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The sintering of nanostructured catalysts poses a grand challenge in understanding the complex mechanism in 
the experimental phenomena, as well as the structure-activity relationship. Here, we systematically investigate 
the structure-activity relationship of sintered Fe-based catalysts, including Fe2C, Fe5C2, Fe3C and pure Fe, in the 
CO activation by reactive molecular dynamics simulations. The results show that the sintering structures can 
promote the turn-over frequency of Fe3C compared with its un-sintered near-size structures, which might be 
attributed to the formation of low-coordination-number atoms. The change of surface area shows a similar trend 
for FexCy and pure Fe, and its increased magnitude varies with the content of carbon in the FexCy bulk. For size 
effect, the Fe2C displays the largest turn-over frequency for the 4.34 nm particle. The CO2 formation mechanism 
has also been compared for different FexCy, which may provide critical theoretical insights for industrial 
reduction of CO2 emission.   

1. Introduction 

Sintering is a commonly observed phenomenon in daily life, which is 
a process of compacting a solid material to an intensive material by heat 
or pressure without up to melting point. In the industrial manufacturing 
process, the sintering is usually used to create one solid piece by the 
densification of metals, ceramics and other materials. For example, the 
agglomeration of fine ore by sintering is a critical basis for modern blast 
furnace steelmaking with high quality and high yield, which has been an 
indispensable process in the steel production and plays an important 
role in the development of steel production. In addition, the extensive 
application of ceramic materials ranging from the cheap staple goods, 
such as ceramic filters or sanitary fixtures, to the high value equipment, 
e.g. scaffolds as bone replacement materials, need to manufacture by 
sintering [1]. In the industrial Fischer-Tropsch reaction condition, it is 
widely accepted that the loss of catalytic activity is bound up with the 
sintering [2,3], which results in the loss of metal surface area. 

The principal mechanisms of sintering are particle migration and 
coalescence (PMC) and Oswald ripening which is presented in the way 
of atomic migration. PMC [4] is considered as a random movement of 
whole particles. When one particle migrates and collides with other 
particles, they can rapidly merge and form a large particle. On the 
contrary, the Oswald ripening [5] usually related to atomic species 
transmitted from a smaller nanoparticle to a larger one. Through the 
diffusion, it will reduce the system energy. And the formation of 
carbonyl compound makes the transport via gas phase an alternative 
pathway to diffusion [6]. The sintering mechanism is closely associated 
with its reaction conditions, such as the reaction pressure [7], the dis-
tribution of active metal nanoparticles and its size on the supported 
metal [8]. The type of substrate also has a contribution to the complex of 
sintering progress [7,9]. 

The sintering has a profound effect on the performance of materials. 
The theory of de-fluidisation [10] is nearly connected with the sintering 
induced by surface diffusion. Molecular dynamics (MD) simulations 
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[11] shows that the refinement of grain size will result in a breakdown in 
the Hall-Petch relation with it size below 13.22 nm. The change of grain 
size cannot be stripped from the sintering process. For the catalysis 
interaction, though most of researchers [12,13] think that sintering is a 
main cause for the loss of activity due to PMC or Oswald ripening, some 
[14] insist that sintering is trivial in the catalyst deactivation. In addi-
tion, the surface atom diffusion induced by pre-melting is the first step to 
initialize the sintering between two particles, which can provide more 
active sites [15]. 

Despite extensive efforts both from the theory [16–19] and experi-
ment [4,5,7–9], the sintering mechanism is illusive and on intensive 
debate. The widely used transmission electron microscope (TEM) may 
cause a considerable perturbation to metal migration by the electron 
beam heating [20]. It is difficult to detect smaller particles in a distri-
bution. The first-principle method is not suitable to investigate the sin-
tering process and its effect on the catalysis because of tremendous cost 
of computational power. MD adapting the many-body potential, such as 
embedded-atom method (EAM), can be exploited to study the sintering 
mechanism, but not to the effect on the catalysis due to the lack of 
chemical reaction of potential function itself. Another vital reason is lack 
of a set of appropriate potential parameters. 

In response to the above problems, we propose firstly the use of 
reactive force fields to explore the structure-activity relationship of the 
sintering process, and reveal the possible impact of sintering on the 
catalytic reaction. Through the study of the formation mechanism of 
CO2, we hope that it will help the reduction of CO2 emission in the in-
dustrial production process under the dual-carbon goal. Here, we took 
the CO activation in the sintering process of iron carbides (FexCy) as the 
model reaction and describe the effect of sintered structures. In order to 
make it real, we had developed Fe-C-O reactive force field (ReaxFF) 
potential [21], which includes the effects of different structures of FexCy 
and different defects and which had been proven to be suitable for 
describing the Fe-C-O interactions [6,21,22]. Using this potential, we 
studied and characterized the relationship of CO dissociation number 
and its dissociated rate with the sintered structures extracted from the 
sintering process. The evolution of active sites and its corresponding 
coordination number was also investigated. Finally, the CO2 formation 

mechanism on different FexCy was investigated and presented. 

2. Methods 

2.1. ReaxFF methods 

The ReaxFF [23] is an empirical potential, which bridges the gap 
between quantum mechanical (QM) and experiment. It allows the bond 
breaking and formation according the length change of atoms. ReaxFF 
adopts the distance-correlated Morse potential and electronegativity 
equilibration method (EEM) to describe the short-range interaction and 
calculates the charge distribution updated every iteration during ReaxFF 
molecular dynamics (RMD), respectively. For the details of energy for-
mulas, the readers can refer the references [22,23]. 

2.2. RMD simulations 

RMD simulations can be divided into two parts: (i) sintering simu-
lations and (ii) CO activation simulations. All MD simulations were 
performed by LAMMPS [24]. The identification of structures and the 
calculation of its surface area and volume are all performed by OVITO 
[25]. The nanoparticles of FexCy [26–28] (Fig. 1), including Fe2C, Fe5C2, 
Fe3C and pure Fe [29] were constructed by the Wulff principle. The 
three-dimensional periodic boundary condition was used to a box of 
10.7 nm × 10.7 nm × 10.7 nm. After initially optimized through con-
jugate gradient method, 100 ps for thermodynamics equilibrium was 
employed for all the atomic structures under the temperature T = 300 K 
by canonical ensemble (NVT). For sintering simulations, these well 
equilibrated configurations were then subjected to sinter under 2000 K. 
After a quickly quenching from 2000 K to 800 K and a subsequent 
equilibrated simulation under 800 K for 10 ps, the extracted structures 
from elevated temperature sintering process which keeps itself transient 
structures were used to CO activation simulations under 800 K, which is 
sharply lower than the simulated sintering temperature but slightly 
higher than the experimental temperature. This temperature can 
decelerate the evolution of sintered structures but accelerate the colli-
sion of gas molecules with solid catalysts allowing us to quickly observe 

Fig. 1. The morphology of different FexCy. The 2nd size of every model was used to sinter and other sizes were used to consider the size effect. The value below the 
particle represents its diameter. Other value in parentheses represents the surface index. 

Fig. 2. The total energy of system versus temperature for different materials.  
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the target chemical reaction in a limited time and in a limited evolution 
of structure. The simulation time for sintering was range from 50 ps to 
2200 ps under 2000 K. For convenient to compare, all CO activation 
simulation time was 300 ps. A 0.25 fs time step was utilized for every 
reaction. The velocity integration was calculated by Verlet algorithm. 

3. Results 

3.1. The sintering process of FexCy 

In order to obtain the catalyst structures in sintering process for CO 
activation simulations, we conducted a series of sintering simulation of 
FexCy and pure Fe catalyst. Theoretically, the simultaneous collision of 
four molecules and higher ones are hardly possible. And the investiga-
tion of sintering mechanism is not the focus of this study. Here, we 
choose two particles with the average size of about 3.4 nm (3.38 nm for 
Fe2C, 3.67 nm for Fe5C2, 3.43 nm for Fe3C, 3.16 nm for Fe) and 
randomly choose its index surface for collision to model the Fe-based 
catalyst sintering process (Fig. 3). The previous results [15] show that 
the melting point derived from potential energy criterion is consistent 
with the Lindeman index. Therefore, we adopt the potential energy 
criterion to roughly determine the surface pre-melting temperature. As 
shown in Fig. 2, the cross point of two line by ReaxFF indicates the 
surface pre-melting temperature is about 1600 K. Generally, surface 
diffusion quickly occurs after the temperature excessing the surface pre- 
melting temperature, which is the requirement for sintering [10]. In 
order to accelerate the sintering simulation simultaneously, 2000 K was 
used to all sintering simulations. The initial distance of two particles 
used to sinter is 5 Å. 

As shown in Fig. 3, a significant change of shape and structure for the 
FexCy and Fe particles occurs. In the initial period (1st period, 0.88 × 10- 

8 m2/s for carbon atoms of 1 ps Fe2C, 1.06 × 10-8 m2/s for carbon atoms 
1 ps Fe5C2, 1.14 × 10-8 m2/s for carbon atoms 1 ps Fe3C) of sintering 
process, two particles after 1 ps relax under 2000 K has lots of activated 
atoms on its surface, which are started to diffuse. When the sintering 
occurs, the atoms on the surface rapidly diffuse to the adjacent site of 
two particles with the disappearance of edge and corn atoms and the 
formation surface active site caused by the surface pre-melting. Along 
the elapse of time, the neck between two particles occurs (2nd period, 
0.76 × 10-8 m2/s for carbon atoms of 39 ps Fe2C, 1.08 × 10-8 m2/s for 
carbon atoms 3 ps Fe5C2, 1.10 × 10-8 m2/s for carbon atoms 8 ps Fe3C) 
and grows (3rd period, 0.88 × 10-8 m2/s for carbon atoms of 44 ps Fe2C, 
1.27 × 10-8 m2/s for carbon atoms 12 ps Fe5C2, 1.44 × 10-8 m2/s for 
carbon atoms 20 ps Fe3C), for example, its height of neck grows from 10 
Å to accessing to diameter of nanoparticles. In the 3rd period, the 
diffusion rate of activated atom has a greatly promotion (Fig. S1). And 
the two particles merge into one particle finally (4th period, 0.89 × 10-8 

m2/s for carbon atoms of 100 ps Fe2C, 0.93 × 10-8 m2/s for carbon atoms 
100 ps Fe5C2, 1.36 × 10-8 m2/s for carbon atoms 50 ps Fe3C), as ex-
pected. Furthermore, the final shapes of FexCy are close to sphere, that is, 
its sphericity accesses to 1. The sphericity was calculated by the formula 
[30]: 

∅ =

4π
(

3Vp
4π

)2
3

Sp  

where, Vp is the volume of particle, Sp is the surface area of particle. For 

Fig. 3. The snapshots abstracted from the sintering process for four different compounds. The green line represents the selection criteria of nanoparticles for 
following simulations. 
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Fe nanoparticle, its shape (∅ = 0.90) is still a bit deviated from the 
sphere though it has undergone 2 ns simulation. The possible reason is 
that the carbon can be activated under a lower temperature relative to 
the activation temperature of Fe, and it has a more faster diffusion rate 
than Fe at the same temperature, the carbon diffusion accelerates the 
evolution of the morphology of FexCy nanoparticles into a spherical 
shape. 

3.2. CO adsorption and dissociation 

3.2.1. CO conversion rate 
For obtained the catalyst structures in sintering process, we con-

ducted a series of CO activation simulations (Fig. 4), which comprise of 
500 CO and a corresponding structure extracted from the sintering 
process (Fig. 3). 500 CO molecules were randomly inserted the vacuum 
of box, and a non-reactive simulation for 10 ps was performed to further 
increase the randomness of CO distribution. Its pressure is about 4.6 
MPa roughly evaluated by ideal gas law. Three iron carbides were 
chosen to systematically present the effect of morphology of sintered 
catalyst. In order to examine the size effect, we simulated the CO reac-
tion with different size FexCy particles (Fig. 1). The newly produced 
particles have a diameter of about 4.4 nm, which can be used to compare 
with the similar size catalyst without sintering. For Fe5C2, all its data, 
including the CO conversation rate, the dissociated CO number and so 
on, are the average results of three independent paralleled CO simula-
tion. And the result of every independent simulation is nearly close to 
the average results, indicating that each single CO activation simulation 
of FexCy catalyst is sufficient to represents a universal situation. 

The CO conversion rate in Fig. 5 represents the pressure drop at the 
final reaction state roughly, because a number of CO is reacted with the 

particle and only a few CO2 generates. Besides, enormous difference of 
CO depletion for same sintering depended on the different catalysts is 
observed. For all FexCy and Fe, most of the CO conversion is over 80%, 
and the CO conversion of all structures of Fe2C in different sintering 
periods is close to 90%, indicating that 300 ps is sufficient to simulate 
CO activation; a small part of structures, such as the 2nd structure of 
Fe5C2, requires more simulation time (Fig. 5a). Based on the conve-
nience of comparison, we selected the results of each structure at 300 ps 
for comparison. For Fe2C, the order of CO conversion rate at different 
period is 4th > 2nd > 1st > 3rd. For Fe5C2, the corresponding order is 
4th > 3rd > 1st > 2nd. For Fe3C, its order is 4th > 1st > 2nd > 3rd. For 
pure Fe, the order is 3rd > 4th > 1st > 2nd. We have illustrated the size 
effect of pure Fe nanoparticle in previous study [6], in which the CO 
conversion rate increases with the increasing of catalyst size and the 
exposed surface area thereof. Unlike the pure Fe, the effect of different 
FexCy size on CO activation varies depending on the component of 
catalyst (Fig. 5b). 

3.2.2. Different adsorption and dissociation behavior of CO 
One of the most important consequences of sintering is the change of 

surface area of nanoparticles. Fig. 6 shows the area evolution of Fe-based 
catalyst in the sintering process. Different from the reference results[6], 
the surface area of FexCy (including the contribution of Fe and C) and 

Fig. 4. The CO activation model for Fe-based catalyst extracted from the sin-
tering process. 

Fig. 5. The CO conversion rate for different sintered morphologies and different sizes of FexCy. The value on the column indicates the conversion factor based on the 
5 nm Fe nanoparticle. (a) for sintering process, (b) for size effect. 

Fig. 6. The area evolution of Fe-based catalyst in the sintering process, every 
point in the Fig. stands for one period. 
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pure Fe particles increased firstly and then decreased during the sin-
tering process, and its increased amplitude roughly increases with the 
increase of carbon content of Fe-based catalyst (Fe2C > Fe5C2 > Fe3C >
Fe). When the two particles are sintered into one particle, the surface 
area of Fe2C, Fe5C2 and Fe3C nanoparticles is significantly increased, 
while the surface area of the pure Fe nanoparticles is significantly 
reduced, which dictates the carbon may play a critical role in the sin-
tering of Fe-based catalysts. 

CO adsorption is the most important pre-dissociated process. It is 
related the formation of carbonyl iron, which may result in the catalyst 
sintering by Oswald ripening [6,31]. In order to account the surface area 
difference of various FexCy nanoparticles with the pure Fe, we normalize 
the number of adsorbed state CO and dissociated CO of all models based 
on the surface area of 5 nm pure Fe nanoparticle [6]. Its corresponding 
conversion factor has been listed in the Fig. 5. For Fe5C2, the number of 
adsorbed state CO on 1st period is the maximum (Fig. 7a), but it owns 
the minimum surface area (Fig. 6). In contrast, its 2nd period has the 
maximum surface area but the least number of adsorbed state CO. The 
number of CO adsorption for 3rd and 4th is above the 2nd but under the 

1st period. Similar as the adsorption, the number of dissociated CO 
presents analogously trend (Fig. 7c). For pure Fe, its trend is slightly 
different. The least surface area with the most number of CO both for 
adsorption and dissociation occurs in 4th period (Fig. 7b,d). The 2nd 
period has the least number of adsorbed state and dissociated CO with 
the maximum surface area. The number of CO adsorption and dissoci-
ation for 1st and 3rd is above the 2nd but under the 4th period. 
Consequently, only the 1st period of Fe5C2 owes the fast CO dissociated 
rate (Fig. 7e). Although the 1st period, 3rd period and 4th period of pure 
Fe have the near same CO dissociated rate at the initial stage (Fig. 7f), 
the final number of dissociated CO of 1st period is far less than the 3rd 
and 4th periods. Other FexCy display a similar trend to Fe5C2 that the 1st 
period of sintering has the most number dissociated CO. Its values of 
dissociated CO number and corresponding dissociated rate are less than 
the pure Fe (Figs. S2 and S3). The FexCy and the Fe exhibit completely 
different behaviors, meaning that their activated mechanism may have 
huge disparities. 

Owing to the sintering process related the size change of catalyst, we 
also consider the effect of size of FexCy on CO activation. For Fe2C, 

Fig. 7. Different adsorption and dissociation behavior of Fe-based catalyst in the sintering process, as well as the CO dissociated rate.  
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Fe5C2, Fe3C and Fe [6], the increasing of size will reduce the number of 
dissociated CO because of its corresponding reduction of activity 
(Fig. 8a). For different FexCy, a smaller particle has a more dissociated 

CO number than a larger particle. About 4.4 nm particle of Fe5C2 and 
Fe3C exhibits a similar CO dissociated number, as well as about 5.5 nm 
particle of all FexCy. Fig. 8b shows that the 4.23 nm of Fe2C have the 
maximum CO dissociated rate, which is greater than the other FexCy at 
the initial period, followed by a rapid decrease. It is less than about 2.5 
nm particles at the final time except for the Fe2C. 

Note that the final structures of sintering have an approximate size 
with the un-sintered about 4.4 nm particles. Fig. 9 presents the effect of 
morphology changed by sintering on the CO activation. The number of 
dissociated CO on the final structures of sintering is less than on the un- 
sintered about 4.4 nm Fe2C, Fe5C2 and Fe3C particles. The pure Fe has an 
opposite behavior that the number of dissociated CO on the final 
structures of sintering is larger than the corresponding dissociated CO 
number of the un-sintered about 4.4 nm particles. These results illustrate 
that the Fe-based catalyst is sensitive to carbon content. 

3.3. Reconstruction of surface and bulk 

After sintering, the instantaneous structures usually are amorphous 
structures. In order to further explore the effect of morphology on the CO 
activation in the sintering progress, we adopted the coordination num-
ber (CN) [25] to analyze the activity change of catalyst. For FexCy, both 
of the carbon and iron atoms have the catalytic activity to CO [32–34]. 
Therefore, we treated all atoms as active atoms to analyze. 

Fig. 10 shows the dynamic evolution of CN in the sintering process. 
There are higher CN in the initial internal structure both for Fe and C 
atoms of Fe5C2 (Fig. 10a,b) and pure Fe (Fig. 10c,d). When two particles 
merge into one particle, the bulk internal CN reduces and it becomes less 
stable. At the same time, the surface also becomes more active with the 
reduction of CN. During the sintering process, the number of higher CN 
in internal particle, e.g. CN = 13–15 for Fe of Fe5C2 (Fig. 10a) and CN =
6 for C of Fe5C2 (Fig. 10b), rapidly reduces and the number of lower CN 
in surface, e.g. CN = 4–7 for Fe of Fe5C2 (Fig. 10a) and CN = 2–4 for C of 
Fe5C2 (Fig. 10b), swiftly increases. Other iron carbides have similar 
behaviors with the Fe5C2 (Fig. S4). 

3.4. Turnover frequency 

Generally, one of the most significant indicators for evaluating cat-
alytic activity is the turn-over frequency (TOF), which usually defined as 
TOF = N / M / t, where N stands for the number of gas molecules (such 
as, the dissociated CO numbers), M presents the surface active sites 
which can be approximately represented by the number of surface atoms 
(including Fe and C atoms) and t presents the reaction time. That is, the 
definition of TOF used here is CO dissociation number per surface atom 
per second. Owing to the reduction of gas pressure near 99 ps inferred 
from the knee point in Fig. 7, we used the 99 ps here as the reaction time 
eliminating the effects of pressure gap for Fe5C2 and Fe. The reaction 
time for other FexCy is 126 ps (Fe2C) and 141 ps (Fe3C), respectively. 

Fig. 11a shows that the TOF value varies with the state of sintering. 
Interestingly, different from the experimental results, all FexCy and Fe 
represent a similar result that the final structure of sintering has a higher 
TOF value than the initial structure. The TOF value order of the initial 
and final structures are same as Fe2C (1.85 vs. 2.17) > Fe3C (1.43 vs. 
1.60) > Fe (0.72 vs. 1.19) > Fe5C2 (0.48 vs. 0.74), indicating that the 
Fe2C may be the most active phase for the CO activation catalyzed by the 
sintered structures. The order of increased TOF magnitude (Fe (66.3%) 
> Fe5C2 (53.4%) > Fe2C (17.3%) > Fe3C (11.7%)) shows that the pure 
metal Fe have a significant potential after sintering compared with the 
FexCy. Its TOF value does not have a linear relationship with the Fe/C 
ratio, which was defined as the ratio of surface iron atoms number to the 
surface carbon atoms number. But what needs to be stressed is that the 
surface carbon atoms of FexCy gradually enrich on the surface during the 
sintering process (Fig. 11a), suggesting that these surface carbon atoms 
hinder local CO adsorption owing to its relative lower activity, consis-
tent with the reference [32–35]. Though the surface area of particles 

Fig. 8. The number of dissociated CO and its corresponding dissociated rate for 
all FexCy under the size effect. 

Fig. 9. The comparison of dissociated CO number for different FexCy after and 
before sintering in a similar size about 4.4 nm. 
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increases in the middle stage of sintering process, the total number of 
surface atoms (including Fe and C) decreases. This discrepancy shows 
that many low CN active sites formed on the surface, such as island-like 
structure composed of 2–3 atoms, indicating the average exposed area of 
every surface atom increases and the average CN of surface atoms 
decrease. As a result, the catalytic activity of about 3.4 nm FexCy in-
creases after it sintering into one about 4.4 nm particle. The surface area 
of pure Fe will decrease after sintering because of the reduction of sur-
face area mainly sourcing from the edge sites and corner sites which has 
more exposed surface area than other surface atoms. Though the low CN 
atoms (CN = 7–9) have a larger reduction, the number of other atoms 
with relative higher CN (CN = 8–11, still smaller than CN of the surface 
atoms before sintering) have an enormous enlargement which results in 
the higher TOF value after sintering. 

For size effect, the TOF value of Fe5C2 and Fe3C has a same trend with 

the Fe/C ratio (Fig. 11b). Such as, the largest Fe/C ratio of 2.24 nm Fe3C 
particle has the largest value of TOF. For Fe2C, the 4.23 nm particle has 
the largest TOF value. Opposed to the Fe2C, the TOF value of other FexCy 
about 2.5 nm has the highest value. The TOF value order is transformed 
from the Fe3C > Fe5C2 > Fe2C (about 2.5 nm) to the Fe2C > Fe3C > Fe5C2 
(about 4.4 nm) to the Fe3C > Fe2C > Fe5C2 (about 5.5 nm). Also, the 
results show that the 4.23 nm Fe2C (2.97) and the 2.24 nm Fe3C (3.20) 
may be the most useful candidate to CO activation because of its high 
TOF value. 

It is worth mention that the TOF value of the final sintering structure 
has a grand difference with the similar un-sintered about 4.4 nm 
structure. For Fe2C (2.17 vs. 2.97) and Fe5C2 (0.74 vs. 1.16), the final 
sintering structure has a lower TOF value. For Fe3C (1.60 vs. 1.30), the 
TOF value of final sintering structure is higher than its similar un- 
sintered structure. In another words, the sintering not only promotes 

Fig. 10. The evolution of CN for Fe5C2 and Fe in the sintering process.  

Fig. 11. The TOF value and Fe/C ratio for different models. The size value in (a) stands for the final particle size after sintering.  
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slightly the activity of Fe3C compared its initial structure, but also poses 
a higher TOF value than its un-sintered near-size particle. 

3.5. Mechanism of CO2 formation 

The CO2 formation on the Fe-based catalysts affects the supply of 
carbon to carbonization process and the C-C coupling process in the 
Fischer-Tropsch synthesis. Generally, there are two mechanisms, 
including the Eley-Rideal mechanism and Langmuir-Hinshelwood 
mechanism for molecular reaction. The details of CO2 formation 
mechanism has been presented in the reference [6], there only shows the 
CO2 formation mechanism of FexCy and provides the comparison of their 
results. 

For different FexCy, the main CO2 formation mechanism is different 
(Fig. 12). The Eley-Rideal mechanism (relates to one adsorption mole-
cule) (E-R 1) and the Langmuir-Hinshelwood mechanism [6] (relates to 
one adsorption atom) (L-H 2) play the equally contribution to the CO2 
formation of Fe2C. The CO2 formation mechanism generally transforms 
from the Eley-Rideal to Langmuir-Hinshelwood for Fe5C2, agreeing well 
with the reference results [36] revealed by the combination of experi-
mental and theoretical study. The domain CO2 formation mechanism of 
Fe3C is Langmuir-Hinshelwood mechanism, and the Eley-Rideal mech-
anism occupies less contributions. Additionally, compared with other 
FexCy and pure Fe [6], the most number of CO2 is formed on the Fe2C. 

4. Conclusions 

We investigate the structure-activity of Fe-based catalyst (FexCy) in 
the sintering process using reactive molecular dynamics simulations. We 
have examined the size effect on the catalytic performance. The results 
show that the formation of large number of low CN surface atoms ele-
vates the turn-over frequency of Fe-based catalyst after sintering. In the 
sintering process, the surface area of FexCy and pure Fe increases firstly 
then decreases, but its increased amplitude varies with the increasing of 
its carbon content (Fe2C > Fe5C2 > Fe3C > Fe). The turn-over frequency 

orders of the initial and final structures of sintering are the same, as 
Fe2C > Fe3C > Fe > Fe5C2. For size effect, the Fe5C2 and Fe3C shows a 
same trend with its surface Fe/C ratio. The 4.23 nm Fe2C and 2.24 nm 
Fe3C are the best candidate to promote the CO activation. The CO2 
formation mechanism of FexCy has also been analyzed and compared 
with the pure Fe. CO2 formation on the Fe2C equally origins from the 
Eley-Rideal and Langmuir-Hinshelwood mechanism, different from 
other FexCy in which the Langmuir-Hinshelwood mechanism domains 
the CO2 formation. 
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Appendix A. Supplementary material 

The diffusion coefficient of C and Fe for Fe2C, Fe5C2 and Fe3C in the 
sintering simulations calculated by MSD. Different adsorption and 
dissociation behavior of Fe2C and Fe3C in the sintering process, as well 
as the CO dissociated rate. The evolution of CN for Fe2C and Fe3C in the 
sintering process is also added. Supplementary data to this article can be 
found online at https://doi.org/10.1016/j.apsusc.2021.151018. 
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