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Introduction

Fischer–Tropsch synthesis (FTS) is an important technology
in converting synthesis gas generated from coal, natural gas
and biomass into oil and value added chemicals.1 Almost a
hundred years after its discovery, FTS has been attracting
increasing interest worldwide due to the increasing oil
prices. Despite of the large scale industrial applications and
extensive studies on this important technology in the past
decades, the detailed FTS mechanisms are still not fully
understood and many explanations to the experimental

observations are premature and lack of scientific rationaliza-
tion. One of these uncertainties is the surface structures, the
corresponding active sites and their roles under FTS
conditions.

Suitable FTS catalysts for industrial applications are iron or
cobalt based, and iron based catalysts may become more
dominant along with the expanding of FTS capacity due to
the higher availability and lower cost of iron compared to
cobalt. Freshly prepared iron based FTS catalysts are
generally iron oxides [mainly hematite (a-Fe2O3) and also
small amount of maghemite (c-Fe2O3) or even ferrihydrate]
and they have to be reduced before becoming FTS active.
During the reduction, a-Fe2O3 is firstly reduced to magnetite
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(Fe3O4) by using H2, synthesis gas or CO and then partially
transferred to metallic iron and iron carbides in varying
proportions depending on the operating conditions.2,3 Such
multiple phases with very fine crystalline dimensions (several
to tens of nanometers) make the characterization and
identification of the active phases very difficult, and often
such phases will change once the environment around
changes as found in most ex situ analyses. This leads to the
misunderstanding and misinterpretation of the experimen-
tally observed phenomena from real FTS reaction tests.4

In Fe based FTS, e-Fe2C, x-Fe5C2 and h-Fe3C phases have
been detected experimentally.3,5 Both e-Fe2C and x-Fe5C2

phases have a hexagonally close packed structure6,7 but
differ in interstitial carbon sites. In e-Fe2C, the carbon atom is
in the iron octahedral center, while in h-Fe3C and x-Fe5C2,
the carbon atom is in the iron trigonal prismatic center.
Hexagonal carbide (e-Fe2C) has been identified as the
carburization product of H2 reduced iron and CO at low
temperature,8 and is the sole component up to 520 K and
stable up to 600 K.8,9 Not formed during FTS at low
temperature (,575 K),10 h-Fe3C is only found after carbur-
ization above 720 K.11,12 Under both CO and synthesis gas, e-
Fe2C is considered as x-Fe5C2 precursor, which is subse-
quently transformed into h-Fe3C at high temperature.8,13

Königer et al.6 observed that e-Fe2C can be converted to x-
Fe5C2 after annealing at 423 K, and the x-Fe5C2 phase starts
to transform to h-Fe3C at 573 K, which is the dominant
phase after annealing at 723 K.6 The exact transformation
temperature for the formation of the specific carbide phases
depends on many factors, such as crystallite size, morphol-
ogy, surface texture and promoters or inhibitors as well as
the other environment conditions (pressure and gas
composition). By using ab initio atomistic thermodynamics
to investigate the stability of bulk carbide phases, de Smit et
al.,3 found that the stable carbide phases depend highly on
carbon chemical potential (mC) imposed by gas phase
surroundings and emphasized the importance of the
controlling chemical–physical environment around the
catalyst for forming an efficient FTS system.

Despite the fact that pretreatments can affect the catalytic
performance of iron based catalysts, the corresponding
studies of the surface properties along with the change of
the gas environment (or chemical potential) are rare and
most have focused on the defined stoichiometric termina-
tions and the non-stoichiometric terminations of carbides
have not been considered.14,15 The stability and structure as
well as electronic and magnetic properties of e-Fe2C16–18 and
h-Fe3C14,19–22 have been investigated intensively. In addition,
the adsorption and activation of CO and H2 as well as CxHy

formation on the (100), (001) and (010) surfaces of Fe3C have
been computed.23–26 Although not directly detected under
FTS conditions, Fe4C can be formed by incorporating carbon
atoms into the face centered cubic c-iron lattices27 and we
included Fe4C in our study for comparison. The properties of
the (100), (110), (111) surfaces of Fe4C28 and the CO
adsorption properties on these surfaces also have been
investigated in our previous work.29 Recently we found that
pretreating conditions, such as temperature, pressure and
H2/CO ratios of an idealized and closed equilibrium system,
have significant impact on the relative stability of the

x-Fe5C2 facets in different Fe/C ratios.30 However, the effects
of non-idealized and wide varying operating environments
on surface composition and stability of other iron carbides
(e-Fe2C, h-Fe3C and Fe4C) have not ever been considered. In
fact, the real FTS chemical–physical environment may result
in wide varying non-equilibrium nature for the catalytic
system and the change trends of the catalyst phases will be
driven by carbon chemical potential (mC) under conditions
with complicated mechanisms. Although the gas environ-
ment may result in non-equilibrium, the catalysts can be
considered to reach the steady state for a continuous flow
of reactants and products at defined conditions. For a
fundamental understanding into the FTS mechanisms,
systematic studies of the relationship between catalyst
surface structures and the thermodynamic parameters for
pushing surface structure evolution on the basis of the FTS
environment are highly desired.

In this work, the surface structure and stability of the e-
Fe2C, h-Fe3C and Fe4C as well as x-Fe5C2 phases have been
investigated on the basis of density functional theory (DFT)
calculations and atomistic thermodynamics by considering
the influence of temperature, pressure and H2/CO ratio
under simplified and wide varying non-equilibrium environ-
ment. The CO activation and the reactivity analysis on the
obtained stable surfaces are also conducted aiming at
approaching the overall landscape of Fe based FTS catalysts
under real operating conditions.

Methodology

Structure calculation

The catalyst structures were calculated at the level of DFT
with Vienna ab initio simulation package.31,32 Electron
exchange and correlation energy was treated within the
generalized gradient approximation and the Perdew–Burke–
Ernzerhof scheme (PBE).33 Electron ion interaction was
described by the projector augmented wave method.34,35

Spin polarization was included in all calculations on the
ferromagnetic iron carbide systems (e-Fe2C, h-Fe3C and Fe4C)
and this is essential for an accurate description of the
magnetic properties. Iterative solutions of the Kohn–Sham
equations were done using a plane wave basis with energy
cutoff of 400 eV, and the samplings of the Brillouin zone
were generated from the Monkhorst–Pack scheme. A second
order Methfessel–Paxton36 electron smearing with s50.2 eV
was used to ensure accurate energies with errors due to
smearing of less than 1 meV per unit cell. The convergence
criteria for the force and electronic self-consistent iteration
were set to 0.03 eV Å21 and 1024 eV, respectively.

Catalyst models

The bulk structures and the corresponding Monkhorst–Pack
grid of k points of the e-Fe2C, h-Fe3C and Fe4C phases are
listed in Table 1. The optimized lattice parameters agree well
with those of the experiments and other calculations.23,28,37–41

In calculating the e-Fe2C bulk structure, a 26261 supercell
was used, and the detailed information is given in the
Appendix. For all surface calculations, symmetrical slab
surface models were chosen. Each surface was represented
by a slab in 10–15 Å thickness, enough to avoid significant
influence on the surface energies from our benchmarks.30 A
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vacuum layer of 15 Å was set to exclude the interactions
among the periodic slabs, and all atoms were fully relaxed
during the calculations. The Monkhorst–Pack grid of k points
for each of the corresponding slab models is included in the
Supplementary Material (Table S1).

Atomistic thermodynamics

The surface stability influenced by temperature, pressure and
gas composition was investigated by using ab initio atomistic
thermodynamics.42,43 Since this is the same procedure used in
our previous study on the surface composition and morphol-
ogy of the x-Fe5C2 phase,30 detailed information can be found
either in the Supplementary Material or in our previous work.
Using the total energy of an isolated carbon atom (EC) as
reference for the variable mC, DmC5mC–EC, the minimum DmC

for the e-Fe2C, x-Fe5C2,30 h-Fe3C and Fe4C phases is 27.83,
27.80, 27.80 and 28.01 eV, respectively. The total energies
of gas phase molecules and carbon atom were calculated
using a single k point (gamma point), where the periodic
molecules were separated with 15 Å vacuum distances. These
critical DmC values indicate the lowest mC for the formation
ofstable carbides. Since the vibrational contribution to the
Gibbs free energy of the x-Fe5C2 slab is negligible30 and this is
also true for most solid matter, we used only the total energy
(Eslab) as the predominant term obtained directly from DFT
calculations.

CO adsorption

For systematic comparison of the surface properties, we
computed CO adsorption on the most stable facets of these
carbides. The adsorption energy per CO molecule (Eads) is

defined as Eads5[ECO/slab2(nECOzEslab)]/n; where ECO/slab,
ECO and Eslab are the total energies of the slab with adsorbed
CO on the surface, an isolated CO molecule and the slab of
the clean surface, respectively, and n is the number of
adsorbed CO molecules. The coverage (h) is defined as the
number of CO molecules over the number of the exposed
layer iron atoms. The surface C atoms (Cs) of iron carbides
can be considered as adatoms on the defective surfaces, and
the binding energy of Cs can be obtained as Eads(Cs)5
Eslab2Eslab/defect2EC, where Eslab, Eslab/defect and EC are the
total energies of the slab, the defective slab and an isolated
carbon atom, respectively. Since PBE functional can give
reasonable optimized geometries but overestimates the
adsorption energies,44 we used PBE for structure optimiza-
tion and RPBE single point energy for estimating the
adsorption energy. The Bader charges are used for discuss-
ing the effects of charge transfer.45–47

Results and discussion

Carbon chemical potential (mC) models for real
FTS environment

The chemical–physical environment of real FTS catalysts
should be properly defined in terms of the operating
conditions. Our focus is on the trend of the phase transition
of iron carbides in FTS reaction, for which the iron based
catalysts have been treated as iron carbides obtained from
reduction steps.3,8,11 For this purpose, the driving force of
the phase transition of iron carbides is mC, which can be
defined using ab initio atomistic thermodynamics. Due to
the complicated phenomena of the carburization processes,3,48

Table 1 Bulk properties of iron carbides (experimental values in parentheses) and used Monkhorst–Pack grid of k points

Crystal Cell parameters mB (Fe)

e-Fe2C a55.472 Å (262.794 Å)* 1.66 (1.70–1.72)1
Hexagonal b55.639 Å (262.794 Å)*
P63/mmc c54.280 Å (4.360 Å)*
(56566) b5121.0u (120.0u)*
h-Fe3C
Orthorhombic
Pnma
(76569)

a55.025 Å (5.080 Å){ 1.91 (1.72–1.79)1

Fe4C b56.726 Å (6.730 Å){
Cubic c54.471 Å (4.510 Å){
Pm3m b590.0u (90.0u){
(76767) a53.761 Å (3.750 Å){ Fe(I): 3.04, Fe(II): 1.75

*Ref. 37.
{Ref. 38.
{Ref. 39.
1Ref. 41.

Figure 1 Overall scheme of complicated chemical environment of FTS reactions
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many species in FTS system can either increase or decrease
mC imposed over the iron based catalyst surfaces, as
discussed in previous studies.49–55 A comprehensive model-
ing of the chemical–physical environment of real FTS
catalysts should consider most of the key factors, which will
have normally non-linear type of contribution to the phase
transition phenomena to be investigated. With this in mind,
it is necessary to recall the schemes of a real FTS process as
Fig. 1.

As given in Fig. 1, the chemical species involved in real
FTS system include hydrogen, carbon monoxide, carbon
dioxide, water and hydrocarbons within a wide carbon
number distribution as well as small portions of oxygenates
(mainly alcohols). The composition of these chemical species
can easily be determined from industrial operation measure-
ments and/or detailed material balance calculations for a
real FTS system. This defines the rather accurate boundaries
of the chemical–physical environment around working FTS
catalysts, and the catalyst evolution trend may be predicted
by using ab initio atomistic thermodynamics. For this goal,
the key issue is to systematically develop the model to
describe mC over the surfaces imposed by environment.
However, this model is not very straight forward because of
the wide varying and non-equilibrium nature of real FTS
systems, namely the theoretical trends of the change in
catalyst structures will largely depend on the kinetic factors
of all the events related to the chemical species in the
catalyst phases, and these events cover both carburization
and decarburization reactions. Table 2 lists an overall
summary of the events relating to the possible reactions
between the catalyst phases (Cs) and the chemical species.

It should be noted that the reactions in Table 2 may occur
thermodynamically under typical FTS conditions and affect
mC. In fact the exact behaviors of mC will be also highly
related to the rates of these reactions under FTS conditions.
However, one can always study the thermodynamic trends
by using energetics on the basis of the data from ab initio
atomistic thermodynamics.

Obviously, CO is the most potential carburization agent in
FTS and can easily deposit carbon atoms on the iron surface
from the Boudouard reaction (2CORCzCO2, reaction (2)).
Gas phase molecular hydrogen and the adsorbed hydrogen
which plays important roles in the transition of catalyst
phases are in equilibrium.56 Oxygen removal from the
surface is rate limiting for carbide formation in pure CO, but
this step becomes rapid in the presence of hydrogen,
therefore addition of H2 to CO can accelerate carbon
deposition (COzH2RCszH2O, reaction (3)).57,58 However,
the most important role of H2 is the hydrogenation of
surface carbon atoms (CszH2R–CH2–, reaction (1)) resulting
in hydrocarbons as the primary products of FTS.50,56 On
the other hand, the light CxHy can also be transferred
into surface carbons (–CH2–RCszH2, reaction (7),57,59 and
2(–CH2–)zCO2R3Csz2H2O, reaction (8)). In addition, CO2

can also consume hydrogen (CO2z2H2RCsz2H2O, reac-
tion (5)), and the reaction extent is limited by water content
and temperature.50,58 Otherwise, CO2 and H2O as byproducts
can act as decarburizing agents (CszCO2R2CO, reaction (4);
and CszH2ORCOzH2, reaction (6)). The presence of CO2

even in small quantities requires high CO concentration to

balance this decarburizing reaction at elevated tempera-
ture.48

It is suggested that reaction (3) has the fastest kinetics on
the basis of the high metal dusting rates in CO/H2

environment,48,55,57,59 while reaction (2) is also rapid and
the rate of carbon deposition decreases with the increasing
CO2 content.53 Olsson and Turkdogan53 showed that in CO–
H2 mixtures reaction (2) is most important for H2 content
less than 50%, while the contribution of reaction (3) to the
total rate is dominant for more than 50% H2. In their study,
H2O has great influence on the rate of carbon deposition.
When H2O is added into CO–H2 mixture, the rate of carbon
deposition decreases with the increasing water vapor
content, and this is due to reaction (6) (the reverse of
reaction (3)). On the other hand, under CO condition, the
rate of reaction (2) increases with the increasing H2O
content.53 Koeken et al.,60 found that increasing the total
pressure can increase carbon deposition rate for a H2/CO
ratio of 1 : 1, but when H2/CO ratio is higher than 4 : 1, higher
total pressure can suppress the carbon deposition, and
increasing H2/CO ratio can also decrease the rate of carbon
deposition. Ando and Kimura61 also found that the amount
of deposited carbon on iron apparently increases by adding
small amount of H2 to pure CO, while an excessive H2 retards
carbon deposition. These results imply that the carbon
deposition rate is sensitive to the operating conditions
(temperature, pressure and gas composition).

Apart from reactions (2) and (3), we also considered the
carbon transfer from light hydrocarbons (CxHy) in reac-
tion (7) (CxHyRxC(Fe)zy/2H2) to estimate their carburization
ability. In this case, mC mC~1=x mCxHy{y=2mH2

� �h i
is deter-

mined by decomposition of light hydrocarbon. The influ-
ences of temperature, pressure and H2/CxHy ratio on DmC are
given in Fig. 2. As temperature increases from 450 to 650 K
at 30 atm with a 15% molar percentage of CxHy (Fig. 2a),
DmC changes hardly under C2H4 and C2H6 as gas reservoirs,
while slightly decreases under C2H2 and increases under

Table 2 List of possible reactions between catalyst
phases (Cs) and FTS species

Species Events Effect1

H2 CszH2R2CH22 (1)* 2

CO 2CORCszCO2 (2){ z

COzH2RCszH2O (3){ z

CO2 CszCO2R2CO (4){ 2

CO2z2H2RCsz2H2O (5) z

H2O CszH2ORCOzH2 (6){ 2

2CH22 2CH22RCszH2 (7) z

2(2CH22)zCO2R3Csz2H2O (8) z

*Molecular hydrogen may undergo rapid decomposition
(H2R2Hs) on catalyst surfaces and surface hydrogen atoms
may hydrogenate surface carbon atoms (FTS key steps).
{Under CO–CO2 mixture, the carburizing mechanism consists of
two elementary reactions: CORCszOs and COzOsRCO2, the
later one was found to be rate limiting.
{Hydrogen has been shown to be an accelerator of CO
decomposition over iron based catalysts, while H2O has been
found to both accelerate and retard CO decomposition.75 The
rates of reactions (2) and (3) depend on the rates of the
reactions of CO and H2 with an oxygen atom to produce CO2

and H2O, respectively.76

1Positive effect (z) for carburization, and negative effect (–) for
decarburization.
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CH4. As the pressure rises from 1 to 60 atm at 550 K with a
15% molar percentage of CxHy (Fig. 2b), DmC slightly
decreases under C2H4, C2H6 and CH4, while does not change
under C2H2. As expected, increasing the H2/CxHy ratio from
1/9 to 9/1 at 550 K and 30 atm lowers DmC in some extent
(Fig. 2c).

Figure 2 shows that the carburization ability of light
hydrocarbons decreases with the decrease in carbon content
from acetylene to saturated hydrocarbons, i.e. C2H2.C2H4.

C2H6.CH4. It is noted that DmC under saturated hydro-
carbons (C2H6 and CH4) becomes lower than the critical
values for stable iron carbide phases, i.e. 27.83 eV for e-Fe2C,
27.80 eV for x-Fe5C2

30 and h-Fe3C as well as 28.01 eV for
Fe4C, and consequently the carbide phases will transform to
metallic iron phase. Therefore, we used ethylene as light
hydrocarbon model for our discussion and comparison.

The mC to real FTS catalysts can be estimated under
different conditions relating to the possible modes, e.g.
hydrogen rich modes for starting-up and shutdown of the
process, the normal modes typically for oil production, and

CO rich mode due to some unexpected reasons in the whole
process. In this work, we try to understand the tendency of
the change of the iron carbide phases in the above major
situations. As discussed above, in CO/H2 mixture, only
reactions (2), (3) and (7) can contribute to carbon deposition
at different levels (Table 2) and their reversible reactions can
give overall description of the major physical and chemical
relations to carbon deposition on real FTS catalysts. By
considering only reaction (3) (COzH2RCzH2O), the DmC is
much higher than the minimum of carbides (27.80 eV). It is
also true by raising the H2/CO ratio from 1/1 to 100/1, the
DmC (from 26.76 to 26.91 eV) is still far away from the
minimum. This would mean that the H2/CO ratio could not
affect the DmC, and the carbon-rich facets would remain
stable at very high H2/CO ratio. Obviously, this disagrees
with the experimental results, because high H2 partial
pressure will retard carbon deposition and even reduce iron
carbide into metallic iron. Instead of using only single
reaction to estimate the changes of the DmC, we combined
different reactions. However, it should be noted that these
independent reactions impose chemical force to the phase
transition of catalysts and the extent of each reaction to
carbon balance of the catalyst has not been well defined.
Therefore, we supposed three different extents of each
reaction and discuss these situations respectively

Scheme A: (2)z(3)z(7)

1=4C2H4z3=4CO?Csz1=4H2z1=4CO2z1=4H2O

mC~3=4mCOz1=4mC2H4
{1=4mH2

{1=4mH2O{1=4mCO2

Scheme B: (2)62z(3)z(7)

1=5C2H4zCO?Csz1=5H2z2=5CO2z1=5H2O

mC~mCOz1=5mC2H4
{1=5mH2

{1=5mH2O{2=5mCO2

Scheme C: (2)z(3)z(7)62

1=3C2H4z1=2CO?Csz1=6H2z1=6CO2z1=6H2O

mC~1=2mCO{1=3mC2H4
{1=6mH2

{1=6mH2O{1=6mCO2

In a typical Fe based FTS process, the most important
parameters influencing the catalyst performance are the
chemical composition of fluids surrounding the catalyst,
temperature and pressure. In this study, the gas environ-
ment is designed in composition with COzH2 (varying H2/
CO ratio), –CH2– (light hydrocarbons), CO2 and H2O of 75, 10,
12 and 3%, respectively, representing the typical industrial
conditions. Since we did not consider the contribution of the
condensed heavy hydrocarbons and oxygenates, the ratios
of carbon, oxygen and hydrogen are not stoichiometric. For
comparison, we also included a gas phase free from CO with
H2 and hydrocarbons, which simulates the weaker carbur-
ization environment for the iron catalyst as tested in
fundamental studies in FTS.62

Under real CO involved environment, the influences of
temperature and pressure on DmC are evaluated for H2/CO
ratio of 2, 4 and 8 with other gas compositions presented in
Table 3, and the main results are shown in Fig. 3. At a total
pressure fixed at 30 atm (Fig. 3a), it is found that higher
temperature leads to lower (more negative) DmC for all three
schemes with different H2/CO ratios, in consistent with the
results of de Smit et al.63 At a given temperature the mC

Figure 2 Relationship of carbon chemical potential (DmC) to

a temperature (450–650 K) at 30 atm and CxHy515%; b total

pressure (1–60 atm) at 550 K and CxHy515%; c H2/CxHy ratio

(1/9 to 9/1) at 550 K and 30 atm under hydrocarbons
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determined in Scheme B is the highest, followed by those in
Scheme A and Scheme C. This trend implies that CO has
stronger carburization ability than C2H4.

Figure 3b shows the results with varying pressure at
550 K. For Scheme B and Scheme A, higher pressure leads to
higher (less negative) DmC, which indicates lower pressure
can retard carbon deposition. In the whole pressure range (1
to 60 atm), the DmC determined by Scheme C keeps
constant.

Figure 3c presents the H2/CO ratio influence on DmC at
550 K and 30 atm, with the gas composition presented in
Table 4. As H2/CO ratio increases from 1/1 to 20/1, the DmC

determined by all three schemes decreases and this implies
that excess hydrogen would retard carbon deposition.
However, it should be noted that even at extremely high
H2/CO ratio (20/1) DmC does not become lower than the
critical value for stable iron carbide phases, i.e. 27.83 eV for
e-Fe2C, 27.80 eV for x-Fe5C2 and h-Fe3C as well as 28.01 eV
for Fe4C. This reveals the thermodynamic possibility for
carbon deposition at very high H2/CO ratios beyond stable
iron carbide phases under extended FTS operation condi-
tions. Such carbon deposition destroys the mechanical
structure of catalysts as observed in industrial practices
and deactivates the catalysts.57 It is noted that the same
trends in Schemes A–C have been found for using CH4 as
light hydrocarbon model (Supplementary Material).

How to keep the activity of the catalysts by adjusting the
chemical and physical parameters remains to be a headache
problem and challenging. Rising temperature can retard
carbon deposition thermodynamically, but accelerate car-
burization kinetically. Lowering pressure is thermodynami-
cally and kinetically promising, but reduces significantly the
process productivity. Increasing H2/CO ratio is therefore a
reasonable choice with thermodynamic and kinetic advan-
tages as well as controllable process productivity. It should
be noticed that our current calculations depend very
strongly on three different carburization schemes that
hopefully can cover all possibilities in real FTS systems. The
exact schemes should be determined by experimental
studies, which show the chemical extents of different carbon
formations steps, namely (2), (3) and (7) in Table 2. This
should be done by experiments with well defined techni-
ques and operation conditions. Such studies provide a
precise thermodynamic basis for the fundamental investiga-
tion along with ab initio atomistic thermodynamics devel-
oped in this work.

In FTS reaction system, the influence of CO2 and H2O
contents on the DmC is presented in Fig. 4, with the gas
composition listed in Tables 5 and 6. It shows clearly that
increasing the content of CO2 (5 to 25%) and H2O (1 to 15%)
lowers DmC at very low degree. The results indicate that CO2

Table 3 Gas composition under H2/CO ratios of 2, 4 and 8

H2/CO 2 4 8

H2 (%) 50.00 60.00 66.67
CO (%) 25.00 15.00 8.33
CH4 (%) 10.00 10.00 10.00
CO2 (%) 12.00 12.00 12.00
H2O (%) 3.00 3.00 3.00

Figure 3 Relationship of carbon chemical potential (DmC)

to a temperature (450–650 K) at 30 atm and H2/CO ratio of

2, 4 and 8; b pressure (1–60 atm) at 550 K and H2/CO ratio

of 2, 4 and 8; c H2/CO ratio (1 to 20) at 550 K and 30 atm

(& for H2/CO52; N for H2/CO54 and m for H2/CO58)

Table 4 Gas composition under different H2/CO ratios at
550 K and 30 atm

H2/CO H2/% CO/% CH4/% CO2/% H2O/%

1.0 37.50 37.50 10.00 12.00 3.00
1.5 45.00 30.00 10.00 12.00 3.00
2.0 50.00 25.00 10.00 12.00 3.00
2.5 53.57 21.43 10.00 12.00 3.00
3.0 56.25 18.75 10.00 12.00 3.00
4.0 60.00 15.00 10.00 12.00 3.00
6.0 64.29 10.71 10.00 12.00 3.00
8.0 66.67 8.33 10.00 12.00 3.00
12.0 69.23 5.77 10.00 12.00 3.00
20.0 71.43 3.57 10.00 12.00 3.00
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and H2O, the byproduct in FTS, play only subordinate role in
controlling phase transition process and should be removed
from the process as usual (Fig. 1) for achieving other process
benefits.

These compared results in Schemes A–C imply that we
may use different unsaturated hydrocarbons and CO to
optimize the environment for getting stable catalyst phases,
especially for initializing the FTS process. It has been proved
experimentally that unsaturated light hydrocarbons and H2,
instead of CO and H2, can conduct chain growth reactions
over iron based FTS catalysts.62 In order to conduct efficient
FTS reactions it is necessary to optimize the carburization
ability of the chemical–physical environments (temperature,
pressure and H2/CO ratio) in terms of mC. The insight behind
mC is the change of the stable iron carbide phases as well as
the surface structure and composition.

Surface stability

To get the equilibrium shapes of e-Fe2C, h-Fe3C and Fe4C
under different operation conditions, we studied both low
and high Miller index facets of these carbides, which contain
all low Miller index surfaces and the characteristic peaks in X-
ray diffraction.37,64,65 All calculated surfaces and the equiva-
lent Miller index are listed in the Supplementary Material
(Table S3). Because of their complex bulk structures, each
surface has several terminations (including both stoichio-
metric and non-stoichiometric terminations), e.g. five termi-
nations for each of the (101), (102) and (103) surfaces of e-
Fe2C; 16 terminations for each of the (111), (113), (133) and
(131) surfaces of h-Fe3C; and each facet of Fe4C has two
terminations. Here we used the surface Fe/C ratio (a5nFe/nC)
to distinguish these terminations as discussed previously.30

In the following discussion, the number following the Miller
index indicates the surface Fe/C ratio. The surface free

energies of these terminations within the DmC range from
28.50 to 26.00 eV are given in the Supplementary Material
(Fig. S3) for comparison, and only the results of the most
stable termination of each facet are used for discussion.

Figures 5–7 show the relationship between surface free
energy (c(T,p)) of the most stable facets of e-Fe2C, h-Fe3C and
Fe4C and DmC. Similar to Fe5C2,30 carbon-rich termination
with lower a value becomes more stable at higher (less
negative) DmC for all iron carbides, while the carbon-poor
terminations are more favorable at lower (more negative)
DmC. With the increasing DmC, the most stable termination
changes from carbon-poor (higher Fe/C ratio) to carbon-rich
(lower Fe/C ratio), and the turn points represent the change
of the stable termination and they differ from facet to facet.
By combining theory and in situ XPS studies de Smit et al.63

also found that body centered cubic Fe and surface/
subsurface carbon are more stable at high temperature
(low mC), while the carbon-rich x-Fe5C2 (100) surface
becomes thermodynamically more stable upon lowering
the temperature (high mC). Since excessive carbon deposition
will deactivate the catalysts and lower the catalytic
performance,57 avoiding carbon deposition can be improved
by using proper temperature, pressure and gas environment.

For e-Fe2C (Fig. 5), (121)-2.00 and (101)-1.50 are the most
stable facets, followed by (221)-2.67/1.33, and (011)-2.00/
1.33. The least stable surfaces are (201)-2.67/1.33, and (103)-
2.50/1.00. The other surfaces, (013)-2.67/1.50, (001)-4.00/1.00,
(110)-2.00/1.33, (112)-2.00/1.00, (100)-2.00/1.00, (012)-4.00/
1.00, (102)-4.00/2.00, (111)-3.00/1.33, have intermediate
stability. It is also noted that for the (120), (010), (121) and
(122) facets, the stoichiometric terminations are most stable
(Fig. S3).

Figure 4 Relationship of carbon chemical potential (DmC) to a CO2 content and b H2O content at 550 K, 30 atm and H2/

CO58

Table 5 Gas composition at 550 K and 30 atm with H2/
CO ratio of 8 for different CO2 contents

CO2/% H2/% CO/% CH4/% H2O/%

5.00 72.89 9.11 10.00 3.00
10.00 68.44 8.56 10.00 3.00
12.00 66.67 8.33 10.00 3.00
15.00 64.00 8.00 10.00 3.00
20.00 59.56 7.44 10.00 3.00
25.00 55.11 6.89 10.00 3.00

Table 6 Gas composition at 550 K and 30 atm with H2/CO
ratio of for different H2O contents

H2O/% H2/% CO/% CH4/% CO2/%

1.00 68.44 8.56 10.00 12.00
2.00 67.56 8.44 10.00 12.00
3.00 66.67 8.33 10.00 12.00
5.00 64.89 8.11 10.00 12.00
10.00 60.44 7.56 10.00 12.00
15.00 56.00 7.00 10.00 12.00
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For h-Fe3C (Fig. 6), (010)-2.33 is the most stable one. The
least stable surface is (100) with a52.50 or 2.00. The other
surfaces, (110)-3.00/2.33, (133)-2.67/2.40/2.33, (113)-2.80/
2.40, (131)-2.50, (102)-3.00/2.40, (011)-3.00/2.00, (001)-3.00/
2.00, (101)-2.25/2.00, (111)-2.00, (031)-3.00/2.00, have inter-
mediate stability.

For Fe4C (Fig. 7), (100) with a53.00 is the most stable
facet. The surface free energies of other facets are significantly
higher than (100), and the least stable surface is (133)-6.00/
3.00, followed by (110)-3.00, (111)-4.00/2.00, (131)-6.00/2.67
and (210)-5.00/3.33, have intermediate stability.

For Fe5C2
30 as reported previously, the (100) termination is

most stable with a52.25, followed by (111)-2.17/1.75, (510)-
2.50, and (110)-2.40/2.00. The least stable surfaces are (101)-
2.75/2.25, (001)-2.50; (113)-2.50, (113)-2.00 and (101)-1.50. In
addition, (110)-2.40/2.00, (010)-2.50; (133)-1.75; (111)-2.50,
(511)-2.25, (221)-3.00, (411)-2.50, (011)-2.40/2.20 have stabi-
lity in between.

Crystallite morphology

In order to estimate the crystallite morphology of these iron
carbides, it is necessary to determine the equilibrium crystal
shape by using the standard Wulff construction.66 In the
standard Wulff construction, the surface free energy for a
given closed volume is minimized and the exposure of a
facet depends not only on surface free energy but also on
orientation in crystal.67 Since the surface free energy of each
facet is a function of mC, the crystal shape should also be a
function of the DmC that corresponds to different experi-
mental conditions of temperature, pressure and atmosphere.
Figure 8 presents the morphology of the e-Fe2C, h-Fe3C and
Fe4C crystals at different DmC, corresponding to different gas

compositions at 550 K and 30 atm, respectively, along with
that of x-Fe5C2 (slightly modified form compared to our
previous report, where an incorrect default crystal parameter
was used; however, this does not affect our conclusion). The
proportions of exposed terminations of e-Fe2C, x-Fe5C2 and
h-Fe3C are listed in Tables 7, 8 and 9.

At lower DmC (27.60 eV), the crystallite of e-Fe2C has 11
exposed surface terminations in different Fe/C ratios, (100),
(010), (001), (101), (011), (110), (111), (121), (102), (012)
and (221). The (121) termination has the largest portion
(35.3%) of the surface area, followed by the (101) and (221)
terminations (27.7 and 16.7%, respectively), and they cover
about 80% of the total surface area of the crystal. As the
DmC increases to 27.10 eV, (011), (001) and (102) are

Figure 5 Relationship of surface free energies of most

stable facets of e-Fe2C to DmC (indices given in parentheses

indicates corresponding Miller index, and second term of

indices provides corresponding surface a5Fe/C ratio)

Figure 6 Relationship of surface free energies of most

stable facets of h-Fe3C to DmC (indices given in parentheses

indicates corresponding Miller index, and second term of

indices provides corresponding surface a5Fe/C ratio)

Figure 7 Relationship of surface free energies of most

stable facets of Fe4C to DmC (indices given in parentheses

indicates corresponding Miller index, and second term of

indices provides corresponding surface a5Fe/C ratio)
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disappeared, and the carbon-rich (221)-1.33 termination
becomes more stable than the carbon-poor (221)-2.67
termination. As the DmC increases, the proportion of (100),
(111), (121) and (012) decreases, while the area of (101) and
(010) increases. When the DmC reaches to 26.0 eV, the

crystallite of e-Fe2C has only four exposed surface termina-
tions and they are (101), (121), (010) and (221). The (101)
becomes the largest exposed surface (59.5%), and the facets
(121), (101) and (221) still cover the most surface area (92%)
of the crystal.

Table 7 Facets contributions (%) to total surface area in Wulff construction of e-Fe2C presented in Fig. 8

Facet (a) C2H4 (b) Scheme C (c) Scheme A (d) Scheme B (e) C2H2 (f) DmC526.0 eV

(100)-2.00 5.52 3.74 2.75 1.85 1.36 0.00
(010)-2.00 0.55 1.45 0.86 0.64 0.53 7.99
(001)-1.00 0.18 0.00 0.00 0.00 0.00 0.00
(101)-1.50 27.70 40.81 44.13 46.96 48.52 59.52

(011)-2.00 4.14 0.00 0.00 0.00 0.00 0.00

(110)-2.00 3.43 4.96 3.96 3.01 2.51 0.00
(111)-1.33 … … 0.03 0.06 0.07 0.00
(111)-3.00 4.91 0.28 … … … …

(121)-2.00 35.25 39.02 36.41 34.15 32.93 17.32

(102)-2.00 0.97 0.00 0.00 0.00 0.00 0.00

(012)-1.00 0.65 0.03 0.00 0.00 0.00 0.00

(221)-1.33 … 9.70 11.85 13.34 14.09 15.18

(221)-2.67 16.71 … … … … …

Table 8 Facets contributions (%) to total surface area in Wulff construction of x-Fe5C2 presented in Fig. 8

Facet (a) C2H4 (b) Scheme C (c) Scheme A (d) Scheme B (e) C2H2 (f) DmC526.0 eV

(010)-2.50 1.20 … … … … …
(010)-1.25 … 0.92 2.06 2.83 3.33 10.44

(111)-2.50 11.72 … … … … …

(111)-2.00 … 9.76 9.42 9.06 8.91 2.25

(001)-2.50 0.92 0.00 0.00 0.00 0.00 0.00
(510)-2.50 9.58 … … … … …
(510)-2.00 … 6.38 5.79 6.05 … …
(510)-1.25 … … … … 6.25 5.37
(113)-2.00 0.91 0.35 0.03 0.00 0.00 0.00

(411)-2.50 9.14 … … … … …

(411)-2.00 … 6.35 4.56 2.74 1.87 0.00

(113)-2.50 3.33 1.02 0.00 0.00 0.00 0.00

(101)-1.50 4.53 4.92 4.65 4.24 4.00 1.42
(100)-2.25 16.63 20.24 … … … …
(100)-2.00 … … 21.67 23.07 23.76 31.84
(110)-2.00 10.49 12.90 11.87 10.54 9.64 0.00
(111)-1.75 23.81 30.41 32.60 33.65 34.22 39.99
(511)-2.25 1.19 0.00 0.00 0.00 0.00 0.00
(131)-2.20 3.34 0.68 0.20 0.00 0.00 0.00

(101)-2.25 3.21 … … … … …

(101)-1.67 … 6.07 7.35 7.82 8.02 8.69

Table 9 Facets contributions (%) to total surface area in Wulff construction of h-Fe3C presented in Fig. 8

(a) C2H4 (b) Scheme C (c) Scheme A (d) Scheme B (e) C2H2 (f) DmC526.0 eV

(001)-3.00 5.03 … … … … …
(001)-2.00 … 6.80 6.82 6.82 6.79 6.81
(010)-2.33 20.31 23.94 24.74 25.44 25.77 29.99
(100)-2.50 3.46 3.36 3.06 2.53 2.24 0.00
(101)-2.25 13.25 12.60 … … … …
(101)-2.00 … … 13.06 13.89 14.49 21.39
(110)-3.00 9.28 4.96 … … … …
(110)-2.33 … … 3. 04 2.38 2.04 0.00
(011)-3.00 5.60 2.36 … … … …
(011)-2.00 … … 2.28 2.42 2.50 2.92
(111)-2.00 35.88 44.38 45.75 45.63 45.45 38.88
(113)-2.80 1.21 … … … … …
(113)-2.40 … 0.00 0.00 0.00 0.00 0.00
(031)-3.00 3.92 … … … … …
(031)-2.00 … 1.61 1.25 0.89 0.71 0.00
(102)-3.00 0.85 … … … … …
(102)-2.40 … 0.00 0.00 0.00 0.00 0.00
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At lower DmC (27.60 eV), the crystallite of x-Fe5C2 has 14
exposed surface terminations in different Fe/C ratios, (010),
(111), (001), (510), (113), (411), (113), (101), (100), (110), (111),
(511), (131) and (101). The (111), (100) and (111) surfaces
cover 52.1% of the total surface area of the crystal (23.8, 16.6
and 11.7%, respectively). When the DmC increases to
26.95 eV, the facets (001), (511), (113), (113), and (131) are
disappeared, and the carbon-rich termination of (010), (111),
(101), (510), (411) and (100) are exposed. As the DmC

increases, the proportion of (100), (010), (111) and (101)
increases, while the exposed areas of all the other surfaces
decrease. At higher DmC (26.00 eV), only seven facets are
still exposed, among which the (111) and (100) terminations
cover as much as 71.8% of the surface area of the crystal.

When the DmC is 27.60 eV, the crystallite of h-Fe3C has 11
exposed surface terminations, (001), (100), (010), (101), (110),
(011), (111), (113), (131), (102) and (031). The (111) facet has
the largest portion of the total surface area (35.9%), followed
by the (010) (20.3%) and (101) (13.3%) facets. As the DmC

increases to 26.95 eV, the proportions of (111) and (010)
increase to 45.6 and 25.4%, respectively. The carbon-rich
(031), (011), (001), (101) and (110) terminations are exposed
under higher DmC compared with lower mC. There are five
facets still exposed at higher DmC (26.00 eV), among them
the (111), (010) and (101) terminations cover 90.3% of the
total surface area of the crystal (38.9, 30.0 and 21.4%,
respectively).

In the whole range of DmC that we considered, the
crystallite of Fe4C only exposes the (100)-3.00 termination.

Surface property

In the most stable terminations of each iron carbides (Fig. 9),
e-Fe2C-(121)-2.00, x-Fe5C2-(100)-2.25, h-Fe3C-(010)-2.33 and
Fe4C-(100)-3.00, each surface carbon atom coordinates with
four surface iron atoms, and each surface iron atom
coordinates with two surface carbon atoms. In addition,
the most exposed surfaces, x-Fe5C2-(111)-1.75 and h-Fe3C-
(111)-2.00, have similar atom arrangement on partial surface
structures. The third exposed facet of e-Fe2C, (221)-1.33, has
also some similar surface structure with x-Fe5C2-(510)-2.00 as

well as h-Fe3C-(031)-2.00. The computed density of states of
the surface layer atoms (Fig. 10) also revealed the similarity
of these surface structures.

Since the pattern and density of carbonaceous deposit on
surface can significantly influence the catalytic perfor-
mance,68,69 similar and unique catalytic activities of the
carbides facets with the same atom arrangement on surface
layer should be expected. At first we analyzed the surface
properties, e.g. the charge and binding energy of the surface
carbon atoms, as well as the surface work function
(difference between the electrostatic potential energy in
the vacuum region and the Fermi energy of the slab), which
is an important electronic indicator of a surface, i.e. lower
work function indicates the higher electron donating ability
of the surface. In addition, we also computed the adsorption
structure and energy of CO on these surfaces. As shown in
Fig. 11, the most stable CO adsorption site is the Fe-top site

Figure 9 Surface structures of most stable surfaces and surfaces that have largest exposed surface area in Wulff con-

struction of e-Fe2C, x-Fe5C2, h-Fe3C and Fe4C (indices given in parentheses indicates corresponding Miller index, and the

third term of the indices provides the corresponding surface a5Fe/C ratio, Fe atoms are shown by blue balls, C atoms

are shown by black balls)

Figure 10 Density of states of surface layer atoms of

most stable facets

Figure 11 Adsorption of CO on most stable facet of e-

Fe2C, x-Fe5C2, h-Fe3C and Fe4C with different coverage

(indices given in parentheses indicates corresponding

Miller index, and third term of indices provides corre-

sponding surface a5Fe/C ratio, Fe atoms in blue, C atoms

in black and O atoms in red)
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on the e-Fe2C-(121)-2.00, x-Fe5C2-(100)-2.25 and h-Fe3C-
(010)-2.33 surfaces. The Fe4C-(100)-3.00 facet has hollow site
on the surface, the most stable CO adsorption site is the 4-
fold site. In order to compare with other three carbides, the
less stable Fe-top site of CO adsorption is taken into account
(adsorption energy of CO on the Fe-top site is only 0.054 eV
higher than that of the 4-fold site).

At 1/16 and 1/2 ML (Table 10), as the surface work
function increases in the order of x-Fe5C2-(100)-2.25,h-
Fe3C-(010)-2.33,e-Fe2C-(121)-2.00,Fe4C-(100)-3.00, both CO
adsorption energies and C-O bond elongation as well as the
net negative charge of the adsorbed CO molecules decrease,
implying that CO favors to adsorb on the surface with lower
work function. Consequently, the x-Fe5C2-(100)-2.25 has the
largest CO adsorption energy, followed by h-Fe3C-(010)-2.33,
e-Fe2C-(121)-2.00 and Fe4C-(100)-3.00, respectively. The C–O
bond activation degree is almost the same on x-Fe5C2-(100)-
2.25, h-Fe3C-(010)-2.33 and e-Fe2C-(121)-2.00, while Fe4C-
(100)-3.00 has the weakest ability to activate the C–O bond.
For each surface, when the coverage of CO increases from 1/
16 to 1/2 ML, both CO adsorption energies and C–O bond
elongation decrease.

On the basis of the computed binding energy of surface
carbon atoms, it is evident that less negatively charged
surface carbon atoms have weaker bonding to the surface.
Since CH4 formation energy exhibits a linear relationship
with the charge of surface carbon atom,24 one can expect
that CH4 formation is most favored thermodynamically on x-
Fe5C2-(100)-2.25, followed by h-Fe3C-(010)-2.33, e-Fe2C-(121)-
2.00 and Fe4C-(100)-3.00.

Conclusion

In this work, we employed DFT calculations and ab initio
atomistic thermodynamics to investigate the surface struc-
ture and stability of the low and high Miller index surfaces of
the e-Fe2C, x-Fe5C2, h-Fe3C and Fe4C phases as well as their
crystal shapes. The goal is to understand the effects of the
FTS conditions on the structure and stability of iron carbides
as FTS catalysts as well as their differences in surface
properties.

The chemical–physical environment around iron based
FTS catalysts under working conditions is described from
thermodynamic aspect. With different carbon containing
gas environments under real FTS operating conditions, it
is found that the carburization ability depends mainly on
the carbon content of the gas environments, i.e. the
higher carbon content of C containing gases, the higher
the carburization ability. It is also found that higher
temperature, lower pressure and higher H2/CO ratio
can suppress carburization ability and retard carbon
deposition.

The crystal shapes of e-Fe2C, x-Fe5C2, h-Fe3C and Fe4C
have been determined by using the standard Wulff
construction on the basis of the calculated surface free
energies. Under different pretreatment conditions, the
surface morphologies of e-Fe2C, x-Fe5C2 and h-Fe3C are
different in termination and proportion of each facet area,
and the most stable non-stoichiometric termination changes
from carbon-poor to carbon-rich (varying surface Fe/C ratio)
upon the increase in DmC. The surface structure and
composition of the most stable terminations have similar
atom arrangement on the surface layer and the catalytic
activities of these facets have been investigated. It is found
that lower work function of the surface leads to larger
adsorption energy of CO. Less negatively charged surface
carbon atoms have weaker binding energy on the surface.
Among these four carbides, x-Fe5C2-(100)-2.25 is most
favored for CO adsorption and CH4 formation, followed by
h-Fe3C-(010)-2.33, e-Fe2C-(121)-2.00 and Fe4C-(100)-3.00,
respectively. The activation degree of C–O bonds are almost
same on x-Fe5C2-(100)-2.25, h-Fe3C-(010)-2.33 and e-Fe2C-
(121)-2.00, while Fe4C-(100)-3.00 has the weakest ability for
activating the C–O bond.

Appendix

Configuration modeling of fractional site
occupancy in e-Fe2C

Figure A1 shows the unit cell structure of e-Fe2C, and this
unit cell has the occupancy of carbon atoms of only 0.5

Table 10 Calculated adsorption energies (Eads, eV) per CO, bond lengths (d, Å), net charges (q, e) and CO stretching
frequencies (n, cm21) on carbide surfaces, as well as surface properties of each facet

Surface

x-Fe5C2 h-Fe3C e-Fe2C Fe4C

(100)-2.25 (010)-2.33 (121)-2.00 (100)-3.00

Work function/eV 3.847 3.991 4.009 4.713
q*(Cs) 21.062 21.090 21.098 21.119
Eads(Cs) 28.442 28.459 28.580 29.126
Eads(1/16 ML){ 21.464 21.442 21.345 20.946
Eads(1/16 ML){ 21.741 21.719 21.667 21.263
d(C–O) (1/16 ML) 1.171 1.172 1.170 1.164
q* (CO) (1/16 ML) 20.273 20.277 20.254 20.226
nCO (1/16 ML) 1937 1933 1939 1990
Eads(1/2 ML){ 21.142 21.135 21.133 20.317
Eads(1/2 ML){ 21.482 21.483 21.489 20.758
d(C–O) (1/2 ML) 1.162 1.163 1.163 1.159
q*(CO) (1/2 ML) 20.179 20.176 20.178 20.091
nCO (1/2 ML) 1976 1971 1973 2017

*From Bader charge analysis.
{RPBE energies
{PBE energies.
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instead 1.0. This means that Fe atoms form a hexagonal
close packed array and half of the octahedral interstitial
sites are occupied by carbon atoms in a random way.
Similar site-occupancy disorder structures are also found
in b-Mo2C70 and Fe2N.71 According to this bulk structure,
the Fe/C ratio is 1 to 1. In order to keep the 2 to 1
stoichiometry, the usually used practice is to delete half of
carbon atoms from the bulk structure. However, it will
generate several configurations and the number of the
possible configurations increases dramatically with the
supercell size. Since there are no systematic investigations
into the bulk structure of e-Fe2C known, several structures
of e-Fe2C were used in previous studies. Jack reported a
e-Fe2C structure by deleting carbon atoms on the vertices
of the unit cell (Fig. A1).72 Jang et al.17 and Fang et al.18

calculated the e-Fe2C bulk structure with the space group
P6322, which is different from the experimental data (P63/
mmc).37 In this work, we used the unit cell of e-Fe2C with
the space group P63/mmc to generate the supercell by
deleting half of the carbon atoms from the supercell. For
supercell with different size, we calculated all possible
structures in order to give a reasonable configuration of
e-Fe2C.

Firstly, we generated the 26261 and 26262 super-
cells by deleting half of the carbon atoms from these

Figure A1 Unit cell structure of e-Fe2C (Fe atoms in blue

balls, C atoms in black balls)

Figure A2 Optimized structures of 26261 supercell of e-Fe2C (Fe atoms in blue balls, C atoms in black balls)

Figure A3 Optimized structures of 26262 supercell of e-Fe2C (Fe atoms are shown by blue balls, C atoms are shown

by black balls)
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two structures. During this process, the site-occupancy
disorder program was used to obtain all the supercell
structures.73 By taking the advantage of isometric trans-
formation, site-occupancy disorder excludes the equivalent
configurations and reduces the configurations only to the
independent ones (Table A1). All the energies were
obtained using the method described in the section on
‘Structure calculation’. The occurrence probability of each
configuration at temperature T can be obtained from
equation (9)

Pn~
1
Z

exp ({En=kBT ) (9)

where kB58.617361025 eV K21, En is the energy of that
configuration and

Z~
XN

n~1

exp ({En=kBT ) (10)

The 26261 supercell has six independent configurations;
the optimized structures and the corresponding total
energies are shown in Fig. A2. Among these six structures,
configuration 6 is most stable and its occurrence probability
is 100% from 0 to 1000 K. After optimizing all 128
configurations of the 26262 supercell, we found config-
uration 58 to be most stable (Fig. A3). Its occurrence
probability is also 100% from 0 to 1000 K. In addition,
configuration 58 is two times of configuration 6, therefore
they are the same structure. The simulated XRD spectrum is
presented in Fig. A4, the relative intensity of the character-
istic peaks agrees well with the experimental data.37,74 This
rationalizes our calculated structure of e-Fe2C.
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