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Revealing the sensitivity of Co crystal facet structure to the mechanism of carbon chain growth in the Fischer-
Tropsch synthesis (FTS) is of great importance yet challenging issue in the heterogeneous catalysis. According to
the occupied proportion of different crystal facets in the hep and fee Co crystal phases, this study for the first time
identifies the essential relationship between the performance of carbon chain growth in the FTS and the structure
of Co crystal facets. The hep Co generally presents much higher intrinsic activity for the carbon chain growth via
the carbide mechanism compared to the fcc Co via the CHO insertion mechanism. The findings will deepen our

understandings about the crystal facet structure-dependent performances of Co catalysts in the FTS reactions,
and provides a clear clue for the preparation of high performance Co catalysts through the rational design of Co
crystal facet with more stepped Bs-type active unit.

1. Introduction

Fischer-Tropsch synthesis (FTS) [1-4] provides alternative non-
petroleum route to liquid hydrocarbon fuel synthesis by the direct
syngas (CO and Hy) conversion. Co-based catalysts are extensively used
in FTS due to the excellent performance for linear hydrocarbons for-
mation and poor activity for water-gas shift (WGS) reaction compared
to Fe-based catalysts [5-7]. For FTS reactions on the Co-based catalysts,
both carbide mechanism and CO/CHO insertion mechanism are gen-
erally recognized [8-12]. Our recent density functional theory (DFT)
studies [13,14] fully investigated the growth mechanism of carbon
chain on the Co(10-10) and (10-11) facets, indicating that carbide
mechanism mainly contribute to carbon chain growth via RCH, cou-
pling with CH,. Whereas, Masters et al. [15] elucidated that CO acti-
vation and hydrogenation can produce CH, species, then, CO insertion
into CH, can form CH,CO and subsequently take part in the C—O bond
cleavage to produce C,H, intermediates, further follow the similar cycle
reactions to realize carbon chain growth. Pichler and Schulz et al. [16]
originally proposed the CO insertion mechanism that RCH,CO can
produced through CO insertion into RCH,; further, Zhuo et al. [17]

found that the C—O bond scission of RCH,CO can realized the carbon
chain formation on the Co(0001) surface, however, CO insertion into
RCH, occurred difficultly. Alternatively, CHO insertion mechanism was
also proposed, for instance, the theoretical researches by Zhao et al.
[12] clarified that the carbon chain formation on the Co(0001) facet is
mainly attribute to CHO insertion into CH, rather than CO insertion
into CH,; Chen et al. [18] believed that CHO insertion mechanism was
more reasonable for the carbon chain formation on the flatted Co(111)
facet, moreover, CHO formation was facilitated on the stepped Co(111)
facet; Xu et al. [19] reported that CHO insertion into CH, to CH,CHO is
also facilitated by introducing Cu into Co.

In the process of FTS reactions, the continuous hydrogenation of
CH,, species can produce methane to decrease the production of long-
chain hydrocarbons via the CH,, coupling. Previous studies showed that
methane formation goes through the successive hydrogenation of CH
that is from direct dissociation of HCOH on Co(0001) facet [20-22].
Gong et al. [23] found methane formation is determined by CHj3 hy-
drogenation on the Co(0001) facets. Further, alcohols species (typically
methanol, ethanol) can be produced in the process of C, . hydrocarbons
formation from syngas [24,25]. Pei et al. [26] obtained high alcohols
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over Co/CoyC catalysts with excellent activity and selectivity in FTS
reactions. Wang et al. [27] clarified that the Cu-Co bimetallic catalysts
simultaneously accelerate the formation of acyl intermediate and
CH,C(H)O(x = 1~ 3), followed by its hydrogenation to form ethanol.
These results show that the formation of methane and alcohols species
reduce the selectivity and productivity of Cy, hydrocarbons in FTS
reactions over Co-based catalysts, as a result, fundamentally under-
standing the formation mechanism of methane and alcohols species
over the Co-based catalysts in the formation process of long-chain hy-
drocarbons can provide clue for inhibiting methane and alcohols.

For Co catalysts, both hexagonal close-packed (hcp) and face-cen-
tered cubic (fcc) crystallographic morphologies exist in the FTS reac-
tions [28]. FTS activity over the hcp Co is higher than that over the fcc
Co [29-31], however, the hcp Co can be transformed to the fcc Co
above 690K [32], moreover, the fcc Co is more stable than the hcp Co
as the particle size is less than 100 nm [33,34]. Liu et al. [29] found that
CO activation presented strong sensitivity to Co crystal facet, that is,
direct dissociation on the hcp Co and hydrogen-assisted dissociation on
the fcc Co. Thus, it is inferred that the mechanism of carbon chain
growth in the FTS reactions on Co catalysts may be also sensitive to Co
crystal facet. Meanwhile, Liu et al. [29] also demonstrated that the
(0001), (10-10), (11-20), (11-21), (10-12) and (10-11) were the ex-
posed facets for the hep Co catalysts, which occupy 18 %, 28 %, 6%,
1%, 12 % and 35 % of total surface area, respectively; for the fcc Co
catalysts, the (111), (110), (311) and (100) facets occupy 70 %, 8%, 10
% and 12 % of total surface area, respectively, even the (111) facet has
the highest surface area proportion in the fcc Co, but the activity of this
facet is lower than the corrugated (311), (100) and (110) facets.
Namely, Co(111) facet with 70 % of total surface area only can reflect
most of the surface structural characteristics for fcc Co catalysts instead
of the whole activity for fcc Co catalysts; however, the reactions sites on
the Co(111) facet are the most abundant sites, connecting the defects.

Up to now, DFT calculations in our group [13,14,18,35] have sys-
tematically investigated the carbon chain growth mechanism over the
fcc Co(111), hep Co(0001), (10-10) and (10-11) facets, revealing that
the carbon chain growth mechanism is dependent on the crystal
structure of Co catalyst, for example, both Co(111) and Co(0001) facets
occupying 70 % and 18 % of total surface area corresponding to the fcc
and hcp Co followed the preferred CHO insertion mechanism [18,35];
whereas the carbide mechanism accomplished the carbon chain growth
over the stepped Co(10-10) [13] and (10-11) [14] facets with the
surface area proportion of 28 % and 35 % in the hcp Co, respectively.
However, until now, no study concerning the growth mechanism of
carbon chain on the Co(10-12) facet with the surface area proportion of
12 % in the hcp Co is reported. Accordingly, further effort is required
for researchers to illustrate the carbon chain growth mechanism on the
Co(10-12) facet, which is also very necessary to identify the facet
structure-performance relationship of Co catalyst.

This study is designed to firstly investigate the growth mechanism of
carbon chain in the FTS reactions on the Co(10-12) facet by DFT cal-
culations and microkinetic modeling, correspondingly, the influences of
methane and alcohols on C,, hydrocarbons formation are identified.
More importantly, based on the information of Co(10-12) facet, among
the mostly exposed hcp Co(10-12), (0001) [35], (10-10) [13], (10-11)
[14] and fcc Co(111) [18] facets, the comparisons about the carbon
chain growth mechanism of FTS reactions together with the effects of
methane and alcohols species are carried out, which is expected to
obtain the structure-performance relationship for FTS reactions on the
Co catalysts. The findings will provide a clear clue for the preparation of
high performance catalysts through the rational regulation of Co crystal
facet with maximum mass-specific reactivity.

2. Computational methods and models

All of the plane-wave-based DFT calculations were implemented by
the Vienna Ab Initio Simulation Package (VASP) code [36,37], and the
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projector augmented wave (PAW) method have been employed. The
generalized gradient approximation (GGA) with Perdew-Burke-Ern-
zerhof (PBE) [38] was used for the exchange correlation function. The
spin-polarized effect was considered in our calculations due to the
magnetic properties of metal Co. The kinetic cut off energy for de-
scribing the electronic wave functions was set to 400eV. A5 x 5 x 1
Monkhorst — Pack k-point grid was used [39]. Structure optimizations
were performed until the total energies were converged to 5 x 10~ ° eV
and the forces acting on the relaxed ions were less than 0.03 eV/A. The
climbing-image nudged elastic band (CI-NEB) method [40,41] was
employed to search the transition states (TS), then, the dimer method
was used to optimize the located TS [42,43]. Moreover, the only one
imaginary frequency corresponding to the TS structure is confirmed.
Further, since the temperature of realistic FTS conditions [44,45] is
473~623K, the values of all energies in this study are obtained at
500K (see details in the Supplementary Material).

The Co(10-12) facet was modeled by a nine-layer p(3 X 2) super-
cell, resulting from the optimized hcp Co bulk with the lattice constants
of a=Db=2489 /O\, c=4.029A (the experimental value of
a=Db=2514, c=4.104 [46]). Repeating slabs were separated by a
vacuum distance of 15 A to prevent noticeable interaction in the Z di-
rection. In addition, the adsorption free energies and the corresponding
adsorption configurations of C4 species (CH3CH>CH,CH,, C4H;o and
CH,CH,CH,CHO) are calculated in a 20 A vacuum spacing to test the
rationality of a 15 A vacuum spacing, as listed in Table S1, the results
show that the differences of adsorption free energies and adsorption
configurations between two surface models with 15 and 20 A vacuum
spacing are negligible. Namely, the obtained results confirm that a 15 A
vacuum spacing used in this study is large enough to neglect the in-
teractions between the repeating slabs. Further, the dipole correction is
not applied in this work, firstly, a large number of studies [47-50] have
investigated FTS reactions over Co catalysts without considering the
effect of the dipole on reaction mechanism, and the corresponding re-
sults can well clarify the reaction mechanism, which agrees with the
experiment; moreover, the adsorption free energies and stable adsorp-
tion configurations of C, species (CH3CH,CH>CH,, C4H;o and
CH3CH,CH,CHO) are re-calculated with the application of dipole cor-
rections, as listed in Table S1, suggesting that the adsorption free en-
ergies of C, species are reduced by only 1.5kJmol ! after including
dipole corrections, and there is negligible change in the adsorption
configurations. The bottom three layers representing the bulk were
frozen in all calculations. The structure and adsorption sites of hcp Co
(10-12) facet is shown in Fig. 1a; the hep (10-11), (10-10), (0001) and
the fcc Co (111) facets are shown in Fig. 1b~e.

3. Results and discussion

Here, the adsorption behaviors of possible species along with the
process of the carbon chain growth on the Co(10-12) facet were studied
(see details in Fig. 2 and Table S1). The reactions related to CO acti-
vation to form CH,, the formations of methane, methanol, C,, oxyge-
nates and C,, hydrocarbons are listed in Table 1 (see details in the
Supplementary Material). Meanwhile, among the mostly exposed hcp
Co(10-12), (0001) [35], (10-10) [13], (10-11) [14] and fcc Co(111)
[18] facets, the comparisons about the carbon chain growth mechanism
of FTS reactions together with the effects of methane and alcohols
species are carried out to obtain the structure-performance relationship
for the carbon chain growth of FTS reactions on the Co catalysts.

3.1. CO activation to produce CH,(x = 1~ 3) species

3.1.1. CO initial activation

Starting from CO+H species, as shown in Fig. 3, CO direct dis-
sociation to CH (CO+H—C + O+H—CH + O) has the overall energy
barrier of 143.5kJ-mol~!. CO hydrogenation to CHO is much easier in
kinetics compared to COH formation (90.0 vs. 157.8 kJmol 1),
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Fig. 1. The surface morphology and the corresponding proportion of the hep (a) (10-12), (b) (10-11), (c) (10-10), (d) (0001) and (e) the fcc Co (111) facets. The
percentages correspond to the relative abundance of these facets in the hcp or fce crystal phase, respectively.

subsequently, CH formation via the cleavage of C—O bond in CHO (CO
+H—-CHO—CH + O) has the overall energy barrier of 163.3 kJ-mol 1.
Alternatively, the C—O bond breakage of COH can form OH and C, then,
CH can be formed via C hydrogenation (CO+H—-COH+H—C + OH
+H—CH + OH) with the overall energy barrier of 157.8 kJ-mol 1.
Thus, compared to CO hydrogen-assisted dissociation, CO direct dis-
sociation is thermodynamically and dynamically favored for CH for-
mation on the Co(10-12).

The comparisons of CO initial activation mechanism among the
exposed facets of hep and fee Co indicated that CO hydrogen-assisted
dissociation via CHO intermediate is pronounced as the major me-
chanism on the hcp Co(0001) [35], (10-10) [29,51] and fcec Co(111)
[18,29] facets compared to CO direct dissociation (189.4, 144.3, 177.0
vs. 230.1, 188.9, 231.4kJmol ™). In contrast, CO hydrogen-assisted
dissociation is unlikely to occur, CO direct dissociation is more con-
ducive on the hep Co(10-11) [29,51], (11-21) [29] and (10-12) [29]
facets (163.6, 138.9, 134.1 vs. 143.7, 103.2, 129.3 kJ:mol ™ %).

3.1.2. The production of CHx(x = 1~ 3) intermediates

Based on CO initial activation to produce CH, CH is preferentially
hydrogenated to produce CH, in kinetics (60.1 kJ-mol 1), however,
CH, is incline to undergo the dehydrogenation to produce CH in ki-
netics instead of its hydrogenation to CHj (7.4 vs. 68.5 kJ-mol 1), thus,
the dominant CH, species is CH monomer. Meanwhile, the C—O bond

breakage of CH,O(x = 1~ 3) to produce CH,(x = 1~ 3) species (163.3,
200.4 and 216.3 kJ'mol ™ 1) is kinetically difficult compared to CO direct
dissociation and hydrogenation to produce CH,(x = 1~3) species
(143.5kJmol ™).

Above results show that CO direct dissociation dominantly con-
tribute to CO initial activation on the Co(10-12) facet via the route of
CO+xH—C + O+xH—CH,+0O, CH is the favored CH, monomer.
Interestingly, previous studies also found that CH species is the favored
CH,(x = 1~ 3) monomer arising from CO direct dissociation on the hcp
Co(10-11) facet [51]. However, both CH and CH, species are the fa-
vored CH,(x = 1~3) monomer produced by CO hydrogen-assisted
dissociation mechanism on the hcp Co(0001) [35] and fcc Co(111)
facets [18]; that is CH, species on the hep Co(10-10) produced by CO
hydrogen-assisted dissociation via CH,O intermediate [51]. Thus, the
existence form of favored CH,(x = 1 ~3) monomer and its preferrential
formation route strongly depend on the crystal facet of Co catalyst.

3.1.3. The production of methane and methanol, and their effects on CH,
formation

Starting from CO + H species (see Fig. 3), methane formation (black
line) affects the amount of CH, species to take part in carbon chain
growth due to the same overall energy barrier of 143.5kJ-mol ™.
However, the C—O bond cleavage of CH,O to produce CH,(x = 2, 3) are
dynamically favorable than CH,O hydrogenation to methanol (red line)
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Fig. 2. The most stable adsorption structures of all possible species involved in C4H;o formation from syngas on the Co(10-12) facet.

(230.2 kJ'mol ™ 1), implying that the effect of methanol on CH, forma-
tion is negligible. Namely, the Co(10-12) facet exhibits higher activity
and selectivity toward CH,(x = 1~3) and methane instead of me-
thanol.

Identical conclusions were illustrated in the previous studies that
CH,(x = 1~3) formation is more kinetically favored (132.3, 153.7,
189.4 and 177.0kJmol 1) than methanol (189.8, 228.7, 257.7 and
228.1 kJ'mol ™ 1) on the hep Co(10-10) [13], (10-11) [14], (0001) [35]
and fcc Co(111) facets [18], respectively. However, methane formation
probably decrease the selectivity and production of CH,(x = 1~ 3) due
to the close energy barrier on the hcp Co(10-10) [13], (10-11) [14],
(0001) [35] and fce Co(111) facets [18] (132.3, 153.7, 189.4, 177.0 vs.
132.3, 171.0, 179.0, 167.2 kJ-mol ~1). Accordingly, it is concluded that
81 % hcp and 70 % fcc Co crystal facets effectively inhibit methanol
formation, but methane affect the selectivity of CH,.

3.2. The carbon chain growth starting from CH,(x = 1~ 3) species

3.2.1. The carbon chain initiation
When CH,(x = 1~ 3) species is formed, the carbon chain initiation

can be realized by CH,(x = 0~ 3) species reacting with CH,. or CO to
C,H, or CH,CO, respectively. Meanwhile, CO hydrogenation to CHO is
much easier in kinetics than CO direct dissociation (90.0 vs.
143.5 kJ-mol 1), moreover, the hydrogen-rich atmosphere for FTS re-
actions can promote CHO formation, which is in favor of carbon chain
initiation formation [17]. In this work, the CH,(x = 0~ 3)-related re-
actions (coupling, CHO/CO insertion and hydrogenation) are examined
on the Co(10-12) facet (see details in the Supplementary Material).
For the C-related reactions (Fig. 4a), C is preferentially hydro-
genated to CH in kinetics (71.2 kJ-mol ~ ') compared to its coupling and
insertion reactions; thus, Co(10-12) effectively suppress C deposition
and promote surface C hydrogenation to produce CH. For the CH-re-
lated reactions (Fig. 4b), CH hydrogenation to CH, is the most favorable
(60.1kJmol™1); in addition, CH coupling with CH/CH, to CoH,/
CHCH, are competitive in kinetics with CHO/CO reaction with CH to
CHCHO/CHCO (93.5/98.6 vs. 91.2/95.3kJmol~!). For the CHare-
lated reactions (Fig. 4c), CH, prefers to undergo self-coupling to CoH,
(56.1 kJ'mol ~1). For the CHj-related reactions (Fig. 4d), CHj is incline
to be hydrogenated to methane (46.1 kJ-mol '), which is much easier
in kinetics than CHj dissociation into CH, (75.9 kJ'mol ™ 1); in addition,
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Table 1
All possible elementary reactions involving in C4H;, formation with the corresponding activation energy barriers (G,), reaction energies (AG), rate constants (k) and
the imaginary frequency (v) of transition state at 500 K on the Co(10-12) facet.

Reactions v G(E,) AG(AE) k
(em™h) (kJ-mol™ 1) (kJmol ™) G™hH
R1 CO—=C+ 0O 4151 143.5(151.0) —-12.1(—-21.2) 0.11 x 1072
R2 CO+H—CHO 683i 90.0(85.0) 53.5(46.6) 1.20 x 10°®
R3 CO+H—-COH 1457i 157.8(155.0) 72.0(71.6) 0.16 x 10~*
R4 CHO—CH + O 448i 109.8(110.5) —47.2(—54.8) 0.41 x 102
R5 COH—C + OH 337i 82.7(88.8) —57.6(—3.2) 3.86 x 10*
R6 CHO + H—CHOH 1273i 172.0(171.9) 112.1(114.6) 1.06 x 10™°
R7 CHOH—CH + OH 198i 56.0(64.2) —140.3(-139.6) 1.03 x 10®
R8 CHO + H—CH,0 798i 59.2(58.1) 22.1(24.1) 5.07 x 10°
R9 CH,0 + H—CH,0H 1238i 154.5(155.3) 84.1(88.7) 0.90 x 1073
R10 CH,OH +H—CH3;0H 1200i 148.7(150.1) —22.3(0) 0.42 x 1072
R11 CH,O0—CH,+0 431i 124.8(137.9) —32.4(-33.2) 0.22 x 102
R12 CH,0 + H—CH;30 810i 140.7(146.9) 11.1(21.9) 0.94 x 107!
R13 CH30—CH3+0 583i 119.1(115.2) —64.7(—67.5) 1.43 x 10°
R14 CH30 + H—=CH30H 1170i 143.5(144.5) 57.7(71.9) 0.12x 107!
R15 C+H—-CH 773i 71.2(70.5) 13.1(13.3) 3.20 x 10°
R16 CH+H—CH, 784i 60.1(58.8) 52.7(49.9) 3.89 x 10°
R17 CH,+H—CHj3 769i 68.5(68.4) —7.4(-0.7) 7.18 x 10°
R18 CH3;+H—CH,4 194i 46.1(46.1) 14.8(18.5) 3.04 x 108
R19 C + C—C, 194i 142.7(146.9) 113.3(117.1) 0.36 x 107!
R20 C + CH—CCH 2771 100.4(102.5) 32.3(35.4) 5.46 x 10%
R21 C + CH,—CCH; 415i 116.7(116.9) 4.2(9.7) 0.70 x 10*
R22 C + CH3—CCHj3; 336i 105.7(108.2) 7.9(10.1) 1.68 x 10
R23 C + CO—CCO 431i 91.6(92.9) 38.9(44.6) 3.82 x 10°
R24 C + CHO—CCHO — — — —
R25 CH + CH—C,H, 450i 93.5(94.8) 20.0(22.9) 2.42 x 10°
R26 CH + CH,—CH,CH 453i 98.6(99.8) 29.0(31.8) 6.98 x 10%
R27 CH + CH3—CH3CH 438i 147.2(152.2) 37.2(38.2) 0.14 x 1071
R28 CH + CO—CHCO 320i 95.3(91.8) 84.9(86.4) 4.91 x 102
R29 CH + CHO—CHCHO 395i 91.2(93.6) 49.3(52.8) 5.51 x 10°
R30 CH, + CH,—C3H, 309i 56.1(62.0) —24.9(—-21.2) 3.77 x 10°
R31 CH, + CH3—CH5CH, 438i 100.1(101.2) —7.5(—2.8) 4.63 x 10>
R32 CH, +CO—CH,CO 439i 159.6(145.5) 29.2(23.2) 7.29 x 107°
R33 CH, + CHO—CH,CHO 442i 70.0(73.3) —29.2(—27.5) 1.13 x 10°
R34 CH3+ CH3—CyHg 581i 152.1(153.8) —41.8(—16.4) 0.02 x 107!
R35 CH; +CO—CH3CO 6691 104.5(127.7) 38.5(30.1) 3.33 x 10*
R36 CH; + CHO—CH3CHO 227i 242.6(251.3) 2.3(1.4) 1.11 x 10712
R37 C,H, + H—CH,CH 485i 76.6(63.0) 48.9(49.8) 3.93 x 10°
R38 CH,CH+H—CH3CH 881i 30.0(27.8) —21.4(—-11.8) 4.38 x 10°
R39 CH,CH+H—CyH, 330i 56.9(43.9) —27.6(—27.1) 5.08 x 10°
R40 CoH4 + H—CH3CH, 818i 77.8(74.0) —-17.5(—-12.6) 3.10 x 10*
R41 CH3;CH+H—CH3CH, 900i 55.5(54.1) —-3.2(—-2.5) 1.16 x 107
R42 CH3CH, +H—CyHg 820i 67.5(75.7) —15.1(—4.9) 6.70 x 10°
R43 CHCHO—C,;H,+0 392i 68.7(66.3) —55.1(—53.9) 3.83 x 10°
R44 CHCHO + H—CHCHOH 1333i 55.7(55.5) 53.5(59.9) 1.48 x 107
R45 CHCHO + H—CH,CHO 860i 18.5(20.0) —-3.1(-4.8) 1.77 x 10
R46 CH,CHO—CH,CH + O 431i 125.9(122.5) 13.2(12.8) 0.32 x 10°
R47 CH,CHO + H—CH,CHOH 1112i 152.0(146.2) 80.8(95.8) 0.30 x 1072
R48 CH,CHO + H—CH3;CHO 7851 48.3(45.9) 8.8(14.6) 5.28 x 107
R49 CH3CHO—CH3CH + O 3301 174.7(171.7) —-9.5(-4.2) 2.88 x 107°
R50 CH3CHO + H—CH3CHOH 1160i 115.5(116.6) 103.2(108.2) 1.15 x 10!
R51 CH3CHO + H—CH3CH,;0 825i 82.6(92.6) —3.8(10.3) 2.64 x 10°
R52 CH3CH,0—CH3CH,+0O 488i 134.5(128.3) 4.8(—2.7) 8.09 x 10°
R53 CH3CH,0 + H—C,HsOH 1210i 116.8(113.5) 59.0(-38.2) 5.28 x 10°
R54 CH3CH + CH—CH3CHCH 401i 163.7(160.9) —22.7(—30.6) 412 x 107°
R55 CH3CH, + CH—CH;3;CH,CH 380i 94.7(114.5) 30.1(27.1) 3.63 x 10*
R56 CH3CH, + CH,—~CH3CH,CH, 278i 61.4(52.1) —19.5(-30.7) 1.79 x 107
R57 CH3CH,CH + H—CH3CH,CH, 801i 83.2(66.8) 15.2(18.3) 5.79 x 10*
R58 CH3CH,CH, + H—=C3Hg 7661 72.8(50.1) 14.8(20.2) 6.97 x 10°
R59 CH3;CH + CHO—-CH3;CHCHO 488i 84.5(48.3) —-57.1(—-78.1) 4.20 x 10*
R60 CH3CH; + CHO—CH3CH,CHO 444i 93.5(77.7) —9.5(-12.8) 4.82 x 10°
R61 CH3;CHCHO—CH3CHCH + O 355i 107.4(111.9) 23.1(30.7) 1.69 x 10?
R62 CH3;CHCHO + H—CH3;CHCHOH 1123i 143.2(144.3) 56.3(49.6) 0.18 x 10°
R63 CH3CHCHO + H—CH3CH,CHO 800i 80.0(74.8) 12.2(5.6) 7.55 x 10°
R64 CH3CH,CHO—CH3CH,CH + O 200i 79.8(79.4) —33.2(—-12.5) 9.83 x 10°
R65 CH3CH,CHO + H—-CH3CH,CHOH 1088i 144.9(155.6) 53.6(42.8) 6.48 x 10°
R66 CH3CH,CHO + H—CH;3CH,CH,0 799i 118.5(134.6) —25.6(35.4) 1.14 x 10%
R67 CH3CH,;CH,0—CH3CH,CH, + 0O 4561 118.6(125.4) —-27.7(-26.4) 1.66 x 10!
R68 CH3CH,CH,0 + H—C3H;0H 10561 192.9(162.3) 95.6(63.2) 1.98 x 1077
R69 CH;3CH,CH; + CH>—CH3CH,CH,CH» 200i 24.9(28.5) —37.6(—44.9) 7.07 x 10'°
R70 CH3CH,CH,CH, + H—C4H;o 671i 72.2(64.2) —-19.6(—14.4) 1.37 x 10?
R71 CH3CH,CH, + CHO—>CH3CH,CH,CHO 290i 80.5(75.6) 1.9(-2.5) 1.11 x 10°
*It is noted that the values in the parentheses is at 0 K. “—” mean that the reaction does not exist.
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Fig. 3. The free energy profile of CO activation to CH,(x = 1-3), CH4 and CH30H formation at 500 K together with the structures of initial states (ISs), transition

states (TSs) and final states (FSs) on the Co(10-12) facet. Bond lengths are in A.

CHj3 hardly undergoes self-coupling and CHO/CO insertion leading to
C,Hg and CH;CHO/CH5CO (152.1 and 242.6/104.5kJ-mol ™). Thus,
both CH and CH, as the abundant CH,. species, produced by C hydro-
genation, are responsible for the carbon chain initiation by the coupling
and self-coupling between CH and CH, species to form CHCH,, CoH,
and C,H,, as well as that by CHO/CO insertion into CH to CHCHO/
CHCO. Meanwhile, CHO insertion into CH, is more favorable than CO
insertion into CH,, which agrees with the observation from the previous
studies [12,18,35]. Thus, the reactions related to the formation of C,
hydrocarbons via the CH/CH, coupling or CHO insertion into CH will
be examined on the Co(10-12) facet.

Similarly, on Co(10-11) facet, both CH and CH, produced by C
hydrogenation are considered as the most abundant CH, species [14],
and the initial formation of carbon chain are accomplished via the self-
coupling of CH or CH, to C,H, or C,H4 and CHO insertion into CH to
CHCHO. However, on the Co(111) [18] and (0001) [35] facets, al-
though the most abundant CH, species are CH and CH,, it is mainly
produced by CHO dissociation, and the carbon chain initiation forma-
tion is preferentially achieved by the insertion of CHO into CH or CH,.
On Co(10-10) facet [13], CH, CH, and CHj3 species produced by C hy-
drogenation are all abundant CH, species, while the formation of initial
carbon chain is realized by the self-coupling of CH, and the insertion of
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3.2.2. The formation of C, species from C; species

3.2.2.1. Carbide mechanism to form C, hydrocarbon C,Hgs on the Co
(10-12) facet. As depicted in Fig. 5, beginning with CH + CH species,
C,H¢ formation via CH self-coupling have two of
CH + CH—C,H;+ (H)—CH,CH + (H)—CsH,4+ (H)—
CH3CH2+(H)_>C2H6 (black line) and CH + CH_>C2H2+ (H)_)CHch
+ (H)— CH3CH + (H)—CH;3CH, + (H)—CyHg (blue line), however, the
latter route via the CH3CH intermediate to produce CoHg is favorable in
kinetics than the former route via the C,H, intermediate (111.8 vs.
125.8 kJ'mol ~1). Starting with the CH+H species, C,H formation via

routes

TS35

CH3+CHO

TS36

Fig. 4. The free energy profile of the reactions related to CH,(x = 0-3) species (a) C, (b) CH, (c) CH,, (d) CH3 at 500 K together with the structures of initial states
(ISs), transition states (TSs) and final states (FSs) on the Co(10-12) facet. Bond lengths are in A.

CH, self-coupling route is CH+H—CH,+ (CH;)—C,H,+ (H)—
CH3CH, + (H)—C,Hg (green line) requires an overall energy barrier
of 108.8 kJ'mol ~!. However, in the route via the C,H, intermediate,
C,H, prefers to be desorption instead of its hydrogenation to produce
CH5CH, intermediate (32.5 vs. 77.8 kJ-mol ™ 1), thus, the route via the
C,H, intermediate is not conducive to C,Hg formation. Alternatively,
C,Hg can be also formed by CH coupling with CH,, while CH coupling
with CH, is much difficult in kinetics compared to CH self-coupling
(151.3 vs. 96.6 kJ-mol ™).

Thus, on the Co(10-12) facet, in terms of carbide mechanism, only

CH self-coupling via the CH3CH and CH5CH, intermediates dominantly
contribute to C,Hg formation.
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3.2.2.2. CHO insertion mechanism to form C,Hg on the Co(10-12)
facet. As mentioned above, CHO insertion into CH to CHCHO is
easier, beginning with CHCHO species (see Fig. 6), CHCHO prefers to
be hydrogenated to CH>CHO rather than CHCHOH or its direct
dissociation into CHCH + O (18.5 vs. 55.7, 68.7 kJ'mol ™ 1). Similarly,
CH,CHO successive hydrogenation to ethanol via the CH3CHO and
CH3CH,0 intermediates is more favored in kinetics compared to
CH,CHO(x = 2,3) hydrogenation to CH,CHOH, as well as their
dissociation. On the other hand, starting from CHCHO species,
although CHCHO hydrogenation is more favorable in kinetics than
the C—O bond cleavage of CHCHO, ethanol formation by the successive
hydrogenation of CHCHO is less favored in kinetics than C,Hg
formation based on the corresponding overall energy barriers of
221.5 and 171.5kJmol~!, respectively. Namely, CHO insertion
mechanism is favorable for C,Hg formation rather than ethanol,
moreover, the optimal route of C,Hg formation via CHO insertion
mechanism is CH + CHO—CHCHO—C,H,+ O+ (H)—CH,CH + O
+ (H)—CH3CH + O+ (H)— CH3CH,+ O + (H)—CyHg+ O. However, it
is noted that the optimal route of C,He formation via CHO insertion
mechanism is kinetically unfavorable than C,He formation via the
carbide mechanism with the route of CH self-coupling (171.5 vs.
111.8 kJ-mol ™).

The results mentioned above indicated that CoHg formation mainly
goes through the carbide mechanism with CH self-coupling instead of
CHO insertion mechanism on the Co(10-12) facet, which agrees with
that on the Co(10-10) [13] and (10-11) facets [14] that the carbide
mechanism via CH or CH, self-coupling primarily contributes to CoHg
formation. In contrast, the formation of C,Hg on the Co(111) [18] and
(0001) facets [35] mainly goes through CHO insertion mechanism.

3.2.2.3. The effect of methane and ethanol formation on C
hydrocarbons. As depicted in Fig. 5, beginning with the CH monomer,

methane is produced by CH successive hydrogenation requiring an
overall energy barrier of 121.2kJmol ™! (red line), which is slightly
higher than C, hydrocarbons CH3;CH, CH3CH, and C,Hg (98.9, 103.0
and 111.8 kJ mol ~1). As shown in Fig. 6, the preferred route of ethanol
formation (green line) is CH + CO+H—CH + CHO—CHCHO
+ (H)—CH,CHO + (H)— CH3CHO + (H)—CH3CH50 + (H)—ethanol
with much higher overall energy barrier (221.5 kJmol™1) than
CH3CH, CH5;CH, and C,Hg formation on Co(10-12) facet.

Thus, methane formation reduces the production of C, hydro-
carbons on Co(10-12) facet, and identical conclusions were also ob-
tained in the previous studies that methane has an obvious effect on the
formation of C, hydrocarbons on Co(10-11) [14] and (111) facets [18].
However, ethanol formation by CHO insertion mechanism is much
unfavorable in kinetics, namely, ethanol has a negligible effect on the
selectivity of C, hydrocarbons over Co(10-12) facet, which also agree
with the observation over the Co(10-11) [14] and (111) facets [18].

3.2.2.4. The formation of C3 species from C, species. As mentioned
above, for the formation of C, species from C; species, the CH,
(x = 0~3)-related reactions including the coupling, CHO/CO
insertion and hydrogenation have been examined on the Co(10-12)
facet, the results show that CHO insertion into CH, is more favored in
kinetics compared to CO insertion into CH,, which is also supported by
the results from the previous studies, for example, the theoretical
researches by Zhao et al. [12] and Wen et al. [35] clarified that the
carbon chain formation on the Co(0001) facet is mainly attribute to
CHO insertion into CH, rather than CO insertion into CH,; Chen et al.
[18] believed that CHO insertion mechanism was more reasonable for
the carbon chain formation on the flatted Co(111) facet, moreover,
CHO formation was facilitated on the stepped Co(111) facet. Namely,
CHO insertion mechanism is more favored in kinetics compared to CO
insertion mechanism. On the other hand, Weststrate et al. [52] recently
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Fig. 6. The free energy profile of the reactions related to CH,CHO with respect to the CH + CO + H species at 500 K together with the structures of initial states (ISs),
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identified the C—C bond formation mechanism on Co catalyst using in-
situ high resolution X-ray photoelectron spectroscopy; the results show
that CO promotes the chain growth by stabilizing the intermediates
instead of participating in the C—C bond formation, and the carbon
chain growth in experiment follows the carbide mechanism. Moreover,
the DFT studies by Cheng et al. [10,11] over the stepped Co(0001) facet
showed that the favorable carbon chain growth pathway of C,—C3 and
C3;—C, species are similar to that of C;—C, species, that is, RCH,+C
and RCH,CH + CH, are the most possible C,+ C; and C3+ C; coupling
reactions, CH; + C and CH, + CH, are the major chain growth pathways
of C; + C; coupling. Further, in our previous studies about carbon chain
growth mechanism over the Co(10-10) [13], (10-11) [14] and (0001)
[35] facets, for the formation of C, hydrocarbons, CHO insertion into
CH,, is more favored in kinetics compared to CO insertion into CH,,
moreover, for the formation of C3 species from C, species, the carbide
mechanism is the major pathway over the Co(10-10) and (10-11)
facets; meanwhile, CHO insertion mechanism with CHO insertion into
CH/CH,, CH3CH and CH3CH,CH to form CHCHO/CH,CHO,
CH3CHCHO and CH3;CH,CHCHO are more preferred to realize the
carbon chain growth on the Co(0001) facet.

As depicted in Fig. 5, the optimal formation route of CH3CH is
CH + CH+(H)— C;H,+ (H)—CH,;CH+ (H)—CH3CH requiring an
overall energy barrier of  98.9kJmol ! CH3CH, is

CH + CH_>C2H2 + (H)_>CH2CH + (H)_>CH3CH + (H)_)CH:;CHZ re-
quiring an overall energy barrier of 103.0kJmol~!. Namely, both
CH3CH and CH3CH, are abundant C, intermediates in the process of
C,Hg formation over the Co(10-12) facet. Therefore, beginning with
the CH3;CH and CH3;CH, intermediates, the formation of CsHg and
propanol via the carbide mechanism and CHO insertion mechanism are
examined over the Co(10-12) facet (see details in the Supplementary
Material).

3.2.2.5. C3Hg formation via the carbide mechanism. CH;CH and CH;CH,
acted as the major C, intermediates possibly couple with the stable CH,
species to achieve the growth of carbon chain from the C, to C3 species. As
illustrated in Fig. 7, beginning with the CH3CH + CH+ H species, CH;CH
is preferentially hydrogenated to produce CH;CH, instead of its coupling
with CH to CH5CH,CH (55.5 vs. 163.7 kJ'mol ~ 1), subsequently, CH;CH,
could react with CH (red line) or CH, (black line) to produce CH3CH>CH
or CH3CH,CH,, followed by their hydrogenations to produce C3Hg, which
correspond to the overall energy barriers of 114.9 or 58.2kJmol Y,
respectively, suggesting that CsHjg is preferentially produced via the route
CH3CH +H + CHz—)CH:;CHZ + CHZ + (H)_>CH3CH2CH2 + (H)—) C3H8
requiring an overall energy barrier of 58.2kJmol~!. Accordingly,
starting ~ with  CH3CH,  intermediate, CsHg  formed by
CH3CH, + CH, + H—CH3CH,CH, + H—-C3Hg is dynamically competitive
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with C,H, formation via CH;CH, hydrogenation (61.4 vs. 67.5 kJ-mol ™ 1),
thus, the coupling of CH3CH, and CH, can achieve the carbon chain
growth during the formation of C3;Hg.

3.2.2.6. C3Hg formation via the CHO insertion mechanism. Starting from
the CH3CH and CH3CH, intermediates, CHO inserts into CH3CH and
CH3CH, to form CH3CHCHO and CH3;CH,CHO, respectively. See
Fig. 8a, CH3CHCHO hydrogenation to CH3CH>CHO is superior to its
hydrogenation to CH;CHCHOH and its dissociation into CH3;CHCH
(80.0 vs. 143.2 and 107.4kJmol 1), then, CH;CH,CHO dissociation
into CH3CH,CH is much easier in kinetics than its hydrogenation to
CH5CH,CHOH and CH3CH,CH,0 (79.8 vs. 144.9 and 118.5kJ-mol ™ 1).
Further, as presented in Fig. 8b, starting from CH3CH + CO + H species,
the overall energy barriers of Cs;Hg formation by CH3;CH,CH,
hydrogenation via the CH;CHCHO (red line) and CH3;CH,CHO (black
line) intermediates are close (138.0 vs. 143.8 kJ'mol™!) in the CHO
insertion mechanism, which are much higher than that via the carbide
mechanism (58.2 kJ-mol ™ 1).

Thus, C3Hg formation via the carbide mechanism is more favored in
kinetics than the CHO insertion mechanism (58.2 vs. 143.8/
138.0kJmol™!) on Co(10-12) facet, in which CH3;CH,CH, inter-
mediate is the most abundance C3H, species produced by the carbide
mechanism requiring an overall energy barrier of 58.2kJ-mol ',
Further, the carbide mechanism dominantly contribute to C; hydro-
carbons formation on the Co(10-10) [13] and (10-11) facets [14]; while
the CHO insertion mechanism is mainly responsible for C; hydro-
carbons formation on Co(0001) facet [35].

10

3.2.2.7. The effect of propanol formation on C3 hydrocarbons. As shown
in Fig. 8b, propanol produced by the route of CH3;CH + CHO+
(H)— CH3CHCHO + (H) or CH3CH, + CHO + (H)—CH3CH,CHO + (H)—
CH3CH,CH,0 + (H) —propanol is much unfavorable in kinetics than
C3Hg formation (175.9 and 208.1 vs. 58.2kJmol ~1). Thus, propanol
formation can be significantly inhibited in the process of CsH,
formation (CH3CH,CH, and Cs3Hg) on Co(10-12) facet. In addition,
previous studies also verified that propanol has a negligible effect on
the formation of Cz; hydrocarbons over the Co(10-10), (10-11) and
(0001) facets [13,14,35].

3.2.3. The formation of C, species from C3 species on the Co(10-12) facet

Since CH3CH,CH, species is the favored CsH, intermediate on Co
(10-12) facet, to gain a better understanding about carbon chain for-
mation of C, species from Cj3 species, starting from CH3CH,CH, inter-
mediate, the hydrogenation, CHO insertion and CH, coupling were
calculated (see Fig. 9). CH3CH,CH, coupling with CH, to
CH3CH,CH,CH, is more preferred in kinetics than CHO insertion into
CH3CH,CH, and CH3;CH,CH, hydrogenation (24.9 vs. 80.5 and
72.8 kJ'mol ™). Moreover, C4H;o formation by CH3CH,CH,CH, hy-
drogenation is much easier in kinetics than CHO insertion into
CH3CH,CH, and CH3;CH,CH, hydrogenation (34.6 vs. 80.5 and
72.8kJmol 1), thus, C,H,, formation dominantly goes through the
carbide mechanism on Co(10-12) facet.

For the butanol formation, the overall energy barrier of
CH3CH,CH,>CHO formation, a key intermediate in butanol formation, is
much higher than that of C,H;, formation (80.5 vs. 34.6 kJmol™ 1),
thus, butanol formation is unfavorable on the Co(10-12) facet, which
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has a negligible effect on C4H, formation (CH3CH,CH,CH, and C4H;).

3.2.4. Microkinetic modeling on the Co(10-12) facet

Aiming at further quantitatively obtain the influence of methane
and alcohols on the C,; hydrocarbons under the realistic conditions,
the microkinetic modeling [53-55] is employed to qualitatively un-
derstand the selectivity of major products (CH3OH, CH4, C,HsOH,
C,Hy4, CoHg, C3H,0OH, C3Hg and C4H;() under the experimental condi-
tions of FTS reactions (Pco = 5atm, Py, = 10atm and T = 500 K) (see
details in the Supplementary Material). Moreover, for the kinetics of
surface reactions, we only considered the forward reaction, which is a
safe approximation at such high pressures of CO and H, as we use ex-
perimentally [54-56]. In addition, it is noted that aiming at considering
the effects of reaction temperature and pressure on reaction activity and
selectivity of FTS reaction, although a larger number of previous studies
[54-61] have shown that the applications of microkinetic models
combined with energy data obtained by DFT calculations have achieved
significant progress for the FTS reaction, the simple microkinetic model
assumes that there are no interactions between adsorbate-adsorbate
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using the mean-field theory. In fact, for the high-coverage system, the
coverage effect becomes highly complex and cannot be ignored, for
example, the previous studies about the coverage-dependent kinetic
model adopted by Lausche et al. [62] and Hu et al. [63] have shown
that the adsorbate-adsorbate interactions have a greatly influence on
the coverage of reaction intermediates, then affect activity and products
selectivity in the FTS reaction. However, this study mainly focus on the
comparisons about the carbon chain growth mechanism of FTS reac-
tions among the mostly exposed hcp Co(10-12) and our previous (10-
10) [13], (10-11) [14], (0001) [35] and fcc Co(111) [18] facets, since
our previous studies do not examine the effects of adsorbate-adsorbate
interactions, the effects of adsorbate-adsorbate interactions on the
coverage of reaction intermediates, as well as the activity and products
selectivity in the FTS reaction are also not considered over the Co
(10-12) facet, which will be considered in our future work.

The relative selectivity of CH4, CoH4, CoHe, C3Hg and C4H;q are
25.20 %, 0%, 0%, 0% and 74.79 %, respectively, that of CH5;OH,
C,HsOH and C3H,0H are negligible, suggesting that alcohols have a
negligible effect on C,, hydrocarbons. Meanwhile, compared to CoHy,
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C,Hg and C3Hg, the much higher C4H;( selectivity means that the Co
(10-12) facet is extremely beneficial for the formation of longer carbon
chain, which is in accordance with the previous experimental ob-
servations [64,65]. Thus, the Co(10-12) facet goes through carbide
mechanism to exhibit highly catalytic activity and selectivity for Co
hydrocarbons; moreover, an effective strategy to promote carbon chain
growth on Co(10-12) facet should be focused on inhibiting methane
formation in the FTS reactions.

Further, an in-depth analysis for the effects of the coverage of the
surface species in the microkinetic modeling are carried out, and the
coverages of key intermediates involving in the carbon chain growth
from the C; to C4 species on the Co(10-12) facet are presented in Table
S5. It can be obtained from DFT calculation that the selectivity-de-
termined step for C4 hydrocarbon formation is CH hydrogenation, CH
coupling and CHO insertion into CH. By comparing the coverage of key
intermediates (CH, H and CHO) involved in the selectivity-determined
step for C4 hydrocarbon formation, it can be obtained that the coverage
of CH species is much higher by 4 and 8 orders of magnitude than that
of CHO and H species, as a result, CH self-coupling to form C,H, pre-
ferentially occurred and promote carbon chain growth. Similarly, in the
formation process of C3 and C, chain, considering the coverage of key
intermediates (CH3CH/CH3;CH,, CH5;CH,CH,, CH, vs. CHO, H) and
reaction rate constants (ksg/keo V. kso/k71 and kso/ksg), the C, and Cs
intermediates (CH3CH/CH3CH, and CH3CH,CH,) preferentially couple
with CH, and promote the growth of carbon chain to produce C, hy-
drocarbons. Therefore, the rate constants of elementary reactions and
the relative coverage of key intermediates in the selectivity-determined
step are two key factors to determine the selectivity of products in the
FTS reactions.

3.3. The carbon chain growth mechanism over different Co facets

The optimal formation route of C4 hydrocarbons from syngas on Co
(10-12) facet is summarized in Fig. 10. Both CH and CH, as the
dominant CH, monomers are more inclined to undergo their self-cou-
pling (carbide mechanism) to realize the initial carbon chain formation;

12

TS69 CH3CH2CH2CH2+H TS70 CHsCHzCH2+CHO TS71

meanwhile, both CH3CH and CH3CH,, intermediates as the stable CoH,
species can continuously contribute to carbon chain growth from the C,
to C3 and C3 to C4 species via the carbide mechanism that CH3CH,
coupling with CH, to CH3CH,CH, and CH5CH,CH, coupling with CH,
to CH3CH,CH,CH,. Therefore, it is concluded that RCH,(R=H/alkyl)
acted as the abundant intermediate could couple with CH, via the
carbide mechanism to form R'CH,(R'=RCH,) over Co(10-12) facet,
which realize the carbon chain growth; further, the carbon chain
growth is terminated once the hydrogenation of R'CH, into alkane is
more favorable than R'CH, coupling with CH,. In addition, methane
and alcohols can be formed by CH, hydrogenation and CHO insertion
mechanism in the process of carbon chain growth, the effect of alcohols
on the C,, hydrocarbons is negligible, while methane formation affects
the selectivity and productivity of C,, hydrocarbons.

Our previous studies showed that the formation of C,, hydro-
carbons on the Co(10-11) [14] and (10-10) facets [13] were accom-
plished by the carbide mechanism that the coupling of RCHy(R=H/
alkyl) and CH, can produce R'CH,(R'=RCH,). However, the carbon
chain growth over the Co(0001) [12,35], as well as the flat and stepped
Co(111) facets [18] was dominantly realized by the CHO insertion
mechanism with the cycle of RCH(R =H/alkyl) inserted by CHO to form
RCHCHO and its C—O bond breakage.

3.4. The effect of Co crystal structures on the catalytic performance

3.4.1. The effect of Co crystal structures on the carbon chain growth
mechanism

Beginning with CO+H species, C,, hydrocarbons are formed by
two key steps, one is CO activation to produce CH,, the other is the
initial formation and growth of carbon chain. To gain more insight into
the influence of Co crystal structures on the carbon chain growth me-
chanism, the results over the hcp Co(10-12) facet in this work are
compared with our previous results on the hep Co(0001) [35], (10-10)
[13], (10-11) [14] and fcc Co(111) facets [18].

For CO activation to produce CH,(x = 1~ 3), on the hcp Co(10-12)
and (10-11) [14] facets, the favored CH monomer is produced by CO
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Fig. 10. The optimal formation pathway of the hydrocarbons from the C; to C4 species from syngas involved in the FTS reactions on the Co(10-12) facet. The dash
line corresponds to the optimal formation pathway of C,~ C4 hydrocarbons; the solid lines refer to the optimal formation pathway of methane and C; ~ C3 alcohols.

direct dissociation and hydrogenation requiring the overall energy
barriers of 143.5 and 153.7 kJ-mol~?, respectively. In contrast, on the
hep Co(10-10) facet [13], CH, as the dominant monomer is pre-
ferentially produced by CO hydrogen-assisted dissociation via the CH,O
intermediate, which requires an overall energy barrier of
132.3kJ-mol . On the hep Co(0001) facet [35], both CH and CH,
produced by CO hydrogen-assisted dissociation via the CHO inter-
mediate are the dominant monomers, which requires an overall energy
barrier of 189.4 kJ'mol ~?, and CH, is formed by CH hydrogenation. On
the fcec Co(111) facet [18], the dominant CH, monomers are CH and
CH,, which are mainly produced by CO hydrogen-assisted dissociation
via the CHO and CH,0 intermediates, respectively; the formation of CH
and CH, have the overall energy barriers of 177.0 and 193.1 kJ-mol "%,
respectively. On the other hand, Liu et al. [29] found that CO activation
to form CH monomer goes through CO hydrogen-assisted dissociation
via the CHO intermediates on the most active fcc Co(110), (100) and
(311) facets, whereas the hcp Co(11-21), (10-11), (10-12) and (11-20)
facets prefer to be CO direct dissociation; meanwhile, the hcp Co

13

(11-21), (10-11), (10-12) and (11-20) facets present the higher in-
trinsic activity for CO activation to form CH monomer than the fcc Co
(110), (100) and (311) facets; moreover, Lyu et al. [66] have obtained
the contribution of different facets to CO activation in Wulff construc-
tion and estimated that the hcp Co presents lower activation energy
than the fcc Co (1.14 vs. 1.48 eV). In addition, CO activation on the fcc
(321) and (221) facets with the kink and step sites was further studied
by Petersen et al. [67], and the comparison of the relative rates of direct
CO dissociation on fcc Co facets (Co(321), (211), (311), (221), (111),
(100)) confirms that the step and kink defect sites are more active for
CO activation. However, the increase in the activity of fcc Co with the
step and kink defect sites (Co(321), (211), (311) and (221) facets) is
still lower than that of highly active hcp Co(10-11) and (11-21) facets.
Therefore, either the formation mechanism of CH,(x = 1 ~ 3) species or
the dominant existence form of CH, monomer are affected by the
crystal structure of Co catalysts; more importantly, according to the
surface area proportion of the various facets exposed on hcp and fcc Co
from Wulff construction, it is concluded that the Co(10-10), (10-11),
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(10-12) and (11-20) facets occupied 28 %, 35 %, 12 % and 6% total
exposed areas of hcp Co crystal phase present higher catalytic activity
toward CH,(x = 1~3) formation compared to the Co(111), (100),
(311) and (110) facets occupied 70 %, 12 %, 10 % and 8% total exposed
areas of fcc Co crystal phase.

For the initial formation and growth of carbon chain over the Co
catalysts, the preferred mechanism depends on the Co crystal struc-
tures. As summarized in Fig. 11, on the 75 % hcp Co facets (28 % (10-
10) [13], 35% (10-11) [14] and 12 % (10-12)), the carbide mechanism
mainly leads to the carbon chain growth to produce higher carbon
hydrocarbons R'CH,(R'=RCH,) via the coupling of RCH, with CHo.
However, on the 18 % hcp Co(0001) [35] and 70 % fcc Co(111) [18]
facets, the CHO insertion mechanism mainly facilitate carbon chain
growth through the cycle that CHO insertion into RCH to RCHCHO,
followed by the C—O bond cleavage of RCHCHO to R'CH(R'=RCH). In
addition, the previous DFT studies by Li et al. [50] also showed that the
carbon chain growth followed CO insertion mechanism without con-
sidering CHO insertion mechanism on Co(0001) facet, and the carbide
mechanism is preferable on Co(10-11) facet accompanied with higher
selectivity of C, hydrocarbons than CHy.

Therefore, according to the occupied proportion of these crystal
structures in Co crystal phases [29], the relationship between Co crystal
structure and the mechanism of C,, hydrocarbons formation can be
obtained, CO direct dissociation and carbide mechanism dominantly
contribute to the production of C,; hydrocarbons over the hcp Co
catalysts; while CO hydrogen-assisted dissociation and CHO insertion
mechanism is mainly responsible for the formation of C,, hydro-
carbons over the fcc Co catalysts. Moreover, CHO formed by CO hy-
drogenation is thermodynamically unstable, which may limited the
interactions between CHO and CH, intermediates due to a relatively
low CHO coverage [29,68], as a result, the carbon chain growth is
unfavorable over the 18 % hep Co(0001) [35] and 70 % fcc Co(111)
facets [18] compared to the 75 % hcp Co facets. Accordingly, compared
to the fcc Co catalyst, the hep Co catalyst exhibits higher catalytic ac-
tivity for C,, hydrocarbons formation, which is supported by the pre-
vious studies that the hcp Co catalysts were more favorable for CO
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activation and conversion than the fcc Co catalysts [28-30,69-71].

3.4.2. The effects of methane and alcohols over the hcp and fcc Co

Given that the formation of CH, species and the growth of carbon
chain are accompanied by the formation of methane and alcohols in the
FTS reactions, which may reduce the selectivity of C,, hydrocarbons.
The results about the effects of methane and alcohols on C,, hydro-
carbons formation over the hcp Co(10-12) facet in this work are
compared with our previous results on the hep Co(10-10) [13], (10-11)
[14], (0001) [35] and fcc Co(111) [18] facets.

For the effect of methane, the relative selectivity of methane is
17.72 %, 25.53 % and 25.20 % on the hep Co(10-10) [13], (10-11) [14]
and (10-12) facets, which is much lower than that of C,, hydro-
carbons; however, the relative selectivity of methane is higher on the
hep Co(0001) facet [35] compared to the other hep Co facets. More-
over, methane formation is extremely active than C, hydrocarbons over
the fcc Co(111) facet [18]. In general, methane affects the selectivity
and productivity of C. hydrocarbons in the FTS reactions over the Co
catalysts, and its effect on the fcc Co catalysts is more obvious than that
on the hep Co catalysts.

For the effect of alcohols, the hep Co(0001) [35], (10-10) [13],
(10-11) [14] and (10-12) facets present higher activity and selectivity
for CH,(x = 1~ 3) formation instead of methanol; then, the formation
of total alcohols has a negligible influence on the selectivity and pro-
ductivity of C,; hydrocarbons over the hcp Co(0001) [35], (10-10)
[13], (10-11) [14] and (10-12) facets. That is, the influence of alcohols
on the C,, hydrocarbons formation over the hcp Co catalysts is neg-
ligible. However, on the fcc Co(111) facet [18], although CH,
(x = 1~ 3) formation is more favored than methanol, the production of
ethanol reduces the selectivity of C, hydrocarbons. Therefore, the in-
fluence of alcohols species on the selectivity and productivity of C,.
hydrocarbons over the fcc Co catalyst is more obvious than that over
the hep Co catalysts, which is supported by the experimental observa-
tion from Gnanamani et al. [72] that the hcp Co catalysts not only
exhibit higher activity for FTS reactions, but also produce less methane
and more Cs, hydrocarbons compared to the fcc Co catalysts. More-
over, the recent experiment studies [48] also confirmed that the Co
(10-11) facet exhibits the highest catalytic activity and selectivity for
the formation of Cs, hydrocarbons and the lowest methane selectivity
in the FTS reactions.

3.4.3. Structure-performance relationship of Co catalyst for carbon chain
growth

In order to further reveal the microscopic reasons that the crystal
structures affect the carbon chain growth mechanism, the active unit
(defined as the smallest structural unit consisted of the active site) to
reflect structure characteristics of different crystal facets was proposed
(see Fig. 12): the crystal facet structures containing the stepped Bs-type
active unit consisted of five Co atoms (such as Co(10-10), (10-11) and
(10-12) facets) could promote carbon chain growth via the carbide
mechanism, whereas the crystal facet structures containing the flatted
4-fold active unit consisted of four Co atoms (such as (111) and (0001)
facets) contribute to carbon chain growth via the CHO insertion me-
chanism. Hence, it is proposed that regulating the crystal facet structure
of Co catalysts can well control the catalytic performance of carbon
chain growth in the FTS reactions, especially, when the hep Co(10-10),
(10-11) and (10-12) facets with more stepped Bs-type active unit can
be acquired, it will facilitate the formation of long-chain hydrocarbons.
Recently, the experimental studies [48] further confirmed our proposed
predications that the Co(10-11) facet exhibits the highest catalytic
activity and selectivity for the formation of Cs; hydrocarbons in the
FTS reactions and the lowest methane selectivity.

Overall, according to the occupied proportion of different crystal
facets in the hcp and fcc Co crystal phases, the hep Co presents much
higher intrinsic activity for CO activation to produce key CH, inter-
mediate via CO direct dissociation mechanism and carbon chain growth
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via the carbide mechanism; whereas the fcc Co present lower intrinsic
activity via hydrogen-assisted CO dissociation and CHO insertion me-
chanism. Thus, the hep Co should be the preferable phase for the ra-
tional design of Co catalyst. Interestingly, the recent experiment studies
[66] also verified our calculated conclusions that the hcp Co exhibits
high activity toward Cs. hydrocarbons formation than the fcc Co, the
Co(10-11) facet exhibits the highest catalytic activity and selectivity for
the formation of Cs, hydrocarbons in the FTS reactions and the lowest
methane selectivity, in which the single-phase Co catalysts with high
purity were for the first time synthesized and experimentally verified.
This work also reminds us that more attention should be paid to the real
state of Co crystal facet structures in the catalysis process of FTS re-
actions.

4. Conclusions

In this study, aiming at identifying the relationship between Co
crystal facet structure and the catalytic performance of carbon chain
growth in the FTS reactions, the preferential mechanism involving in
carbon chain growth from C; to C, species over the hcp and fcc Co
catalysts is systematically studied by DFT calculations, meanwhile, the
exposed (0001), (10-10), (10-11) and (10-12) facets occupying 93 % of
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Fig. 12. The active unit structure for different crystal facets of hcp and fce Co catalysts.
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total surface area for the hcp Co, as well as the dominantly exposed
(111) facet occupying 70 % of total surface area for the fcc Co are
considered. The results show that for CO activation to form CH,
monomer as the key intermediate in the carbon chain growth, the
crystal phase and facet of Co catalysts affect the preferred formation
route of favored CH,(x = 1~3) monomer and therefore alter its
dominant existence form, the hcp Co catalyst presents much higher
intrinsic activity than the fcc Co catalyst. During the process of carbon
chain growth, the effects of methane and alcohols on the formation of
C, .+ hydrocarbons are sensitive to Co crystal phase and facet, methane
formation has a certain influence on the selectivity and productivity of
C, . hydrocarbons in the FTS reaction over Co catalysts irrespective of
the hep and fee crystal pahse; however, the influence of alcohols over
the hep Co catalyst is negligible, whereas that should be considered
over the fcc Co catalyst. Generally, for the carbon chain growth, the
effects of methane and alcohols over the hep Co catalyst are much lower
than that over the fcc Co catalyst.

According to the occupied proportion of these crystal facets in the
hep or fec Co crystal phase, the dependence of carbon chain growth
mechanism on Co crystal structure are obtained, that is, the hcp Co(10-
10), (10-11) and (10-12) facets with the stepped Bs-type active unit
dominantly goes through the carbide mechanism to promote carbon
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chain growth, whereas the fcc Co(111) and hcp Co(0001) facets with
the flatted 4-fold active unit mainly undergoes the CHO insertion me-
chanism to promote carbon chain growth. However, CHO formation is
thermodynamically unstable resulting in the relatively low coverage,
which limits the interactions between CHO and C,H, intermediate. As a
result, the carbon chain growth is unfavorable on the hcp Co(0001) and
fcc Co(111) facets compared to that over other hcp Co facets. Thus,
synthesizing Co crystal facet with more stepped Bs-type active unit in
the FTS reaction would be highly valuable due to the higher mass-
specific reactivity, such as, the hcp Co(10-10), (10-11) and (10-12)
facets.
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