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Spin-polarized DFT calculations are performed to probe into the preferred mechanism of CAC chain
growth in Fischer-Tropsch synthesis on HCP Co(10-10) with the higher surface area exposed. The effect
of HCP Co crystal facets on the preferred mechanism of CAC chain growth is identified among carbide
mechanism and C(H)O mechanism in the processes of C1 to C4 hydrocarbons. CH2 is the most favored
CHx monomer. The C2 hydrocarbon is dominantly formed via carbide mechanism, and CH3CH2 is the most
favored C2 hydrocarbon. Subsequently, the most favored C3 hydrocarbon, CH3CH2CH2, is formed via car-
bide mechanism of CH3CH2 coupling with CH2. Further, the most favored C4 hydrocarbon,
CH3CH2CH2CH2, is formed via carbide mechanism of CH3CH2CH2 coupling with CH2. Thus, the preferred
mechanism of CAC chain growth on Co(10-10) mainly focus on carbide mechanism instead of C(H)O
insertion mechanism. The carbide mechanism is that RCH2 coupling with CH2 to R’CH2 (R’@RCH2), fol-
lowed by coupling with CH2 to R’’CH2(R’’@R’CH2) can realized the CAC chain growth cycle to form higher
hydrocarbons. Finally, the crystal facet of HCP Co catalyst affects the preferred mechanism of CAC chain
growth, and Co(10-10) via carbide mechanism is more favorable than Co(0 0 0 1) via CHO insertion
mechanism.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Fischer-Tropsch synthesis (FTS) [1,2] can convert syngas (CO +
H2) to the products containing olefins, paraffin and small amounts
of oxygenates [3–6]. FTS reaction can be catalyzed by certain tran-
sition metals Co, Fe, Ru and Ni. Among them, Co is the preferred
catalyst for FTS due to its high activity and selectivity towards lin-
ear hydrocarbons, low activity for water-gas shift reaction, and
more stable towards deactivation by water and relatively low cost
[7–10].

Nowadays, several mechanisms are proposed for the formation
of hydrocarbons in FTS reactions [11]. Carbide mechanism pro-
posed by Fischer and Tropsch [12] claimed C1 intermediates are
formed by CO direct dissociation into C, followed its hydrogenation
to CH2, which acts as monomer to insert into the hydrocarbon
chain to realize the CAC chain growth, this results are also con-
firmed by the experiment [13]. Meanwhile, CH2 + CH coupling on
Co(0 0 0 1) surface [14] exists. Cheng et al. [15,16] showed that
CH2 self-coupling is favored on the stepped Co(0 0 0 1), while CH
self-coupling is favored on the flat Co(0 0 0 1); moreover, CH2-
like species (CH3CH) coupling with CH2 is also dominant on the
stepped Co(0 0 0 1) [17]. On the other hand, CO/CHO insertion
mechanism is also proposed, Pichler and Schulz [18] showed that
the CAC chain growth occurs by CO insertion into RCH2 to RCH2CO,
followed by its CAO bond scission on Co(0 0 0 1) surface. However,
CO insertion into RCH2 has the high barrier [19]; then, Masters
et al. [20] and Zhuo et al. [19,21] proposed CO insertion into RCH
for the CAC chain growth. Density functional theory (DFT) studies
by Deng et al. [22] also show that C2Hx is formed via CO insertion
mechanism. Alternatively, CHO insertion into CHx is also accepted
as the CAC chain growth pathway [23–26], for example, CHO
insertion into CH2 is more favorable CO insertion for CAC chain
growth on Co(0 0 0 1) [23].

As mentioned above, for Co catalyst, up to now, only Co(0 0 0 1)
surface has been widely examined, however, few systematical
comparisons between carbide mechanism and CO/CHO insertion
mechanism are carried out over Co(0 0 0 1) surface, only carbide
mechanism or CO/CHO insertion mechanism is separately dis-
cussed. Moreover, few studies about the CAC chain growth are
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reported over other Co surface. Thus, our recent DFT studies [27]
have fully investigated and compared the CAC chain growth via
carbide mechanism and CO/CHO insertion mechanism on Co(0 0
0 1) surface, suggesting that the CAC chain growth is realized by
CHO insertion mechanism. Subsequently, a detailed CAC chain for-
mation and growth mechanism for C2+ hydrocarbons in FTS reac-
tions on Hcp Co(10-11) surface [28] are also investigated using
DFT calculations together with microkinetic modeling, the pro-
posed mechanism of CAC chain growth cycle is that the carbide
mechanismwith RCH2CH2 coupling with CH2 to R’CH2CH2(R’@RCH2).
Thus, the mechanism of CAC chain growth in FTS reactions
depends on Co crystal facets; in addition, previous studies show
that the preferred mechanism of CAC chain growth in FTS
reactions on Co catalyst is sensitive to Co crystal facets [14–17].

Given that the real Co catalyst consists of different crystal
facets, probing into the preferred mechanism of CAC chain growth
on different Co crystal facets can help us to obtain the effect of Co
crystal facets on the preferred mechanism. However, up to now,
except for above reported studies on Hcp Co(0 0 0 1) and Co(10-
11) surfaces with the corresponding 18% and 35% of the total sur-
face area exposed [27,28], few studies on Hcp Co(10-10) with the
large 28% of the total surface area exposed [29] has been men-
tioned, which have become an obstruction for fully understanding
the catalytic performance and the optimization of Co-based cata-
lysts, as well as the development of detailed kinetics. Thus, it is sig-
nificant to investigate the preferred mechanism of CAC chain
growth on different Co crystal facets.

In this study, the mechanism of CAC chain growth for hydrocar-
bons formation on Hcp Co(10-10) surface in FTS reactions has been
investigated using DFT calculations together with microkinetic
modeling; both carbide mechanism and CO/CHO insertion mecha-
nism are considered and compared to identify the preferred mech-
anism of CAC chain growth. The results are expected to obtain the
preferred mechanism of CAC chain growth on Co(10-10) surface at
a molecular level; then, comparisons with that on Co(0 0 0 1) and
Co(10-11) surfaces can identify the effect of crystal facet on the pre-
ferredmechanism of CAC chain growth for hydrocarbons formation
on Hcp Co catalyst, which would provide a clue for the catalyst
design of the desirable FTS products by manipulating the crystal
facets of Co catalyst using the well-defined preparation method.
2. Computational details

2.1. Computational methods

Periodic spin-polarized DFT calculations have been performed
by using the Vienna Ab Initio Simulation Package (VASP) [30–32],
the kinetic energy cutoff is 400 eV for a plane wave basis set. The
electron-ion interaction is described by the projector augmented
wave (PAW) method, and the generalized gradient approximation
with Perdew-Burke-Ernzerhof exchange-correlation functional
(GGA-PBE) is used for the exchange-correlation function [33]. A
5 � 5 � 1 Monkhorst-Pack mesh k-point sampling within the Bril-
louin zone is used [34]. The optimization is thought to be con-
verged when the total energy change between two consecutive
steps are smaller than 5 � 10�6 eV/atom, and the forces change
between two steps is smaller than 10�2 eV/Å.

The activation energy, all transition states (TS) are obtained
using the climbing-image nudged elastic band method (CI-NEB)
method [35,36]. The located TS have been optimized using the
dimer method [37,38]. The structure of the TS is deemed converged
when the forces acting on the atoms are all less than 0.05 eV/Å, and
the structures is at a saddle point. The transition state is confirmed
by the existence of only one imaginary frequency along the proper
reaction coordinates.
For a given system, choosing a proper functional is the basis for
obtaining the accurate calculation results. Teng et al. [39] showed
that RPBE functional was more suitable for FTS reactions for Co
surface. DFT studies by Liu et al. [40] showed that RPBE functional
is more suitable to investigate surface O removal by H and CO on
Co(0 0 0 1) surface. In this study, our result shows the optimized
lattice constant are 2.49 and 2.51 Å using PBE and RPBE functional,
which agree with the experiment value of 2.51 Å [41], and other
calculated values of 2.51 Å [42] and 2.49 Å [19]. On the other hand,
the adsorption energies, sites and key structure parameters for the
most stable configurations of partial key adsorbed species involv-
ing in the CAC chain growth on Co(10-10) surface have been calcu-
lated by PBE and RPBE functional (see Table S1), indicating that the
adsorption free energies have a certain difference obtained by PBE
and RPBE functional, the values obtained by RPBE functional are
slightly larger than that by PBE functional, while the trend of
change are same; further, the activation free energy and reaction
free energies of six reactions related to CH2 and CH3CH2 (see
Table S2) show that the favorable pathway obtained by PBE func-
tional agrees with that by RPBE functional. Thus, RPBE and PBE
functional can give the same conclusion, namely, PBE functional
in this study is reliable for the studies of CAC chain growth on
Co(10-10).

Given that the long-range dispersion corrections for van der
Waals interaction may affect the calculated results, the DFT-D3
method [43,44] has been employed to test the effect of van der
Waals interaction on the energetic, barrier and adsorption config-
uration in this study. DFT-D3 method allows for geometry opti-
mization including van der Waals interactions at each
optimization step using the VASP code, and it is not a correction
of the energy after geometry optimization. Our test results (see
Table S3) show that DFT and DFT-D3 calculations present the neg-
ligible differences for the adsorption energies of the species with
the stronger adsorption ability; however, DFT and DFT-D3 calcula-
tions have the slight differences for the adsorption energies of the
species with a weak physisorption. Moreover, DFT and DFT-D3 cal-
culations present the negligible changes for the geometry of the
stable adsorption configurations including the species with a
stronger adsorption ability, as well as CH4, C2H6 and C3H8 species
with weak physisorption ability. Further, DFT and DFT-D3 calcula-
tions present the negligible differences for the activation and reac-
tion energies of some key reactions involving in FTS on Co(10-10)
(see Table S4). The reason may be that DFT-D3 methods only well
describe the weak adsorption and the conformations of molecular
cluster [45,46].

2.2. Surface model

Co exists in the form of two crystallographic structures, the
hexagonal close packed (HCP) phase and the face-centered cubic
(FCC) phase. Under the realistic FTS conditions, HCP Co phase is
rich, and its exhibits a high CO conversion compared to FCC Co
phase [47,48]. Moreover, when the temperature is above about
690 K, the phase transition from HCP Co to FCC Co occurs [49–
51], suggesting that FCC Co phase cannot exist in FTS reactions
due to the low temperature of about 473–623 K [8,52,53]. As a
result, in this study, only HCP Co phase is considered.

The morphology of HCP Co is a dihedral-like shape with two
close-packed (0001) facets [29], although (0001) surface has the
very low surface energy, it covers only 18% of the total surface area
exposed, and it shows a poor catalytic activity towards CO activa-
tion and conversion. Meanwhile, the open Co(10-11) and Co(10-
10)-A facets with the higher surface energy dominate 35 and 28%
of the total surface area exposed, respectively. However, Co(10-
10)-A surface has lower surface energy than Co(10-11) surface
[29], indicating that Co(10-10)-A surface area is easier to expand.
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On the other hand, the stronger adsorption energy of C atoms
with Co active phase can reduce the catalytic activity [54]; as a
result, FTS process should prefer to occur on the surface with lower
C adsorption energy [55]. Since C atoms adsorption ability on Co
(10-10)-A surface is much weaker than that on Co(10-11) surface,
Co(10-10)-A surface can prefer to catalyze FTS reaction. It is noted
that for Co(10-10)-A surface, the spacing between adjacent layers
is alternately short or long, which are denoted as Co(10-10)-A
and Co(10-10)-B surfaces, respectively, however, the full dynamic
analyses demonstrated that the equilibrium surface structure is
exclusively terminated with the short interlayer spacing outermost
Co(10-10)-A, which is unreconstructed [56,57].

Thus, in this study, the detailed mechanism about the CAC
chain growth in FTS process will be carried out on Co(10-10)-A sur-
face. For Co(10-10)-A surface, a six-layers p(3 � 2) surface model is
employed with a 15 Å vacuum. During the calculations, the bottom
two layers are fixed at its bulk positions, whereas the top four lay-
ers and all adsorbed species are relaxed, as shown in Fig. 1, four
adsorption sites exist: Top, Bridge, Hcp and 4-Fold hollow sites.

3. Results and discussion

The adsorption of all possible species involved in syngas conver-
sion over four adsorption sites of Co(10-10) have been examined,
the details are presented in Part 3 of Supplementary material. Only
the adsorption energies with zero-point vibrational energy correc-
tion and the key structural parameters are listed in Table 1, the
most stable adsorption configurations are displayed in Fig. 2.

Since F-T synthesis is operated at the temperature ranges of 473–
623 K on Co surface [8,52,53], the preferred pathway of chain
growth is confirmed by the overall activation energy and the activa-
tion energy of rate-determining step together with the correspond-
ing rate constant k at 500 K. For all elementary reactions, the
activation and reaction energies with zero-point vibrational energy
correction, the reaction rate constants at 500 K, and the only one
imaginary frequency of the transition state on Co(10-10) surface
have been listed in Table 2. The potential energy profile of these
reactions with the structures of initial states (ISs), transition states
(TSs) and final states (FSs) are presented in Figs. 3–13, respectively.
The detailed descriptions of the calculated equations and elemen-
tary reactions are presented in Parts 4 and 5 of Supplementary
material.

3.1. CO initial activation to form CHx species

In FTS reactions, CO initial activation is the key step to deter-
mine the favored CHx monomer, for example, DFT studies on Co
Top view
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Fig. 1. The surface morphology and the correspon
(0 0 0 1) surface [58] support a hydroxyl-assisted CO activation to
CH monomer, followed by the chain growth via partially
hydroxyl-assisted CO insertion into HC-like RC species, R repre-
sents H or linear alkyl. Moreover, Liu et al. [59] found that COH,
CHOH and CHO formation with OH-assisted route is kinetically
more preferred than CHO formation with H-assisted route on Co
(0 0 0 1) surface; however, both routes coincide at the same point
with CHO intermediate to form CH3OH.

For Co(10-10), our DFT studies [60] suggest that CO dissociation
with H-assisted pathway leads to the formation of CHx species. As
shown in Fig. 3, the pathway of CO + H? CHO? CH + O leads to
CH formation; the pathway of CO + H? CHO + H? CH2O? CH2

+ O is responsible for CH2 formation. CH3 is formed by the pathway
of CO + H? CHO + H? CH2O + H ? CH3O ? CH3 + O. However,
CHO prefers to be hydrogenated to CH2O instead of being dissoci-
ated into CH and O; moreover, CH2O dissociation into CH2 and O is
more favorable than its hydrogenation to CH3O, suggesting that
CH2 formation is the most favorable in syngas conversion on Co
(10-10). Thus, CH2 species is the most favored monomer to join
in the carbon chain growth.
3.2. The initial C�C chain formation

In general, CO, H and CHx(x = 1–3) species are the key surface
species in FTS reactions, CO is the most abundant carbon source.
In situ spectroscopic experiments [61] confirmed CHO as the key
intermediate in CO methanation on supported Ru catalysts. How-
ever, over Co(10-10) surface, our results show that CO hydrogena-
tion to CHO at a relatively low coverage has an activation energy of
119.3 kJ mol�1 with a strong reaction energy of 99.2 kJ mol�1, sug-
gesting that CHO is not thermodynamically stable, which may lim-
its CHO interactions with CHx [29,62]. Thus, CHO intermediate is
only considered as a comparison with carbide mechanism in this
study. In addition, our behind results confirm that the CAC chain
growth on Co(10-10) surface dominantly goes through carbide
mechanism instead of CHO insertion mechanism.

Nowadays, researchers mainly focus on that what kind of CHx

will participate in the CAC chain growth, such as on the flat Co
(0 0 0 1) surface, CHO insertion into CH2 is the most facile reactions
for chain growth [23], while CH self-coupling is also the most
favored reactions for initial CAC chain formation [16]. Cheng
et al. [63] suggest that CH3 is the main CHx monomer to react with
CO for chain formation. Ge et al. [14] conducted CH2 + CH coupling
on the flat Co(0 0 0 1) since CH and CH2 are regarded as the most
favorable species. In this study, the CAC chain growth mechanism
is extended to CHx(x = 1–3) species, including CHx(x = 1–3)
Side view

ding adsorption sites of Co(10-10)-A surface.



Table 1
Adsorption energies (Eads) and the corresponding key structural parameters of the stable configurations for the adsorbed species involving in syngas conversion on Co(10-10)
surface.

Species Eads (kJ�mol�1) Adsorption/configuration DCo-X (Å) Bonding details

Bond Length (Å)

CH 629.9 4 fold: via C 1.90/2.04 CAH 1.10
CH2 375.9 hcp: via C 1.96/1.96/1.99 CAH 1.10
CH3 185.2 bridge: via C 2.10/2.10 CAH 1.11
CH4 3.9 away from the surface – CAH 1.10
H 262.3 hcp: via H 1.73/1.73/1.77 – –
CO 168.1 hcp: via C 1.95/1.95/1.96 CAO 1.20
COH 404.3 4-fold: via C 1.88/2.09 CAO/OAH 1.37/0.98
CHO 220.1 hcp: C-bridge, O-bridge 1.91/1.98, 1.95/2.12 CAO/CAH 1.34/1.10
CH2O 98.0 hcp: O-hcp 2.06/2.06/2.10 CAO/CAH 1.43/1.11
CH3O 284.1 bridge: through O 1.89/1.89 CAO/CAH 1.42/1.11
CH3OH 45.9 top: via O 2.15 CAO/CAH/OAH 1.45/1.10/0.98
C2H2 210.3 4 fold: a-C-4-fold, b-C-4fold 2.23/2.24, 2.23/2.24 CAC 1.41
CH2CH 282.0 hcp: a-C-hcp, b-C-hcp 1.94/1.97/2.07, 2.11/2.26/2.45 CAC 1.47
CH3CH 343.7 hcp: via a-C 1.97/1.98/2.01 CAC 1.52
C2H4 92.3 bridge: a-C-bridge, b-C-top 2.11/2.34,2.02 CAC 1.43
CH3CH2 161.0 bridge: via a-C 2.11/2.11 CAC 1.53
C2H6 10.2 away from the surface – CAC 1.53
CHCO 330.6 a-C-hcp, b-C-4 fold 1.99/2.00/2.01, 2.03/2.12 CAC/CAO/CAH 1.43/1.27/1.10
CH2CO 118.7 bridge: a-C-top, b-C-bridge 1.81, 2.07/2.12 CAC /CAO 1.51/1.21
CH3CO 236.4 bridge: a-C-top, O-top 1.85/1.98 CAC/CAO/ 1.51/1.27
CHCHO 421.4 b-C-4 fold, O-bridge 1.97/2.01, 2.01/2.02 CAC/CAO 1.42/1.35
CH2CHO 220.8 bridge: b-C-top, O-top 2.10, 1.87 CAC/CAO 1.41/1.33
CH3CHO 60.6 bridge: a-C-bridge, O-top 2.32/2.18, 1.87 CAC/CAO 1.50/1.33
CH3CH2O 264.3 bridge: via O 1.93/1.93 CAC/CAO 1.52/1.45
CHCHOH 287.4 hcp: via b-C 1.96/2.02/2.03 CAC/CAO 1.42/1.37
CH2CHOH 83.8 bridge: a-C-top, O-top 2.20/2.08 CAC/CAO 1.40/1.42
CH3CHOH 159.3 bridge: a-C-top, O-top 2.00/2.10 CAC/CAO 1.51/1.47
C2H5OH 48.0 top: via O 2.15 CAC/CAO 1.51/1.46
CH3CH2CH 345.6 hcp: via a-C 1.92/1.96/2.07 CACAC 1.53/1.52
CH3CH2CH2 165.9 bridge: via a-C 2.06/2.12 CACAC 1.53/1.53
C3H8 9.1 away from the surface CACAC 1.53/1.53
CH3CH2CHO 77.9 bridge: a-C-top, O-bridge 2.03, 1.95/2.05 CACAC/CAO 1.54/1.51, 1.34
CH3CH2CH2O 265.9 bridge: via O 1.92/1.92 CACAC/CAO 1.53/1.52, 1.43
CH3CH2CHOH 141.7 bridge: a-C-top, O-top 1.99, 2.15 CACAC/CAO 1.53/1.50, 1.44
CH3CH2CH2OH 48.6 top: via O 2.15 CACAC/CAO 1.53/1.51, 1.46
CH3CH2CH2CH2 166.8 bridge: via a-C 2.09/2.13 CACACAC 1.53/1.54/1.65
CH3CH2CH2CHO 91.3 bridge: a-C-top, O-bridge 2.03, 1.99/2.00 CACACAC/CAO 1.53/1.53/1.51, 1.34
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self-coupling and CO/CHO insertion into CHx(x = 1–3) on Co(10-10)
surface.

3.2.1. CH related reactions
As shown in Fig. 4, among all reactions related to CH species,

CH hydrogenation to CH2 and CHO insertion into CH to CHCHO
are two parallel and favorable reactions in kinetics, namely, CH2

and CHCHO are the dominant products. Meanwhile, CH dissocia-
tion to C and H is difficult due to the high activation energy, sug-
gesting that Co(10-10) surface exhibits low catalytic activity
toward CH dissociation in kinetics, which will inhibit C deposition
on the catalyst surface. In addition, CH coupling with other CHx or
CO insertion into CH is also difficult due to higher activation
energies.

Thus, starting from CH species, CHO insertion into CH to CHCHO
is the most favorable, which contributes to the initial CAC chain
formation; CH is also easily hydrogenated to CH2.

3.2.2. CH2 related reactions
As shown in Fig. 5, among all reactions related to CH2, CH2 self-

coupling to C2H4 and CHO insertion into CH2 to CH2CHO are two
parallel pathways for initial CAC chain growth in kinetics. Then,
CH2 hydrogenation to CH3 also occur with an activation energy
of 44.4 kJ mol�1.

3.2.3. CH3 related reactions
From Fig. 6, among all reactions related to CH3 species, CHO

insertion into CH3 to CH3CHO is favorable kinetically. Meanwhile,
CH3 hydrogenation to CH4 also occur with an activation energy
of 82.4 kJ mol�1. Thus, starting from CH3 species, CHO insertion
into CH3 to CH3CHO is the preferable pathway for the initial CAC
chain formation related to CH3 in kinetics.

3.2.4. Brief summary about the initial C�C chain formation
As mentioned above, when CH, CH2 and CH3 species co-exist

over Co surface, CHO insertion into CH, CH2 self-coupling, CHO
insertion into CH2, and CHO insertion into CH3 are the four favor-
able pathways for the initial CAC chain growth in kinetics, which
correspond to CH, CH2 and CH3 species, respectively, suggesting
that the initial CAC chain formation on Co(10-10) can be realized
via both carbide mechanism and CHO insertion mechanism; how-
ever, CHO insertion into CH and CH2 to CHCHO and CH2CHO are
more preferred to realize the initial CAC chain formation on Co
(0 0 0 1) [27]. Thus, the initial CAC chain formation is sensitive to
the crystal facet of Hcp Co.

Among four optimal reactions of initial CAC chain formation,
CH2 self-coupling (31.4 kJ�mol�1) and CHO insertion into CH2

(34.9 kJ�mol�1) possess relatively low activation energies, and both
are more preferable than other reactions in kinetics, which accord
with previous results [16] that CH2 self-coupling is the most favor-
able in all reactions of CHx + CHy coupling on the stepped Co(0 0 0
1) surface, respectively. Moreover, CHO insertion into CH2 is the
most accessible one among all reactions related to CO and CHO
insertion into CHx on the flat Co(0 0 0 1) surface [23]. Further,
CH2 is the most favored monomer among all CHx species on Rh sur-
face, and CO insertion into CH2 is deduced to be the precursor for
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Table 2
All possible elementary reactions and the corresponding activation energy (Ea, kJ�mol�1) and reaction energies (DE, kJ�mol�1), the reaction rate constant (k, s�1) at 500 K, as well as
the only one imaginary frequency of transition state (m, cm�1) involving in syngas conversion on Co(10-10) surface.

Reactions TS m Ea DE k

R1-1 CO ? C+O TS1-1 398i 187.5 60.6 3.24 � 10�8

R1-2 C + H? CH TS1-2 921i 65.6 �28.9 1.45 � 106

R1-3 CO + H? COH TS1-3 1513i 158.8 95.6 9.01 � 10�5

R1-4 CO + H? CHO TS1-4 625i 119.3 99.2 9.80 � 10�1

R1-5 CHO ? CH + O TS1-5 449i 45.2 �84.0 1.04 � 108

R1-6 CHO + H ? CH2O TS1-6 801i 33.1 4.8 1.58 � 109

R1-7 CH2O ? CH2 + O TS1-7 435i 27.2 �27.3 6.39 � 109

R1-8 CH2O + H ? CH3O TS1-8 375i 49.6 �38.5 5.17 � 107

R1-9 CH3O ? CH3 + O TS1-9 585i 132.2 �39.1 1.70 � 10�1

R1-10 CH3O + H ? CH3OH TS1-10 1237i 124.3 51.9 2.80 � 10�4

R2-1 CH ? C + H TS2-1 921i 94.5 28.9 5.16 � 104

R2-2 CH + H ? CH2 TS2-2 947i 53.7 22.9 2.41 � 107

R2-3 CH + CH? C2H2 TS2-3 432i 88.3 17.5 2.90 � 103

R2-4 CH + CO ? CHCO TS2-4 342i 83.2 57.0 5.53 � 103

R2-5 CH + CHO? CHCHO TS2-5 179i 48.5 20.0 3.99 � 107

R3-1 CH2 + H ? CH3 TS3-1 887i 44.4 �30.9 8.62 � 105

R3-2 CH2 + CH2 ? C2H4 TS3-2 382i 31.4 �70.1 3.38 � 109

R3-3 CH2 + CO ? CH2CO TS3-3 343i 58.3 43.9 2.61 � 107

R3-4 CH2 + CHO ? CH2CHO TS3-4 306i 34.9 �61.4 3.18 � 109

R4-1 CH3 + H ? CH4 TS4-1 783i 82.4 12.7 7.67 � 104

R4-2 CH3 + CH3 ? C2H6 TS4-2 575i 276.7 7.2 2.92 � 10�16

R4-3 CH3 + CO ? CH3CO TS4-3 423i 112.9 53.2 5.72 � 101

R4-4 CH3 + CHO ? CH3CHO TS4-4 406i 69.0 �14.5 5.58 � 105

R4-5 CH3 + CH2 ? CH3CH2 TS4-5 433i 77.7 �30.1 1.06 � 105

R5-1 CHCHO ? C2H2 + O TS5-1 483i 72.9 �40.0 9.46 � 105

R5-2 CHCHO + H ? CHCHOH TS5-2 1312i 138.3 48.8 8.25 � 10�2

R5-3 CHCHO + H ? CH2CHO TS5-3 914i 52.3 8.7 1.56 � 108

R5-4 CH2CHO? CH2CH + O TS5-4 535i 134.8 �31.0 1.36 � 10�1

R5-5 CH2CHO + H? CH2CHOH TS5-5 1246i 81.6 44.8 5.25 � 103

R5-6 CH2CHO + H? CH3CHO TS5-6 823i 27.7 20.0 1.18 � 1010

R5-7 CH3CHO? CH3CH + O TS5-7 527i 70.2 �40.1 3.02 � 105

R5-8 CH3CHO + H? CH3CHOH TS5-8 1049i 112.1 29.2 6.69 � 101

R5-9 CH3CHO + H? CH3CH2O TS5-9 885i 21.6 �30.8 3.31 � 1010

R5-10 CH3CH2O? CH3CH2 + O TS5-10 520i 114.1 �12.1 1.98 � 101

R5-11 CH3CH2O + H? CH3CH2OH TS5-11 1205i 112.2 58.7 3.04 � 102

R5-12 C2H4 + H? CH3CH2 TS5-12 792i 8.1 �7.2 2.88 � 1011

R6-1 CH3CH2 + H? C2H6 TS6-1 809i 71.9 4.6 3.87 � 105

R6-2 CH3CH2 + CH2 ? CH3CH2CH2 TS6-2 333i 72.5 �41.8 1.81 � 105

R6-3 CH3CH2 + CHO? CH3CH2CHO TS6-3 355i 61.1 �45.2 2.11 � 106

R7-1 CH3CH2CHO? CH3CH2CH + O TS7-1 495i 81.1 �25.5 2.74 � 104

R7-2 CH3CH2CHO + H ? CH3CH2CHOH TS7-2 1301i 103.3 70.3 1.59 � 102

R7-3 CH3CH2CHO + H ? CH3CH2CH2O TS7-3 816i 34.9 �18.6 5.33 � 109

R7-4 CH3CH2CH2O ? CH3CH2CH2 + O TS7-4 399i 131.1 �9.4 7.58 � 10�2

R7-5 CH3CH2CH2O + H? CH3CH2CH2OH TS7-5 970i 116.8 58.6 3.29 � 101

R8-1 CH3CH2CH2 + H? C3H8 TS8-1 874i 53.9 �13.1 7.48 � 106

R8-2 CH3CH2CH2 + CH2 ? CH3CH2CH2CH2 TS8-2 260i 41.0 �65.0 5.24 � 108

R8-3 CH3CH2CH2 + CHO? CH3CH2CH2CHO TS8-3 250i 52.7 �61.7 2.20 � 106
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C2 oxygenates formation from syngas [64]. Thus, our results further
confirm that CH2 species is the most favored monomer among all
CHx species on Co(10-10) surface, which is dominantly responsible
for the initial CAC chain formation. In addition, since CH2 hydro-
genation to CH3 and CH2 dissociation into CH are easy to occur
with the small activation energies of 44.4 and 30.8 kJ�mol�1, thus,
a small quantity of CH and CH3 species formed by CH2 dissociation
and hydrogenation can exist.

Fig. 7 presents the potential energy profile for the optimal path-
ways of CH3OH and CH4 formation with respect to CO + H species
on Co(10-10) surface, the results show that Co(10-10) surface exhi-
bits a good catalytic performance towards CH2 formation, and inhi-
bit CH3OH formation due to the higher activation energy. However,
taking the reactions related to CHx(x = 1–3) species into considera-
tion, CH4 can be formed by the partial CHx(x = 1–3) hydrogenation.
The relative selectivity of CH3OH and CH4 will be examined using
microkinetic modeling in Section 3.6.

On the other hand, although a small quantity of CH and CH3

species can exist, CH dissociation is more difficult than its hydro-
genation, suggesting that Co(10-10) surface can inhibit C forma-
tion, as a result, the reactions related to C species, C + OH? COH,
C + CO ? CCO, C + C? CC, C + CH? CCH, C + CH2 ? CCH2 and C
+ CH3 ? CCH3 are not considered. Secondly, taking the subsequent
reactions from CH, CH2 and CH3 species, it is possible to have the
self-coupling of CHx species at high coverage, but it is not possible
to have cross-coupling, and this is because that only one type of
surface intermediate is (or most) preferred; thus, the CHx cross-
coupling reactions, CH + CH2 ? CHCH2, CH + CH3 ? CHCH3 and
CH2 + CH3 ? CH2CH3, are not examined. Thirdly, since the most
favored CH2 monomer is formed by the pathway of CO + H ?
CHO + H? CH2O ? CH2 + O, the O and OH species formed by O
hydrogenation under the FTS hydrogen-rich conditions. CHx(x =
1–3) species may interact with the O and OH species to form CHxO
and CHxOH species, however, this study show that CHxO dissocia-
tion into CHx(x = 1–3) and O species is more easier than its reverse
reactions; Our previous studies [60] also show that CHxOH dissoci-
ation into CHx and OH species is more favorable than its reverse
reactions; hence, the O and OH species dominantly prefers to be
hydrogenated to H2O instead of being interacted with CHx(x = 1–
3) species to CHxO and CHxOH species, the reactions of CHx(x =
1–3) + OH? CHxOH(x = 1–3) and CHx(x = 1–3) + O? CHxO(x = 1–
3) are not discussed in this study.
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3.3. C2Hx intermediate formation

For C2Hx formation, based on above analysis about the initial
CAC chain formation, CH2 self-coupling to C2H4 is the most prefer-
able reactions related to CHx species in kinetics. It should be noted
that on Co(10-10) surface, CHO insertion is more superior to CO
insertion into CHx for the initial A chain growth in kinetics, this
result agrees with previous DFT results [23], this superiority may
attribute to the smaller HOMO–LUMO gap of CHO compared to
CO, which promotes the charge transfer and hybridization with
the surface. More importantly, CO insertion into CHx to CHxCO on
Co(0 0 0 1) surface indicated that the CAO bond of CHxCO can be
hardly broken, while the CAO bond cleavage of CHxCHO can be
easily realized [19]. Moreover, CHxCO always prefer to be hydro-
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genated to CHxCHO [22,65], as a result, the CAO bond of CHxCO has
not been considered in this study. Notably, the formed CHxCO via
CO insertion on Co(0 0 0 1) surface [63] and the formed CHxCHO
via CHO insertion on Cu-doped Co(0 0 0 1) surface [26] can be suc-
cessively hydrogenated, which is responsible for C2 oxygenate for-
mation. Thus, starting from CHxCHO on Co(10-10) surface, its CAO
bond scission is examined to probe into whether CHO insertion
mechanism and/or carbide mechanism is dominantly responsible
for C2Hx formation.

Starting from CHxCHO, its CAO bond scission will form CHxCH,
alternatively, it can be also hydrogenated to CHx+1CHO, CHxCH2O
or CHxCHOH, respectively. As shown in Fig. 8 (see details in the Part
4 of Supplementary material), CHxCHO prefers to be hydrogenated
to CHx+1CHO in kinetics, followed by the successive hydrogenation
to CH3CH2O rather than being dissociated into CHxCH and their
desorption. However, the CAC chain growth on Co(0 0 0 1) surface
[27] suggests that CH3CHO prefers to be dissociated into CH3CH
intermediate rather than being hydrogenated to CH3CH2O, namely,
the CAO bond scission of CH3CHO to form CH3CH on Co(0 0 0 1)
surface is in favor of the CAC chain growth via CHO insertion
mechanism.

Fig. 9 presents the potential energy profile of the most favorable
pathways for C2Hx formation, suggesting that CHCHO prefers to be
hydrogenated to CH2CHO in kinetics; meanwhile, CHO insertion
into CH2 also contributes to CH2CHO, followed by the successive
hydrogenation to CH3CH2O via CH3CHO intermediate. Further,
CH3CH2O dissociation into CH3CH2 has a high activation energy
of 114.1 kJ mol�1 and the rate constant of 1.98 � 101 s�1, which
is also the rate-limiting step for CH3CH2 formation via CHO inser-
tion mechanism. However, among above these reactions of C2Hx

formation, CH2 self-coupling to C2H4 is the most favorable with
the lowest activation energy of 31.4 kJ mol�1 and the rate constant
of 3.38 � 109 s�1; subsequently, as presented in R5-12, C2H4 pre-
fers to be hydrogenated to CH3CH2 with only an activation energy
of 8.1 kJ mol�1 and a rate constant of 2.88 � 1011 s�1 rather than its
desorption (92.3 kJ mol�1).
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Thus, CH3CH2 intermediate is the most favorable C2Hx species in
kinetics, which dominantly comes from CH2 self-coupling to C2H4,
followed by its hydrogenation rather than that via CHO insertion
mechanism. Namely, the most favorable C2Hx species dominantly
comes from carbide mechanism rather than CHO insertion
mechanism.

3.4. C3Hx intermediate formation

As mentioned above, CH3CH2 intermediate is the most abun-
dant C2Hx species, in order to investigate the mechanism of the fur-
ther CAC chain growth, the reactions related to CH3CH2 species,
including hydrogenation, self-coupling with the most favored
CH2 monomer via carbide mechanism, and CHO insertion via
CHO insertion mechanism are further considered.

As shown in Fig. 10 (see details in the Supplementary material),
CHO insertion into CH3CH2 has the lowest activation energy of
61.1 kJ mol�1 in kinetics with the rate constant of 2.11 � 106 s�1.
Moreover, CH3CH2 + CH2 coupling to CH3CH2CH2 and CH3CH2

hydrogenation to C2H6 have the similar activation energies of
72.5 and 71.9 kJ mol�1 with the corresponding rate constants of
1.81 � 105 and 3.87 � 105 s�1, respectively. Thus, for the CAC chain
growth from C2 to C3 species, CH3CH2 + CH2 coupling to CH3CH2-
CH2 that belongs to carbide mechanism is also compatible with
CHO insertion into CH3CH2 in kinetics.

Starting from CH3CH2CHO (see Fig. S1), it prefers to hydro-
genate to CH3CH2CH2O instead of being dissociated into CH3CH2CH
via the scission of CAO bond and being hydrogenated to
CH3CH2CHOH; then, CH3CH2CH2O dissociates or hydrogenates into
CH3CH2CH2 or CH3CH2CH2OH, respectively.

As shown in Fig. 11, CH3CH2 coupling with CH2 to CH3CH2CH2

is slightly unfavorable compared to CHO insertion into CH3CH2 to
CH3CH2CHO, followed by hydrogenation to CH3CH2CH2O. How-
ever, CH3CH2CH2O dissociation into CH3CH2CH2 + O has a signifi-
cantly high activation energy (131.1 kJ mol�1), which is also the
rate limiting-step of CHO insertion mechanism for CH3CH2CH2 for-
mation. Thus, for C3Hx formation, CH3CH2CH2 is the most favored
C3 species, which is dominantly formed via carbide mechanism
of CH3CH2 + CH2 coupling rather than that via CHO insertion
mechanism. This result is similar to CH3CH2 formation via carbide
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mechanism of CH2 self-coupling to C2H4, followed by its hydro-
genation, as well as CH3 coupling with CH2.

Fig. 12 presents the potential energy profile of the optimal cou-
pling pathways for C2H6 and C3H8 formation on Co(10-10) surface,
suggesting that CH2 self-coupling and CH3CH2 + CH2 coupling can
form C2H4 and CH3CH2CH2, followed by the successive hydrogena-
tion to realize the formation of C2H6 and C3H8 species.

3.5. C4Hx intermediate formation

In order to further investigate the chain growth mechanism, we
conduct the CAC chain growth from C3 to C4 species. As mentioned
above, CH3CH2 interaction with H, CH2 and CHO species are exam-
ined. Thus, for CH3CH2-like species, CH3CH2CH2, CH3CH2CH2 + H
? CH3CH2CH3 (R8-1) and CH3CH2CH2 + CH2 ? CH3CH2CH2CH2

(R8-2) and CH3CH2CH2 + CHO? CH3CH2CH2CHO (R8-3) are
considered.

As shown in Fig. 13, for CH3CH2CH2 hydrogenation, CH3CH2-
CH2 + CH2 coupling, and CHO insertion into CH3CH2CH2, these
three reactions have lower activation energies than the corre-
sponding reaction related to CH3CH2 species; moreover, CH3CH2-
CH2 + CH2 coupling to CH3CH2CH2CH2 is the most favorable
reaction.

Therefore, C4Hx formation will follow the similar pathways with
C3Hx formation, and CH3CH2CH2CH2 intermediate is the most
favored C4Hx species in kinetics, which mainly comes from the car-
bide mechanism via CH3CH2CH2 coupling with the most favored
monomer CH2.

3.6. Microkinetic modeling

By microkinetics modeling, the product distribution can be
obtained based on the equilibrium constants of reactants and the
kinetic parameters of reactions. More importantly, microkinetics
modeling can consider the effects of reaction temperature, pres-
sure, and the terms of coverage for all intermediate species
involved in the reaction mechanism under the realistic conditions
[66–69]. In this study, microkinetic modeling has been employed
on Co(10-10) surface to obtain the relative selectivity of products
CH3OH (rCH3OH), CH4 (rCH4 ), C2H5OH (rC2H5OH), C2H6 (rC2H6 ), C3H7OH
(rC3H7OH) C3H8 (r_{C_{3}H_{8}}) under typical FTS conditions
(PCO = 5 atm, PH2 = 10 atm, and T = 500 K), as listed in Table 3. The
detailed descriptions are given out in Part 6 of the Supplementary
material. Fig. 14 lists all elementary steps involved in the preferred
formation pathways of CH3OH, CH4, C2H5OH, C2H6, C3H7OH, and
C3H8 with the activation and reaction energies.

On Co(10-10), on one hand, the relative selectivity of CH4 can
reach 17.72% approximately, which is higher than CH3OH,
C2H5OH and C3H7OH, the relative selectivity of total alcohols can
be ignored. On the other hand, the relative selectivity of C3H8 can
reach up to 61.65%, which is much higher than C2H6 with 9.56%
and CH4, this result corresponds to that Co catalyst is in favor of
the longer CAC chain formation of hydrocarbons [7,8]. Namely,
Co(10-10) surface exhibits a better catalytic activity and selectivity
towards the CAC chain formation of hydrocarbons.
3.7. Proposed the mechanism of CAC chain growth

On the basis of the initiation and growth of CAC chain on Co(10-
10), Fig. 14 presents the optimal pathway from CHx to C4Hx

hydrocarbons.
For the initial CAC chain formation, starting from CHx(x = 1–3)

species, CHO insertion into CH, CH2 and CH3, as well as CH2 cou-
pling with CH2 are four preferable reactions in kinetics. However,
CHO is not thermodynamically stable on Co(10-10) surface, which
limits its interactions with CHx intermediates [29,62]. Thus, the ini-
tial CAC chain formation on Co(10-10) surface is mainly realized
via carbide mechanism instead of CHO insertion mechanism.

For C2Hx formation, CH2 self-coupling to C2H4 is the most favor-
able; subsequently, C2H4 hydrogenation can easily form CH3CH2 as
the dominant C2Hx species in kinetics; thus, C2Hx is formed via car-
bide mechanism. For C3Hx species, starting from CH3CH2 interme-
diate, CH3CH2 coupling with CH2 leads to CH3CH2CH2 as the
dominant C3Hx species, which is also formed via carbide mecha-
nism. For C4Hx species, CH3CH2CH2 coupling with CH2 results in
CH3CH2CH2CH2 intermediate as the favored C4 species, which is
mainly formed via carbide mechanism.

Thus, the CAC chain growth process of C1 ? C2 ? C3 ? C4

hydrocarbons on Co(10-10) surface show that the CAC chain
growthmainly focuses on the most favored monomer CH2 coupling
with RCH2 to form R’CH2 (R represents alkyl or H, and R’ equals to
RCH2); subsequently, the favored monomer CH2 coupling with
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R’CH2 can realize the further CAC chain growth. In general, carbide
mechanism dominantly contributes to the CAC chain growth of
hydrocarbons, and CH2 is the most favored CHx monomer to realize
the CAC chain growth on Co(10-10) surface. In addition, although
CHO insertion into RCH2 can easily form RCH2CHO, the thermody-
namically instability of CHO limits its interactions with CHx inter-
mediates; as a result, RCH2CHO aldehyde oxygenates cannot be
easily formed in the product.

3.8. The effect of Hcp Co crystal facets on the preferred mechanism of
CAC chain growth

In order to probe into the effect of Hcp Co crystal facets on the
preference mechanism of CAC chain growth, the obtained results
on Co(10-10) surface in this study are compared with the available
results on other Co(0 0 0 1) [27] and Co(10-11) [28] surfaces.

For the favored monomer among CHx(x = 1–3) species, with
respect to CO + H species, on Co(0 0 0 1) surface [27], both CH
and CH2 species are the favored monomer, CH comes from
H-assisted CO dissociation (CO + H? CHO? CH + O) with the
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Table 3
The relative selectivity of all products involving in the C–C chain growth on Co(10-10) surface calculated by microkinetic modeling.

CH4 CH3OH C2H5OH C2H6 C3H7OH C3H8

Selectivity (%) 17.72 10.83 0.23 9.56 0.02 61.64

Ea=48.5
ΔE=20.0

Ea=34.9
ΔE=-61.4

Ea=69.0
ΔE=-14.5

Ea=27.7
ΔE=20.2

CH3CHO

Ea=70.2
ΔE=-40.1

Ea=21.6
ΔE=-30.8

a Solid red lines denote the main pathways in this work.
b Ea denotes the activation energy for the corresponding step, and ΔE represents the relevant 
reaction energy (unit: kJ·mol-1).
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Fig. 14. Schematic of the optimal reaction pathway for the initiation and growth of CAC chain from syngas on Co(10-10) surface.
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species are also the favored monomer, while CH is formed by CO
direct dissociation (CO + H? C + O+H? CH + O) with the overall
activation barrier of 153.7 kJ�mol�1, and CH2 is from CH hydro-
genation; On Co(10-10) surface in this study, only CH2 is the
favored monomer, which is formed by H-assisted CO dissociation
(CO + 2H? CHO + H? CH2O? CH2 + O) with the overall activa-
tion barrier of 132.3 kJ�mol�1. These results show that the crystal
facet of Hcp Co catalyst affects the formation pathway of CHx

species and its favored monomer; moreover, Co(10-10) exhibits
the highly catalytic activity towards the formation of favored CHx
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species. Further, since Co(10-11) and Co(10-10) surfaces dominate
63% total surface area exposed of Hcp Co phase [30], the formation
of CHx species over Hcp Co catalyst mainly focus on CO direct dis-
sociation instead of H-assisted CO dissociation.

For the effects of CH3OH, CH4 and higher alcohols on Co(0 0 0 1),
(10-11) and (10-10) surfaces, CHx formation is more favorable than
CH3OH, suggesting that these three surface exhibits high selectiv-
ity toward CHx formation, namely, Hcp Co catalyst exhibits high
selectivity towards CHx formation instead of CH3OH, and CH3OH
has little effects on the production of C2+ hydrocarbons. On the
other hand, the relative selectivity of CH4 is 25.53% on Co(10-11)
surface, the relative selectivity of CH4 can reach 17.72% approxi-
mately on Co(10-10) surface; whereas the relative selective of
CH4 is low on Co(0 0 0 1) surface compared to other two Co sur-
face; thus, the effect of CH4 formation on the production of C2+

hydrocarbons should be especially considered on Hcp Co catalyst.
Further, the relative selectivity of total alcohols over Co(10-11)
and (10-10) surfaces can be ignored, namely, Hcp Co catalyst exhi-
bits extremely low selectivity towards total alcohols.

For the preferred mechanism of CAC chain growth, the CAO
bond scission of RCH2CHO and RCHCHO intermediates on Co(0 0
0 1) surface is in favor of the CAC chain growth via CHO insertion
mechanism, which is more favorable to realize carbon chain
growth via the pathway of either RCH2CH + CHO? RCH2CHCHO
+ H ? RCH2CH2CHO? R’CH2CH + O or RCH2CH + CHO? RCH2-
CHCHO? RCH2CHCH + H ? R’CH2CH (R represents H or CH3,
R’@RCH2). However, on Co(10-11) and (10-10) surfaces, RCH2CHO
and R2CHCHO prefers to be hydrogenated rather than its CAO bond
cleavage, which leads to the CAC chain growth via the carbide
mechanism, in which RCH2CH2 is the dominant intermediate to
realize the CAC chain growth of hydrocarbons via the pathway of
RCH2CH2 + CH2 ? R0CH2CH2 (R0@RCH2), which is different from
that on Co(0 0 0 1) surface via CHO insertion mechanism. Thus,
the crystal facet of Hcp Co catalyst can affect the preferred mech-
anism of CAC chain growth.

It is noted that the CAC chain growth via CHO insertion mech-
anism on Co(0 0 0 1) surface [27] showed that CO hydrogenation to
CHO at a relatively low coverage is not thermodynamically stable,
and therefore the thermodynamically instability of CHO limits its
interactions with CHx intermediates to realize the CAC chain for-
mation [29,62]. Moreover, both Co(10-11) and (10-10) surfaces
dominate 63% total surface area exposed of Hcp Co phase [29], as
a result, the carbide mechanism should be dominantly responsible
for the preferred mechanism of CAC chain growth over Hcp Co cat-
alyst. Further, since the formation of the favored CHx species is the
rate-determining step of CAC chain growth, and Co(10-10) surface
exhibits highly catalytic activity towards the formation of the
favored CHx species, thus, Co(10-10) surface exhibits highly cat-
alytic activity towards CAC chain growth among three Co surfaces.

In addition, although the preferred mechanism of CAC chain
growth over Co(0 0 0 1), (10-10) and (10-11) surfaces with the cor-
responding 18%, 28% and 35% total surface area exposed of Hcp Co
are investigated, extensive works on other Hcp Co surfaces will be
carried out to gain more comprehensive understanding on the CAC
chain growth mechanism of Hcp Co, such as the Co(10-12) surface
with 12% total surface area exposed of Hcp Co and the stepped
surfaces.
4. Conclusions

In summary, the preferred mechanism for the hydrocarbon CAC
chain growth in FTS reactions on HCP Co(10-10) surface is obtained
using periodic DFT calculations together with microkinetic model-
ing. The scope of CAC chain growth is limited to the process of C1

? C2 ? C3 ? C4 hydrocarbons. For the process of CHx ? C2Hx, CH2
self-coupling to C2H4, followed by its hydrogenation to CH3CH2

leads to C2 hydrocarbon CH3CH2. Then, CH3CH2 couples with CH2

to CH3CH2CH2 as the abundant C3Hx species in the process of
C2Hx ? C3Hx. Further, CH3CH2CH2 couples with CH2 to CH3CH2CH2-
CH2 as the favored C4Hx species for the process of C3Hx ? C4Hx.
Therefore, the CAC chain growth on HCP Co(10-10) surface mainly
focus on carbide mechanism via CH2 coupling with alkyl chain
instead of C(H)O insertion mechanism. Moreover, the comparisons
of the preferred CAC chain growth mechanism among Co(10-10),
(10-11) and (0001) surfaces show that the crystal facet of Hcp Co
catalyst affects the preferred mechanism of CAC chain growth for
hydrocarbons, Co(10-10) surface via carbide mechanism is more
favorable for the CAC chain growth than Co(0 0 0 1) surface via
CHO insertion mechanism.
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Appendix A. Supplementary material

The detailed descriptions about test results of van der Waals
interactions, the adsorption of all possible species, all reactions
related to CHx(x = 1–3), CHxCHO, CH3CH2 and CH3CH2CHO species,
as well as the calculation method of adsorption energy, activation
and reaction energy with zero-point vibrational energy (ZPE) cor-
rections and reaction rate constants, are presented. Supplementary
data associated with this article can be found, in the online version,
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