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Abstract
Structure–performance relationship is a complex issue in iron-catalyzed Fischer–Tropsch synthesis, and it is not easy to elucidate it by
experimental investigations. First-principle calculation is a powerful method for explaining experimental results and guiding catalyst design. In
this study, we investigated the reaction mechanisms of CH4 formation and C–C coupling on four c-Fe5C2 surfaces and established the kinetic
equations to compare the rates of CH4 formation and C1þC1 coupling reactions and determine the CH4/C2þ selectivity. The results show that the
geometry of the c-Fe5C2 surfaces has little effect on the formation rate of CH4; however, the C1þC1 coupling reactions are significantly affected
by the surface geometry. The C1þC1 coupling reaction rates on the terraced-like (510) and (021) surfaces are much higher than those on the
stepped-like (001) and (100) surfaces. Based on these results, we established a Brønsted–Evans–Polanyi (BEP) relationship between the effective
barrier difference for CH4 formation and C1þC1 coupling (DEeff) and the adsorption energy of Cþ4H (DECþ4H) on c-Fe5C2 surfaces. DECþ4H

can be used as a descriptor for CH4/C2þ selectivity on different surfaces of c-Fe5C2.
© 2020 Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The Fischer–Tropsch synthesis (FTS) is a complex het-
erogeneous catalytic reaction. Its reactivity (comprising ac-
tivity and selectivity) has a strong correlation with the size of
the catalyst active phase, and is thus a typical structure-sen-
sitive reaction [1,2]. At present, there are many studies on the
size effect of Co and Ru-based FTS catalysts [3–6], and some
reliable conclusions have been obtained. Because the con-
ventional Fe-based catalysts used in the past are unsupported,
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their particle size is relatively large, and the size effect is
therefore not significant. However, some recent studies have
reported the size effect on Fe-based FTS catalysts. Park et al.
[7] studied the size effect of d-Al2O3-supported Fe catalysts,
and found that as the particle size and turnover frequency
(TOF) increased while the selectivity of CH4 decreased.
Mabaso et al. [8] reported the effect of the particle size of a
carbon-supported Fe catalyst, and observed that particles with
a size smaller than 7–9 nm displayed significantly lower ac-
tivity, higher methane selectivity, and lower chain growth
probability. Galvis et al. [9] reported the particle size effect of
CNF-loaded Fe catalysts, and observed that a decrease from 7
to 2 nm in particle size for catalysts promoted by Na and S
results in a 2-fold increase in the apparent TOF based on the
initial activity. Furthermore, steady state isotopic transient
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kinetic analysis (SSIKTA) revealed that the H coverage is
lower for the larger particles and is suppressed upon adding
the Na and S promoters, which is in consistent with the
observed lower methane selectivity and higher olefin selec-
tivity [10].

It has been found experimentally that iron carbide is the
active phase for FT reactions on Fe-based catalysts [11,12],
but it is quite difficult to obtain an accurate estimate of the
trend in particle size effects under the experimental conditions.
With the rapid development of computational chemistry, the
use of density functional theory (DFT) calculations to study
the reactions on the catalyst surface has become a powerful
research method. There have been many good examples where
experiments have been combined with simulations to study the
structure–efficiency relationship of the catalysts, such as the
B5 and C7 site concepts [13–17] on ammonia synthesis cat-
alysts, and the BEP relationship between the activation energy
and the reaction energy [18,19]. However, the FTS system is
relatively complex, and contains several types of elementary
reactions, including C–O bond breaking and C–H and C–C
bond formation. There are many reports on the effect of
catalyst surface structure on the C–O bond breaking, which
has high structural sensitivity [1,2]. However, the possibility of
structural effects on C–H and C–C bond formation, reactions
that are considered to have low structural sensitivity, is still a
matter of considerable debate. Further research is needed on
the structure–efficiency relationship of FTS catalysts.
Furthermore, it has been proved that iron carbides, especially
H€agg iron carbide (c-Fe5C2), are the active phases among the
various iron species involved in the complex phase trans-
formation of Fe-based FTS catalysts [11,12,20–22]. Therefore,
probing the FTS mechanism and reactivity on the c-Fe5C2

surfaces is highly desirable.
In this work, we have investigated the CH4 formation and

C1þC1 coupling reaction mechanisms on four c-Fe5C2 sur-
faces. The kinetic rate equations were established to compare
the rates of CH4 formation and C1þC1 coupling reactions as
well as to determine the CH4/C2þ selectivity. Subsequently,
we present a descriptor applicable to describe the CH4/C2þ
selectivity on c-Fe5C2 surfaces. Finally, the effect of surface
structure was associated with a particle size effect on the FTS
selectivity. This result might guide the design of highly se-
lective Fe-based FTS catalysts.

2. Computational details
2.1. Methods
The VASP program was used for the DFT calculations in
this work, with a GGA-PBE exchange-correlation functional
and PAW pseudopotential [23–29]. The cutoff energy for the
plane-wave basis set was chosen as 400 eV with a Monkhorst–

Pack k points mesh grid and a 0.2 eV energy smearing via the
Methfessel-Paxton method [30,31]. The Dimer method [32]
was selected to search the transition states (TSs) of the
elementary steps in the CH4 formation and C1þC1 coupling
reactions. The geometric optimization was performed via the
conjugated-gradient method with a force tolerance of 0.03 eV
Å�1, and the electronic optimization was converged to within
1 � 10�5 eV atom�1 [33]. Furthermore, the vibrational fre-
quencies were analyzed to identify the energy minima and TSs
by counting the number of imaginary frequencies. The
adsorption energies (Eads) was given by Eads ¼ Eadsorbate/slab –

Eadsorbate – Eslab, where Eadsorbate/slab, Eadsorbate and Eslab are
the energies of adsorbate bound on the slab, free adsorbate and
clean slab, respectively. The activation energy (Ea) of
elementary reaction step was calculated by Ea ¼ ETS – EIS,
where ETS and EIS are the energy of the transition state and the
initial state of the reaction step, respectively. Bader analysis
[34] was used to evaluate the electronic interaction between
iron and carbon atoms. The d-band center of these surfaces
was given by the following equation [35]:

3d¼

Z ∞

�∞
nð3Þ3 d3

Z ∞

�∞
nð3Þ d3

where nð3Þ is the density of states projected on the d-states. To
get the accurate results, the criterion for the electronic opti-
mization was set to be 1 � 10�7 eV atom�1.
2.2. c-Fe5C2 surface models
Based on the equilibrium shape of c-Fe5C2 obtained by
Wulff construction in our previous study [36,37], four typical
thermodynamically stable surfaces, c-Fe5C2 (510)-0.00, c-
Fe5C2 (021)-0.00, c-Fe5C2 (001)-0.00 and c-Fe5C2 (100)-
0.25, were selected to investigate surface reactions of CH4

formation and C1þC1 coupling. The latter values, such as
0.00, represent the fractional position of the top of the new
surface relative to the origin. The c-Fe5C2 (510)-0.00 surface
and c-Fe5C2 (021)-0.00 surface were modeled by a p (1 � 1)
slab with four-layered iron and eight-layered carbon. The c-
Fe5C2 (001)-0.00 surface was modeled by a p (1 � 2)
supercell slab composed of eight-layered iron and four-
layered carbon. For the c-Fe5C2 (100)-0.25 surface, a p
(2 � 1) supercell slab with six-layered iron and two-layered
carbon was used. For the (510) and (021) surfaces, the bottom
two-layered iron and four-layered carbon were fixed, with the
top two-layered iron, four-layered carbon and adsorbates
relaxed. For the (001) surface, the bottom four-layered iron
and two-layered carbon were fixed, while the top four-layered
iron, two-layered carbon and adsorbates were relaxed. For the
(100) surface, only the top three-layered iron, one-layered
carbon and adsorbates were allowed to relax. The k point
meshes of (4 � 2 � 1), (3 � 2 � 1), (3 � 2 � 1) and
(2 � 4 � 1) were used for (510), (021), (001) and (100)
surfaces, respectively. The vacuum spacing was approxi-
mately 10 Å. The top and side views of the c-Fe5C2 surfaces
studied are illustrated in Fig. 1. The supercell sizes, relaxed
layers, k point grids, and vacuum space of the four c-Fe5C2

surfaces have been tested and proved to be reasonable in
previous studies [36,37].



Fig. 1. Top (top) and side (bottom) views of c-Fe5C2 surfaces (Blue: Fe atoms; gray: C atoms).
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3. Results and discussion
3.1. CHx hydrogenation
First, we studied the CHx (x ¼ 0–3) hydrogenation re-
actions on the four c-Fe5C2 surfaces. The adsorption energies
of H and CHx on the four surfaces are shown in Table S1. The
energy barriers and reaction energies of four elementary re-
actions are shown in Table 1. The optimized structures of the
chemisorbed C1 species and TSs of the elementary steps are
shown in Figs. S1-S2. In addition, Fig. 2 illustrates the energy
profile of CH4 formation on four c-Fe5C2 surfaces.

As shown in Table 1, the barriers of each step on the four
surfaces are close (except R3 and R4 on the (100) surface), but
there are obvious variations in the reaction energies. The hy-
drogenation reaction energies on the terraced-like (510) and
(021) surfaces are much higher than those on the stepped-like
(001) and (100) surfaces (except R4 of the (100) surface). This
indicates that the barrier is only slightly affected by the
structure, whereas the reaction energy (the adsorption energy
Table 1

The barriers and reaction energies of CHx hydrogenation on the c-Fe5C2 surfaces

Reaction Ea (eV)

(510) (021) (001)

R1 C þ H/CH 0.93 0.77 0.91

R2 CH þ H/CH2 0.87 0.67 0.66

R3 CH2þH/CH3 0.79 0.69 0.72

R4 CH3þH/CH4 0.84 0.79 0.72
of CHx þ H) is strongly affected. The variation of Cþ4H,
CHþ3H, CH2þ3H, and CH3þH adsorption energies on the
four surfaces are 1.25, 0.92, 0.47 and 0.65 eV, respectively
(Fig. 2). Table S1 shows that there are significant differences
among the CHx adsorption energies (especially between C and
CH) on the four surfces, while the adsorption energies of H are
closer (0.61–0.72 eV). The adsorption energies of C and CH
on the (510) and (021) surfaces are significantly smaller than
those on the (001) and (100) surfaces. This can be explained
by the difference in adsorption positions. The adsorption sites
of C and CH on the (510) and (021) surfaces are 4-fold sites,
whereas they are 3-fold sites on the (001) and (100) surfaces
(Fig. S1).

To calculate the CHx coverage (qCHx) and CH4 formation
rate on the different surfaces, we introduce the following two
assumptions:

(1) CHx can reach equilibrium on the different surfaces.
CH2 and CH3 diffuse very readily [38] while C and CH
diffuse with difficulty. However, CHx dissociation on the
.

DEr (eV)

(100) (510) (021) (001) (100)

0.93 0.18 0.28 �0.16 �0.17

0.60 0.85 0.74 0.40 0.30

0.35 0.31 0.29 0.07 �0.16

1.07 0.38 0.27 0.15 0.80



Fig. 2. Energy profiles of CH4 formation from Cþ4H on (a) c-Fe5C2 (510), (b) c-Fe5C2 (021), (c) c-Fe5C2 (001) and (d) c-Fe5C2 (100) surfaces. The transition-

state configurations of the four stepwise hydrogenations are shown in the insets.
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surface of c-Fe5C2 is very easy; thus, C and CH can be
formed by diffusion and dissociation of CH2 and CH3.

(2) R4 is the rate-determining step of C hydrogenation.
Since the coverage of CH3 is the smallest and the energy
barrier of R4 is large, it can be assumed that the three
preceding hydrogenation steps can reach equilibrium.

These two assumptions have been used in previous studies
[20,21,39,40], which also investigated the reaction mecha-
nisms of CH4 formation and C1þC1 coupling on different
catalyst surfaces. Using these two assumptions, we can get an
expression for CHx coverage as follows (The derivation details
are given in Supporting Information):

q
ðSÞ
CHi

¼ e�ðEðSÞ
i =RTÞqð510ÞC tiðSÞ

q
ðSÞ
*

q
ð510Þ
*

ð1Þ

where q
ðSÞ
CHi

is the coverage of CHi (i ¼ 0–3) on the (S) surface;
E
ðSÞ
i is the energy difference between CHi on the (S) surface

and CþiH on the (510) surface (this value is shown in Fig. 2);
q
ð510Þ
C is the coverage of C on the (510) surface; t is qH/q* of
the (S) surface; and q

ðSÞ
* and q

ð510Þ
* are the coverages of the free

sites on the (S) and (510) surfaces, respectively.
The CH4 formation rate expression is (The derivation de-

tails are in Supporting Information):

r
ðSÞ
CH4

¼ Ae
�
�
E
ðSÞ
3

þE
ðSÞ
a;R4

�.
RT
q
ð510Þ
C q

ðSÞ
H t3ðSÞ

q
ðSÞ
*

q
ð510Þ
*

¼ Ae
�E

ðSÞ
eff ;CH4

.
RT
q
ð510Þ
C q

ðSÞ
H t3ðSÞ

q
ðSÞ
*

q
ð510Þ
*

ð2Þ

where A is the pre-exponental factor, assumed to be constant
for the surface reactions [21,39,40]; E

ðSÞ
a;R4

is energy barrier of
R4 on the (S) surface; q
ðSÞ
H is the coverage of H on the (S)

surface; and E
ðSÞ
eff ;CH4

¼ E
ðSÞ
3 þ E

ðSÞ
a;R4

is defined as the effective

barrier of CH4 formation on the (S) surface.

The effects of q
ðSÞ
H , t, and the

q
ðSÞ
*

q
ð510Þ
*

value are much smaller

than that of E
ðSÞ
eff;CH4

. Therefore, we analyzed the CH4 gener-

ation rate on different surfaces by comparing the values of

E
ðSÞ
eff;CH4

. As can be seen from Fig. 2, the values of Eeff;CH4
on

the (510) (021) (001), and (100) surfaces were 2.18, 2.24,
2.29, and 1.99 eV, respectively, with a small variation range of
0.30 eV. It can be inferred that the structures of c-Fe5C2

surfaces have little effect on CH4 formation.
3.2. C1þC1 coupling
We calculated nine possible CHx þ CHy coupling reactions
on the four c-Fe5C2 surfaces. The barriers and reaction en-
ergies are summarized in Table 2, and the transition-state
structures are shown in Fig. S2.

The rate expression for the C1þC1 coupling reaction is:

r
ðSÞ
CHiþCHj

¼ Ae�E
ðSÞ
a;iþj=RTq

ðSÞ
CHi

q
ðSÞ
CHj

¼ Ae�ðEðSÞ
a;iþj

þE
ðSÞ
i

þE
ðSÞ
j Þ=RT tiþj

ðSÞ

�
q
ð510Þ
C

q
ðSÞ
*

q
ð510Þ
*

�2

¼ Ae�E
ðSÞ
eff ;iþj=RT tiþj

ðSÞ

�
q
ð510Þ
C

q
ðSÞ
*

q
ð510Þ
*

�2

ð3Þ

where E
ðSÞ
eff ; iþj ¼ E

ðSÞ
a;iþj þ E

ðSÞ
i þ E

ðSÞ
j is defined as the effective

barrier of the CHi þ CHj reaction. It is noteworthy that the
C1þC1 coupling reaction rate changes exponentially with
E
ðSÞ
eff ;iþj. We therefore took the effective barrier here as a

descriptor to estimate the C1þC1 coupling reaction rate. Fig. 3



2

Table 2

The barriers and reaction energies of CHx þ CHy coupling on the c-Fe5C2

surfaces.

Reaction Ea (eV) DEr (eV)

(510) (021) (001) (100) (510) (021) (001) (100)

R5 C þ C 1.59 1.91 1.18 1.45 1.23 1.21 �0.39 �0.71

R6 C þ CH 1.09 1.38 0.78 1.02 0.65 0.85 �0.22 �0.72

R7 C þ CH2 1.09 1.31 0.89 1.09 0.15 0.62 �0.41 �0.78

R8 C þ CH3 1.21 0.76 0.90 1.42 �0.07 �0.16 �0.36 �0.23

R9 CH þ CH 0.96 1.27 0.94 1.45 0.43 0.91 0.42 �0.13

R10 CH þ CH2 1.03 1.63 1.10 1.58 0.64 0.72 0.52 �0.11

R11 CH þ CH3 1.52 1.19 1.52 1.79 0.42 0.45 0.64 0.44

R12 CH2 þ CH2 0.98 1.17 0.60 0.30 �0.02 0.16 �0.17 �0.69

R13 CH2 þ CH3 1.45 0.87 1.47 1.28 0.23 �0.06 0.11 0.14
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compares E
ðSÞ
i þ E

ðSÞ
j , E

ðSÞ
a;iþj, and E

ðSÞ
eff ;iþj on the four c-Fe5C2

surfaces.
It can be seen that on the (510) (021) and (001) surfaces,

the C þ CH and CH þ CH reactions are the main C1þC1

coupling pathways, owing to their having the lowest effective
barriers, while on the (100) surface, CH2þCH2 is the main
C1þC1 coupling pathway. Since the reaction rate of the main
coupling pathway is several orders larger than that of the
others, the C1þC1 coupling rate on the surface will be
approximately equal to the rate of the main coupling reaction.
Thus:

r
ðSÞ
C1þC1

z max
n
r
ðSÞ
CHiþCHj

o
¼ Ae�minfEðSÞ

eff ;iþjg=RT tiþj
ðSÞ

�
q
ð510Þ
C

q
ðSÞ
*

q
ð510Þ
*

�

¼ Ae
�E

ðSÞ
eff ;C1þC1

.
RT
tiþj
ðSÞ

�
q
ð510Þ
C

q
ðSÞ
*

q
ð510Þ
*

�2

ð4Þ
Fig. 3. The energy barriers, relative energy of reactants and effective barriers of CH

and (d) c-Fe5C2 (100) surfaces.
Here we can use E
ðSÞ
eff ;C1þC1

¼ minfEðSÞ
eff ;iþjg to compare the

C1þC1 coupling rates on the different surfaces. As can be seen
from Fig. 3, E

ðSÞ
eff ;C1þC1

(red values) increases in the order
(510) < (021) < (100) < (001), hence, the C1þC1 coupling
rate decreases in the order (510) > (021) > (100) > (001). The
variation of E

ðSÞ
eff;C1þC1

on the four c-Fe5C2 surfaces is very
large (1.86 eV). Therefore, it can be inferred that the structures
of the c-Fe5C2 surfaces can have a significant effect on the
C1þC1 coupling reaction rate.
3.3. CH4/C2þ selectivity
To compare the CH4/C2þ selectivity on the four c-Fe5C2

surfaces, we calculated the ratio of the rate of CH4 formation
to that of C1þC1 coupling [38,41,42], as shown in Eq. (5).

r
ðSÞ
CH4

r
ðSÞ
C1þC1

¼ Ae
�
�
E
ðSÞ
eff ;CH4

�E
ðSÞ
eff ;C1þC1

�.
RT
t
3�ðiþjÞ
ðSÞ

q
ðSÞ
H q

ð510Þ
*

q
ð510Þ
C q

ðSÞ
*

¼ Ae�DE
ðSÞ
eff =RT t

4�ðiþjÞ
ðSÞ

q
ð510Þ
*

q
ð510Þ
C

ð5Þ

where DE
ðSÞ
eff ¼ E

ðSÞ
eff ;CH4

� E
ðSÞ
eff ;C1þC1

is the effective barrier
difference between CH4 formation and C1þC1 coupling on the
(S) surface. The surface with a larger DE

ðSÞ
eff may have a

smaller CH4/C2þ selectivity. We summarize the effective
barriers and effective barrier differences between CH4 for-
mation and C1þC1 coupling on the four c-Fe5C2 surfaces in
Table 3. It can be seen that DE

ðSÞ
eff decreases in the order

(510) > (021) > (100) > (001). Hence, the CH4/C2þ selectivity
increases in the order (510) < (021) < (100) < (001),
i þ CHj coupling on (a) c-Fe5C2 (510), (b) c-Fe5C2 (021), (c) c-Fe5C2 (001)



Table 3

The values of Eeff,CH4
, Eeff;C1þC1

, DEeff, and the Cþ4H adsorption energy

(DECþ4H, with respect to gaseous CH4) on the c-Fe5C2 surfaces.

(510) (021) (001) (100)-0.25

Eeff,CH4
(eV) 2.18 2.24 2.29 1.99

Eeff;C1þC1
(eV) 1.27 1.94 3.13 2.46

DEeff (eV) 0.91 0.30 �0.83 �0.46

DECþ4H (eV) �1.72 �1.58 �0.47 �0.77
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indicating that the structures of the c-Fe5C2 surfaces have a
significant effect on CH4/C2þ selectivity.

Furthermore, we correlated Eeff,CH4
, Eeff;C1þC1

, and DEeff

with the adsorption energy of Cþ4H (DECþ4H, relative to the
gas phase CH4) on the four c-Fe5C2 surfaces. As seen in
Fig. 4a, there is a linear relationship between Eeff;C1þC1

and
DECþ4H, with Eeff;C1þC1

increasing as DECþ4H decreases in
magnitude. However, Eeff,CH4

is insensitive to DECþ4H. More
importantly, there is also a strong linear relationship between
DEeff and DECþ4H, which implies that the CH4 selectivity on a
particular surface of c-Fe5C2 can be measured by DECþ4H.
According to our results, the terraced-like surfaces of the c-
Fe5C2 catalyst have a higher C1þC1 coupling activity, result-
ing in a lower CH4 selectivity. This means that larger catalyst
particles with a larger percentage of terraced-like surfaces
should have lower CH4 selectivity, which is in good agreement
with the experimental results [7,9]. Notably, these four sur-
faces exhibit different geometric structures together with
different electronic properties, which may contribute to a
trade-off for the CH4 formation and C1þC1 coupling. To figure
out the dominant factor, the d-band center and charge analysis
are further calculated for these four surfaces and correlated
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Fig. 4. (a) Plots of Eeff,CH4
, Eeff;C1þC1

, and DEeff as functions of DECþ4H on c-Fe5C2

(d) plots of Eeff,CH4
, Eeff;C1þC1

, and DEeff, respectively, as functions of the d-band c

charge on Fe atoms on the c-Fe5C2 surfaces.
with the effective barriers for CH4 formation and C1þC1

coupling. As shown in Fig. 4b–d, the values of Eeff,CH4
,

Eeff;C1þC1
, and DEeff are also well correlated with the d-band

center of the surfaces. Similarly, Eeff;CH4
is independent of the

d-band center, indicating that the formation of CH4 is insen-
sitive to the geometry of the surfaces. In contrast, Eeff;C1þC1

shows a linear relationship with the d-band center, that is, the
coupling process clearly depends on the surface geometry. As
a result, DEeff shows a positive linear relationship with the d-
band center, which is in accordance with the trend against
DECþ4H, based on d-band theory [43]. DEeff is further corre-
lated with the charge of the iron atoms on the surfaces. As
shown in Fig. 4e, DEeff show a “reverse volcano” trend with
the atomic charge of the surface iron atoms, which is different
from the linear trend seen with CO activation [44]. Thus, the
atomic charge of iron should be optimized for the targeted
FTS catalysts in accordance with the trade-off between CO
activation and CH4/C2þ selectivity.
3.4. Additional discussion
Cheng et al. [40] found that on stepped surfaces with
similar B5 active sites of different metals, the CH4 formation
rates change significantly, whereas the C1þC1 coupling rates
are relatively close. In their study, the electronic structure of
the particular metal is the main influencing factor. In contrast,
our results focus on different surfaces of the same iron carbide
with very similar electronic structures, so that the geometry of
the particular surface becomes the main influencing factor.
Fig. 4 shows that the CH4 formation rates did not change
much, whereas the variation in C1þC1 coupling rates is very
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marked. Combining our work with the study by Cheng et al.
[40], it can be inferred that the electronic structure may be the
main factor affecting the rate of CH4 formation, while the
geometry may strongly influence the rate of C1þC1 coupling.
The selectivity of CH4/C2þ is determined by the combination
of electronic and geometric structure. Fig. 5 includes the re-
sults of both this work and the work of Cheng et al. [21,40]. It
can be seen that DECþ4H can be used as a descriptor for CH4/
C2þ selectivity on the multi-surfaces of different catalysts.
This conclusion provides a convenient screening method for
the rational design of the catalysts.

4. Conclusions

This work presents a systematic investigation by DFT of the
surface-structure dependence of CH4/C2þ selectivity in c-
Fe5C2-catalyzed FTS. The effect of the geometry of the c-
Fe5C2 surfaces on the formation rate of CH4 is not significant;
however, the C1þC1 coupling reactions are significantly
affected by the surface geometry. The C1þC1 coupling reac-
tion rates on terraced-like (510) and (021) surfaces are much
higher than the rates on stepped-like (001) and (100) surfaces.
The terraced-like surfaces of the c- Fe5C2 catalyst have higher
C1þC1 coupling activity, resulting in lower CH4 selectivity.
This means that larger catalyst particles may have lower CH4

selectivity. Combining this with the reported experimental
results, we speculate that surface electronic structure is the
main factor affecting the formation of CH4, surface geometric
structure is the main factor affecting C1þC1 coupling, and that
the CH4/C2þ selectivity is affected by both of the above fac-
tors. Moreover, the adsorption energy of Cþ4H (DECþ4H)
reflects the effects of both the electronic and geometric
structures of a surface, and can be used as a good descriptor to
estimate the CH4/C2þ selectivity, not only on different sur-
faces of c-Fe5C2 , but also that of other catalysts. Thus, this
result may be of great interest in FTS catalyst design and
optimization.
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