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A B S T R A C T

The morphology change is crucial to the catalysis performance of catalyst nanoparticles in heterogeneous cat-
alysis. Iron and iron carbide nanoparticles are used as high temperature heterogeneous catalyst, such as Fischer-
Tropsch synthesis and carbon nanotube growth. Here we have investigated the effect of temperature and entropy
on the surface free energy and morphology of the iron and iron carbide (θ-Fe3C, χ-Fe5C2, and o-Fe7C3) nano-
particles using molecular dynamics. The free energies of all the bulk and most of the surface systems drop
following a parabolic curve with elevating temperature due to entropic effect. The nanoparticles are covered by
low index surfaces at low temperature. At low temperature, the surface free energies of all surfaces usually
decrease with a similar slope with increasing temperature. However, a critical temperature exists at which the
high-index surfaces starts to dominate the catalyst particles. Fe7C3 shows an unusual minimum surface free
energy at 400 K in all the surfaces. This study provides fundamental insights into the modulation of iron-based
nanocatalysts morphologies with desired catalytic performance.

1. Introduction

Iron is the most abundant transition metal element on earth.
Because of its high relatively catalytic activity and low environmental
hazard, iron is widely used in industrially important catalytic processes.
The common form of iron is highly dispersed nanoparticles. Noticeably,
most of these catalytic reactions involve carbon species, and in them
iron carbides are formed in-situ. For instance, the growth of carbon
nanotube and nanofibers from acetylene, ethylene or propylene are
usually catalyzed by iron or iron carbide nanoparticles [1,2]; yet it is
unclear whether the catalyst active phase is Fe or Fe3C [3]. Fisher-
Tropsch synthesis, which converts the syngas to a broad spectrum of
hydrocarbons, is also usually catalyzed by iron or iron carbides. Among
them, iron (α-Fe), cementite (θ-Fe3C), Hägg carbide (χ-Fe5C2), and o-
Fe7C3 are believed to be the possible active phases [4,5]. Therefore,
iron and iron carbide nanoparticles are extremely important for the
catalytic applications.

We have demonstrated that the catalytic activity of metallic

nanoparticles are greatly affected by the morphological change of the
nanoparticle [6]. Nevertheless, understanding catalyst structure in op-
erando conditions remains a big challenge. The nanoparticles synthe-
sized ex-situ as catalytic materials with well-defined morphology
usually undergo significant structure and morphological evolution in
reaction conditions, especially in thermal-driven heterogeneous cata-
lysis [7–14]. Therefore, investigation of the morphological evolution of
nanocatalysts in realistic conditions has emerged as one of the major
challenges [9,13]. Attempts to synthesize catalysts in-situ with high
activity and selectivity are rare, and are mostly based on trial-and-error
approaches [15]. Achieving rational design of catalyst materials with
high activity and selectivity in-situ is limited by the knowledge of the
morphological evolution of the nanoparticles in the catalytic working
conditions.

According to the Wulff theorem [16], the shape and exposed sur-
faces of nanoparticles are determined by the surface free energies. In
addition, surface free energy plays an important role in the roughening
and aggregation of catalyst nanoparticles. The measurement of surface
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free energy is through surface tension measurements [17], which is
limited to liquids. The determination of the surface free energy of solid
nanoparticles, especially at high temperature, relies on theoretical
methods. However, the traditional atomistic thermodynamics method
[18] only considers the temperature effect on the surface free energies
indirectly through the surface coverage effect, and ignores the intrinsic
dynamics and thus the entropic effect of the surfaces. This effect, in
recent years, has been shown to play important roles in the thermo-
dynamic [19–21] and kinetics [22–25] of nanocatalysts. Moreover, the
predictive power of the atomistic method is limited to the structures
that have been explicitly considered in the static calculations. Herein,
we seek to calculate the surface free energies of the iron and iron car-
bide nanoparticles more rigorously. We use a molecular-dynamics-
based approach to sample the physical movements of all the atoms at
designed temperature. In particular, we want to understand the mor-
phological change of the nanoparticles at high temperature with en-
tropic effect included.

Previously, using density functional theory (DFT) [26–28], MEAM
[29], and many body pair potential methods [30], the surface energy of
Fe has been studied extensively in the literature. However, these cal-
culations neglected the temperature and the entropy of the exposed
surfaces due to the dynamics of the catalyst atoms. Yet the reactions
catalyzed by iron or iron carbide nanoparticles often take place at high
temperature. For instance, iron-based Fischer-Tropsch synthesis is
usually operated at 600 K, and the formation of carbon nanotubes on
iron is run at 900 K. The morphology and exposed surfaces of iron and
iron carbide nanoparticles at high temperature are still not well un-
derstood.

Combining DFT calculation and molecular dynamics, Grochola et al.
[31–33] found a monotonic decrease of the surface free energies of the
Fe facets with increasing temperature, attributing it mostly to lattice
vibrations and some magnetic disorder, and shown the strongly tem-
perature dependence of the surface stress anisotropy [33]. However,
their work neglected the effect of carbon and the formation of carbide
in iron nanoparticles.

In this work, we carry out a systematic study of the temperature-
dependent surface free energy of the catalytically important iron and
iron carbide nanoparticles using molecular dynamics and thermo-
dynamic integration. The calculated surface free energies are then fed
into a Wulff construction to help understand the influence of degree of
carburization on the exposed facets of the iron and iron carbide nano-
particles at high temperature with entropic contributions.

2. Computational method

2.1. Thermodynamic integration with Frenkel-Ladd path

The Frenkel-Ladd approach [34] is based on the construction of a
reversible path to a state of known free energy. In this case, an Einstein
crystal model is used with harmonic springs in all three dimensions. As
the Einstein solid is structurally identical to the initial solid, it is very
likely that such a path will be free of phase transitions and hence re-
versible. Starting from the initial solid, the reference state is slowly
reached by turning on harmonic spring forces centered on the atomic
positions, while turning off the interatomic potential of the initial solid.
This is controlled by a parameter λ, from which the parametrical Ha-
miltonian H(λ) can be written as:

= + −H λ λH λ H( ) (1 )E 0 (1)

where H0 and HE represent the initial and final (in this case, Einstein
solid) Hamiltonians. The Hamiltonian of the initial state is:
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and the Hamiltonian of Einstein solid can be written as:
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where m is the mass of the particle i, p is it’s the momentum, U is the
interatomic potential of the applied force field, ω is the frequency of the
harmonic oscillator, and ri and ri

0 represent the updated and initial
lattice position of particle i. λ = 0 and 1 in Eq. (1) represent the initial
and final state, respectively. The free energy difference between the two
states can thus be calculated as the integrated ensemble-averaged free
energy changes along the path:
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This reversible work contains two processes, a forward process 0 →
E, and a reverse process E → 0. The forward irreversible work →W E

irr
0

(and similarly the backward irreversible work →WE
irr

0), is determined
from MD simulation as:
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where Γ is the scaled time. The reversible work can be expressed in
terms of irreversible work as:
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The free energy of the Einstein solid known as:
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Therefore, the free energy of interest can be obtained as:
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0 (8)

2.2. Force field models

Test calculations show that none of the parameters could describe
all the systems. Therefore, specific force fields are chosen for each of the
systems to get the best description of it in accuracy. For Fe, the modified
embedded-atom method (MEAM) potential, which was developed to
model Fe at solid-liquid interface by Asadi et al. [35] was used. The
potential for Fe3C is the MEAM potential developed by Liyanage et al.
[36] for modelling the structural, elastic and thermal properties of ce-
mentite (Fe3C). The analytical bond-order potential (ABOP) by Juslin
et al. [37] was used for Fe5C2 and Fe7C3. This potential has been proven
to be capable of reproducing the lattice parameters, formation energies,
elastic properties, and the martensite lattice anisotropy of the iron
carbides (Fe3C, Fe5C2, Fe7C3). Both MEAM and ABOP type potentials
have been proven in literature [29,37–39] suitable for describing sur-
faces and calculating surfaces energies. In the MEAM formalism, the
total energy of a system is given the by:
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where Fi is the embedding energy of atom i, which is a function of its
atomic electron density ρi, and ϕij is a pair potential interaction between
atom i and j.

In the ABOP formalism, the total potential energy is the sum of
many-body potentials:

∑ ∑= = −V V f r V r b V r1
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where the fc is cutoff function, VR and VA are Morse-like terms, and bij is
the bond-order term.
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2.3. Calculation of surface free energy

Surface free energy, which is defined as the reversible work per unit
area needed to create a new surface out of the bulk, is calculated as:
[40]

= −γ G NG
A2

slab bulk
(11)

where Gslab and Gbulk are the Gibbs free energy of a slab and the Gibbs
free energy per bulk atom, and A is the area of the exposed surface the
slab.

2.4. Simulation details

All simulations are performed with the LAMMPS [41] package. The
timestep for all MD simulations is 0.001 ps. The Frenkel-Ladd paths are
carried out in an NVT ensemble. The temperature is controlled by a
Nose-Hoover thermostat. The equations of motion are integrated using
a Langevin [41] thermostat. Although the Gibbs free energy at zero
pressure is to be computed, the Frenkel-Ladd path simulation is run in
the NVE ensemble. This is because the Einstein crystal is a system of
independent particles and does not allow the computation of pressure
[42]. To account for this, for each temperature, the equilibrium volume
(and lattice parameters) of the system were first calculated with an
equilibration MD simulation of 50 ps with an NPT ensemble at the
desired temperature and pressure (P = 0), until the volume of the cell
reaches equilibrium. From the relaxed lattice parameters, the new bulk
and surface slabs are constructed. To ensure the convergence of free
energy with system size [43], both the bulk and slab models of Fe have
over 104 atoms, and the FexCy models have slight less than104 atoms.
The bulk model contains 11,664 atoms, with 18 × 18 × 18 unitcells.
The surfaces are modelled with slab models contain 11,492 atoms for
(1 0 0), (1 1 0), (1 1 1), (2 1 0), (2 1 1), (3 3 2), (4 1 1), (4 2 1), (4 3 2),
(5 1 1), (5 2 1) surfaces, and all consist of 17 atom layers with lattice
constant from NPT simulations. The details of the models for iron and
iron carbides are summarized in Table S1 in the supplementary in-
formation. In the Frenkel-Ladd path MD simulations, the λ parameter is
varied with scaled time τ based on the following equation:

= − + − +λ τ τ τ τ τ τ( ) (70 315 540 420 126)5 4 3 2 (12)

The simulation time for both forward and reverse λ integrations are
100 ps. To maximize the efficiency of the Frenkel-Ladd path, the spring
constant k of the harmonic oscillators in the Einstein solid was chosen
in such a way that the difference between the initial Hamiltonian H0

and the Einstein solid Hamiltonian HE is minimized. This is achieved by
measuring the mean-squared displacement 〈 〉r(Δ )2 of the atoms in the
system in a separate MD simulation of 10 ps at desired temperature, and
using the equipartition theorem to obtain k as

=
〈 〉

k k T
r

3
(Δ )

B
2 (13)

where kB is Boltzmann constant and T is temperature.

3. Results and discussion

3.1. Iron

We first calculated the bulk free energy of bcc-Fe using the same
EAM potential as in the literature [43]. The calculated bulk free en-
ergies of Fe (Fig. 1) agrees well with the data of Frenkel-Ladd path
described by Freitas et al. [43]. We validate therefore our thermo-
dynamic integration method. The free energies from an improved
MEAM potential slightly deviate from the results of the EAM potential;
it predicted the bcc-Fe to be slightly more stable than EAM at high
temperature. The aim of exploring a broad temperature range is to gage
the trend of how the bulk free energy of Fe varies with temperature.

When the temperature is increased, the bulk free energy does not de-
crease linearly. The behavior of the free energy follows a parabolic
curve, which is contradict with the assumption that entropy is constant
in the formula of = −G H TS. This is not a surprise, because the en-
tropy of the atoms also increases dramatically due to the enhanced
vibrational motions of the atoms at high temperature.

We then proceed to the temperature dependence of the surface free
energy of Fe surfaces with different Miller indices. The surface free
energy from MD simulation at very low temperature (100 K) should be
comparable to DFT or experimental values obtained at 0 K. We thus use
these data as a reference to gauge the accuracy of the MEAM potential
(Fig. 2). The surface free energy of (1 1 0) from our MD simulation is
almost identical to the DFT value [44] at 0 K; they deviate only slightly
from the experimental surface energy of (1 1 0) at 0 K estimated by de
Boer et al. [45]. As far as we known, the absolute values of surface
energy for other facets of iron are not available. It is nontrivial to de-
termine the relative surface free energies of different surfaces, even at
0 K (i.e. surface energy). Wen et al. [29], Tran et al. [28] and Vitosa
et al. [31] have described the calculated value of surface energy of Fe at
0 K with different ab initio methods with inconsistent results. To vali-
date the predicted trend of surface free energy with temperature, we
compared the calculated surface free energies of (1 0 0) and (1 1 0) with

Fig. 1. The bulk phase free energy of pure iron with EAM and MEAM potential
function at zero pressure various temperatures in units of eV/atom.

Fig. 2. The calculated temperature effect on the surface free energy of different
surfaces of iron. The surface energy at 0 K at DFT level was from Ref. [44]; the
experimental surface energy of (1 1 0) was from Ref. [45]; the temperature
dependent surface free energy for (1 0 0) and (1 1 0) were from Ref. [33].
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those from first-principles modeling by Schönecker et al. [33], which
takes into account vibrational, electronic, and magnetic degrees of
freedom within the adiabatic approximation. The trends for both (1 0 0)
and (1 1 0) are consistent between the two methods.

With the rise of temperature there is a monotonic decreasing trend
of the free energy of all the studied surfaces. The (1 0 0), (1 1 0), (1 1 1),
(2 1 0), (2 1 1), (3 3 2), (4 1 1), (5 2 1) surfaces all decrease with similar
slopes at low temperature (< 1000 K). The close-packed (1 1 0) surface
maintains the lowest surface energy in this temperature range.
However, when the temperature is over 1000 K, the surface free energy
of the most open surfaces, such as (1 1 1), (3 3 2), (4 1 1) and (5 2 1)
drops substantially compared the other ones. (Fig. 2). In particular, the
(3 3 2), (4 2 1), (4 3 2) (5 1 1) and (5 2 1) surfaces have much lower
surface free energy than other ones at 1300 K. This is understandable,
as compared to the bulk phase, the entropic contribution from the vi-
brational motions of the surface atoms depends highly on the surface
structures. The atoms on the open surfaces have more degrees of
freedom than those on the close packed surfaces, which give rises to
more entropic contribution to the surface free energies.

Previous experimental and theoretical studies have shown that open
surfaces, such as (3 3 2) are high-activity facets in catalysis [46,47]. To
quantify the ratio of different surfaces exposed, we predicted the Wulff
shape of Fe crystal at different temperatures (Fig. 3), using the statistics
on the ratio of exposure of all surfaces. The nanoparticle is dominated
by the (1 1 0) surface at low temperature. With the increase of tem-
perature, the exposure ratio of the (4 3 2) and (5 1 1) surfaces increase

first and then decrease, and the ratio of (3 3 2) and (4 2 1) surfaces
increases. This meets with their huge decrease of surface free energy at
high temperature in Fig. 2. A general observation is that low index
surfaces are exposed mainly at low temperature; with the temperature
increasing, the high index surfaces begin to emerge and dominate the
surface.

3.2. Iron carbide

Fig. 4 shows the bulk free energy of the three iron carbides at var-
ious temperatures. Compared to Fe metal, when carbon atoms are
mixed into the Fe, the way that bulk free energy of iron carbides evolve
with temperatures have similar decreasing trend, but not with the same
slope. Fe7C3 decreases the fastest, followed by Fe, Fe3C, and Fe5C2.

For Fe3C (Fig. 5), the surface free energy of all the facets predicted
by the MD simulation at 100 K are systematically lower than the DFT
values at 0 K; however, the relative surface free energies at 100 K from
our simulation are mostly consistent with that of DFT at 0 K. With in-
creasing of temperature, the surface free energy of all the calculated
surfaces decrease with similar slopes, but that of the (1 1 1), (1 1 3),
(1 3 3) and (1 0 2) decreases faster than others after 1000 K. At low
temperature, Fe3C is simultaneously covered by several low Miller
index surfaces, such as (0 1 0), (1 0 1), (1 1 1) and (1 1 0). The shape of
Fe3C does not change much in the temperature range of 0–700 K.
However, when the temperature reaches 1000 K, the Wulff shape of
Fe3C particle is predicted to be covered mostly by high Miller index
surfaces (1 3 3), (1 0 2) and (1 1 3).

The evolution of the surface free energies of Fe5C2 with tempera-
tures are shown in Fig. 6(a). The slopes of the decreasing curves are
greater than those of Fe and Fe3C. Fe5C2 also have high-activity surfaces
for catalysis, such as ( −4 1 1) and (5 1 0); their surface free energy
drop very rapidly when the temperature is higher than 1000 K. All the
surfaces calculated are exposed after 400 K in Fig. 6(b) and (c), with
(1 1 1), ( −4 1 1) and (5 1 0) contributing the most.

The surface free energy with temperature, Wulff construction and
exposure ratio of each surface of Fe7C3 are depicted in Fig. 7. Compared
to Fe, Fe3C, and Fe5C2, the surface free energies of Fe7C3 are con-
siderably smaller, especially above 400 K. The behavior of surface free
energies of Fe7C3 with temperature is very different from Fe3C, Fe5C2

and Fe. Fe7C3 has a minimum surface free energy at temperature of
400 K.

To understand the reason for this unusual trend, we chose the
(0 0 1) surface as an example for further investigation. As Fig. 4 shows,
the bulk free energy of Fe7C3 decreases monotonically with tempera-
ture. Also, the free energy of the slab for the (0 0 1) surface also

Fig. 3. (a) Wulff construction of iron under different temperatures; (b) the
calculated exposure ratio of each surface at different temperatures. The Wulff
shape and the exposure ratio at 0 K were based on DFT surface free energies in
Ref. [44].

Fig. 4. The bulk phase free energy of iron carbides and iron at zero pressure and
different temperatures, given in units of eV/atom.
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decreases with temperature (Fig. S1). It turned out that at 100–700 K,
the slab free energy (Gslab) decreases much faster than the bulk free
energy (Gbulk), resulting in the value of Gslab-NGbulk to decrease in this
temperature range (Fig. S2). However, at above 700 K, the bulk free
energy decreases faster than slab free energy, which causes the value of
Gslab-NGbulk to increase. In addition, the exposed surface areas of the
facets are also affected by the temperature (Fig. S3). It rises fast at
100–400 K, but relatively slowly at 400–1000 K. These two factors
together lead to the observed unusual inflection point of the surface free
energy at 400 K. Further examination on the physical movements of the

atoms during MD simulation shows that the crystal texture of Fe7C3 has
some variation when the temperature reaches 700 K, indicating the
occurrence of phase transition in the material, which is probably re-
sponsible for the calculated apparent surface free energy curves having
points of inflection rather than going down as in Fe, Fe3C, and Fe5C2.

The surface free energy of (0 1 0) is lowest among the surfaces. As a
result, in the Wulff construction the exposure ratio of the (0 1 0) surface

Fig. 5. (a) The effect of temperature on the surface free energy of Fe3C. The
surface free energy of these surfaces of Fe3C at 0 K were calculated by Chiou Jr.
et al. [48] and Zhao et al. [49]. (b) Wulff construction of Fe3C calculated at
various temperatures; (c) the exposure ratio of each surface at different tem-
peratures.

Fig. 6. (a) The calculated change of surface free energy of different surfaces of
Fe5C2, as it varies from 0 K to 1300 K; (The DFT values are from Ref. [49]) (b)
Wulff construction of Fe5C2 at different temperatures; (c) the proportion of
exposure of different surfaces at different temperatures. Because of the potential
function (tersoff/zbl), the surface free energy of (−4 1 1) surface at 1300 K is
negative, and we didn’t use the data in the process of construction the Wulff
structure.
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is high, and the exposure ratio increases first and then decreases with
increasing of temperature. Similar trend of surface exposure with
temperature was observed for (0 0 1) and (1 0 1). At 100 K, the (0 1 1)
surface is the facet with the highest exposure, but it decreases sig-
nificantly with the increase of temperature. In contrast to the (0 1 1)
surface, the exposure ratio of (1 1 1) surface increases with increasing
of temperature, and the (1 1 0) surface only appears at 1300 K. The fact
that higher Miller index (1–13) does not have low surface free energy at
high temperature may be related to the possible phase transition of
Fe7C3 at 700 K.

In all the above calculations on iron carbides, we assume that the
surfaces are all terminated with Fe atoms; this is valid for reactions in

strong reductive environment. However, the iron carbide may as well
be terminated with C atoms in some circumstances. In order to probe
the impact of surface termination on the calculated surface free energy,
we calculated the surface free energy of Fe-exposed and C-exposed Fe3C
(1 0 0) surface.

As shown in Fig. 8, at low temperature, the surface free energy of C-
exposed (1 0 0) surface is slightly higher than that of the Fe-exposed
one. However, the surface free energy of C-exposed (1 0 0) surface
decline more quickly than the Fe-exposed one with increasing tem-
perature. The crossing happens at 700 K, above which the surface free
energy of the Fe-exposed surface become larger than that of the C-ex-
posed one. This clearly indicates a thermodynamic trend that the (1 0 0)
surface of the Fe3C nanoparticle tend to be Fe-terminated at low tem-
perature, but C-terminated at high temperature.

4. Conclusions

We have investigated the temperature dependence of the mor-
phology of iron and iron carbides in high temperature thermal catalytic
reactions. We have examined the surface free energies and morpholo-
gical evolution of iron and three types of iron carbides (Fe3C, Fe5C2,
Fe7C3) via molecular dynamics using classical force fields.

The free energies of all the bulk and surface systems follow para-
bolic curve, indicating the increasing contribution from entropic effect,
which is largely from the enhanced vibrational and other motions of the
atoms at elevated temperature. For all the solids studied, the surface
free energies do not change with the same slope among one another. At
high temperature, the surface free energy of the open and high-index
surfaces drops much more quickly than the low-index surfaces.

Using Wulff construction, we have shown that the nanoparticles are
generally covered by low Miller index surfaces at low temperature; in
this temperature range, the surface free energies of all surfaces usually
decrease with a similar slope with increasing temperature. However, a
critical temperature exists at which the high-index surfaces starts to
dominate the catalyst surface, and it usually happen above 1000 K for
iron and iron carbides. The Fe7C3 surfaces shown unusual inflection
temperature at about 400 K for the apparent surface free energy of all
surfaces, possibly owing to the phase transitions at about 700 K. Our
results of the detailed, atomic-level description of morphology evolu-
tion at high temperature contribute theoretical insights into the control
of the morphology of Fe-based catalysts in-situ through manipulation of
temperature.

Fig. 7. (a) The surface free energy of different surfaces of Fe7C3 variation with
temperature. (b) Wulff construction of Fe7C3 at different temperatures and (c) is
the exposure ratio of each surface at different temperatures.

Fig. 8. The surface free energy of Fe exposed and C exposed (1 0 0) surface of
Fe3C.
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