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Co,C is considered to be the active phase for the formations of C, . species (C,, oxygenates and hydrocarbons)
and CH,4 in Fischer-Tropsch synthesis (FTS), in this study, the mainly exposed (1 01) surface is employed to
investigate the effects of C- and Co-termination Co,C surfaces on FTS selectivity (C, species and CH,); here, the
density functional theory calculations are carried out. The results show that on the C-Co,C(1 0 1) surface, CHj is
the main form of CH, species, CH, formed by CH; hydrogenation is the main C; species; then, CH;CH, formed by
CH,, coupling with CHj is the main C, species; however, the formation of C; species CH, is more favorable in
kinetics than that of C, species CH;CH,. Whereas on the Co-Co,C(1 01) surface, CH is the main form of CH,
species, CoH, formed by CH self-coupling is the main C, species, CH, formation is very difficult. For the C,
species formation, both C- and Co-Co,C(1 01) surfaces prefer to form the hydrocarbons rather than the oxy-
genates. Thus, either the C- or Co-termination Co,C(1 01) surface is in favor of hydrocarbons formation (CH,
and C,, hydrocarbons), the surface termination of Co,C(1 01) surface affects the product selectivity of FTS
reactions, and the exposed Co-terminated surface prefers to form C,. hydrocarbons. As a result, adjusting the
surface termination of Co,C catalysts can tune the selectivity of FTS reactions.

1. Introduction

Recently, Zhong et al. [1,2] showed that the formation of Co,C
nanoprisms in a parallelepiped morphology with a pair of rhomboid
faces can contribute to the synthesis of C,—C, olefins in Fischer-Tropsch
synthesis (FTS) reaction, in which the mainly exposed Co,C(1 01) and
(020) crystal facets presents high selectivity of lower olefins and the
low selectivity of CH,4. Meanwhile, previous experimental and theore-
tical studies [2-6] also found that the (1 0 1) surface is the most stable
and the mainly exposed surface among all Co,C low index surfaces.

For Co,C(1 01) surface, two types of surface terminations exist, the
C-terminated and Co-terminated surfaces. The difference of surface
termination may lead to different catalytic performances and product
distribution toward the target reaction. For example, for the
MoS,(1 0 0) surface [7,8], CO activation and hydrogenation on the Mo-
termination surface is more favorable than that on the S-termination
surface. For CO adsorption and activation over the Mo,C(1 00) [9] and
Mo,C(001) [10-13] surfaces, the Mo-termination surface prefers to be
dissociative adsorption instead of its molecular adsorption over the C-
termination surface. Kim et al. [14] studied the effect of Mo,C(1 0 0)
surface termination on propanoic acid deoxygenation, suggesting that
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the Mo-termination surface favors hydrodeoxygenation pathway,
whereas the C-termination surface prefers to be the decarboxylation
pathway, namely, Mo,C(1 0 0) surface termination can alter the reac-
tion pathways. Carlos et al. [15] studied the adsorption of acetylene and
ethylene on the C- and Mo-terminations of 3-Mo,C(1 00), indicating
that the Mo-termination surface is not suitable for hydrogenation of
acetylene and ethylene due to the strong adsorption energies, however,
the C-termination of -Mo,C(1 0 0) surface is favorable for the hydro-
genation.

Above results show that the surface termination of metal carbide
and metal sulfide can alter the reaction pathway, and therefore change
catalytic activity and selectivity toward the specific reaction, namely,
the catalytic performance of metal carbide and metal sulfide is sensitive
to its corresponding surface termination. Previous experimental and
theoretical studies [3,16] have investigated the effect of Co,C crystal
facets on FTS selectivity over the Co-terminated (101), (110), (111),
and (020), however, the selectivity over the exposed C-terminated
surfaces are still unclear. Especially, for the mainly exposed (101)
surface, the effect of Co- and C-termination on the reaction pathway
and FTS selectivity is still unknown, it is necessary to understand the
role of Co,C(101) surface termination at a molecular level. On the
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Fig. 1. The surface morphology and its adsorption sites of C-Co,C(1 01) and Co-Co,C(101).

other hand, Li et al. [3,4] found that different Co,C surface termination
can provide CO non-dissociative adsorption and CO hydrogen-assisted
dissociation to CH, followed by its hydrogenation to CH,(x = 2,3)
species, indicating that CH,(x = 1-3), CO, and H are the abundant
species to identify FTS selectivity.

In this study, aiming at shedding light on the surface termination
effects of mainly exposed Co,C(1 01) on FTS selectivity, as well as the
origin of the promising catalytic performance of Co>C(1 0 1) surface for
promoting lower olefins formation and inhibiting CH, mentioned in the
previous studies [2,3], the density functional theory (DFT) calculations
are resorted to investigate the formation mechanism of lower olefins
(C,Hy as an example) and of methane over the C- and Co-terminated
Co,C(1 01) surfaces. Since CO is the abundant reactant in FTS reaction,
CO insertion into CH, to C, oxygenates (C,H,O as an example) is also
examined. The achieved insights are expected to provide a clue for
designing Co,C catalyst with high selectivity in FTS reactions.

2. Computational models and methods
2.1. Surface models

Co2C(1 01) has the lowest surface energy among low index surfaces
and is the mainly exposed surface [4-6]. Meanwhile, different CO/H,
ratios affect the exposed termination of Co,C catalyst in FTS reactions,
in CO-rich atmosphere, Co,C catalyst exposed the C-terminated surface
[4,5], whereas the in hydrogen-rich atmosphere, the Co-terminated
surfaces are exposed [3,5]. Thus, this work examined two types of
Co,C(1 01) surface terminations: the C-rich and Co-rich surfaces, which
are named as C-CoyC(101) and Co-Co,C(101), respectively (see
Fig. 1).

On the C-Co,C(1 01) surface (see Fig. 1(a)), C atoms occupy the 4-
fold hollow Co site; three adsorption sites exist: Top, Bridge, and 3-fold
hollow sites. On the Co-Co»C(1 01) surface (Fig. 1(b)), C atoms only
appear at the third layer; four adsorption sites exist: Top, Bridge, 3-fold
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Adsorption free energies (Gaq4s) at 493 K and the key structural parameters of the most stable configurations for all adsorbed species involved in the reactions related

to CH,(x = 1-3) species on the C-Co,C(1 0 1) surface.

Species Adsorption site ch,c//?\ Gaqs/e€V

H 3-fold Co-H: 1.678, 1.706, 1.851 —2.57(—-2.57)*
C 3-fold 1.745, 1.779, 1.840 —6.31(—6.31)
Cco top 1.741 —0.92(-1.70)
CH 3-fold 1.857, 1.818, 1.927 —6.09(—6.28)
CH, 3-fold 1.894, 1.936, 2.099; Co-H: 1.717 —3.20(-3.39)
CH3 bridge 2.000, 2.202; Co-H: 1.844 —1.76(—-1.95)
CH4 top 2.653; Co-H: 2.132 —0.06(—0.06)
CoH, (B-O)top-(a-C)bridge :1.889, 2.345; (3:1.850 —1.22(—-1.41)
CH,CH (B-O)top-(a-C)bridge a: 1.902, 2.029; B: 2.082 —2.73(—-2.92)
CH3CH (a-C)bridge a: 1.939, 1.924 —3.62(—-3.81)
CoHy (B-O)top-(a-C)bridge a: 2.125, 2.224; fB: 1.999; Co-(a)H: 1.964 —0.87(—1.06)
CH3CH, (a-C)bridge a: 2.219, 2.033; Co-(a)H: 1.856 —1.45(—-1.63)
C,Hg away from the surface —0.01(—0.05)
CHCO (B-C) bridge-(a-C)top a:1.969; $:1.910, 2.012 —2.88(—-3.07)
CH,CO (B-C) bridge-(a-C)top a:1.819; B:2.198, 2.034 —1.04(-1.23)
CH3CO (a-C)top :1.831; Co-O: 2.001 —2.37(—2.56)

* The values in the parentheses are the adsorption energy at 0 K.

Table 2

Adsorption free energies (G,gs) at 493 K and the key structural parameters of the most stable configurations for all adsorbed species involved in the reactions related

to CH,(x = 1-3) species on the Co-Co,C(1 0 1) surface.

Species Adsorption site dcl,,c/zgs Gaas/€V

H 3-fold Co-H: 1.749, 1.720, 1.803 —3.03(-2.94)
C 4-fold 1.870, 1.871, 1.910, 1.808 —8.02(—8.08)
co 3-fold 1.938, 2.0361, 1.936 —1.28(—2.08)
CH 4-fold 1.906, 1.953, 1.954, 2.076 —6.82(-7.11)
CH, 3-fold 1.930, 1.974, 1.938; Co-H: 1.694 —4.45(—-4.64)
CHj3 bridge 2.032, 2.091; Co-H: 1.866 —2.18(—2.36)
CH4 top 2.392; Co-H: 2.004, 2.055 —0.22(-0.22)
CoH, (B-C)bridge-(a-C)3-fold a: 2.061, 2.008, 1.933; B: 2.036, 1.929 —2.21(-2.39)
CH,CH (B-C)top-(a-C)3-fold a: 1.962, 2.036, 1.962;f: 2.068; Co-H: 1.760 —3.21(-3.40)
CH3CH (B-O)top-(a-C)3-fold a: 1.914, 1.977, 1.939;B: 2.209; Co-(a)H: 1.745; Co-(B)H: 1.761 —3.86(—4.04)
CHy (B-C)3-fold-(a-C)top a: 1.987; B: 2.119, 2.294, 2.075; Co-(B)H: 1.872 —-1.12(-1.31)
CH3CH, (B-C)top-(a-C)3-fold a: 2.087, 2.254, 2.113;p: 2.119; Co-(a)H: 2.098, 1.815; Co-(B)H: 1.745 —2.00(—-2.19)
CyHe top Co-H: 1.942 —0.14(-0.18)
CHCO 4-fold :2.026, 1.959; B:2.117, 1.968, 2.030 —3.41(-3.60)
CH,CO (B-C)(a-C)bridge a:2.563, 1.775; (:2.044, 2.506; Co-O: 2.051 —-1.72(-1.91)
CH3CO (B-O)top-(a-C)3-fold a: 1.969, 1.980, 2.448;B: 2.285; Co-O: 1.900; Co-(B)H: 1.828 —2.53(—-2.72)

*The values in the parentheses are the adsorption energy at 0 K.

hollow and 4-fold hollow sites. Since C atoms occupies the 4-fold
hollow site of C-Co,C(101), this surface has fewer active sites com-
pared to Co-CoC(101) surface, which will affects the activity and
selectivity of FTS reaction [17,18].

A p(2 x 2) supercell is used for both C-Co,C(101) and Co-
Co5C(1 01) surfaces, which include 48 Co and 24 C atoms, six Co layer
slabs and three C layer slabs, the topmost four Co layers including C
atoms and the adsorbates are fully relaxed in all calculations, and the
bottom two Co layers including C atoms are fixed. A 15 A vacuum layer
is inserted to avoid the interactions of periodic images between the
periodically repeated slabs.

2.2. Computational methods

The periodic density functional theory (DFT) calculations are per-
formed using the Vienna Ab Initio Simulation Package (VASP) [19-21].
The plane-wave basis sets expanded valence states of one-electron is the
projector-augmented wave (PAW) [22-24] method with a cutoff energy
of 400 eV. The exchange correlation energy of the electrons is treated
with the generalized gradient approximation (GGA) in the Perdew-
Wang 91 (PW91) formalism [25,26]. Electronic convergence is set to
10 eV, and the forces converged to 0.04eVA~1. A 3 x 3 x 1 k-point
is performed for sampling the Brillouin-zone integration to calculate
surface slab.

The transition states is calculated by the Climbing-Image Nudged
Elastic Band method (CI-NEB) [27,28] and Dimer method [29,30], and
the transition state structures would be converged with the forces for all
atoms are less than 0.04 eV/A. The transition states have the only one
imaginary frequency, as listed in Table S1. The adsorption, activation
and reaction free energies are calculated at 493 K (see details in the Part
2 of Supplementary Material).

3. Results and discussion

Firstly, the surface energy of the C- and Co-termination Co,C(101)
surfaces are calculated. The results showed that the surface energies of
C- and Co-termination Co,C(101) surfaces are 33.2 and 32.2J/m?,
respectively, suggesting that the Co-termination surface is relatively
stable compared to C-termination surface, while the difference of the
surface energy between Co- and C termination surfaces is only 1.0 J/m?;
thus, the Co- and C- termination Co,C(1 0 1) surfaces are considered in
this study.

Then, it is widely accepted that for syngas conversion to C, species,
two key steps exist, one is the formation of key CH, intermediates by
CO activation; the other is the formation of C, species via the CO/CHO
insertion into CH,(x = 1-3), the coupling of CH, species, as well as
methane formation via CH, hydrogenation. Since this study focuses on
the investigation about the effect of Co,C catalyst surface termination
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Fig. 2. The potential energy profile of Gibbs free energy (493 K) for the all reactions related to CH,(x = 1-3) species on the C-Co,C(1 0 1) surface, the corresponding
structures of initial states (ISs), transition states (TSs) and final states (FSs) are shown in Fig. 3.

on the selectivity of the products between C, species and CH, in FTS
reactions, the formation of key CH, intermediates by CO activation is
not considered in this study. Thus, starting from all possible
CH,(x = 1-3) monomer, C; species (CH; and C) formed by
CH,(x = 1-3) hydrogenation and dissociation, C, species (C;H, and
C,H,0) formed by CO insertion into CH,(x = 1-3) and CH, coupling
with CH,(x, y = 1-3) are considered on the C- and Co-Co,C(101)
surfaces.

The adsorption free energies (G,q4s) at 493K and the key structural
parameters of the most stable configurations for the species involved in
the reactions related to CH,(x = 1-3) species on the C- and Co-
Co,C(1 01) surfaces are presented in Tables 1 and 2, respectively. The
results show that the adsorption free energies for the species over Co-
Co5C(1 01) are higher than those over C-Co»C(1 0 1).

3.1. The reactions related to CH,(x = 1-3) species on the C-Co,C(101)

3.1.1. The related reactions of CH species

As presented in Fig. 2(a), CH hydrogenation to CH, is the most fa-
vored with the smallest activation free energy of 0.41eV, it is en-
dothermic by 0.13 eV. The second favored reaction is CH + CH; cou-
pling to CH3CH with the activation and reaction free energies of 0.57
and —0.64 eV. The third and fourth reactions correspond to CO inser-
tion into CH to CHCO and CH + CH, coupling to CH,CH with the ac-
tivation free energies of 0.68 and 0.86eV, respectively; the corre-
sponding reaction free energies are 0.13 and —0.90 eV, respectively.
The last two reactions are CH self-coupling to CoH, and CH dissociation
into C, which have the higher activation free energies of 1.18 and
1.27 eV with the reaction free energies of —0.53 and 0.77 eV, respec-
tively.

On the other hand, the effective barrier (Eog) [31-34] (see Table 3
and the detailed descriptions in the Part 3 of Supplementary Material) is
used to quantitatively evaluate FTS activity, which contains the cov-
erage of C; species (CH,, CO and H) and the available sites (Ocpx, Oco,
Oy and 6-). The smaller the value of E.¢ is, the higher the activity of the
reaction is. For the related reactions of CH species (Table 3), the

effective barrier of CH hydrogenation to CH, (0.45 eV) is the smallest,
and the second is still CH coupling with CH3 to CH3CH (0.99 eV).

Above results show that CH species is in favor of its hydrogenation
to CH,, in kinetics over the C-Co,C(1 0 1) surface.

3.1.2. The related reactions of CH, species

As shown in Fig. 2(b), both CH, hydrogenation to CH; and its dis-
sociation to CH are two parallel and most favorable reactions (0.24 and
0.28 eV) due to the small difference of activation free energy. Moreover,
these two reactions also have the lower effective barrier of 0.42 and
0.44 eV (see Table 3), respectively. Further, CHs is thermodynamically
stable than CH and CHo,, as a result, CH, is dominantly hydrogenated to
CH; over the C-Co,C(1 0 1) surface.

3.1.3. The related reactions of CHjs species

As illustrated in Fig. 2(c), CH3 hydrogenation to CH,4 has the lowest
activation free energy of 0.37 eV, and it is exothermic by 0.45eV. The
second is CHj coupling with CH, to CH3;CH, with the activation and
reaction free energies of 0.52 and —0.47 eV, respectively. The third is
CHj3 coupling with CH to CH3CH with the activation and reaction free
energies of 0.57 and —0.64 eV, respectively. The fourth is CH; dis-
sociation into CH; with the activation and reaction free energies of 0.61
and 0.37 eV, respectively. Similarly, the E.¢ value of 0.67 eV for CHs
hydrogenation to CH4 (see Table 3) is the smallest. Therefore, CH;
hydrogenation to CHy4 is favored in kinetics over the C-Co,C(101)
surface.

3.2. The reactions related to CH,(x = 1-3) species on the Co-Co,C(101)
surface

Our previous studies [16] have probed into the related reactions of
CH,(x = 1-3) species on the Co0-Co,C(101) surface. As shown in
Fig. 4(a), CH self-coupling to C,H, with the lowest activation free en-
ergy of 0.37 eV is more favorable in kinetics than other related reac-
tions of CH species; meanwhile, CH self-coupling to C,H, has the
smallest effective barrier of 0.93eV. As shown in Fig. 4(b), CH,
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TS1-15
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Fig. 3. The structures of initial states (ISs), transition states (TSs) and final states (FSs) for the all reactions related to CH,(x = 1-3) species on the C-Co,C(101)
surface. Co, C, H and O atoms are shown in the blue, grey, white and red balls, respectively. Bond length is in A. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

dissociation into CH has the lowest activation free energy of 0.10 eV
with the effective barrier of 0.73 eV. As shown in Fig. 4(c), CHs dis-
sociation into CH, has the lowest activation free energy of 0.37 eV with
the effective barrier of 1.08 eV.

3.3. General discussions
3.3.1. The effects of Co,C(1 0 1) surface termination on FTS selectivity

As mentioned above, for the C-Co,C(101), once CH and CH, spe-
cies are formed, both species is more easier to be hydrogenated to the

favored monomer CHs;. Then, CH; hydrogenation to CH4 is more fa-
vorable than CO insertion into CHj3 or its self-coupling to C, oxygenates
and hydrocarbons, respectively. Hence, the C-Co,C(1 01) surface can
promote CH, hydrogenation to CH,, which exhibits high selectivity
toward CH, formation rather than C, species.

For the Co-Co,C(1 0 1), CH species is the favored CH, monomer, and
CH self-coupling to C,H, is much easier than the formation of CH, and
C. Thus, the Co-Co,C(101) is in favor of the formation of C, hydro-
carbon CoH, instead of C, oxygenate and C; hydrocarbon, which is also
confirmed by the experimental studies [1,2,35] that Co,C(1 0 1) surface
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All possible elementary reactions together with the corresponding activation free energy (AG,/eV), reaction free energies (AG/eV) and effective barrier (E.¢/eV) at
493K in the reactions related to CH,(x = 1-3) species on the C- and Co-Co,C(1 0 1) surfaces.

Reactions C-Co,C(101) Co-Co,C(101)
AG, AG Eoit AG, AG Eoie

CH=C+H 1.27(1.26) 0.77(0.77) 1.40 0.53(0.52)* —0.33(—0.34)* 1.02
CH + H=CH, 0.41(0.30) 0.13(0.05) 0.45 0.91(0.92) 0.81(0.86) 1.20
CH + CH=C,H, 1.18(1.17) —0.53(—-0.52) 1.45 0.37(0.36) 0.22(0.21) 0.93
CH + CH,=CH,CH 0.86(0.85) —0.90(—0.88) 1.18 1.58(1.73) 0.57(0.72) 2.68
CH + CH3=CH5CH 0.57(0.58) —0.64(—-0.59) 0.99 1.08(1.23) 0.48(0.63) 2.30
CH,=CH + H 0.28(0.25) —0.13(-0.05) 0.44 0.10(0.06) —0.81(—0.86) 0.73
CH, + H=CH3; 0.24(0.23) —0.37(-0.33) 0.42 0.44(0.42) 0.07(0.13) 1.09
CH, + CH,=CyH4 0.42(0.41) —0.92(-0.92) 0.78 0.73(0.74) —0.25(—0.23) 2.09
CH, + CH3=CH3CH,» 0.52(0.56) —0.47(-0.42) 1.01 0.90(0.92) 0.12(0.15) 2.38
CH3;=CH, + H 0.61(0.57) 0.37(0.33) 0.83 0.37(0.29) —0.07(-0.13) 1.08
CH; + H=CH,4 0.37(0.40) —0.45(—0.21) 0.67 0.69(0.76) 0.15(0.26) 1.54
CHj; + CH3=CyHg 1.83(1.77) 0.52(0.66) 2.30 1.36(1.34) 0.08(0.17) 291
CH + CO=CHCO 0.68(0.64) 0.13(0.13) 0.79 0.93(0.90) 0.79(0.80) 1.20
CH, + CO=CH,CO 0.60(0.60) 0.31(0.33) 0.79 0.99(0.98) 0.71(0.68) 1.66
CHj; + CO=CH3CO 0.94(0.95) 0.10(0.08) 1.22 1.18(1.21) 0.75(0.70) 2.00

* It is noted that values in the parentheses is at 0K. n = 1 and 2 represent the transition states on the C-Co,C(1 01) and Co-Co,C(1 0 1) surfaces, respectively.
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Fig. 4. The potential energy profile of Gibbs free energy (493 K) for the all reactions related to CH,(x = 1-3) species on the Co-Co»C(1 0 1) surface, the corresponding
structures of initial states (ISs), transition states (TSs) and final states (FSs) are presented in Fig. 5.

has high selectivity of C,.4 hydrocarbons in FTS reactions.

Based on above results, it is concluded that the surface terminations
of Co,C(1 01) affect the existence form of favored CH, monomer and
the product selectivity of FTS reaction. The C- and Co-termination
surfaces exhibit high selectivity toward the formation of CH4 and C,
hydrocarbons, respectively. Meanwhile, the previous experiment by
Mohandas et al. [36] indicated that the initial FTS activity over bulk
Co,C yielded mostly CH4 and CO,, but as time progressed, CO con-
version as well as the selectivity of higher hydrocarbons increased.
Further, previous DFT studies by Li et al. [3] have investigated CO
activation via the mechanism of the direct dissociation and hydrogen-
assisted dissociation on the C- and Co-Co,C(1 0 1) surfaces, indicating
that CO hydrogen-assisted dissociation is energetically competitive
with CO direct dissociation on the Co-Co,C(101) surface (1.56 vs.
1.64 eV), while CO hydrogen-assisted dissociation is more favorable in

kinetics than CO direct dissociation on the C-Co,C(1 0 1) surface (2.04
vs. 2.49 eV). Namely, the Co-Co,C(101) surface can provide the en-
ough CH, species for the carbon—carbon coupling reactions leading to
the formation of C, hydrocarbons; whereas the C-Co,C(1 0 1) surface is
not favorable for CO activation to form CH, species.

Therefore, taking above analysis and our calculation results into
consideration, it is inferred that at the beginning stage of Co,C for-
mation, the Co,C should expose the C-termination surface, which is in
favor of surface C hydrogenation to CH, rather than CO activation to
form CH, species; with the process of the reaction, surface C atom is
gradually eliminated by its hydrogenation to CH,4, until the Co-termi-
nation surfaces are exposed to promote CO activation to form CH,
species, followed by the formation of C,, hydrocarbons via the cou-
pling of CH, species. Our results can provide a new explanation and
evidence at a molecular level for the previous experiment results by
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Mohandas et al. [36]. On the other hand, above results are also con-
firmed by the recent studies [37], in which the relationship between the
coverage of carbon and the chemical potential of carbon over
Co,C(1 01) surfaces have been studied using the DFT calculations in
combination with ab initio atomistic thermodynamics, suggesting that
the chemical potential of carbon p is crucial to the relative stability of
different orientated surfaces and surface compositions of Co,C. At
higher y, the C-rich surfaces are thermodynamically favorable, whereas
at lower p, the Co-rich surfaces could become thermodynamically

favorable.

3.3.2. The analysis of surface electronic properties

In order to shed light on the essential difference between C- and Co-
Co,C(101) surfaces for FTS selectivity, we analyze the adsorption
ability of C atom and CHy(x = 1-3) species as well as the electronic
properties of both Co,C(1 0 1) surfaces.

It is well-known that the chemical bonding between an adsorbate
and the metal surface controls the potential reactivity of adsorbate. If
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Fig. 6. Projected density of states (pDOS) for Co atoms over the (a) Co-Co,C(1 01) and (b) C-Co,C(1 0 1) surfaces. The blue dotted line indicates the d-band center;
the red solid line denotes Fermi level. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the C and CH,(x = 1-3) species binds weakly with the metal surface, its
removal will cost less energy [17]. Thus, the less the adsorption energy
of surface C and CH,(x = 1-3) species is, the easier the formation of
CH, is. Our results show that the adsorption ability of surface C and
CH,(x = 1-3) species over the C-termination surface is weaker than
that over the Co-termination surface, thus, CH, formation is more fa-
vorable over the C-termination surface, which agrees with our kinetic
results.

On the other hand, CH,(x = 0-3) hydrogenation to CH4 over Co,C
catalysts involves the successive insertion of H atom to Co-C bond.
Previous studies about CH, hydrogenation over Ni [38] and FesC,
[17,18,39] catalysts show that when the surface d-band center is far
from the Fermi energy, this surface is more active for CH, hydrogena-
tion to CHy. This is also confirmed by ethylene hydrogenation over Pd
catalyst [40], and acetylene hydrogenation over Cu catalyst [41,42]. As
shown in Fig. 6, the d-band center of C-Co,C(1 0 1) surface (—1.82eV)
is far away from the Fermi level compared to that of Co-Co,C(101)
surface (—1.74 eV), suggesting that the C-Co,C(1 0 1) surface prefers to
promote CH, hydrogenation to CH,.

The average Bader charges of surface C and Co atoms over the C-
and Co-Co,C(1 01) surfaces are further analyzed, the electron of sur-
face Co atom is +0.21 e over the Co-termination surface, whereas the
electrons of surface C and Co atoms are —0.88 and +0.46 e over the C-
termination surface, respectively, which agrees with the results by Li
et al. [4]. Thus, the exposed surface C atoms of C-Co,C(101) causes
charge distribution non-uniform, as a result, Co atoms exhibit metallic
properties, which enhances the catalytic activity of CH, hydrogenation
to CH4

For the formation of C, species, Fig. 7 demonstrates the potential
energy profile for the most favorable pathways of CH, coupling with
CH, to C;H, ., and CO insertion into CH, to CH,CO on the Co- and C-
Co5C(1 01) surfaces. On the C-Co,C(1 01), the formation of C, hydro-
carbons is always much easier than C, oxygenates in kinetics and
thermodynamics, suggesting that C-Co,C(1 01) has high activity and
selectivity toward the formation of C, hydrocarbons than C, oxyge-
nates; the same thing occurs over the Co-Co,C(1 0 1) surface; thus, both
C-Co,C(1 01) and Co-Co,C(1 0 1) surfaces are in favor of the formation
of C, hydrocarbons instead of C, oxygenates. On the other hand, the
differences of activation free energy between C, hydrocarbons and
oxygenates for all related reactions of CH,(x = 1-3) species over the
Co-Co2C(101) (0.56, 0.89 and 0.81 eV) are much larger than those

over the C-Co,C(101) (0.11, 0.36 and 0.37eV). Namely, Co-
Co5C(1 01) exhibits higher selectivity toward the formation of C, hy-
drocarbons than C-Co,C(1 0 1). Moreover, the activation free energy for
the formation of C, hydrocarbons over Co-Co»C(1 0 1) (0.37, 0.10, and
0.37 eV) is much lower than those over C-Co,C(101) (0.57, 0.24 and
0.57 eV), suggesting that Co-Co,C(101) presents higher catalytic ac-
tivity toward the formation of C, hydrocarbons than C-CoC(101).
Thus, the Co-Co,C(1 01) surface presents higher catalytic activity and
selectivity toward the formation of C, hydrocarbons, aiming at ob-
taining more C,, hydrocarbons in Fischer-Tropsch synthesis, Co,C
catalyst should expose Co-termination surface under hydrogen-rich
conditions; controlling the surface termination of Co,C catalyst can
adjust FTS selectivity toward the desirable products.

4. Conclusions

In this work, the effects of Co5C(1 0 1) surface termination including
the C- and Co-termination on the product selectivity of FTS have been
systematically investigated using density functional theory calculations.
The results show that on the C-termination surface, CHs is the favored
CH,, monomer, CH4 by CH; hydrogenation is the dominant C; species;
whereas on the Co-termination surface, CH species is the favored CH,
monomer, CH self-coupling to C,H, contributes to the dominant C,
species. For the formation of C, species, both C- and Co-termination
surfaces are in favor of C, hydrocarbons rather than C, oxygenates.
Overall, Co,C(1 01) surface exhibits higher selectivity toward the hy-
drocarbons instead of the oxygenates, in which the Co-termination
surface corresponds to C, hydrocarbons and the C-termination surfaces
is responsible for CH4. Hence, controlling the surface termination of
Co,C catalysts can be an effective tool to adjust product selectivity of
FTS reaction toward the most desirable products.
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C2H, and CO insertion into CH, to C,H,O on the (a) C-Co.C(101),

Talents of Shanxi.
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