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ABSTRACT: Probing the product selectivity of Fischer−Tropsch catalysts is of
prime scientific and industrial importancewith the aim to upgrade products and
meet various end-use applications. In this work, the mechanisms for CH4 formation
and C1−C1 coupling on a thermodynamically stable, terraced-like χ-Fe5C2 (510)
surface were studied by DFT calculations. It was found that this surface exhibits high
effective barriers of CH4 formation for the three cases (i.e., 3.66, 2.81, and 2.39 eV),
indicating the unfavorable occurrence of CH4 formation under FTS conditions. The
C + CH and CH + CH are the most likely coupling pathways, which follow the
carbide mechanism. Subsequently, the effective barrier difference between CH4
formation and C1−C1 coupling was used as a descriptor to quantify FTS selectivity.
A comparison of the selectivity between this surface and the reported FTS catalysts’
surfaces was discussed in detail. More interestingly, this surface shows unexpectedly high C2+ selectivity. This indicates that
manipulating the crystal facet of χ-Fe5C2 catalyst can effectively tune the FTS selectivity, which will open a new avenue for highly
selective Fe-based FTS catalysts.
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1. INTRODUCTION

Conversion of coal-, biomass-, or natural gas-derived syngas via
Fischer−Tropsch synthesis (FTS) has recently gained a
renewed interest as a nonpetroleum, promising alternative
route to produce clean fuels and value-added chemicals (e.g.,
lower olefins).1−6 Selectivity is one of the most important issues
in an intricate FTS network including many surface
intermediates and elementary steps.7−11 Taking into account
that methane is the least desired product,12 mechanistic studies
on how to reduce its selectivity or even suppress its formation
are highly encouraged for designing and optimizing FTS
catalysts.
FTS selectivity highly depends on the reaction conditions

and the catalyst types, and commercial FTS catalysts are based
on Fe or Co with the low cost and high selectivity of
hydrocarbons.1−12 Fe catalysts are more attractive in two
aspects compared to Co catalysts:13,14 (i) converting CO-rich
and contaminant-containing syngas from coal or biomass
feedstock because of the higher activity of water−gas shift
and resistance to contaminants; (ii) catalyzing high-temper-
ature FTS owing to the lower methanation activity and higher
catalytic efficiency. Up to now, many efforts, including selecting
supports, adjusting pretreatment conditions, optimizing catalyst

particle sizes, and adding promoters, have been made to lower
CH4 selectivity and raise C2+ selectivity of Fe-based
catalysts.4,5,7,10,13 Furthermore, some experimental and the-
oretical evidence has prompted researchers to use iron carbides,
especially Hag̈g iron carbide (χ-Fe5C2), as the active phases
among various iron species from the complex phase trans-
formation of working Fe FTS catalysts.15−19 Recently, Hu and
co-workers have used the effective barrier difference between
CH4 formation and C1−C1 coupling (ΔEeff, the derivation
details in Supporting Information), proposed in their pioneer-
ing work,20 as a descriptor to analyze FTS selectivity on the Fe-
terminated χ-Fe5C2 (100) surface.

17

It is worth mentioning that unlike metallic surfaces, some
high Miller index surfaces of χ-Fe5C2 especially (510), detected
by XRD and HRTEM,19,21,22 exhibit lower surface energies and
thus have the larger percentages among the exposed crystal
facets.23 Recently, DFT calculations of CO activation on χ-
Fe5C2 (monoclinic crystal structure and “a” being the highest
among the lattice parameters) surfaces showed that the
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terraced-like (510) surface prefers the direct CO dissociation
route,23 whereas the stepped-like (010) and (001) surfaces
prefer the H-assisted CO dissociation route,16,24 and the
stepped-like (100) surface prefers both direct and H-assisted
CO dissociation routes.25 Additionally, the (510) surface is
suggested as the active facet of FTS because the direct CO
dissociation route generally corresponds to high FTS
activity.23,26 Therefore, as a consecutive effort, probing FTS
selectivity on the (510) surface is highly desirable.
The purpose of this study is to investigate FTS selectivity on

a thermodynamically stable, terraced-like χ-Fe5C2 (510) surface
by periodic spin-polarized DFT calculations. All possible
reaction pathways including carbide and CO insertion
mechanisms for CH4 formation and C1−C1 coupling were
considered and analyzed with the objective to identify the active
sites and reaction mechanisms. Subsequently, the effective
barrier difference between CH4 formation and C1−C1 coupling
(ΔEeff) was employed as a descriptor to evaluate the FTS
selectivity. Finally, the selectivity between the χ-Fe5C2 (510)
surface and the reported FTS catalysts surfaces was compared
and discussed in detail, and then some insights were proposed.
This might guide the design of highly selective Fe-based FTS
catalysts with the suppression of CH4 formation and enhance-
ment of C−C coupling.

2. COMPUTATIONAL DETAILS

2.1. Methods. All of the periodic spin-polarized DFT
calculations were performed using the Vienna ab initio
simulation package (VASP).27−30 The interactions between
ion cores and valence electrons were described by the projector
augmented wave (PAW) method,31 and the exchange−
correlation functional was GGA-PBE.32,33 The solution of the
Kohn−Sham equations was expanded in a plane wave basis set
with a cutoff energy of 400 eV. The Brillouin zone sampling
was performed using a Monkhorst−Pack grid,34 and electronic
occupancies were determined in light of a Methfessel−Paxton
scheme with an energy smearing of 0.2 eV.35 The Dimer
method36 was used to determine the transition states of the
elementary steps of CH4 formation and C−C coupling
reactions. In all the calculations, a force-based conjugated-
gradient method was used to optimize the geometries.37 Saddle
points and minima were considered to be converged when the
maximum force in each degree of freedom was less than 0.03
eV/Å. Furthermore, the vibrational frequencies were analyzed
to evaluate if a stationary point is a minimum state with no
imaginary frequencies or a transition state with only one
imaginary frequency, and zero-point energy (ZPE) was
considered for all the calculated energy data.
2.2. χ-Fe5C2 (510) Surface Models. Surface reactions were

calculated on p(1 × 1) supercell slab with four-layered iron and
eight-layered carbon. The Monkhorst−Pack mesh of 4 × 2 × 1
k-point sampling in the surface Brillouin zone was used. The
bottom two-layered iron and four-layered carbon were fixed,
whereas the top two-layered iron, four-layered carbon, and
adsorbates were relaxed. The vacuum spacing between slabs
was around 10 Å. The top and side views of the studied χ-Fe5C2

(510) surface were illustrated in Figure 1. Moreover, Table S1
and Table S2 summarize the influences of the vacuum thickness
and supercell size for the C + CH → CCH and CH2 + CH3 →
CH2CH3 reactions, respectively. This could validate the
applicability of our model.

3. RESULTS AND DISCUSSION
3.1. CH4 Formation Mechanism. When exposing Hag̈g

iron carbide to syngas, two kinds of mechanisms for CH4
formation primarily occur by means of (i) stepwise hydro-
genation of the surface C atom and (ii) direct or H-assisted
dissociation of the adsorbed CO and subsequent stepwise
hydrogenation. Our previous studies show that on terraced-like
χ-Fe5C2 (510) surface, direct CO dissociation is the preferred
activation pathway.23 Therefore, there are three possibilities for
CH4 formation: Case 1, stepwise hydrogenation of the surface
C atom on the clean surface; Case 2, stepwise hydrogenation of
the surface C atom on the dissociated C adsorbed surface; Case
3, stepwise hydrogenation of the dissociated C atom on the
dissociated C adsorbed surface.
Let us first consider CH4 formation mechanism of Case 1,

because of the surface C atom occupied site previously
suggested as the active sites for CH4 formation.16 The
optimized structures of the chemisorbed C1 species and
transition states (TSs) of elementary steps are shown in Figure
S1 and Figure 2, respectively. As we can see, the most stable
adsorption sites for C, CH, and CH2 are the 4-fold site,
although the bridge site is favored by CH3; at the TSs, C, CH,
and CH2 adsorb at the 4-fold site, and CH3 adsorbs at the top
site. The geometries are very similar to those on the Fe (100)
surface.38,39

Figure 3 illustrates the energy profile of CH4 formation in
Case 1. It is clearly seen that the total energy of the TSs
increases along the hydrogenation coordinate (i.e., the last step
has the highest TS energy). Moreover, CH3 compared to C,
CH, and CH2 species is not thermodynamically stable and thus
has low site coverage. It can be concluded that CH3
hydrogenation is the slowest. This would suggest that this
step is the rate-determining step of CH4 formation and the
preceding hydrogenation steps reach quasi-equilibrium. There-
fore, the effective barrier of CH4 formation (Eeff,CH4, the
derivation details in Supporting Information17,20,40,41) was used
as a descriptor to evaluate the reaction rate of CH4 formation.
Unexpectedly, the Eeff,CH4 of Case 1 is up to 3.66 eV, indicating
that the CH4 formation is very difficult to occur under FTS
conditions.
The CH4 formation mechanisms of Case 2 and Case 3 were

further studied. The chemisorption of C1 species and the TSs of
elementary steps were calculated, and the corresponding energy

Figure 1. Top (left) and side (right) views of χ-Fe5C2 (510) surface
(Blue: Fe atoms; gray: C atoms). Dashed box shows the unit cell of
p(1 × 1).
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profiles were plotted. It can be clearly seen that these two cases
are very similar to Case 1 regardless of the optimized structures
of chemisorbed C1 species (Figure S1) and TSs (Figure 2) or
the nature of stepwise-increasing energy profiles (Figure 3).
However, the chemisorption energies of H and C1 species in
these two cases are different from those in Case 1 (Table S3).
Moreover, the C−H distances (dC−H) at the TSs and the
calculated reaction barriers of the elementary steps in the three
cases are given in Table 1. It is apparently observed that dC−H of
the latter three elementary steps follows the order of Case 1 <

Case 2 < Case 3, while Ea of each elementary step follows the
trend of Case 1 > Case 2 > Case 3.
It can be also seen in Figure 3 that the effective barriers of

CH4 formation in Case 2 and Case 3 are 2.81 and 2.39 eV,
respectively. They are lower than the Eeff,CH4 in Case 1 (i.e.,
3.66 eV). Considering the similar geometric structures in the
three cases, the difference in Eeff,CH4 is most likely due to the
difference in the electronic properties of surface Fe atoms. As
shown in Figure S2, the average d-band centers (εd) of surface
Fe atoms in the three cases follow the order of Case 1 > Case 2
> Case 3. It is reported that the site with d-band center far from
the Fermi energy is more active for hydrogenation.16 This
would provide a rational interpretation for the Case 3 with the
lowest barrier. Furthermore, Figure S3 exhibits a linear
relationship between Eeff,CH4 and εd in the three cases. This
demonstrates that the difference in Eeff,CH4 in the three cases is
mainly ascribed to the difference in the electronic properties of
surface Fe atoms. This is consistent with previous results (i.e., a
linear relationship between the effective barrier of CH4
formation on different iron carbides and the d-band center of
surface Fe atom).16

On the basis of the above results, Case 3 is found to have the
lowest effective barrier of CH4 formation. However, it is much
higher than that of the stepped-like χ-Fe5C2 (010) surface (1.54
eV),16 where the similar computational methods were
employed. This suggests that on the one hand, the terraced-
like χ-Fe5C2 (510) surface is less active toward CH4 formation;
on the other hand, CH4 formation is highly sensitive to χ-Fe5C2
crystal facet.

3.2. C1−C1 Coupling Mechanism. To probe FTS
selectivity on χ-Fe5C2 (510) surface, C1−C1 coupling reactions
were further studied. As shown in Table 2, 10 kinds of C1−C1
coupling reactions between CHi (i = 0−3) derived from the
surface C and CHj (j = 0−3) from the dissociated C in terms of
the carbide mechanism were first considered. The optimized
structures of TSs are listed in Figure S4. At the TSs, the most
stable adsorption sites of C and CH, CH2 as well as CH3 are 4-
fold site, 3-fold or bridge site and top site, respectively, which
are very similar to those on Fe (100) surface.42,43 Moreover, the
C−C distances at the TSs and the reaction barriers and reaction
energies of CHi + CHj are also summarized in Table 2.
Subsequently, the effective barrier of CHi + CHj reactions
(Eeff,CHi‑CHj

, the derivation details in Supporting Informa-
tion17,20,40,41) was used as a descriptor to evaluate the reaction
rate of C1−C1 coupling. It can be seen in Table 2 that the C +
C coupling reaction among the CHi + CHj ones has the largest
reaction barrier, and the resultant C−C product is very
unstable. More interestingly, the C + CH and CH + CH
coupling reactions have relatively lower individual reaction
barrier and effective barrier than other C1−C1 coupling

Figure 2. Structures of the TSs of elementary steps involved in the
methanation reactions in the three cases. Blue: Fe atoms; gray: C
atoms; green: C atoms involved in reactions; white: H atoms; yellow:
H atoms involved in reactions.

Figure 3. Energy profiles of CH4 formation in the three cases. The
corresponding effective barriers were also presented.

Table 1. C−H Distances (dC−H) at the TSs and Reaction Barriers (Ea) of Elementary Steps Involved in CH4 Formation in the
Three Casesa

dC−H (Å) Ea (eV)

reactions Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

C + H→CH 1.456 1.444 1.550 0.97 (1.01) 0.95 (0.99) 0.86 (0.93)
CH + H→CH2 1.393 1.412 1.437 0.94 (0.95) 0.86 (0.87) 0.84 (0.87)
CH2 + H→CH3 1.448 1.550 1.670 1.05 (1.05) 0.81 (0.78) 0.80 (0.79)
CH3 + H→CH4 1.436 1.540 1.551 1.14 (1.15) 0.92 (0.93) 0.88 (0.84)

aValues excluding ZPE in parentheses.
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reactions, which would be most likely to occur on the χ-Fe5C2
(510) surface under typical FTS conditions.
Aside from the carbide mechanism, the CO rather than less

unstable HCO or COH23 insertion mechanism for C1−C1
coupling reactions was also considered. The derivation details
of the effective barrier of CHi + CO (Eeff,CHi‑CO) are shown in
Supporting Information. The corresponding structural and
energy results are also given in Figure S4 and Table 2. It can be
seen that the C + CO coupling reaction has the largest reaction
barrier, and the CH + CO coupling reaction has relatively lower
individual reaction barrier and effective barrier than CH2 +CO
and CH3 + CO coupling reactions. Moreover, the CH + CO
coupling reaction has similar individual reaction barrier and
effective barrier compared to the C + CH and CH + CH
coupling reactions, which might also occur on the χ-Fe5C2
(510) surface. Along this line, the CH + CO → CCH + O
reaction pathways in light of carbide or CO insertion
mechanism were further studied. As shown in Figure 4, the
overall barrier of the CO insertion pathway is 1.56 eV, which is
0.47 eV higher than that of the carbide pathway. This indicates
that the carbide mechanism is the dominating C1−C1 coupling
reaction mechanism on the χ-Fe5C2 (510) surface. Moreover,
previous study showed that CO insertion mechanism is the

favorable C1−C1 coupling mechanism on χ-Fe5C2 (001)
surface.24 This indicates that C1−C1 coupling mechanism is
highly sensitive to χ-Fe5C2 crystal facet.
The above results show that the C1−C1 coupling reactions

on the terraced-like χ-Fe5C2 (510) surface mainly proceed by
the C + CH and CH + CH in terms of the carbide mechanism.
This is in good agreement with the steady-state isotopic
transient kinetic analysis (SSITKA) results of Govender et al.,
i.e., both C and CH as active C1 species participating in chain
initiation to form reactive C2 species such as CCH during high-
temperature FTS on the Fe-based catalyst.44,45 Moreover, the
C1−C1 coupling reactions on the terraced-like χ-Fe5C2 (510)
surface were compared to those on the stepped-like χ-Fe5C2
(100) surface17 for understanding the relationship between the
favorable coupling reaction and the χ-Fe5C2 crystal facet,
although different computational methods were employed. As
shown in Figure 5, on the terraced-like surface, the coupling
reaction involving relatively stable species has a lower effective
barrier, and the C + CH and CH + CH are the preferred C1−

Table 2. C−C Distances (dC−C) at the TSs and Reaction Barriers (Ea), Reaction Energies (ΔEr), and Effective Barriers
(Eeff,CHi‑CHj/CO) of C1−C1 Coupling Reactionsa

reactions dC−C (Å) Ea (eV) ΔEr (eV) Eeff,CHi‑CHj/CO (eV)

C + C 1.601 1.55 (1.59) 1.24 (1.23) 1.55 (1.59)
C + CH 1.778 1.07 (1.09) 0.67 (0.65) 1.66 (1.61)
C + CH2 1.911 1.08 (1.09) 0.24 (0.15) 2.58 (2.46)
C + CH3 2.036 1.23 (1.21) 0.02 (−0.07) 3.07 (2.81)
CH + CH 1.718 0.96 (0.96) 0.51 (0.43) 1.79 (1.66)
CH + CH2 1.850 1.03 (1.03) 0.69 (0.64) 2.77 (2.57)
CH + CH3 2.000 1.44 (1.52) 0.50 (0.42) 3.57 (3.30)
CH2 + CH2 1.979 1.04 (0.98) 0.00 (−0.02) 3.66 (3.38)
CH2 + CH3 1.973 1.49 (1.45) 0.40 (0.23) 4.11 (3.85)
CH3 + CH3 - - 0.58 (0.38) -
C + CO 1.696 1.66 (1.72) 1.20 (1.24) 1.66 (1.72)
CH + CO 1.772 1.13 (1.13) 0.97 (0.93) 1.72 (1.65)
CH2 + CO 1.864 1.16 (1.14) 0.36 (022) 2.66 (2.51)
CH3 + CO 1.956 1.35 (1.33) 0.30 (0.27) 3.24 (2.93)

aValues excluding ZPE in parentheses.

Figure 4. Energies and structures for the CH + CO → CCH + O
formation pathways on χ-Fe5C2 (510) surface in terms of the carbide
mechanism (red-solid line) and CO-insertion mechanism (blue-dash
line). Zero-point energies are included. Blue: Fe atoms; gray: C atoms;
green: C atoms involved in reactions; white: H atoms; red: O atoms.

Figure 5. Effective barriers (Eeff,C−C) and reaction barriers (Ea) of C1−
C1 coupling reactions and the involving reactants energies (Ei + Ej) on
χ-Fe5C2 (510) and χ-Fe5C2 (100) surfaces. The data of χ-Fe5C2 (100)
surface are from ref 17.
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C1 coupling pathways. However, on the stepped-like surface,
the C + CHj coupling reaction involving relatively unstable
species (e.g., C + CH3) has a lower effective barrier; other C1−
C1 coupling reactions except CH2 + CH3 have similar effective
barriers, and the C + CH3 is the preferred C1−C1 coupling
pathways. In addition, the reaction barrier on the terraced-like
surface is insensitive to the stability of reactants though the C1−
C1 coupling reactions involving unstable CH3 species have a
slightly higher barrier. In contrast, the reaction barrier on the
stepped-like surface is highly sensitive to the stability of
reactants: the higher reaction barrier apparently arises from the
more stable reactants. This would provide an interpretation for
a different trend of the effective barriers and thus the preferred
C1−C1 coupling reactions between the two surfaces. It is noted
to mention that C and CH species prefer to adsorb at 4-fold
sites of metal surfaces;26,39 for the TSs structures, C and CH
species adsorb at the 4-fold hollow site on χ-Fe5C2 (510)
surface (Figure S4); however, C species adsorb at the 3-fold
site, and CH species adsorb at 2-fold or 3-fold sites on the χ-
Fe5C2 (100) surface.

17 It could be deduced that the difference
in the active sites’ structures on the two surfaces mainly
contributes to the difference in the favorable C1−C1 coupling
pathways.
3.3. Selectivity between CH4 and C2+. To quantify the

selectivity between CH4 and C2+, the effective barrier difference
between CH4 formation and C1−C1 coupling (ΔEeff, the
derivation details in Supporting Information17,20) was used a
descriptor. In principle, the higher ΔEeff represents the higher
selectivity of C2+ and the lower selectivity of CH4. Table 3 gives

a comparison of ΔEeff between the χ-Fe5C2 (510) surface and
the reported FTS catalysts surfaces taken from the
literature.17,20,39,43 Although different computational methods
were employed between our work and those reported in the
literature, the comparison of the ΔEeff values, not the absolute
Eeff,CH4 and Eeff,C1−C1 values, is still reasonable to understand the
trend of FTS selectivity. Obviously, the χ-Fe5C2 (510) surface
exhibits the highest ΔEeff and thus the lowest selectivity of CH4
as well as the highest selectivity of C2+.
Considering that the real χ-Fe5C2 catalyst consists of

different crystal facets, probing the FTS mechanism on different
χ-Fe5C2 crystal facets is informative and would provide a
catalyst design principle for the upgrade of FTS products with
various end-use applications (e.g., transportation fuels and
lower olefins). It is demonstrated that the terraced-like (510)
surface prefers the direct CO dissociation23 and the occurrence
of C−C coupling reactions in terms of the carbide mechanism.
However, the stepped-like (010), (001) surfaces prefer the H-

assisted CO dissociation,16,24 and the (100) surface prefers
both direct and H-assisted CO dissociation;25 both exhibit
different FTS behaviors.16,17,25,46 Moreover, the CH4 formation
effective barrier of the (010) surface16 is 1.54 eV, which is much
lower than that of the (510) surface (i.e., 2.39 eV). This
suggests that the step sites of χ-Fe5C2 catalyst are more active
toward CH4 formation, which is consistent with the
experimental results of de Jong and co-workers.47 All of these
results revealed that manipulating the crystal facets of χ-Fe5C2
catalyst could be an effective method to tune FTS selectivity,
which would shed new light on preparing highly selective χ-
Fe5C2 FTS catalyst by the well-defined preparation method.
However, it is worth mentioning that there is still plenty of
room for understanding the FTS mechanism on the χ-Fe5C2
catalyst, owing to wide product distribution (e.g., paraffins,
olefins, and oxygenates present in minor amounts)19 and thus
involving various surface intermediates and elementary steps.
Up to now, a direct relationship between the χ-Fe5C2 crystal
facet and FTS selectivity is still unclear, and we will investigate
this relationship in our future work.

■ CONCLUSIONS
In summary, we theoretically identify that for FTS on a
thermodynamically stable, terraced-like χ-Fe5C2 (510) surface,
the surface C-occupied site is inactive toward CH4 formation;
all the three cases exhibit high effective barriers of CH4
formation (i.e., 3.66, 2.81, and 2.39 eV), indicating the
unfavorable occurrence of CH4 formation under the FTS
condition. The C + CH and CH + CH are the most likely
coupling pathways in terms of the carbide mechanism. CH4
formation and C1−C1 coupling mechanisms are highly sensitive
to the χ-Fe5C2 crystal facet. Moreover, FTS selectivity between
this surface and the reported FTS catalysts’ surfaces are
compared and discussed in detail. This surface shows
unexpectedly high C2+ selectivity. This strongly indicates that
manipulating the crystal facets of the χ-Fe5C2 catalyst would
effectively tune FTS selectivity. The insights revealed here will
guide the design and optimization of highly selective χ-Fe5C2
FTS catalysts.
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