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Iron carbide phases discovered in the spent iron catalysts have proved to be active in the Fischer—Tropsch
process. The surface carbon of the iron carbide played a key role in the Fischer—Tropsch mechanism. Since
there are two surface carbons, C1 and C2, on the hcp-Fe;Cs (211), which are close to each other, their
reaction mechanisms would be significant. Hence, the DFT calculations were performed to investigate
the Fischer—Tropsch mechanism involving the surface carbon. It was found that the HC! + C? pathway
was the major C-C coupling reaction pathway with an effective energy barrier of 0.97 eV. Ethane would
be the major C, product from the HCC2 species through the stepwise hydrogenation pathway due to
the high adsorption energy of ethylene (1.67 eV). After the desorption process of ethane, the carbon
vacancy would form. The carbon vacancy was found to be the CO activation site through the CO direct

dissociation pathway and the carbon vacancy would recover. It was concluded that the defect-hcp-
Received 24th August 2021 Fe,Cs (211) is the high active facet of the Fischer-Tropsch synthesis, the carb ites are the CO
Accepted 8th October 2021 e,Cs is the high active facet of the Fischer—Tropsch synthesis, the carbon vacancy sites are the

activation sites and the surface carbon sites are the C-C coupling sites. The surface carbons not only act

DOI: 10.1039/d1ra06396k as the chain initiation sites but also act as the chain growth sites in the Fischer—Tropsch mechanism on
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Introduction

Fischer-Tropsch synthesis (FTS) is a promising process since it
can convert syngas into liquid fuels and chemicals so that other
carbon-based energy such as coal and biomass can be
utilized."* The FTS process has been studied for a long time for
the production of long-chain fuels.>* In a recent study, the
Fischer-Tropsch synthesis was proved to produce light olefins
with acceptable selectivity.>® Iron-based catalysts are usually
selected as fundamental catalysts for the production of light
olefins.”*® The promoter addition is one of the major modifi-
cations,"** while the design of specific catalyst structures is
another optimization method for improving the catalyst
performance.*>'® However, the selectivity of light olefins in the
hydrocarbon species over the iron catalysts cannot meet the
economic demand in the industry."” As a result, the perfor-
mance of the iron catalysts requires urgent improvement.
Nowadays, there are different kinds of iron-containing pha-
ses in the spent iron catalysts.”® The major iron carbide
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phases are &-Fe,C, &Fe,,C, Fe,Cs, x-FesC,, 0-Fe;C, and so
on.”*** y-FesC, and &-Fe,C have been proved to be the active
phases in the iron catalysts.>**” 6-Fe;C is always considered as
the inactive phase as it mainly appears in deactivated iron-
based catalysts.>*** Fe,C; would be present after a long run
and high-temperature Fischer-Tropsch synthesis,**** which has
been proved to be the active phase by Brent Williams et al. and
Yongwang Li et al.>>*

A comprehensive understanding of the Fischer-Tropsch
mechanism on the iron catalysts would assist the researcher to
improve the catalysis performance. Since the iron catalysts are
composed of different iron carbide phases, the Fischer-Tropsch
mechanism on the iron catalysts is also composed of the
Fischer-Tropsch mechanism on different iron carbide phases.
Thus, it is necessary to investigate the Fischer-Tropsch mech-
anism on each iron carbide phase, especially the one that was
proved to be active in the Fischer-Tropsch synthesis. However,
the preparation, characterization, and exploration of the single
iron carbide phase under the reaction conditions are difficult.
As a result, the theoretical method is used for investigating the
Fischer-Tropsch mechanism on the single iron carbide phase
and is applied in this research.

To date, the Fischer-Tropsch mechanism is clear for some
iron carbide phases. Thanh Hai Pham et al. pointed out that the
direct CO dissociation reaction and the coupling reaction of C +
HC or HC + HC are the major CO activation pathway and chain-
growth pathway, respectively, on the x-Fe;C, (510).*** After
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that, the influence of the H coverage effect on the Fischer—
Tropsch mechanism was introduced by Minhua Zhang et al.
Due to the existence of the H coverage effect, the CO insertion
mechanism rather than the carbide mechanism is the Fischer-
Tropsch mechanism on the %-FesC, (510).*® The CO activation
mechanism on the %-FesC, (001), x-FesC, (221), %x-FesC, (010),
%-FesC, (110), %-FesC, (111) has been discussed thoroughly by
Yurong He et al.*”*®* On 6-Fe;C (100)** and 6-Fe;C (010),*° the CO
insertion dissociation pathway is the major CO activation
mechanism and the C-C coupling mechanism. On 6-Fe,C (031),
the coupling reaction of HC + HC and H,C + H,C is the major
chain-growth pathway.** However, the Fischer-Tropsch mech-
anism on other iron carbide phases has not yet been discussed
thoroughly.

As mentioned before, the hep-Fe,C; phase has been proved
to be active in Fischer-Tropsch synthesis by experimental
research.®»* In previous research, DFT calculations were
applied to investigate the CO activation pathway on hcp-Fe,C;
(211).** The results showed that CO would undergo the H-
assisted dissociation pathway on the top site rather than the
CO insertion dissociation pathway with the surface carbon.
However, the C-C coupling pathway and the product formation
pathway on hep-Fe,C; (211) are not clear. Thus, this article aims
to investigate the Fischer-Tropsch mechanism on the hcp-
Fe,C; phase so that the understanding of the iron catalyst's
mechanism could be improved.

According to the known mechanism on other iron carbide
phases, the surface carbon that belongs to the catalyst would
participate in the Fischer-Tropsch synthesis. On the Fe,C (011),
FesC, (010), Fe;C (001), and Fe,C (100), the surface carbon was
found to be the carbon source of the product methane.** On the
%x-FesCy (510), the surface carbon would undergo a stepwise
hydrogenation reaction to give the H,C species. Then the H,C
species can participate in the subsequent C-C coupling reac-
tion.**?** On 6-Fe;C (100) and 6-Fe;C (010),>***° the surface
carbon would act as the chain initiation site so that the reactant
CO could be coupled with it to accomplish the CO activation
pathway and chain-growth pathway. Other than theoretical
work, Khodakov et al. proved that the initiation of chain growth
involves the surface carbon through isotope C13 research.** As
a result, the surface carbon would always play a key role in the
Fischer-Tropsch mechanism.

The previously researched model of hep-Fe,C; (211) showed
that two surface carbons are close to each other, leading to the
problem of what role they play in the Fischer-Tropsch mecha-
nism. Hence, when the DFT calculations were performed to
accomplish the full map of the Fischer-Tropsch mechanism on
hep-Fe,C; (211), the surface carbon was considered to be the
significant reactant and was thoroughly discussed in the
designed reaction pathway.

In short, as the iron catalysts are combined with different
kinds of iron carbide phases, including the hcp-Fe,C; phase,
the research on the Fischer-Tropsch mechanism on the hcp-
Fe,C; phase would be valuable in the iron catalysts and deserves
to be researched. The experimental research on the reaction
mechanism in the pure hep-Fe,C; phase would be difficult since
the specific iron carbide would be transferred to another kind of
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iron carbide under the Fischer-Tropsch synthesis. Hence, DFT
calculations are applied in this article to investigate the Fischer-
Tropsch mechanism on the hcp-Fe,C; (211) facet, because it
possesses the largest percentage among the exposed crystal
facets.

We expect that this research will provide a better compre-
hension of the Fischer-Tropsch mechanism on the hcp-Fe,C;
phase so that the iron-based catalysts can be understood clearly
and be modified efficiently.

Computational details
Surface model

In this study, the bulk hcp-Fe,C; was selected as the bulk
catalyst according to the experimental results.** The hcp-Fe,Cs;
belongs to the hexagonal system with the P6;mc space group.
The lattice constants of hep-Fe,C; are a = 6.826 A;bh=6.826A;¢
= 4.495 A; v = 120°. The bulk structure of hcp-Fe,C; was opti-
mized with a 3 x 3 x 5 Monkhorst-Pack k-point mesh. The
optimized lattice constants are a = 6.748 A;b=6748 A; c =
4.434 A; y = 120°, which are in agreement with the experimental
values. The hcp-Fe,C; (211) facet possesses the largest
percentage among the exposed crystal facets based on the
surface energy calculation®* and the XRD results (PDF #89-
7273).* The surface reactions were calculated on a p (1 x 1) hcp-
Fe,Cj; (211) slab with a stable terminal surface. The size of the p
(1 x 1) hep-Fe,C; (211) slab is @ = 11.14 A; b = 8.074 A, which
could avoid the interactions between the adsorbate with itself in
the neighbouring repeated images. In all calculations, the
bottom two Fe layers were fixed in their bulk position, while the
top two Fe layers and the adsorbents were allowed to relax. The
top view and side view of the hcp-Fe,C; (211) slab model are
shown in Fig. 1.

First-principles calculations

The spin-polarized DFT calculations were performed via the
projector augmented wave (PAW) method***® using the Vienna

Fig.1 Top (left) and side (right) views of hcp-Fe;Cs (211) surface (blue:
Fe atoms; gray: C atoms).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ab initio simulation package (VASP). In this article, the Perdew-
Burke-Ernzerhof (PBE) functional® with the plane wave cutoff
energy of 400 eV was applied. The Brillouin zone sampling of
the bulk calculation and the surface calculation were set as 3 x
3 x 5and 2 x 2 x 1 Monkhorst-Pack grids,* respectively. The
electron smearing was employed via the Methfessel-Paxton
technique with a smearing width consistent with 0.2 eV.** The
effects of van der Waals corrections were taken into account by
the DFT-D3 method with Becke-Jonson (BJ) damping.*>**

The convergence standard of the SCF calculation and the
geometry optimization were set as 1 x 10 ° eV and 0.03 eV A~ Y,
respectively. The climbing-image nudged elastic band method
(CI-NEB)*** was selected to search the transition state and to
evaluate the intrinsic energy barrier. The convergence standard
of the CI-NEB calculation was set as 0.05 eV A~*. The frequency
calculation was performed to confirm the TS structure after the
CI-NEB calculation. Only if the TS structure of the researched
elementary reaction has only one imaginary frequency can the
TS structure be confirmed.

The adsorption energy of surface species is defined and
calculated by E,qs = E(adsorbate/slab) — [E(slab) + E(adsor-
bate)], in which E(adsorbate/slab) is the energy of the slab with
surface adsorbate, E(slab) is the energy of the slab, and
E(adsorbate) is the energy of the free adsorbate. The reaction
energy and the intrinsic energy barrier are calculated by AE, =
E(FS) — E(IS) and E, = E(TS) — E(IS), respectively, where E(IS),
E(FS), and E(TS) are the energies of the corresponding initial
state (IS), final state (FS), and transition state (TS), respectively.

The reaction pathways researched in the article are
combined with a series of consecutive reactions. For an
elementary reaction, if the coverage of the reactant is extremely
low, the reaction rate would be slow due to the mass law, even
though the intrinsic energy barrier of this elementary reaction is
not high. As a result, the determination of the major reaction
pathway based only on the intrinsic energy barrier would be
doubtful. In order to solve such a problem, the effective energy
barrier®*"® was applied to evaluate the major reaction pathway.
The effective energy barrier of the X elementary reaction in the

consecutive reactions is represented by E.gx and is calculated
k=1
by Eefric = Eax + > AE;;. In the equation, E, is the intrinsic
i

k-1
energy barrier of the k™ step elementary reaction, Y AE;; is the
i

sum of the reaction energy from the i step elementary reaction
to the (k — 1)™ step elementary reaction and the i™ step
elementary reaction is the elementary reaction whose initial
state shows the lowest electronic energy among all the states of
the studied consecutive reactions.

In the consecutive reactions, there are some elementary
reactions, which are the transfer reaction of the surface species
from one adsorption site to another, or the structure trans-
formation reaction; these two types of reactions are named
migration reactions in this article. Most of the migration reac-
tions show relatively low intrinsic energy barrier in this article,
the computational intrinsic energy barrier of each migration
reaction can be found in the ESL.{ To avoid the energy profile
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diagram being tedious and unreadable, only the reaction
energies of migration reactions are taken into account in the
energy profile diagram, which is named as migration energy
and denoted as AE,,.

In short, when the migration energy is applied in the energy
profile diagram, the effective energy barrier of the k™ elemen-

tary reaction in the consecutive reactions is calculated by
k-1 k-1 k-1

Eetrx = Eax + Z AE,; + Z Emi, where the Z AEn is the sum
i i i

of the migration energy from the /™ elementary reaction in the
consecutive reactions to the (k — 1) elementary reaction in the
consecutive reactions.

Results and discussion
The C-C coupling reactions of the surface carbon

Fig. 2 shows the sites of the major carbon-containing species (in
the red box) on hep-Fe,C; (211), which are the C1 site, C2 site,
and HC site, based on the previous research.*® The C' site and
C” site are the surface carbons that belong to the catalysts. The
C' species and C” species are the hydrogenation products of the
surface carbon. The HC site is the CO activation site of the H-
assisted CO activation pathway and the HC species is the
product of the known CO activation pathway.

Since the H-assisted CO activation pathway is the known CO
activation mechanism, the carbide mechanism seems to be the
major Fischer-Tropsch mechanism on the Fe,C; (211). The
detailed possible designed reaction pathway is shown below: (1)
the CO adsorption process (2) the CO activation process on the
HC site. (3) The C-C coupling process of H,C species with the C*
species or C? species to be the C, species (4) The hydrogenation
process, the product desorption process, or chain-growth
process of the C, species. (5) The recovery process of C* or C*.

All the surface carbon-containing species are the possible reac-
tants of the C-C coupling reaction. Before starting to calculate and
research the C-C coupling process of H,C species with C" species or
C? species, it should be noted that the distance from the C" site to
the C? site is close to the distance from the HC site to the C site, and
the distance from the HC site to the C” site as shown in Fig. 2.

Fig. 2 The site of major carbon-containing species on hcp-Fe;Cs
(211).
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Table 1 The distance of the C atom between the C? site, C2 site and
HC site on hcp-Fe,Cs (211)

Distance between

C atom(A) c! c? HC
c! — 3.212 3.205
c? — — 3.460
CH — — —
c " » HC = HC! ks HC! ¢ HC!
+C2 +C? +C? +C?
+H l 'Hl +H |
I ol e} [ HC'C? L, HCli? v » HiCIC?
+HC? +HC + HC +HC?

+H l H l +H
|l CHC? I » HCHC? s H:C'HC? Y L HCHC

+HC? +HC? +HC? +HC
+H J +H J +H l +H {
|, CHC? » HCHC? » HCHC? L, HCHC
+HiC? +HsC? + HiC? + HiC:

+Hl H l +H l
, CHC? » HOH:C? L, HROHC b , HCHC

H(C? HiC? HiC re

Scheme 1 The designed C!-C? coupling pathways on hcp-Fe,Cs
(211).

The distances between the C! site, C? site, and HC site were
calculated and shown in Table 1. The results show that the
distance from the C site to the C? site, the distance from the HC
site to the C’ site, and the distance from the HC site to C? site
are 3.212 A, 3.205 A, and 3.460 A, respectively, and are close.

Table 2 The intrinsic energy barriers (E,, eV), reaction energies (E,, eV)
and migration energies (E, eV) of the C1-C2 coupling pathway

No Reaction En E, E,

1 C'+H = HC' 0 0.73 —0.26
2 HC' + H = H,C" 0 0.73 0.71
3 H,C! + H = H,C! 0.09 0.91 0.48
4 H,C' + H = H,C" 0 0.60 0.03
5 C? + H = HC? 0 0.99 0.23
6 HC? + H = H,C? 0 0.67 0.60
7 H,C? + H = H,C? —0.09 1.14 0.43
8 H,C? + H = H,C? 0 0.83 0.04
9 c'+c?=c'c? 0 1.25 0.44
10 C'+ HC?> = C'HC? 0 0.95 0.05
11 C+ H,C? = C'H,C? —0.09 1.05 0.26
12 C'+ H,C? = C'H,C? —0.45 0.97 0.10
13 HC' + C* = HC'C? 0 0.97 0.44
14 HC'+ HC? = HC'HC? 0 0.76 0.46
15 HC'+ H,C? = HC'H,C? 0.39 0.87 0.28
16 HC'+ H,C? = HC'H,C? —0.46 1.43 0.38
17 H,C' + C* = H,C'C? 0 0.73 —0.23
18 H,C' + HC? = H,C'HC? 0 0.74 0.20
19 H,C! + H,C? = H,C'H,C? —0.09 0.83 —0.27
20 H,C' + H3C? = H,C'H,C? —0.46 1.00 0.31
21 H,C' + C* = HyC'C? —0.13 1.01 —0.24
22 H,C' + HC? = H,;C'HC? —0.17 1.41 0.77
23 H,C'+ H,C? = HyC'H,C? —0.34 1.45 0.31
24 H,C'+ H3C? = H3C'H,C? —0.62 2.92 0.10
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As a result, if the H,C species can be coupled with the C'
species or C* species, the C' species and C” species could also
possibly couple with each other.

Hence, another possible C-C coupling pathway was presented,
which is denoted as the C'-C* coupling pathway. In the C'-C*
coupling pathway, the C* species and C* species can be coupled with
each other to be C, species. Based on the new idea of the C'-C?
coupling pathway, the designed reaction pathway is shown in
Scheme 1 and the calculated results are shown in Table 2. It was

TS10-CH+HCHCHC
T55-C+HHC TS6-HC' +HH,C

TST-H.CHH=H,C
TS11-C'+H,CI=CH,C
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TS12-CH,C=C'H,C
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HCYHC 136 HCHCY
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1466V
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(b) The C!-C2 coupling reaction pathway involving HC! species

TSI,CHCEICC TSISHCHHCHCHC  TSTHCHH-HC
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TS6E-HCHH=H,C TS19-H,C' 2 HH,C
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g
E
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(c) The C-C2 coupling reaction pathway involving H,C! speC|es

TSHHCHH-,C
+H,CloH, CHLC

TS22-H,CHC 4, CHC

TSI-CaHeHC TSIHC'HAHC'  TSHH,CHHR,C

™ RO WO 18

Reaction Coordinate

(d) The C'-C2 coupling reaction pathway involving H3C! species

Fig. 3 Energy profile diagrams for the C*-~C? coupling pathways on
the hcp-Fe,Cs (211) surface: (a) the C'~C2coupling reaction pathway
involving C! species; (b) the C'-C2? coupling reaction pathway
involving HC! species; (c) the C!'-C? coupling reaction pathway
involving H,C! species; (d) the C'-C? coupling reaction pathway
involving HsC! species. Black lines: the C—C coupling reaction path-
ways of different kinds of C' hydrocarbon species. Blue lines: the
stepwise hydrogenation pathways of C? hydrocarbon species.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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found that some of the coupling reactions showed relatively low
energy barriers, which proved that the C'-C? coupling pathway is
likely to be the major C-C coupling pathway on the hcp-Fe,C; (211).

The energy profile diagrams of the C'-C? coupling pathway
are shown in Fig. 3. The C'-C> coupling reaction pathway
involving C', HC', H,C', and H;C' species are present in
Fig. 3(a-d) and were denoted as the C' coupling pathway, HC'
coupling pathway, H,C"' coupling pathway, and H;C' coupling
pathway, respectively. The black line represents the C-C
coupling reaction pathway involving the C' species and C>
species. The blue line represents the stepwise hydrogenation
pathway of the C* hydrocarbon species.

Comparing the effective energy barriers of the coupling
pathways involving different C' species and C* species, the
major C'-C? coupling pathway would be achieved. The HC" + C*
pathway showed the lowest effective energy barrier of 0.97 eV,
while the effective energy barrier of the HC' + HC? pathway is
close to that of the HC' + C* pathway (0.99 eV). The effective
energy barriers of the C' + C* pathway and the C' + HC” pathway
are a bit higher than that of the HC' + C® pathway, which are
1.25 eV and 1.18 eV, respectively. The effective energy barriers of
the C'-C? coupling reactions involving H,C species and H;C
species are much higher, making them impossible.

There are two major reasons why the C-C coupling reaction
involving H,C species and H;C species would show high effec-
tive energy barriers. Firstly, Table 2 shows that in the C'
coupling pathway, HC' coupling pathway, and H,C" coupling
pathway, the intrinsic energy barrier of the C-C coupling reac-
tion is not extremely high. However, the hydrogenation reac-
tions of HC species are endothermic with high reaction
energies, which are 0.71 eV and 0.60 eV for HC' and HC2,
respectively. The high reaction energy of the HC hydrogenation
reaction represents the instability of the H,C species so that the
dehydrogenation reaction of the H,C species would take place
easily. Hence, the degree of coverage of the H,C species would
be small on the hep-Fe,C; (211). The small coverage of the
reactant species would result in the slow reaction rate of the
specific C-C coupling reaction involving H,C species according
to the mass law. Hence, the high effective energy barrier of the
C"'-C? coupling pathways involving H,C could be attributed to
the high instability of the H,C species. This situation was also
found in other iron carbides from theoretical and experimental
research.?>*®

Table 3 The results of the Bader charge analysis on the C; species on
hcp-Fe,Cs (211)

Species  C H' H> H? Total  Charge transfer
ct 491 — — — 4.91 +0.91
HC! 486  0.87 — — 5.73 +0.73
H,C* 479 0.87 097 — 6.63 +0.63
H,C! 459 0.83 0.98 0.90 7.30 +0.30
c? 492 — — — 4.92 +0.92
HC? 488  0.88 — — 5.76 +0.76
H,C? 4.78 0.90 0.97 — 6.65 +0.65
H,C? 448 094 098 0.95 7.35 +0.35
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Secondly, Table 2 shows that the C-C coupling reactions
involving H;C species have high intrinsic energy barriers, which
could be attributed to the weak interactions between the surface
and H;C species. To confirm the inference, Table 3 presents the
Bader charge analysis on the C; species. The “C”, “H'”, “H>”,
and “H*” represent the number of “Bader charges” in specific
atoms in the C; species. The “charge transfer” represents the
Bader charge transfer between the C; species and hcp-Fe,C;
(211), in which “+” represents the charge obtained by the C;
species from the hep-Fe,C; (211).

Table 3 shows that the charge obtained by the C; species
from the hcp-Fe,C; (211) would decrease with the increase in H
atoms in the C; species. The decrease in the charge transfer
indicates the decrease in the interactions between the C;
species and hcp-Fe,C; (211). The charge transfers of the H;C'
species with the hep-Fe,C; (211) and the H;C? species with the
hep-Fe,C; (211) were +0.30 and +0.35, respectively, which are
much lower as compared to the other C; species with the hep-
Fe,C; (211). Hence, the hep-Fe,C; (211) could hardly activate the
C-C coupling reaction involving the H;C species so that the
intrinsic energy barrier would be high as shown in Table 2. This
phenomenon has also been found and reported on other iron
carbides.*®

The major C'-C? coupling pathways were achieved and are
shown in Scheme 2, including the C* + C* pathway, HC" + C>
pathway, C' + HC? pathway, and HC' + HC? pathway. Among the
major C'-C? coupling pathways, the HC' + C* pathway is the
preferred C'-C> coupling pathway with an effective energy
barrier of 0.97 eV.

According to the results, a new possible C-C coupling
pathway with a relatively low energy barrier was discovered and
it could be the major C-C coupling mechanism. However, the
preferred C'-C? coupling pathway needs to be compared with
other possible C-C coupling pathways to decide whether or not
it could be the major C-C coupling mechanism.

The major possible C-C coupling mechanisms in the
Fischer-Tropsch synthesis are the carbide mechanism and CO
insertion mechanism.

On hep-Fe,C; (211), the C-C coupling pathway through the
CO insertion mechanism has been discussed thoroughly.** The
effective energy barrier of the preferred C-C coupling pathway
through the CO insertion mechanism is 1.48 eV, which is much

+H

c 5 AHG!
+C2 +C?
+H J +H
L, Cic? » HCIC?
+HC? + HC?
L » CHC? L » HCHC?

Scheme 2 The major C1-C? coupling pathways (black lines) and
preferred C'~C? coupling pathways (blue lines) on hcp-Fe,Cs (211).
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higher than that of the preferred C'~C? coupling pathway. Thus,
the C' species and the C? species prefer to be coupled with each
other rather than with adsorbed CO.

Another possible C-C coupling pathway is the coupling
reaction between surface carbon and H,C species through the
carbide mechanism, in which the H,C species are the products
through the H-assisted CO activation pathway. The effective
energy barrier of the H,C species formation pathway is 1.30 eV,
which is also higher than that of the preferred C'~C* coupling
pathway. As a result, the effective energy barrier of the preferred
C'-C? coupling pathway is much lower than those of the other
two possible C-C coupling pathways. It can be concluded that
on the hep-Fe,C; (211), the C'-C? coupling pathway is the major
C-C coupling mechanism of the C, species and the major
coupling products are HC'C> and HC'HC” species.

The stepwise hydrogenation pathway of the C, species

After the C-C coupling reaction pathway, the subsequent reac-
tion pathways of the major C, species are the parts of the
Fischer-Tropsch mechanism on the hcp-Fe,C; (211). The
possible ensuing reaction pathways are the stepwise hydroge-
nation pathway and the subsequent C-C coupling pathway.

The discussion of the subsequent C-C coupling pathway
would be almost the same as the C-C coupling pathway dis-
cussed before, except that the chain initiation site is the C,
species rather than the C; species. Although the influence of the
carbon chain length on the C-C coupling mechanism is
important, it will not be discussed here.

The stepwise hydrogenation pathway of the C, species is
another possible subsequent reaction pathway. The discussion
of the stepwise hydrogenation pathway is necessary, as it could
determine whether the major C, product on the hep-Fe,C; (211)
is acetylene, ethylene, or ethane.

The designed stepwise hydrogenation pathway is shown in
Scheme 3. The idea of the designed stepwise hydrogenation
pathway is the hydrogenation elementary reaction on C' and C*
of each possible C, species from the initial C, species, C,C,. In
each hydrogenation elementary reaction, the 3-fold H sites are
thought of as the reactants. The adsorption sites and adsorption
energy of possible 3-fold sites H have been discussed in the
previous study.*® The calculation results of the stepwise hydro-
genation pathways are shown in Table 4.

— HC'C?
+H
> H,C!C?
—» HCIC? —— H,C!HC?
+H
c'c?—— —> HC'HC?
+H
L——» C'HC? —— HC'H.C?
+H
— C'H,C?
L—» C'HsC?
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Paper

Table 4 The intrinsic energy barrier (E,, eV), reaction energy (E,, eV)
and migration energy (£, eV) of the C? stepwise hydrogenation

pathway

No Reaction En E, E,

1 H + C'C* = HC'C? 0 0.78 —0.20
2 C'C?* + H = C'HC? 0 0.96 —0.15
3 HC'C? + H = HC'HC? 0 0.65 0.27
4 C'HC? + H = C'H,C? 0.11 0.68 0.28
5 H + HC'C? = H,C'C? 0 0.79 0.38
6 H + C'HC? = HC'HC? 0.29 0.73 0.08
7 H + H,C'C? = H,C'C? 0 0.59 0.39
8 H,C'C? + H = H,C'HC? —0.10 0.27 0.19
9 H + C'H,C?* = HC'H,C? 0.42 0.62 0.15
10 HC'HC? + H = HC'H,C? 0 1.04 0.62
11 C'H,C?* + H = C'H,C? 0 1.13 0.41
12 H + HC'HC? = H,C'HC? 0 1.21 0.81
13 H,C'C? + H = H3C'HC? 0.02 0.69 0.66
14 H + HC'H,C? = H,C'H,C? 0 0.66 0.33
15 HC'H,C? + H = HC'H,C? 0.10 0.67 0.20
16 H,C'HC? + H = H,C'H,C* 0 0.60 0.11
17 H + H,C'HC?® = H;C'HC? 0 0.74 0.44
18 H + C'H,;C?* = HC'H,C? 0 1.22 1.17
19 H,C'H,C? + H = H,C'H,C> 0.10 0.47 0.25
20 H + H,C'H,C? = H,C'H,C> 0 0.95 0.89
21 H + HC'H,C? = H,C'H,C? 0 0.99 0.51
22 H,C'HC? + H = H;C'H,C? 0 0.76 0.46
23 H + H,C'H,;C? = H;C'H;C? 0 0.87 0.16
24 H,;C'H,C? + H = H,C'H,C> 0 0.99 —0.05

Table 4 shows that the intrinsic energy barrier and reaction
energy of the hydrogenation reaction are not high, which indi-
cates that both the hydrogenation reaction and the dehydro-
genation reaction could take place.

The energy profile diagram of the stepwise hydrogenation
pathway based on the hydrogenation elementary reactions in
Table 4 is shown in Fig. 4. The diagram can be divided into two
parts: the hydrogenation reactions on C' (black lines) and the
hydrogenation reactions on C> (blue lines). The green lines
represent products that could be formed from both kinds of
hydrogenation reactions.

According to Fig. 4, the HC'C® species is the most stable
species among the C, species on hcp-Fe,C; (211). Since most
hydrogenation reactions of the HC'C® species and their
hydrogenation products are endothermic, the effective energy

+H

+H

— H;C'HC

—— H3C'H,C?

> H,C'H,C? > H3;C'HsC?

+H

—— H,C'HsC?

+H

—— HC'H:C?

+H

Scheme 3 The designed stepwise hydrogenation pathway of C, species on hcp-Fe;Cs (211).
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Fig. 4 Energy profile diagram for the stepwise hydrogenation pathway of C, species on the hcp-Fe;Cs (211) surface. Black lines: hydrogenation reactions
occurring on CL. Blue lines: hydrogenation reactions occurring on C2. Green lines: products from both kinds of hydrogenation reactions.

barrier of the hydrogenation reactions would increase gradually
along with the increase of H atoms in the reactant.

Ethylene and ethane are two major C, products in the
Fischer-Tropsch synthesis. The effective energy barriers of the
ethylene formation pathway and the ethane formation pathway
are 1.56 eV and 2.41 eV, respectively. It seems that ethylene
would be the major C, product since the effective energy barrier
of the ethylene formation pathway is much lower than that of
the ethane formation pathway. However, the ethylene adsorp-
tion energy is 1.67 eV, which is much higher than the intrinsic
energy barrier of the ethylene hydrogenation reaction (0.47 eV).
As a result, the hydrogenation reaction of the ethylene adsorp-
tion would take place more easily than the ethane adsorption.
The adsorption energy of ethane (0.53 €V) is lower than the
intrinsic energy barrier of the ethane dehydrogenation reaction
(0.70 eV). Hence, the adsorbed ethane could escape from the
hcp-Fe,C; (211) easily to form the ethane product. As a result,
the ethane formation pathway is thought to be the major C,
stepwise hydrogenation pathway. The detailed ethane forma-
tion pathway is shown in Scheme 4. The effective energy barrier
of the ethane formation pathway is 2.41 eV, which is much
higher than that of the preferred C-C coupling pathway and the
CO activation pathway. The stepwise hydrogenation pathway
would be the rate-determining step.

The over-hydrogenation of the C, species resulted in the
ethane being be the major C, product on hcp-Fe,C; (211) in the
Fischer-Tropsch synthesis. This could mainly be attributed to
the strong interactions between the hcp-Fe,C; (211) and the
adsorbed ethylene, which is characterized by the high adsorp-
tion energy of the adsorbed ethylene. Hence, if the target

HC'¢?

+H +H X
L—» HC'HC HCHC—— —— HCHC
+H +H
> HCH.C? s moHC

Scheme 4 The preferred stepwise hydrogenation pathway of the C,
coupling product on hcp-Fe;Cs (211).

© 2021 The Author(s). Published by the Royal Society of Chemistry

product in the Fischer-Tropsch synthesis is the olefin, the over-
hydrogenation phenomenon should be suppressed.

The surface recovery pathway for the defect-hcp-Fe,C; (211)

From the previous section, C' and C? are the surface carbons of
the hcp-Fe,C; (211) and they could be a part of the product
through the C'-C* coupling pathway, as well as the stepwise
hydrogenation pathway. Regardless of the type of hydrocarbon,
once the products are desorbed from the surface, the two
carbon vacancy sites would form, which are denoted as the Cv1
site and Cv2 site, and the surface is denoted as the defect-hcp-
Fe,C; (211).

The structure of the defect-hep-Fe,C; (211) is different from
that of the hcp-Fe,C; (211). To allow the discovered Fischer-
Tropsch reaction pathway to be repeatable and the discussed
Fischer-Tropsch mechanism to make sense, the defect-hcp-
Fe,Cj; (211) should be able to recover to the hep-Fe,C; (211). Due
to the CO being the major feedstock in the Fischer-Tropsch
synthesis, the adsorption and activation pathways of CO on the
Cv1 site and Cv2 site are thought to be the possible surface
recovery pathway, which is denoted as the carbon vacancy
recovery pathway.

The designed carbon vacancy recovery pathway contained
three kinds of elementary reactions after the CO adsorption on
the Cv1 site or the Cv2 site, which are the hydrogenation reac-
tions on the carbon site, the hydrogenation reactions on the
oxygen site, and the dissociation reactions of C-O bonds.

The computation results are shown in Table 5. The intrinsic
energy barrier of the elementary reaction in the carbon vacancy
recovery pathway is a bit high, which indicates that the carbon
vacancy recovery pathway may occur with difficulty.

The energy profile diagram of the carbon vacancy recovery
pathway is shown in Fig. 5. The blue line represents the carbon
vacancy recovery pathway in the Cvl site and the black line
represents the carbon vacancy recovery pathway in the Cv2 site.

RSC Adv, 2021, 1, 34533-34543 | 34539
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Table 5 The intrinsic energy barrier (E,, eV), the reaction energy (E,,
eV), and migration energy (E,, €eV) of the reactions in the carbon
vacancy recovery pathway

No Reaction En E, E,

1 H + C'O = HC'O 0 1.04 1.03
2 c’0=C*+0 0 1.18 —0.75
3 H + C?0 = HC?0 0 1.27 1.13
4 clo=c'+0 0 1.37 0.17
5 C'0+H = C'OH 0 1.58 0.81
6 C’0 + H = C*0OH 0 1.66 1.04
7 HC'O =HC'+0 0 0.46 —0.90
8 H + HC'O = H,C'O 0 0.89 0.65
9 HC'O + H = HC'OH 0 1.64 1.15

On the Cv1 site, in the first step, the HCO formation reaction
showed a relatively low intrinsic energy barrier of 1.04 eV.
However, in the subsequent reactions, the effective energy
barrier of the HCO dissociation reaction would be high (1.49 eV)
because of the high instability of HCO species. At the same
time, the intrinsic energy barriers of the CO dissociation reac-
tion and COH formation reaction were 1.37 eV and 1.58 eV,
respectively. As a result, the dissociation reaction of the adsor-
bed CO is the preferred carbon vacancy recovery pathway in the
Cv1 site.

On the Cv2 site, among the three kinds of elementary reac-
tions in the carbon vacancy recovery pathway, the CO dissoci-
ation reaction shows the lowest intrinsic energy barrier (1.18
eV). The intrinsic energy barriers of the HCO formation pathway
and COH formation pathway are 1.27 eV and 1.66 eV, respec-
tively. Thus, the dissociation reaction of adsorbed CO is also the
preferred carbon vacancy recovery pathway in the Cv2 site and
the subsequent reactions of HCO species and COH species need
not be taken into account.

From another perspective, the carbon vacancy recovery
pathway is the CO activation pathway on carbon vacancy. Thus,
the effective energy barriers of the CO activation pathway on the

TS9-HC'O+H=HC'OH
TS8-H+HC'O=H,C'O
TS7-HC'O=HC'+O

TS5-C'O+H=C'OH  TS6-C20+H=C’OH
TS3-H+C?0=HC’0 TS4-C'0=C'+0
TSI1-H+C'O=HC'O _TS2-C’0=C*+0

C20+H TS6 HC'O H+HC'O TS9 HC'OH
3.5 JHiC%0 TS5 COH HC'O+H TS8 H,C'O
*99¢0. IS4 HC'O HC'O TS7 HC+O
H+C'O TS3 C'oH
3.0 cC'oH TS2 C+0
c'o TSI c40 2.67
e 29 2.18
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(=] 1.03
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Fig. 5 Energy profile diagram for the carbon vacancy recovery
pathway on defect-hcp-Fe;Cs (211). Blue lines: the carbon vacancy
recovery pathway in the Cvl site. Black lines: the carbon vacancy
recovery pathway in the Cv2 site.
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Scheme 5 The designed oxygen removal pathways on hcp-Fe;Cs
(211).

Cv1 site and the Cv2 site are 1.37 eV and 1.18 eV, respectively,
which are close to the effective energy barrier of the H-assisted
CO activation pathway on the top site (1.30 eV).

The results above indicate that the carbon vacancy is the
possible CO activation site. Since the C'-C? coupling pathway is
the major C-C coupling mechanism, the surface carbon would
be consumed rapidly so that the carbon vacancy would form
frequently. Hence, it could be inferred that the C vacancy,
especially the Cv2 site, is the major CO activation site.

After completing the carbon vacancy recovery pathway, the
dissociation oxygen would be left on the hep-Fe,C; (211). The
accumulation of surface oxygen would result in the changing of
the iron carbide phase. As a result, whether the surface oxygen
could be removed from the surface efficiently is the last piece of
the puzzle to confirm the Fischer-Tropsch mechanism achieved
in this article.

CO, or H,0 are the major products of the surface oxygen on
the iron catalysts. Therefore, the H,O formation pathway and
CO, formation pathway are set as the designed oxygen removal
pathways, shown in Scheme 5. The computation results are
shown in Table 6.

The energy profile diagram of the oxygen removal pathway is
shown in Fig. 6. In the first step, the intrinsic energy barriers of
the O + H pathway and O + CO pathway are 1.30 eV and 1.40 eV,
respectively, which are close. In the subsequent reaction, the
desorption energy of CO, is 0.53 eV, which is much lower than
the intrinsic energy barrier of the OH + H pathway and OH + CO
pathway. As a result, the CO, formation pathway is the preferred
oxygen removal pathway with a relatively low effective energy
barrier (1.50 eV), while the H,O formation pathway is sup-
pressed due to the high effective energy barrier of 2.01 eV.

In brief, the surface recovery pathway contains the C recovery
vacancy pathway and the oxygen removal pathway is clear. The
effective energy barrier of the preferred C recovery vacancy
pathway in the Cv1 site, the preferred C recover vacancy pathway
in the Cv2 site, and the oxygen removal pathway are 1.37 eV,

Table 6 The intrinsic energy barrier (E,, eV), the reaction energy (E,,
eV), and migration energy (E, eV) of the reactions in the oxygen
removal pathway

No Reaction En, E, E,

1 O +H = OH 0 1.30 0.53
2 O + CO = CO, 0 1.40 0.87
3 OH + CO = COOH —0.01 1.24 0.89
4 OH + H = H,0 —0.01 1.49 0.87
5 COOH = CO, + H —0.02 0.70 —0.30

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Energy profile diagram for oxygen removal pathways on hcp-
Fe,Cs (211). Blue lines: the H,O formation pathways. Black lines: the
CO, formation pathways.

1.18 eV, and 1.50 eV, respectively. The effective energy barrier of
the preferred surface recovery pathway is higher than that of the
major C-C coupling mechanism but lower than the preferred C,
stepwise hydrogenation pathway. Hence, it could be proved that
if the C, product could be properly produced through the
preferred C, stepwise hydrogenation pathway, the defect-hcp-
Fe,C; (211) could also possibly recover to the hep-Fe,C; (211).
The presence of the surface recovery pathway could confirm that
the studied surface is stable under the Fischer-Tropsch
synthesis reaction conditions and the Fischer-Tropsch mecha-
nism achieved above is universal on hcp-Fe,C; (211).

The full map of the Fischer-Tropsch mechanism and the role
of the surface carbon on hcp-Fe,C; (211)

According to the discussion in this article, the full map of the
Fischer-Tropsch mechanism on hcp-Fe,C; (211) can be ach-
ieved. The achieved Fischer-Tropsch mechanism would begin
with the adsorption of CO and the dissociation H, which are
from the reactant syngas, and end with the C, product. The full
map of the Fischer-Tropsch mechanism is shown in Scheme 6.

On hep-Fe,C; (211), the Fischer-Tropsch mechanism can be
divided into several parts. First, the C' would undergo the
hydrogenation reaction to form the HC species. Second, the
HC' species would be able to couple with the C* so that the
HC'C? species would come into being. Third, the HC'C? species
would form the ethane product through a stepwise hydroge-
nation pathway. Fourth, two carbon vacancy sites would form
after the desorption of the ethane product, resulting in the
changing of the hcp-Fe,C; (211) to the defect-hcp-Fe,Cs (211).

+H

Cl+C2 +_H> HC+C2——» HC!C? +—H> HC'HC? —» H

Desorption +CO

C+C2+2CO02

Scheme 6 The full map of the Fischer—Tropsch mechanism on hcp-Fe
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Fifth, the CO would adsorb and dissociate directly on the C
vacancy so that the C' and C* would recover. Sixth, the surface
oxygen from the CO would be removed in the form of CO, and
the Fischer-Tropsch synthesis would restart in the first step.

In the achieved Fischer-Tropsch mechanism, the effective
energy barriers of the six steps are 0.73 eV, 0.97 eV, 2.41 eV,
0.53 eV, 1.37 eV and 1.50 eV, respectively. As a result, on the hcp-
Fe,C; (211), the stepwise hydrogenation pathway is thought to
be the rate-determining step of the Fischer-Tropsch mecha-
nism. Hence, it could be inferred that the C, species and the C
vacancy would accumulate on the hep-Fe,C; (211) surface. Since
the effective energy barrier of the C vacancy recovery pathway is
not high, the Cv1 site and Cv2 site could act as the CO activation
site to produce the C; species with the co-adsorption C, species.
After that, the C-C coupling reaction could take place, possibly
involving the C, species and C; species so that the length of the
carbon chain would increase.

The adsorption energy of ethylene is high (1.67 eV). It could
also be inferred that after the chain growth process, if the
adsorption site of the long-chain olefins is on the same site, the
adsorption energy of long-chain olefin would be close to that of
ethylene, which would result in the alkane rather than the olefin
being the major product on the hcp-Fe,C; (211).

During the Fischer-Tropsch mechanism, it was found that
carbon vacancy sites are the CO activation pathway sites and the
surface carbon sites are the C-C coupling pathway sites; the
surface carbon and its vacancy play a key role in the Fischer-
Tropsch mechanism on the hcp-Fe,C; (211).

As mentioned before, the surface carbon is always thought to
be able to participate in the Fischer-Tropsch synthesis in iron
carbide. On the other iron carbide, such as y-FesC, (510), 6-Fe;C
(100), and 6-Fe;C (010), the surface carbon just acts as the chain
initiation site, the C, species participating in the chain growth
process are the CO-activated products from the surface sites.*>*
On the hep-Fe,Cj; (211), the surface carbon not only acts as the
chain initiation site but also acts as the chain growth site.
Hence, it could be concluded that on the hcp-Fe,C; (211), the
total Fischer-Tropsch synthesis takes place on the vacancy site
while on the other iron carbide, only a part of the Fischer-
Tropsch synthesis takes place on the vacancy site. This property
may result in the high reactant conversion and reaction rate of
the Fischer-Tropsch synthesis.*

From another perspective, it is the defect-hcp-Fe,C; (211)
rather than the hcp-Fe,C; (211) that is the high active facet of
the Fischer-Tropsch synthesis. However, at first, the defect-hcp-
Fe,C; (211) is not thought of as the stable surface to be
researched. Based on this article, it could be found that under
the Fischer-Tropsch synthesis conditions, the exposed surface

+
cime2Hy memer My momer MHy meimee

CO adsorption Desorptio:

1 2.

7Cs (211).
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would change and update with the influence of CO and H,. As
a result, when researching the Fischer-Tropsch mechanism on
the iron carbide phase through the theoretical method, the
change in the selected surface structure should be taken into
account, especially the change in the surface carbon.

According to the mechanism achieved in this article, the
hcp-Fe,C; (211) shows high conversion of syngas, which is the
advantage of the Fischer-Tropsch synthesis. However, the
major products in the hep-Fe,C; (211) would be the long-chain
products or the alkane products, which is the disadvantage of
the Fischer-Tropsch synthesis, especially when the target
products are the light olefins. As a result, promoting or sup-
pressing the formation of the hcp-Fe,C; phase is dependent on
the purpose of the iron catalyst.

Conclusions

The Fischer-Tropsch mechanism along with the role of surface
carbon and vacancies have been studied on the hcp-Fe,C; (211).
The major conclusion is shown below:

First, the C'-C*> coupling pathway was presented as
a possible C-C coupling pathway. In the C'-C?> coupling
pathway, it was found that the HC" + C? pathway is the preferred
C'-C? coupling pathway with the effective energy barrier of
0.97 eV, which is much lower than that of the other possible C-C
coupling pathway found before. Hence, the HC' + C* pathway is
thought to be the major C-C coupling pathway and the HC'C?
species are the major C, species from the C-C coupling pathway
on the hep-Fe,C; (211).

Second, the stepwise hydrogenation pathway was discussed.
Ethylene and ethane are the two major possible C, products.
Since the adsorption energy of ethylene (1.67 eV) is higher than
the intrinsic energy barrier of the ethylene hydrogenation
reaction (0.47 eV), the desorption process of the ethylene hardly
takes place. As a result, the ethane formation pathway is the
preferred stepwise hydrogenation pathway on hcp-Fe,C; (211).

Third, the surface recovery pathway was discussed to allow
the Fischer-Tropsch mechanism to make sense. The direct
dissociation reaction of adsorption CO on the Cv1 site and Cv2
site is thought to be the preferred carbon vacancy recovery
pathway with the effective energy barriers of 1.37 eV and
1.18 eV, respectively. The dissociated oxygen from the carbon
vacancy recovery pathway would be removed from the surface in
the form of CO, with the effective energy barrier of 1.50 eV.
Since the effective energy barrier of the surface recovery
pathway is lower than that of the stepwise hydrogenation
pathway of C, species, the hcp-Fe,C; (211) would likely recover
from the defect-hcp-Fe,C; (211).

Fourth, the full map of the Fischer-Tropsch mechanism on
the hcp-Fe,C; (211) was presented. In the achieved Fischer—
Tropsch mechanism, the stepwise hydrogenation pathway is
the rate-determining step for the high effective energy barrier
(2.41 eV), which would also cause the increase in the carbon
chain length. Moreover, due to the adsorption energy of
ethylene, it could be inferred that the alkanes would be the
major hydrocarbon products on the hep-Fe,C; (211).
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Fifth, the roles of the surface carbon and vacancies were
concluded according to the Fischer-Tropsch mechanism. It was
found that the carbon vacancy sites were the CO activation
pathway sites and the surface carbon sites were the C-C
coupling pathway sites. The surface carbon not only acted as the
chain initiation site but also acted as the chain growth site on
the hcp-Fe,Cs (211). From another point of view, the circulation
of the surface carbon indicated that the defect-hcp-Fe,C; (211)
was the high active facet of the Fischer-Tropsch synthesis in
which the carbon vacancy was the active site.

Finally, we hope that all these findings from DFT calcula-
tions could provide a detailed and comprehensive under-
standing of the Fischer-Tropsch mechanism on the hcp-Fe,C;
phase and the role played by surface carbon in the Fischer-
Tropsch synthesis. We hope that other researchers can utilize
the information produced in this article to decide whether to
promote, suppress, or modify the hcp-Fe,C; phase in the iron
catalysts. Also, we hope that the changes in the surface structure
would be taken into account when researching the Fischer-
Tropsch mechanism on the iron carbide phase through the
theoretical method.
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