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Abstract: The first-order phase transition plays a pivotal role in material behaviors, yet 

that of carbides, a type of important materials, has not been systematically studied. 

Herein, the melting process and structural properties of binary iron carbide (FexCy) 

nanoparticles are characterized by reactive molecular dynamics simulation. It was 

found that the melting point of FexCy nanoparticle decreased with decreasing size and 

increased with increasing Fe/C ratio, which were consistent with the experimental 

results. The melting process starts at the surface and proceeds inwards. The carbon 

atoms are fully activated before reaching the melting point and the iron core melts last. 

At high temperatures, carbon atoms exhibit significant outward diffusion behavior and 

form carbon deposition on the surface. When the temperature exceeds the pre-melting 

point, although the high temperature gives the nanoparticles more atomic active sites 

with low coordination, the surface carbon accumulation, such as C2, blocks the active 

sites leading to a lower turn-over frequency of FexCy for CO dissociation. These 

findings provide an atomistic comprehension of the melting mechanisms and behaviors 

of binary FexCy nanoparticles, as well as a theoretical foundation for understanding 

their structural transformation as a catalyst, which is caused by the heat released from 

catalytic exothermic reactions.

Keywords: RMD, FexCy nanoparticles, Melting behavior, Structural evolution, TOF
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1. Introduction

Melting is a first-order phase transition and pivotal material behavior happening 

in daily life. Compared with bulk materials, nanomaterials posses unique properties and 

more complex melting behaviors due to the large surface/volume ratio of their 

nanoparticles.1-5 For example, the melting point of nanomaterials depends on particle 

size.6-8 Nanometer clusters and nanoparticles have been extensively studied in recent 

years.9-12 Precisely probing and predicting their variations during melting has become 

possible due to the rapid development of experimental and computational techniques.13-

16 Iron is an essential metal in the industry due to its excellent properties, low cost, and 

wide availability. Nano iron is widely used as a highly active catalyst in industrial-scale 

catalysis for Fischer-Tropsch synthesis (FTS),17,18 bioimaging,19 and energetic 

materials.20 Melting point is one of the most basic properties of nano iron and the 

systematic investigation of its melting behaviors can better understand its catalytic and 

mechanical properties.

The thermodynamic properties of nanoparticles, such as melting and atomic 

diffusion, are critical to their synthesis, characterization, and application. However, it 

is difficult to measure their melting points experimentally. However, the rapid 

development of molecular dynamics simulation methods in the past decade has allowed 

researchers to conduct large-scale studies on the melting process of nano iron. Sun et 

al.21 investigated the effects of size of Fe nanoparticles on melting temperature by the 

ReaxFF force field and found that the defects provide additional energy storage to the 

Fe nanoparticles for the first time. Shu et al.22 characterized the melting process of Fe 

nanoparticles by replica-exchange molecular dynamics (REMD) and demonstrated that 

REMD could effectively overcome the superheating and undercooling problems. They 

accurately predicted the melting temperature of Fe nanoparticles and described the size 

dependence of the melting temperature with a revised liquid skin melting (LSM) model. 

Ding et al.23 studied the surface melting behaviors of Fe clusters by constant 

temperature molecular dynamics simulation based on many-body interaction potential. 

The study revealed that the melting surface layer gradually became thicker during 
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heating and the cluster lattice suddenly collapsed and a phase transition occurred at the 

critical temperature. Joshi et al.24 found by an embedded atom method (EAM) potential 

that the melting points of Fe and Ni nanoparticles were particle size-dependent, and the 

critical temperatures were linearly related to the inverse of particle size. 

In addition to the discoveries mentioned above, these studies also suggest that the 

melting initially happens on the surface of nanoparticle and then extends to the whole 

nanoparticle. The surface pre-melting at the initial stage changes the nanoparticle 

surface structure and significantly affects its properties, especially the catalytic 

performance, which has been reported by extensive studies on the evolution of surface 

morphologies of various catalysts during reactions.25-29 In particular, many typical 

industrial catalytic reactions, such as the activation of methane and the oxidation of 

ammonia over transition metal nano catalysts, occur at high temperatures (over 1000 

K),30-32 which may has reconstructed the surface of catalyst by pre-melting process in 

the reaction conditions. Therefore, understanding the dynamic evolution of the surface 

structure of nano-catalyst particles under real reaction conditions is essential for catalyst 

design. In the previous work, we systematically studied the surface pre-melting 

activities of 11 transition metal nanoparticles by molecular dynamics simulation using 

EAM potential.33 Our study revealed that the surface pre-melting of 3 nm Fe 

nanoparticles occurred at 1050 K. The activated atoms can further activate other atoms 

using the excess kinetic energy, and the resulting activated surface provide more active 

sites with different atomic coordination numbers, which illustrates the potential impacts 

of surface pre-melting on heterogeneous catalysis.

Currently, the Fe-based compounds instead of pure iron are more widely used in 

industry.19,34-37 The increased interaction and coupling between atoms may complicate 

the thermodynamic processes, such as melting and atomic diffusion. For instance, the 

Fe-based catalyst for FTS reaction is generally exposed to the syngas containing CO, 

H2, etc.,17,18,38-40 which results in complex carbide phases under different reaction 

conditions, especially accompanied by the release of a large amount of heat during the 

reaction.41 The heat dissipation of nanoparticle is relatively slow under the cover of gas, 
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and the resultant local high temperature can change the surface morphology of the 

nanoparticle and further affect the catalytic performance.42 An important example is 

that high temperature can significantly affect the existence of carbon atoms on the 

catalyst surface, such as carbon-rich surface, carbon-free surface, carbon vacancy, etc., 

which in turn affect processes such as methanation, hydrogenation, water gas shift, and 

FTS.17,43 Niemantsverdriet et al.44 found that in the carbon-rich (001) surface of Fe5C2, 

CO is difficult to dissociate, while the hydrogenation of surface carbon to CH is a 

relatively easy reaction process. Carbon-free surface facilitates the direct dissociation 

of CO. On surfaces containing some carbon vacancies, hydrogen-assisted CO 

dissociation is more favorable than direct dissociation of CO. In addition, carbon-

containing species undergo decomposition and polymerization to generate carbon 

deposition on the catalyst surface. It could clog the surface active site and lead to 

deactivation of the catalyst.45,46 Also, carbon atoms can strength the mechanic 

properties of Fe-based materials, but inevitably causes chemical inertness.47,48 

Therefore, iron carbide (FexCy) is also usually used as a constituent in metal alloys and 

cemented carbide coatings.49-52 Understanding the melting behavior of FexCy 

nanoparticle is important for revealing the interaction between Fe and C in the practical 

industrial productions. 

Due to the complex phase composition of FexCy catalyst, it is very difficult to 

characterize and confirm the real active phase with experimental methods.41 Moreover, 

the phase changes with the environment, which leads to misinterpretation and 

misunderstanding of the experimental results.53 Therefore, the present work was aimed 

to provide an atomistic understanding of the structural evolution of the FexCy 

nanoparticle catalyst during its melting process by the reactive molecular dynamics 

(RMD) simulation. The models of FexCy nanoparticles with the sizes ranging from 2 

nm to 8 nm and different Fe/C ratios including ɛ-Fe2C, χ-Fe5C2, θ-Fe3C, and Fe4C were 

constructed. Its effects of size and carbon content on melting temperature, and 

corresponding structure changes and atomic behaviors during melting were analyzed. 
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The CO dissociation, a key step in FTS, was also studied to understand the effect of 

melting on the catalytic activity of FexCy nanoparticles.

2. Method

The Lindemann index54 measures the vibration of atoms by calculating a function 

of interatomic distance in the first neighbor shell. It is widely used to study the melting 

behavior.55-58 In general, a high Lindemann index indicates high vibrational motion 

which means that active atoms are prone to leave their equilibrium sites. It could be 

seen as an indicator of the melting point when the Lindemann index abruptly ascends. 

The index is defined as Eq. (1) and (2):

                            (1)𝛿 =
1
𝑁∑

𝑖𝛿𝑖

                       (2)𝛿𝑖 =
1

𝑁 ― 1∑
𝑗 ≠ 𝑖

𝑟2
𝑖𝑗𝑇 ― 𝑟𝑖𝑗

2
𝑇

𝑟𝑖𝑗𝑇

where δ is the globe Lindemann index, δi is the local Lindemann index of atom i, 

N is the number of atoms, rij is the interatomic distance between atom i and j, and T 

denotes the thermal average of a series of trajectories at temperature T. It has been 

shown that δ below 0.1 represents an ordered solid structure and above 0.1 transforms 

into a liquid state. This is referred to as the Lindemann criterion for melting.54,59,60 

According to the temperature dependence of the Lindemann index in Fig. S1, both Fe 

and C atoms are activated and diffuse to new positions when their Lindemann indices 

exceed 0.1. Therefore, the critical values can be determined as 0.1 for melting of Fe and 

C atoms. Here, the pre-melting point is defined as the temperature at which the 

Lindemann indices of at least three atoms are larger than 0.1.

Information about the melting properties of the FexCy nanoparticles can be derived 

from RMD simulations.61,62 Iron carbides can be formed by the reduction of Fe2O3, with 

α-Fe as an intermediate phase. They have different crystal structures at different 

temperatures and carbon chemical potentials (μC).41 In iron carbide, the hexagonal 
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close-packed structure of Fe is distorted with carbon atoms occupying its vacancies. In 

χ-Fe5C2 and θ-Fe3C, carbon atoms are interspersed into the trigonal voids composed of 

iron atoms, while carbon atoms occupy octahedral vacancies of ε-Fe2C and Fe4C. (Fig. 

S2a) The nanoparticles with diameters of 2 nm (~ 300 atoms), 3 nm (~ 1100 atoms), 5 

nm (~ 5000 atoms) and 8 nm (~ 20000 atoms) sizes were constructed for each of the 

four structured FexCy phases (Fe2C, Fe5C2, Fe3C, and Fe4C). The nanoparticles are 

created through Wulff Construction63 and some relatively stabled surfaces under 

adiabatic conditions are selected from Zhao et al.64,65 (Fig. S2b) All the simulations 

were implemented by RMD using Large-scale Atomic/Molecular Massively Parallel 

Simulator (LAMMPS)66 and the corresponding structure changes were observed by 

Open Visualization Tool (OVITO).67 The reactive force field (ReaxFF) parameters are 

derived from our previous work and have been proven to be suitable for describing the 

Fe-C-O interactions.40,68,69 The periodic simulation box size was 12 nm × 12 nm × 12 

nm. (Fig. S3a) For melting simulations, all the nanoparticles were initially pre-

equilibrated at 300 K for 100 ps with canonical (NVT) ensemble. These well-

equilibrated structures were then heated up from 300 K to 2000 K for further 

investigation. Each system lasted for 300 ps with a 0.25 fs time step. For CO activation 

simulations, the nanoparticle structures simulated at different temperatures were 

quickly heating or quenching to 800 K and then equilibrated for 10 ps before CO 

activation reactions. The periodic simulation box has a size of 10.7 nm × 10.7 nm × 

10.7 nm including a Fe5C2 nanoparticle and 500 CO. (Fig. S3b) Its initial pressure is 

about 4.6 MPa. The CO activation simulations were run at 800 K for 200 ps. These 

conditions inhibit the swift evolution of elected temperature structures but accelerate 

the collision of CO with the nanoparticles, allowing us to accurately examine the effect 

of melting on the catalytic performance of FexCy nanoparticles. The velocity Verlet 

integrator has been employed. 

3. Results

3.1. Melting and Surface Pre-melting 
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Fig. S4 shows the curves of temperature, total energy and potential energy of bulk 

Fe5C2 with time. From these curves it can be deduced that the melting point is 1910 K. 

However, the Lindemann index is a more definite melting criterion, and more 

information can be obtained. To explore the melting mechanism of FexCy nanoparticles, 

the Lindemann index is introduced to characterize the surface pre-melting behaviors 

and the structural evolution during melting. The Lindemann indexes of the 

nanoparticles with different structures and sizes from 300 K to 2000 K are calculated. 

Fig. 1. Overall Lindemann Index of different sizes of FexCy nanoparticles: (a) Fe2C; (b) Fe5C2; (c) 

Fe3C; (d) Fe4C.

Fig. 1 shows the temperature dependence of the overall Lindemann index of FexCy 

nanoparticles from 2 nm to 8 nm. Similar to pure iron clusters, the melting process of 

most FexCy nanoparticles can be divided into three stages.23 In the first stage, the 

Lindemann index increases linearly and slowly with temperature increasing. The 

nanoparticle keeps a solid-state, and all atoms vibrate only near their equilibrium 

positions. In the early of the second stage, the rising trend of the Lindemann index 

increases (pre-melting process). Some surface atoms can obtain enough kinetic energy 
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to overcome the binding energy at the initial position and diffuse to other positions on 

the surface due to its low coordination number when a certain temperature is reached. 

As the temperature further increases, the kinetic energy of the surface atoms is 

transferred inward, causing the internal atoms to gradually leave their equilibrium 

positions and begin to migrate. When the Lindemann index reaches around 0.1, the 

gradient of the Lindemann line suddenly increases, which indicates the occurrence of 

the melting process and is also used to judge the melting point of nanoparticles. It is 

noted that the Lindemann indices of some nanoparticles undergoing melting ranges 

from 0.1 to 0.15, which is because there are still some internal solid atoms with 

Lindemann index less than 0.1 when the overall Lindemann index reaches 0.1. After 

exceeding the threshold of its individual critical temperature, the Lindemann line 

continuously increases resemble its initial increasing form until the nanoparticle 

completely melted. At this time, the third stage has also been reached, the Lindemann 

line is flattening again, and the nanoparticles are in a liquid form totally.

The melting point of nanoparticles exhibits a strong size effect. Compared with 

large-sized nanoparticles, the Lindemann indices of small-sized particles increase faster 

with temperature. Due to the larger surface area to volume ratio, they are easier to be 

fully activated. As the particle size increased, the surface atomic percentage decreases, 

and higher temperatures are required for the melting of nanoparticles.70,71 Taking Fe5C2 

as an example, the critical temperatures of the nanoparticles with the sizes of 2 nm, 3 

nm, 5 nm, and 8 nm are 1125 K, 1380 K, 1570 K, and 1700 K, respectively. It can be 

predicted that the critical temperature will become higher as the particle size further 

increased. In addition, the melting points obtained by the potential energy are consistent 

with the results of the Lindemann index. (Figure S5a) The density of nanoparticles 

decreases gradually with increasing temperature, increases in magnitude above the pre-

melting point, and decreases sharply near the melting point. (Figure S5b) This is 

consistent with the pattern of density change of nanoparticles during melting in the 

previous works.72,73 The density of Fe3C calculated by ReaxFF at low temperature 

(7.775 g/cm3) is agreement with the report in the experimental work (~ 7.68 g/cm3).74,75 
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Fig. 2. Melting points and surface melting points of different size of FexCy nanoparticles: (a) Fe2C; 

(b) Fe5C2; (c) Fe3C; (d) Fe4C. The black dashed line represents the melting temperature of the bulk 

FexCy.

Here, we summarize the dependence of the melting and surface pre-melting point 

of FexCy nanoparticles on its size. Liu et al.33 reported that the melting point and pre-

melting point of pure metal nanoparticles is linearly related to the inverse of the 

nanoparticle radius (1/Rm). Similar relationship is found in the two-component iron 

carbide nanoparticles in our work, as shown in Fig. 2. The differences between the 

melting point and the surface pre-melting point of the Fe2C nanoparticles with different 

particle sizes are all ~ 200 K. As the Fe/C ratio increases, that is, the carbon content 

declines, the difference becomes size dependent. The pre-melting point of the 8 nm 

Fe5C2 nanoparticles is 380 K lower than its melting point and the difference between 

the pre-melting and melting points of the 2 nm nanoparticles is only ~270 K. As the 

Fe/C ratio further increased, the size dependence of the difference between pre-melting 

and melting points becomes more obvious. The differences for 8 nm Fe3C and Fe4C 

nanoparticles reach 575 K and 750 K, respectively. Therefore, it can be concluded that 
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carbon content plays a very important role in the melting process of FexCy nanoparticles. 

The detailed discussion will be present in Section 3.2. The linear relationship may be 

used to estimate the surface activation temperature of FexCy nanoparticles based on 

their melting temperature. In addition, it is found that relatively large (5 nm and 8 nm) 

nanoparticles with low carbon contents exhibit wider temperature ranges where the 

solid and liquid phases coexist. The lower the Fe/C ratio (higher the carbon content), 

the lower the melting point, which is applicable to larger nanoparticles, but not to 

smaller ones due to their low atomic numbers. (Table S1) The bulk melting 

temperatures of Fe2C, Fe5C2, Fe3C and Fe4C are 1670 K, 1910 K, 2120 K, and 2250 K, 

respectively. In the experiment, the bulk melting temperature of Fe3C is 2055 K.76 Our 

conclusion is consistent to the work reported by Xi et al.77 that increasing carbon 

content accelerates the melting of steel and lowers the melting point. Moreover, the 

order of melting points was found to be consistent with that of the stability of FexCy, 

that is, the stability gradually increases as the carbon concentration decreases.78,79 

3.2. Melting Mechanism and Structural Evolution

The melting process of monometallic nanoparticles starts on the particle shell or 

surface and then extends to the entire particle.21-24 The melting behaviors of bimetallic 

and multimetallic heterogeneous nanoparticles are more complicated due to their 

different element compositions and structural constructions.58,80-82 The melting 

behaviors of the binary metal-nonmetal FexCy nanoparticles have not systematically 

investigated yet. As the important active phases in Fischer-Tropsch synthesis, FexCy 

nanoparticles are under the influence of large amounts of reaction heat released from 

the catalytic reaction and are subject to the rapid temperature increases. It will lead to 

partial or even total melting of the catalyst, thereby affecting the catalytic properties. 

Therefore, the melting mechanism and structure evolution of FexCy nanoparticles 

during heating are explored in this section. 
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Fig. 3. Individual atom Lindemann index variation from a lower temperature to higher of 5 nm 

Fe5C2 nanoparticle. Large spheres and small spheres represent Fe atoms and C atoms, respectively.

Fig. 3 shows the radial distribution of the Lindemann indexes of all atoms in a 5 

nm Fe5C2 nanoparticle at different temperatures, averaged over the trajectories of the 

MD simulations. At low temperatures, such as 500 K, the Lindemann indexes of all 

atoms are quite low, indicating that they only vibrate around their initial positions. The 

Lindemann indexes increase with the increase of temperature. Some surface atoms are 

activated and migrate to other positions as heated to 1200 K and show Lindemann index 

greater than 0.1. (Fig. 3d and Fig. S1) The nanoparticles undergo surface pre-melting 

and are in the solid-liquid coexistence state. As the temperature further increased, the 

number of migrating atoms gradually increases. (Fig. 3e-h) C atoms are more sensitive 

to temperature than Fe atoms.83 At 1500 K, almost all C atoms are activated, while the 

internal Fe atoms remain inactivated, suggesting that the C atoms can be fully activated 

before the melting point reached, and the internal Fe atoms maintain the crystal 
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structure. As the temperature increased to the critical point, (Fig. 3h) the Lindemann 

index of inner Fe atoms suddenly increases, rising above 0.1, and the nanoparticles are 

completely melted. In addition, both 3 nm and 8 nm nanoparticles exhibit well-defined 

melting processes, while the process of 2 nm ones are indeed less clear. (Fig. S6) This 

is due to the smaller atomic number and larger surface-to-volume ratio of small-sized 

particle, which makes it difficult to form a stable solid core inside to resist high 

temperatures. After the surface pre-melting occurs, it is completely melted in a shorter 

temperature range. The narrow solid-liquid coexistence range of small nanoparticles 

leads to a lower melting temperature. These deductions indicate that the high 

temperature causes the phase transition of FexCy nanoparticles from solid to amorphous 

state. 

The Lindemann index variations of the individual atom of other FexCy 

nanoparticles were also investigated. Those nanoparticles show similar melting 

behaviors that the C atoms are more easily activated than Fe atoms during the heating 

process. (Fig. S7-S9) As the carbon content decreases, the solid-liquid coexistence 

phenomenon is more obvious and the coexistence temperature range is larger, which is 

reflected in the increase of melting point. We speculate that the carbon content affects 

the melting temperature of FexCy nanoparticles from two aspects. First, at the activation 

temperature, the activated C atoms transfer excess kinetic energy to the Fe atoms to 

accelerate the melting of Fe.33 Second, the melting point of structurally ordered 

nanoparticle is higher and thus its thermal stability is better than the disordered one.84,85 

High carbon contents increase the degree of disorder of FexCy lattice, and thus lower 

the melting point to facilitate the melting process. 
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Fig. 4. Radial distribution functions of surface atoms (a), coordination numbers of surface atoms 

(b), and atomic stress distributions (c) of 5 nm Fe5C2 nanoparticles.

The specific melting process of binary FexCy nanoparticles characterized by the 

radial distribution function (RDF) and coordination numbers (CN) to determine the 

influences of temperature on their structure, 5 nm Fe5C2 nanoparticles are taken as an 

example for analyses below. The surface atoms of the 5 nm Fe5C2 equilibrium structure 

at 300 K are obtained by the method reported by Barron et al.26 RDF is an important 

tool used to determine the structural properties of a material. It can provide more 

information for better understanding the melting process than Lindemann index. The 

RDFs of three pairs of atoms are calculated. As shown in Fig. 4a, the pair interactions 

between the surface atoms gradually become weaker with the increase of temperature. 

It should be noted that there are no neighboring C atoms in the Fe5C2 crystal at low 

temperatures. However, a tiny peak appears around 1.15 Å at 1200 K, indicating the 

possible formation of C-C bonds after surface pre-melting. The peak becomes 

significantly stronger at 1600 K, which suggests the occurrence of the aggregation of 

C atoms on surface. Fig. 4b shows the distributions of the CN of Fe and C atoms at 

different temperatures. At 500 K, the surface Fe atoms are mostly in 8-fold coordination 

form, and the high-fold coordination (CN > 12) Fe atoms are relatively rare. As the 

temperature is increased to over the pre-melting point, the coordination number of 

surface atoms changes dramatically. Owing to a completely melt of the entire 

nanoparticle at 1600 K, the internal and surface atoms undergo violent atomic exchange. 

The surface atoms at low temperatures may become internal atoms at high 

temperatures.33 Therefore, the overall coordination number of surface Fe atoms is prone 

to increase with the increase of temperature, showing a shift of uniform distribution 

centered around 8 at 500 K to 12 at 1600 K. Carbon atoms exhibit a similar pattern. But 

this does not mean that the overall activity of the catalyst is reduced, as shown in Fig. 

5c. The atomic stress distribution becomes obviously broader with the increase of 

temperature. (Fig. 4c) The kinetic energy of atoms rises with the increase of temperature, 

which causes structural expansion and greater internal stresses.86 The increased kinetic 
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energy drives atomic exchange to form internal higher-fold coordination of atoms and 

generate superior internal stresses, which further weakens the RDF distribution of 

atomic pairs. 

Fig. 5. Radial distribution function profiles of (a) Fe-Fe and (b) Fe-C in Fe5C2 nanoparticles at 

different temperatures; distributions of coordination numbers of the Fe atoms (c) and C atoms (d) 

in Fe5C2 nanoparticles at different temperatures.

Fig. 5 shows the RDF of all atoms in 5 nm Fe5C2 nanoparticles at different 

temperatures. The first peak of the RDF of all Fe atoms at 500 K is observed at ~2.55 

Å, which is consistent to that reported in literatures87 and the structural characteristics 

of bulk Fe5C2. (Fig. S10) The cut-off distance of the first coordination layer of Fe atoms 

(∼2.55 Å) is irrelevant with temperature and particle size, and the main peaks become 

wider and weaker as the temperature increased. The minor peaks become inconspicuous 

as the temperature increased to 1200 K, and the second and the third peaks tend to 

merge into one. It corresponds exactly to the RDF peak pattern of Fe atoms on the 

surface and is a signal for the onset of surface melting. All peaks outside the first 

coordination layer disappears at 1600 K, indicating that the nanoparticle is completely 
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melted. For the RDF between Fe-C atoms, the first peak at 500 K is located at ~1.95 Å, 

consistent with that reported literature87 and the structure of bulk Fe5C2. The changing 

trend of RDF with temperature is similar to that of Fe-Fe due to the gradual cleavage 

of Fe-C bonds. The broadening of the main RDF peaks and the vanishing of the minor 

RDF peaks are the major features of the solid-liquid phase transition process of 

nanoparticles.80 The melting points derived from RDF measurements are consistent 

with those obtained by the Lindemann index analysis. Overall, the atomic coordination 

number shows a decrease trend for high-fold coordination atoms and an increase trend 

for low-fold coordination atoms with the increase of temperature. (Fig. 5c and 5d) It 

can be explained that more surface atoms are produced as the lattice expands under the 

internal stress during surface melting. 

3.3.  Atomic diffusion behavior during heating

As mentioned above, in addition to the thermal evolution during heating, the 

atomic diffusion properties are also important to the melting process of FexCy 

nanoparticles. Here, atomic diffusion analysis is used to further characterize the effect 

of temperature on structure. In general, the atomic diffusion rate rapidly increases with 

the increase of temperature, which inevitably leads to the redistribution of the 

components in the binary nanoparticles, and eventually changes the bulk structure and 

surface morphology and thereby affects all aspects of the properties of the nanoparticles. 

Therefore, the diffusion behaviors of atom are crucial for studying the performances of 

binary nanoparticles at different temperatures. 
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Fig. 6. Structure evolution of a 5 nm Fe5C2 nanoparticle with increasing temperature (orange: Fe; 

grey: C).

Fig. 6 shows snapshots of the atomic configurations of 5 nm nanoparticles at 

different temperatures. At the low-temperature intervals in the range from 300 K to 

1200 K, the Wulff structure of the nanoparticle shows no significant changes. As the 

temperature arisen to 1200 K, the arrangements of some surface C atoms become 

irregular. Some edges and corners disappear due to the local morphological changes. A 

certain number of surface C atoms leave their original equilibrium positions and 

migrate, and some of them even neighbor with each other to form C-C bonds (green 

circles in Fig. 6). A large number of internal C atoms diffuse to the surface at 1500 K. 

Meanwhile, the internal Fe atoms remain in position as a core to maintain the regular 

crystal structure (dashed circle in Fig. 6). Further increasing the temperature to 1600 K 

causes the fierce transformation of the nanoparticle to a completely amorphous phase. 

The Fe5C2 nanoparticles surface begin to accumulate carbon atoms after surface pre-

melting occurs. The di-carbon (C2) on the surface of the nanoparticles increases with 

the rising temperature, especially after melting. It may be the main cause of deactivation 

in the high-temperature Fischer-Tropsch process.88,89
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Fig. 7. (a) The axial distribution of atoms and (b) the atomic distribution functions of Fe5C2 at five 

representative temperatures. The solid lines represent Fe, and the dashed lines represent C.

The detailed diffusion behaviors of the atoms in Fe5C2 nanoparticles at different 

temperatures are presented in Fig. 7a. To simplify the statistical analysis, the Fe and C 

atoms are averaged to an axis by the volume formula of sphere. The axial distribution 

is defined as ,90 where Nr is the total number of atoms within the r distance  Na = 3
Nr

4
3π

from the center of mass and Na is the corresponding average number of the atoms 

distributed along the axis. As can be seen from Fig. 7a, the distribution of carbon atoms 

along the axis at 500 K is linear, indicating that there is no obvious diffusion behavior 

below the pre-melting point. The axial distribution of atoms at ~ 20 Å from the center 

of mass gradually becomes flat because the nanoparticle is not a sphere and the axis 

partially reaches the surface at this point. As the temperature increased to 1200 K, the 

curve goes downward slightly, suggesting that the pre-melting point is reached. The 

internal atoms tend to diffuse outward because the activated surface atoms transfer their 

excess kinetic energy towards the internal structure of the nanoparticle. The downtrend 

of the curve becomes dramatic when the temperature is close to the melting point. A 

large number of internal carbon atoms are activated at the high temperature, and atomic 

exchange between the inner and outer layers becomes more frequent. The internal 

carbon atoms tend to diffuse outward and continuously segregate to the surface. The 

iron atoms maintain the framework of the nanoparticle, and thus migrate in smaller 

migration ranges than C atoms at the high temperatures. As shown in Fig. 7a, the 
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number of the internal Fe atoms remains almost consistent near the melting point. 

Although the Fe atoms also display thermal diffusion at high temperatures, they do not 

migrate outward as much as the C atoms do. The distribution of Fe atoms increases to 

a certain extent at 22.5 Å away from the center of mass because the core structure is 

destroyed at the melting point. All of the surface edges and corners disappear, and the 

nanoparticles are amorphized. (Fig. 6)

Table 1. The Fe/C ratio of 5nm Fe5C2 nanoparticle in the shell at different distances from the center 

of mass.

Interior Near the Surface Surface

     R (Å)

T (K)
0 ~ 5 5 ~ 10 10 ~ 15 15 ~ 20 > 20

500 2.5 2.5 2.5 2.1 1.8

1200 2.5 2.5 2.6 2.2 1.7

1500 2.8 2.5 2.8 2.2 1.6

1600 2.1 2.8 2.5 2.5 1.5

2000 1.5 3.1 3.3 2.8 1.3

The atomic distribution function N(r) of the Fe and C atoms in the nanoparticles 

were calculated to determine their distributions at different temperatures. N(r)dr is the 

number of atoms within a shell of thickness dr at the distance r from the center of 

mass.91 As shown in Fig. 7b, the N(r)dr peak of C atom gradually shifts to right with 

the increase of temperature, which confirms the conclusion drawn above that C atoms 

tend to diffuse outward at high temperatures. The peak position shifts and the peak 

intensity increases dramatically at 1600 K, suggesting that the phase transition has 

completed. The N(r)dr peak of Fe atom shifts slightly to the right before the critical 

temperature reached because of the structural expansion caused by kinetic energy and 

atomic stress at the high temperatures. The peak shape also changes significantly at the 

melting point because of the migration and rearrangement of external atoms. To explain 

the diffusion behaviors of atom more clearly, the temperature dependence of Fe/C ratio 

in each shell is also calculated and summarized in Table 1. As can be seen, the internal 

Fe/C ratio gradually increases with the increase of temperature, up to more than 3 at 

2000 K, and the surface Fe/C ratio decreases. In addition, the slope of mean square 
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displacements (MSD) and the diffusion coefficients gradually increase as the 

temperature rises, indicating that the diffusion rates of Fe and C atoms accelerate during 

heating. (Fig. S11) It should be noted that the diffusion coefficient of C atoms is always 

greater than that of Fe atoms, and the difference between the two becomes larger and 

larger after reaching the pre-melting point. This provides support for the outward 

diffusion behavior of C atoms. These results further suggest that the C atoms in the iron 

carbide nanoparticle tend to diffuse outwards at high temperatures and segregate and 

aggregate on the surface. 

3.4 Catalytic Performance of Melted Nanoparticles

As mentioned above, the structural evolution of FexCy nanoparticles with 

increasing temperature is mainly manifested in the decrease of atomic coordination 

number and the accumulation of C atoms on the surface. The former provides more 

active sites for catalytic reactions, while the latter hinders the local adsorption of gas 

molecules.92 In addition, it has been reported that both C and Fe atoms have catalytic 

activity for CO.93-95 Therefore, the activity of melted nanoparticles needs to be further 

explored.

Fig. 8. (a) Curves of CO dissociation number with time, (b) the TOF values and surface Fe/C ratios 

for Fe5C2 nanoparticle at different temperatures. 

CO dissociation is the critical step in the Fischer−Tropsch reaction.38,39 To 

understand the effect of melting on the catalytic activity of FexCy nanoparticles, its 

catalytic performance represented by CO dissociation behaviors before and after 
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melting was examined. As shown in Fig. 8a, the CO dissociation number assumed 

temperature dependent on the nanoparticles throughout the 200 ps reaction. That is, the 

number of CO dissociation catalyzed by nanoparticles is more less after higher 

temperature treatment. The turn-over frequency (TOF) is one of the key indicators for 

assessing the catalytic activity, which is defined as: TOF = N / M / T, where N represents 

the amount of CO dissociation, M represents the number of surface atoms (Fe and C 

atoms) approximating the number of surface sites, and t represents the reaction time 69. 

It was inferred from the inflection point in Fig. 8a that the gas pressure drops rapidly 

near 125 ps, so we used 125 ps as the reaction time in order to eliminate the influence 

of the pressure difference. Fig. 8b shows that the melted nanoparticles have lower TOF 

values compared to the unmelted ones. Moreover, the surface Fe/C ratio decreases due 

to the segregation of C atoms to the surface with increasing temperature. The TOF value 

was positively correlated with the surface Fe/C ratio. However, it should be pointed out 

that there is no hydrogen added to generate hydrocarbons. In actual catalytic reactions, 

the formation of hydrocarbons may lead to more complex situations.39,44 

According to Fig. 6, the aggregation of carbon on the surface of the nanoparticles 

mainly exists in the form of C2. To further explore the effect of the presence of surface 

C2 on CO dissociation, we assumed that the surface C2 were removed in the form of 

olefins, and the melted nanoparticles without C2 on the surface (removed 111 pairs for 

1600 K and 262 pairs for 2000 K) were reacted with CO under the same conditions. As 

shown in Fig. S12, the CO dissociation curves of the nanoparticles after removal of C2 

were all higher than those before removal. The TOF values of nanoparticles without C2 

is also higher than that of untreated nanoparticles (1600 K: 1.10 vs. 0.838; 2000 K: 1.17 

vs. 0.674), and even higher than that of unmelted nanoparticles (500 K: 0.992; 1200 K: 

0.914). Therefore, melting of surface at high temperatures can increase the catalytic 

activity of FexCy, but an important prerequisite is to control the aggregation of relatively 

weak carbon atoms in a hydrogen-deficient atmosphere. The carbon accumulation in 

the form of C2 on the surface at high temperature blocks the surface catalytic active 

sites, reducing activity of melted FexCy nanoparticles.
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4. Conclusion

The melting behaviors and mechanisms of binary FexCy nanoparticles with 

different Fe/C ratios and different sizes were investigated by RMD simulations. We 

introduced the Lindemann index as an indicator of solid-liquid phase transition and 

determined the melting points and surface pre-melting points for different nanoparticles. 

The critical point of melting temperature increases with the increase of particle size. 

Both the melting temperature and the pre-melting temperature have a good linear 

relationship with the inverse of the nanoparticle size. For the FexCy nanoparticles of 

similar sizes, the higher the C content, the lower the melting point. The melting process 

largely occurs from surface to internal, but it should be noted that the C atoms are 

always fully activated before reaching the melting point, while the inner core region, 

composed of Fe atoms, melts abruptly only when the critical temperature is reached. 

The C atoms are more sensitive to temperature than Fe atoms and exhibit temperature-

dependent thermal diffusion behaviors. They tend to diffuse outward and accelerate its 

structure evolution. At the same time, it can aggregate on the surface of nanoparticle at 

high temperatures. Such carbon accumulation in the form of C2 clogs the surface-active 

sites and leads to a lower TOF value of FexCy nanoparticles for CO dissociation. Our 

work sheds light on the melting mechanism, surface pre-melting, and atomic thermal 

diffusion of binary FexCy nanoparticles on the atomic level. More important, C2 maybe 

the key intermediate in the CO activation process, whose contents determines the 

surface activity of the catalyst. We hope that these findings could provide some 

enlightenment for the possible controllable structural evolution of FexCy in catalytic 

reactions.
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