can occur quickly, it still takes time for partial CO to dissociate.
Some of the CO adsorbed on the surface cannot be dissociated
immediately, and has a greater possibility of reacting with gas
CO molecules, forming CO2. In the later periods, lots of CO has
adsorbed on the iron surfaces. Undissociated CO molecules can
react with each other to produce CO2 if the one undissociated CO
is exactly in the vicinity of another undissociated CO. At this
moment, the surface already contains a certain number of O atoms.
If the O atoms are exactly in the vicinity of the undissociated CO,
they also can form CO2. Moreover, the surface O atoms and
adsorbed CO can react with the gas CO to form CO2. The E-R mech-
anism and the L-H mechanism play critical roles in different stages
of Fe carburization, and both are important for understanding the
carburization of Fe.
4. Conclusions

We investigate the effects of morphology, size, defects, and het-
ero atoms on CO adsorption and dissociation on Fe nanoparticles
by means of reactive molecular dynamics simulations with ReaxFF
interatomic potentials. In the reaction process, the bulk structure
of the defect system has swift reconstruction, resulting in more
surface-active sites. The structure–activity relationship is pre-
sented by the TOF value, indicating that the occurrence of defects
(line dislocations and vacancies) in the nanoparticles can visibly
promote CO dissociation. The line dislocations improve the CO dis-
sociation most efficiently, which is helpful in interpolating the
experimental phenomena and material design of the catalyst. Four
CO2 formation mechanisms in the carburization of iron are ana-
lyzed, which closely relate to the formation of surface carbon.
We find that the E-R mechanism may work in the early periods
and the L-H mechanism in the later periods. They both play a
synergetic role in the carburization of iron. Our results provide
insights into the kinetics and mechanism of CO adsorption and



K. Lu et al. / Journal of Catalysis 374 (2019) 150–160 159
dissociation and carburization of iron in the Fischer–Tropsch pro-
cess. A mapping analysis for differently defected Fe nanoparticles,
sizes of Fe nanoparticles, and Fe nanoparticles with different het-
ero atoms adsorption was added. A gif of E-R mechanism 1 was
also provided.

Acknowledgments

The authors are grateful for financial support from the National
Natural Science Foundation of China (Nos. 21473229, 91545121,
21603252, 21703274, 21703272 and 21273261), the Shanxi Pro-
vince Science Foundation for Youth (No. 201601D021048), the Chi-
nese Academy of Science and Synfuels China Co., Ltd. We also
acknowledge the innovation foundation of the Institute of Coal
Chemistry, the Chinese Academy of Sciences, the Hundred-Talent
Program of Chinese Academy of Science, the Shanxi Hundred-
Talent Program, and the National Thousand Young Talents Program
of China. There are no conflicts of interest to declare.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jcat.2019.04.010.

References

[1] H. Yoshida, Y. Kuwauchi, J.R. Jinschek, K. Sun, S. Tanaka, M. Kohyama, S.
Shimada, M. Haruta, S. Takeda, Visualizing gas molecules interacting with
supported nanoparticulate catalysts at reaction conditions, Science 335 (2012)
317–319.

[2] P.L. Hansen, J.B. Wagner, S. Helveg, J.R. Rostrup-Nielsen, B.S. Clausen, H.
Topsoe, Atom-resolved imaging of dynamic shape changes in supported
copper nanocrystals, Science 295 (2002) 2053–2055.

[3] B. Böller, M. Ehrensperger, J. Wintterlin, In situ scanning tunneling microscopy
of the dissociation of CO on Co(0001), ACS Catal. 5 (2015) 6802–6806.

[4] S. Zhang, P.N. Plessow, J.J. Willis, S. Dai, M. Xu, G.W. Graham, M. Cargnello, F.
Abild-Pedersen, X. Pan, Dynamical observation and detailed description of
catalysts under strong metal-support interaction, Nano Lett. 16 (2016) 4528–
4534.

[5] M. Duan, J. Yu, J. Meng, B. Zhu, Y. Wang, Y. Gao, Reconstruction of supported
metal nanoparticles in reaction conditions, Angew. Chem. Int. Ed. Engl. (2018).

[6] S.B. Vendelbo, C.F. Elkjaer, H. Falsig, I. Puspitasari, P. Dona, L. Mele, B. Morana,
B.J. Nelissen, R. van Rijn, J.F. Creemer, P.J. Kooyman, S. Helveg, Visualization of
oscillatory behaviour of Pt nanoparticles catalysing CO oxidation, Nat. Mater.
13 (2014) 884–890.

[7] M. McDonald, Hydrocarbon synthesis from CO-H2 on supported iron: Effect of
particle size and interstitials, J. Catal. 102 (1986) 386–400.

[8] L. Guczi, K. Lzr, Stabilization of various CO + H2 catalysts, studied by in situ
mssbauer spectroscopy, Catal. Lett. 7 (1991) 53–59.

[9] C.C. Chen, C. Zhu, E.R. White, C.Y. Chiu, M.C. Scott, B.C. Regan, L.D. Marks, Y.
Huang, J. Miao, Three-dimensional imaging of dislocations in a nanoparticle at
atomic resolution, Nature 496 (2013) 74–77.

[10] F. Hosseini Nasab, S. Hossein Nedjad, S. Karimi, A comparison between the
dislocation structure of ball-milled iron and copper as derived from the X-ray
diffraction peak profile analyses, Phys. Met. Metallogr. 114 (2013) 1069–1073.

[11] N. Forouzanmehr, M. Nili-Ahmadabadi, M. Bönisch, The analysis of severely
deformed pure Fe structure aided by X-ray diffraction profile, Phys. Met.
Metallogr. 117 (2016) 624–633.

[12] Y. Suzuki, A. Mori, T. Fujiwara, K. Tamura, Precise characterization of grain
structures, stacking disorders, and lattice disorders of a close-packed colloidal
crystal, J. Cryst. Growth 322 (2011) 109–113.

[13] R.G.A. Veiga, M. Perez, C.S. Becquart, C. Domain, S. Garruchet, Effect of the
stress field of an edge dislocation on carbon diffusion ina-iron: Coupling
molecular statics and atomistic kinetic Monte Carlo, Phys. Rev. B 82 (2010)
054301.

[14] Z. Wu, W.A. Curtin, The origins of high hardening and low ductility in
magnesium, Nature 526 (2015) 62–67.

[15] K. Lu, C.-F. Huo, Y. He, J. Yin, J. Liu, Q. Peng, W.-P. Guo, Y. Yang, Y.-W. Li, X.-D.
Wen, Grain boundary plays a key role in carbon diffusion in carbon irons
revealed by a ReaxFF study, J. Phys. Chem. C 122 (2018) 23191–23199.

[16] W. Ludwig, P. Cloetens, J. Hartwig, J. Baruchel, B. Hamelin, P. Bastie, Three-
dimensional imaging of crystal defects by ‘topo-tomography’, J. Appl.
Crystallogr. 34 (2001) 602–607.

[17] C. Domain, C.S. Becquart, J. Foct, Ab initio study of foreign interstitial atom (C,
N) interactions with intrinsic point defects in a-Fe, Phys. Rev. B 69 (2004)
144112.

[18] S.R. Kelemen, A. Kaldor, D.J. Dwyer, The adsorption of CO on clean and
potassium promoted FeO surfaces, Surf. Sci. 121 (1982) 45–60.
[19] A. Chakrabarty, O. Bouhali, N. Mousseau, C.S. Becquart, F. El-Mellouhi,
Influence of surface vacancy defects on the carburisation of Fe 110 surface
by carbon monoxide, J. Chem. Phys. 145 (2016) 044710.

[20] S. Liu, A.C.T. van Duin, D.M. van Duin, B. Liu, J.H. Edgar, Atomistic insights into
nucleation and formation of hexagonal boron nitride on nickel from first-
principles-based reactive molecular dynamics simulations, ACS Nano 11
(2017) 3585–3596.

[21] K. Chenoweth, A.C.T. van Duin, W.A. Goddard, ReaxFF reactive force field for
molecular dynamics simulations of hydrocarbon oxidation, J. Phys. Chem. A
112 (2008) 1040–1053.

[22] L. Gai, Y.K. Shin, M. Raju, A.C.T. van Duin, S. Raman, Atomistic adsorption of
oxygen and hydrogen on platinum catalysts by hybrid grand canonical monte
carlo/reactive molecular dynamics, J. Phys. Chem. C 120 (2016) 9780–9793.

[23] H. Matsumoto, The transient method applied to the methanation and Fischer-
Tropsch reactions over a fused iron catalyst, J. Catal. 53 (1978) 331–344.

[24] J.W. Niemantsverdriet, A.M. Van der Kraan, W.L. Van Dijk, H.S. Van der Baan,
Behavior of metallic iron catalysts during Fischer-Tropsch synthesis studied
with Moessbauer spectroscopy, X-ray diffraction, carbon content
determination, and reaction kinetic measurements, J. Phys. Chem. 84 (1980)
3363–3370.

[25] F. Ernst, Y. Cao, G.M. Michal, Carbides in low-temperature-carburized stainless
steels, Acta Mater. 52 (2004) 1469–1477.

[26] C.M. Fang, M.H.F. Sluiter, M.A. van Huis, C.K. Ande, H.W. Zandbergen, Origin of
predominance of cementite among iron carbides in steel at elevated
temperature, Phys. Rev. Lett. 105 (2010) 055503.

[27] K.H. Jack, S. Wild, Nature of v-carbide and its possible occurrence in steels,
Nature 212 (1966) 248–250.

[28] Y. Hirotsu, S. Nagakura, Crystal structure and morphology of the carbide
precipitated from martensitic high carbon steel during the first stage of
tempering, Acta Metall. 20 (1972) 645–655.

[29] M. Ding, Y. Yang, B. Wu, Y. Li, T. Wang, L. Ma, Study on reduction and
carburization behaviors of iron phases for iron-based Fischer-Tropsch
synthesis catalyst, Appl. Energy 160 (2015) 982–989.

[30] G.B. Raupp, W.N. Delgass, Mössbauer investigation of supported Fe catalysts:
III. In situ kinetics and spectroscopy during Fischer-Tropsch synthesis, J. Catal.
58 (1979) 361–369.

[31] L.D. Mansker, Y. Jin, D.B. Bukur, A.K. Datye, Characterization of slurry phase
iron catalysts for Fischer-Tropsch synthesis, Appl. Catal. A 186 (1999) 277–
296.

[32] B. Delmon, G.F. Froment (Eds.), Stud. Surf. Sci. Catal., vol. 126, Elsevier, 1999, p.
265.

[33] K. Lu, C.F. Huo, W.P. Guo, X.W. Liu, Y. Zhou, Q. Peng, Y. Yang, Y.W. Li, X.D. Wen,
Development of a reactive force field for the Fe-C interaction to investigate the
carburization of iron, Phys. Chem. Chem. Phys. 20 (2018) 775–783.

[34] K. Lu, Y. He, C.-F. Huo, W.-P. Guo, Q. Peng, Y. Yang, Y. Li, X.-D. Wen, Developing
ReaxFF to visit CO adsorption and dissociation on iron surfaces, J. Phys. Chem.
C 122 (2018) 27582–27589.

[35] A.C.T. van Duin, S. Dasgupta, F. Lorant, W.A. Goddard III, ReaxFF: a reactive
force field for hydrocarbons, J. Phys. Chem. A 105 (2001) 9396–9409.

[36] L. Liu, A. Jaramillo-Botero, W.A. Goddard III, H. Sun, Development of a ReaxFF
reactive force field for ettringite and study of its mechanical failure modes
from reactive dynamics simulations, J. Phys. Chem. A 116 (2012) 3918–3925.

[37] S. Plimpton, Fast parallel algorithms for short-range molecular dynamics, J.
Comput. Phys. 117 (1995) 1–19.

[38] A. Stukowski, Visualization and analysis of atomistic simulation data with
OVITO–the open visualization tool, Modell. Simul. Mater. Sci. Eng. 18 (2010)
015012.

[39] C.F. Huo, B.S. Wu, P. Gao, Y. Yang, Y.W. Li, H. Jiao, The mechanism of potassium
promoter: enhancing the stability of active surfaces, Angew. Chem. Int. Ed. 50
(2011) 7403–7406.

[40] C.F. Huo, Y.W. Li, J. Wang, H. Jiao, Insight into CH4 formation in iron-catalyzed
Fischer-Tropsch synthesis, J. Am. Chem. Soc. 131 (2009) 14713–14721.

[41] C. Benndorf, B. Krüger, F. Thieme, Unusually low stretching frequency for CO
adsorbed on Fe(100), Surf. Sci. Lett. 163 (1985) L675–L680.

[42] D.W. Moon, S. Cameron, F. Zaera, W. Eberhardt, R. Carr, S.L. Bernasek, J.L.
Gland, D.J. Dwyer, A tilted precursor for CO dissociation on the Fe(100) surface,
Surf. Sci. 180 (1987) L123–L128.

[43] T. Wang, X. Tian, Y.-W. Li, J. Wang, M. Beller, H. Jiao, High coverage CO
activation mechanisms on Fe(100) from Computations, J. Phys. Chem. C 118
(2014) 1095–1101.

[44] T.C. Bromfield, D.C. Ferre, J.W. Niemantsverdriet, A DFT study of the adsorption
and dissociation of CO on Fe(100): influence of surface coverage on the nature
of accessible adsorption states, ChemPhysChem 6 (2005) 254–260.

[45] M.H. Nassir, B. Frhberger, D.J. Dwyer, Coverage dependence of CO dissociation
on clean and hydrogen presaturated Fe(100) surface, Surf. Sci. 312 (1994) 115–
123.

[46] W. Erley, Vibrational spectra of CO chemisorbed on Fe (110), J. Vac. Sci.
Technol. 18 (1981) 472–475.

[47] A. Stibor, G. Kresse, A. Eichler, J. Hafner, Density functional study of the
adsorption of CO on Fe(1 1 0), Surf. Sci. 507–510 (2002) 99–102.

[48] H. Cheng, D.B. Reiser, S.W. Dean, K. Baumert, Structure and Energetics of Iron
Pentacarbonyl Formation at an Fe(1 0 0) Surface, J. Phys. Chem. B 105 (2001)
12547–12552.

[49] L. Gonzalez, R. Miranda, S. Ferrer, A thermal desorption study of the adsorption
of CO on Fe(1 1 0); enhancement of dissociation by surface defects, Surf. Sci.
119 (1982) 61–70.

https://doi.org/10.1016/j.jcat.2019.04.010
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0005
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0005
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0005
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0005
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0010
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0010
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0010
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0015
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0015
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0020
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0020
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0020
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0020
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0025
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0025
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0030
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0030
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0030
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0030
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0035
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0035
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0035
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0040
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0040
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0040
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0045
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0045
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0045
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0050
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0050
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0050
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0055
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0055
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0055
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0060
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0060
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0060
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0065
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0065
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0065
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0065
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0070
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0070
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0075
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0075
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0075
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0080
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0080
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0080
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0085
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0085
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0085
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0090
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0090
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0095
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0095
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0095
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0100
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0100
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0100
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0100
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0105
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0105
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0105
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0110
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0110
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0110
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0115
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0115
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0120
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0120
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0120
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0120
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0120
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0125
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0125
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0130
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0130
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0130
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0135
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0135
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0140
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0140
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0140
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0145
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0145
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0145
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0150
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0150
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0150
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0155
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0155
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0155
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0160
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0160
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0160
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0160
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0165
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0165
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0165
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0170
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0170
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0170
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0175
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0175
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0180
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0180
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0180
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0185
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0185
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0190
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0190
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0190
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0195
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0195
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0195
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0200
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0200
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0200
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0205
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0205
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0210
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0210
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0210
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0215
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0215
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0215
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0220
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0220
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0220
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0225
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0225
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0225
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0230
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0230
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0235
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0235
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0235
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0235
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0240
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0240
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0240
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0240
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0240
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0245
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0245
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0245
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0245
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0245


160 K. Lu et al. / Journal of Catalysis 374 (2019) 150–160
[50] Y. Zhou, Y. Zhu, Z.Q. Wang, S. Zou, G. Ma, M. Xia, X. Kong, L. Xiao, X.Q. Gong, J.
Fan, Catalytic activity control via crossover between two different
microstructures, J. Am. Chem. Soc. 139 (2017) 13740–13748.

[51] Q. Chang, C. Zhang, C. Liu, Y. Wei, A.V. Cheruvathur, A.I. Dugulan, J.W.
Niemantsverdriet, X. Liu, Y. He, M. Qing, L. Zheng, Y. Yun, Y. Yang, Y. Li,
Relationship between iron carbide phases (e-Fe2C, Fe7C3, and v-Fe5C2) and
catalytic performances of Fe/SiO2 Fischer-Tropsch catalysts, ACS Catal. (2018)
3304–3316.

[52] S. Geng, W. Ding, S. Guo, X. Zou, Y. Zhang, X. Lu, Carbon deposition on iron
surfaces in CO–CO2 atmosphere, Ironmak. Steelmak. 42 (2015) 714–720.
[53] J.H. Kaspersma, R.H. Shay, A model for carbon transfer in gas-phase
carburization of steel, J. Heat Treat. 1 (1980) 21–28.

[54] X.Y. Ye, H. Numata, S. Haruyama, Carburization of iron in CO–N2 atmospheres,
Trans. Jpn, Inst. Metals 28 (1987) 307–318.

[55] R.J. Fruehan, The rate of carburization of iron in CO-H2 atmospheres: Part I.
Effect of temperature and CO and H2-pressures, Metall. Trans. 4 (1973) 2123–
2127.

[56] H. Kim, D.-J. Min, S.-M. Jung, A kinetic study on carburization of Fe by using
13CO isotope gas, ISIJ Int. 53 (2013) 199–206.

http://refhub.elsevier.com/S0021-9517(19)30163-0/h0250
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0250
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0250
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0255
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0255
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0255
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0255
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0255
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0255
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0255
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0255
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0255
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0255
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0255
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0260
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0260
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0260
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0265
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0265
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0270
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0270
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0270
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0275
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0275
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0275
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0275
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0275
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0280
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0280
http://refhub.elsevier.com/S0021-9517(19)30163-0/h0280

	The structure–activity relationship of Fe nanoparticles in CO adsorption and dissociation by reactive molecular dynamics simulations
	1 Introduction
	2 Methods
	2.1 The ReaxFF method
	2.2 ReaxFF MD simulations

	3 Results
	3.1 CO conversion rate
	3.2 CO adsorption and dissociation
	3.2.1 Site of adsorption
	3.2.2 Different adsorption behavior of CO
	3.2.3 Different dissociation behavior of CO

	3.3 Reconstruction of surface and bulk
	3.4 Mapping analysis of nanoparticles
	3.5 Turnover frequency
	3.6 Mechanism of formation of CO2
	3.6.1 Eley–Rideal mechanism
	3.6.2 Langmuir–Hinshelwood mechanism


	4 Conclusions
	Acknowledgments
	Appendix A Supplementary material
	References


