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ABSTRACT: The effect of Co,C crystal facets on the
selectivity of C, species (C, oxygenates and hydrocarbons)
in Fischer—Tropsch synthesis (FTS) reaction was investigated
using density functional theory calculations, and the selectivity
comparisons among five exposed Co-termination (101),
(011), (010), (110), and (111) crystal facets are examined
to shed light on the essential relationship between FTS
selectivity and the structure of Co,C crystal facets. The results
show that the C—C bond of C, species prefers to be formed
instead of C; species CH, over Co,C catalysts in the FTS
reaction, and the selectivity of C, species and the dominant
existence form of key CH,, intermediates are sensitive to the

crystal facet of Co,C catalysts, which are closely associated with Co,C crystal facet’s electronic and structural properties. The
electronic and structural properties of different Co,C crystal facets show that the high selectivity of C, oxygenates over the
(011) and (111) facets are attributed to the upshift of their surface d-band centers, as well as the presence of the step Bs-type
active unit with five Co atoms consisted of much denser surface active sites. However, both (101) and (010) facets exhibit high
selectivity toward C, hydrocarbons, and the (110) facet presents high selectivity toward the formation of CH,. Thus, regulating
the exposed crystal facets of Co,C catalyst can control the selectivity of desirable C, species. This work provides evidence at a
molecular level to support that the sensitivity of Co,C crystal facet is a cause to affect the selectivity of desired products in the

FTS reaction.

1. INTRODUCTION

Co,C catalysts have been widely used in Fischer—Tropsch
synthesis (FTS) to form olefins,' higher alcohols,”* and
aldehydes.” Meanwhile, the presence of bulk Co,C is closely
associated with metal promoter, for example, K° or La’~’
promotes the formation of bulk Co,C phase, and Co,C
quadrangular nanoprisms are formed with the addition of Mn'
or Na.'” Thus, the presence of Co,C was favorable and stable
in the FTS reaction with the help of metal promoters.

It is well known that Co,C can contribute to the synthesis of
C,—C, olefins and higher alcohols in the FTS reaction; Zhong
et al.""" experimentally synthesized Co,C nanoprisms with the
dominantly exposed (101) crystal facet, which favors the
production of lower olefins and inhibits CH, formation. On
the contrary, previous experiments proved that Co,C plays an
important role in the synthesis of higher alcohols; Volkova et
al."! found that Co,C can activate CO and help CO insertion
into carbonaceous species to form higher alcohols in the FTS
at around 500 K. Fang et al.”® prepared the Co—Cu bimetallic
catalyst supported on LaFeO; or La,0,CO;, which exhibits
high activity and selectivity toward higher alcohols due to the
presence of Co,C at around 555 K. Jiao et al,® Pei et al,'>'?
and Du et al.'* obtained the same experimental results that
Co,C is in favor of the synthesis of higher alcohols in the FTS
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reaction. Our recent density functional theory (DFT) studies
about the selectivity of FTS reaction over different Co,C
crystal facets’ show that the (111) facet exhibits an
unexpectedly high selectivity toward the formation of C,
oxygenates, whereas the (101) and (110) facets present a
high selectivity toward the formation of C, hydrocarbons.
Thus, two types of different views exist for the role of Co,C
active phase, one is for the formation of lower olefin, and the
other is for the formation of higher alcohol. On the other hand,
previous experimental and theoretical studies">'”'*™"7 have
shown that the Co,C(101), (011), (010), (110), and (111)
low index surfaces can be exposed, and the corresponding
surface area proportions based on the Wulff construction are
40.72, 35.21, 11.80, 9.87, and 0.27%, respectively.'” Further,
previous studies'>~'” have experimentally and theoretically
showed that different CO/H, ratios affect the exposed
termination of Co,C catalyst in FTS reactions and the C-
terminated Co,C surface is mainly exposed in the CO-rich
atmosphere, whereas the Co-terminated surface is dominantly
exposed in the hydrogen-rich atmosphere. Because the FTS
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reactions usually occurred in the hydrogen-rich condition, the
Co-terminated Co,C crystal facets represent a typical structure
of Co,C catalyst.>'°

As mentioned above, although the effect of the Co,C crystal
facet on the selectivity of C, species in the FTS reaction has
been experimentally and theoretically investigated over the Co-
terminated Co,C(101), (110), (111), and (020) crystal
facets,"” the selectivity of C, species over the Co-terminated
Co,C(011) and (010) crystal facets with the corresponding
surface area proportion of 35.21 and 11.80% is still unknown.
As a result, given to the lack of the information over Co-
terminated Co,C(011) and (010) with the total surface area
proportion of 47.01%, the comparisons of C, species selectivity
in the FTS reaction among the most exposed Co,C(101),
(011), (010), (110), and (111) surfaces cannot be carried out,
and the structure—selectivity relationship between FTS
selectivity and Co,C crystal facet is still unclear. Hence,
there is plenty of space for researchers to understand FTS
selectivity over the Co-terminated Co,C(011) and (010)
surfaces and identify the corresponding FTS product
distribution. More importantly, the C, species selectivity of
the FTS reaction among the most exposed Co,C(101), (011),
(010), (110), and (111) surfaces are compared to obtain the
structure—selectivity relationship between FTS selectivity and
Co,C crystal facets.

This study is designed to investigate the formation
mechanism of C, species in the FTS reaction over the Co-
terminated Co,C(010) and (011) crystal facets to identify the
effect of Co,C crystal facets on the FTS selectivity. More
importantly, on the basis of the information of Co,C(010) and
(011) surfaces, taking the FTS selectivity over the most
exposed Co,C(101), (011), (010), (110), and (111) surfaces
into consideration, the structural and electronic properties of
these crystal facets are identified to obtain the intrinsic
relationship between FTS selectivity and the structure of Co,C
crystal facets. Further, the achieved insights can provide a
theoretical clue for the design of high-performance Co,C
catalysts toward the desired products in the FTS reaction.

2. COMPUTATIONAL MODELS AND METHODS

The Co-terminated p(2 X 3) Co,C(010) and p(3 X 1)
Co,C(011) surfaces with a 15 A vacuum layer are employed in
this study. As shown in Figure 1, for the Co,C(010) surface
including 36 Co atoms and 18 C atoms, six Co layers and three
C layers are contained in the model, this surface has three
different adsorption sites: top site, bridge site and threefold
hollow site. For the Co,C(011) surface including 36 Co atoms
and 18 C atoms, four equivalent (010) Co layers and four C
layers are contained in the model, four different adsorption
sites exist: top site, bridge site, threefold hollow site and
fourfold hollow site. During the calculations, the bottom two
Co layers including C atoms are fixed; other layers and the
adsorbates are fully relaxed.

All of the periodic DFT calculations are implemented using
the Vienna Ab initio Simulation Package (VASP)."*7*° To
compare the FTS selectivity over Co,C(101), (011), (010),
(110), and (111) surfaces, all computational details over
Co0,C(010) and (011) surfaces are the same with our recent
studies over Co,C(101), (110), and (111) surfaces,’ which are
presented in the part 1 of the Supporting Information.
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Figure 1. Surface morphology and the corresponding adsorption sites
of (a) Co,C(010) and (b) Co,C(011).

3. RESULTS AND DISCUSSION

Because CO activation is usually believed to be the rate-
limiting step in the FTS reactions and the key steps to form the
monomer CH, species,”’ ">’ the CO activation has been
examined on the Co,C(110) and (111) surfaces that CO
prefers hydrogen-assisted dissociation,'® and CO activation
was further examined on the exposed Co,C(101), (011), and
(010) surfaces corresponding to the surface area proportions of
40.72, 35.21, and 11.80%, respectively. As illustrated in Figure
S1, on the (101) surface, CO prefers hydrogen-assisted
dissociation to form CH species with an activation free energy
of 1.59 €V; on the (010) surface, CO prefers hydrogen-assisted
dissociation to form CH species with an activation free energy
of 2.40 eV; on the (011) surface, CO direct dissociation is the
most favorable in kinetics than CO hydrogen-assisted
dissociation (1.14 vs 1.62 eV). As a result, the Co,C catalyst
has enough active sites for CO non-dissociative adsorption, as
well as CO direct and hydrogen-assisted dissociation to form
the key CH,, (x = 1—3) intermediates.

On the basis of the above analysis, CH,, (x = 1-3), CO, and
H species are considered to be the abundant and key
intermediates to identify the selectivity of FTS reaction,
which can contribute to the formation of C, species (C,H,O
and C,H,) by CO insertion into CH,, (x = 1-3) and CH,, +
CH, (x, y = 1-3) coupling; meanwhile, the conversion of CH,
(x = 1-3) and its hydrogenation to CH, are considered. Table
1 lists the corresponding energy values of all elementary
reactions related to CH, (x = 1—3) species over Co,C(010)
and (011) at 493 K. The only one imaginary frequency
corresponding to the transition state involving in the reactions
is listed in Table S1. The adsorption free energy, the key
structural parameters, and the most stable configurations of all
adsorbed species over Co,C(010) and (011) surfaces are
presented in the part 4 of the Supporting Information.

To further investigate the catalytic activity of the involved
reaction and the selectivity of C, species, the effective barrier
and the effective barrier difference are employed to
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Table 1. Elementary Reactions and the Corresponding Activation Free Energy (AG,/eV), Reaction Free Energies (AG/eV)
and the Effective Barrier (E.q/eV) at 493 K for CH, (x = 1-3) Species on the C0,C(010) and (011) Surfaces”

C0,C(010) Co,C(011)

reactions transition states AG, AG E4 AG, AG E¢
CH + H=CH, TSn-1 0.90 0.69 091 0.72 0.28 0.84
CH + CH=C,H, TSn-2 1.24 0.77 1.26 1.45 0.28 1.80
CH + CH,=CHCH, TSn-3 0.58 —0.01 0.95 0.67 0.43 1.16
CH + CH;=CHCHj; TSn-4 1.47 0.33 2.01 0.99 0.13 1.52
CH,=CH + H TSn-6 0.21 —-0.69 0.52 0.44 —0.28 0.70
CH, + H=CH, TSn-7 0.47 0.20 0.84 0.34 —0.36 0.70
CH, + CH,=C,H, TSn-8 1.19 0.71 191 0.55 —0.68 1.19
CH, + CH;=CH,CH,4 TSn-9 1.51 0.21 2.34 1.73 —-0.14 241
CH;=CH, + H TSn-11 0.27 —0.20 0.76 0.70 0.36 1.07
CH; + H=CH, TSn-12 1.11 0.27 1.70 0.56 —-0.12 0.94
CH; + CH;=C,H;q TSn-13 2.00 —0.15 3.13 1.88 —-0.24 2.63
CH + CO=CHCO TSn-S 1.13 0.65 1.17 1.12 0.78 1.24
CH, + CO=CH,CO TSn-10 1.10 0.84 1.49 0.87 0.82 1.18
CH; + CO=CH;CO TSn-14 1.81 0.20 2.25 0.46 —-0.21 0.75

“n =1, 2 and 3 represent the transition states on the Co,C(010) and (011) surfaces, respectively.

quantitatively evaluate the catalytic activity and selectivity,
respectively; first, the coverage of CH,, (x = 1—3) species, Oy,
can be expressed with respect to C coverage (6;) on Co,C
surface by the eq 1.°%*°

Ocn, = e MO (0n/0,) = e/ Ot

(1)

where t is 0y/0 and E; is the energy difference between the
adsorbed CH; and C + iH.

form

The CH, formation and dissociation rate (rCH, and
rCH,-diS) can be obtained according to the egs 2 and 3%°7**
réo;? _ Ae—E:‘y/RTQCHHHH _ Ae—E§V+E,,1/RTti—19C6,H
= Ae P/ Ry~ 9 @)
rl = AcERIG 0, = AcEHE/RT g g,
= Ae Facn/RTtig g 3)

where A is the pre-exponential factor, EY is the barrier of
CH,_, hydrogenation, and EJ* is the barrier of CH;
dissociation. E; and E,_; are the relative stability of CH; and
CH,_,, respectively, with respect to C atom. The effective
barrier of CH; formation (E.; CHP™) is equal to EY + E,_,,
and the effective barrier of CH; dissociation (E. CHX) is
equal to E¥* + E,

The formation rates of C, hydrocarbons and oxygenates are
calculated by the egs 4 and 57°7**

_ A —EYJRT _ A—EYV+E+E)/RT i+jy 2
Temacu, = A¢ T Oy fop, = Ae TG

— Ae_ch£CH,+CH//RTti+j0C2 (4)
_ A —E'°/RT _ A (—E'C4E)/RT,i
cH+co = Ae HCH,QCO = Ae t'0cOco
— Ae_Ee'r'CH’*CO/RTtiQCeCO ()

where TCH+CH, and rcu+co Tepresent the reaction rate of CH; +
CH; coupling and CO insertion into CH,, respectively. E}; and
E}co are the barriers for the reactions of CH; + CH; coupling
and CO insertion into CH,, respectively. E; and E; are the
relative stability of CH; and CH; with respect to C atom,
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respectively. Egcucn, = Ejj + Ei + Ej and Eggenico = Eico +
E; are the effective barriers for the reactions of CH; + CH,
coupling and CO insertion into CH,; respectively. As
mentioned above, the smaller the value of E is, the higher
the catalytic activity is.

The total C, species formation rate is expressed by the
following equations

303
fen, = Z Z TcH+CH; maX(VCH,.+CH,.)

i=1 j=1 (6)
3
Te,no = Z feH+co ™ ma‘X(TCHI+CO)
=1 (7)
Egcn = min(Eeff,CH,+CH].) ()
Eegreno = min(Eeg cp 1co) ©)

According to the eqs 6 and 7, the ratio of C,H, formation
rate to C,H,O formation rate can be expressed by the eq 10

1, s
C,H, — e_AEeff/RT X X X = t(H—])—lgC/eCO

Tc,H,0

(10)

Eecno is the effective barrier

difference between C,H, and C,H,O formation. It is worth
27-29 f
or

where AEeff = Eeff,Csz -

mentioning that Toty depends on AE exponentially,
coH,0

y TCaHy
TeyH,0
10-fold at 493 K. Thus, the effect of AE 4 is more obvious than
0c/0co and t, namely, the relative concentration of CO/CH,,
little affects the analysis toward selectivity, and as a result, the
value of AE g can be used as a good descriptor to qualitatively
measure the selectivity of C, species. Moreover, the smaller the
value of AE,g is, the higher the selectivity of C,H, formation is,
whereas the larger the value of AE,g, the higher the selectivity
of C,H,O formation is.

3.1. Formations of C, Species on the Co,C(010)
Surface. To investigate the formation of C, species, the
reactions related to key intermediates CH,, (x = 1-3), CO, and

example, the value of AE ¢ changes by 0.1 eV, will change
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H are examined. Figure 2 presents the potential energy for CO
insertion into CH, (x = 1-3) and CH, + CH, (x, y = 1-3)
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Figure 2. Potential energy profile of Gibbs free energy (493 K) for the
reactions related to (a) CH;, (b) CH,, and (c) CH species on the
Co,C(010) surface together with the corresponding structures in
Figure 3.

coupling, as well as the conversion of CH,, (x = 1-3) and its
hydrogenation to CH, on Co,C(010) surface at 493 K (Figure
3).

CH+CH TS1-2 C:H, CH+CH TS1-3 CH;CH
CH3+CH TS1-4 CH;CH CH+CO TS1-5 CHCO
CH; TS1-6 CH+H CH:+CH; TS1-8 C:H,4
CH3+CH, TS1-9 CH;CH; CH+CO TS1-10 CH,CO
CH; TS1-11 CH+H CH3+H TS1-12 CH,4
CH3;+CH;  TS1-13 C:H¢ CH;3;+CO TS1-14 CH3;CO

Figure 3. Structures of initial states (ISs), transition states (TSs), and
final states (FSs) of the all reactions related to CH, (x = 1—3) species
on the Co,C(010) surface. CH hydrogenation to CH, and CH,
hydrogenation to CHj; are the reverse reactions of CH, dissociation
into CH and CHj; dissociation into CH,, respectively; only the
structures of CH, dissociation into CH and CHj dissociation into
CH, are presented. Co, C, H, and O atoms are shown in the blue,
gray, white, and red balls, respectively. Bond length is in A.

As illustrated in Figure 2a, for the CHj; species, CH;3
dissociation into CH, is the most favorable with the lowest
activation free energy of 0.27 eV, and it is exothermic by 0.20
eV. The second is CH; hydrogenation to CH, with the
activation free energy of 1.11 eV, whereas it is endothermic by
0.27 eV. Meanwhile, the difference of activation free energy
between these two reactions is 0.84 eV, suggesting that CH;
species would completely dissociate into CH, species instead
of its hydrogenation to CH,. The third is CH; coupling with
CH to CH;CH with the activation and reaction free energies
of 1.47 and 0.33 eV. The last three reactions are CH; coupling
with CH,, CO insertion into CHj; and CHj coupling with
CHj;, which have the high activation free energies of 1.51, 1.81,
and 2.00 eV, and the corresponding reaction free energies of
0.21, 0.20, and —0.15 eV, respectively. As a result, the latter
four reactions are difficult to occur for CH; species. On the
other hand, the effective barrier (see Table 1) is used to
quantitatively evaluate the activity, which includes the coverage
of CH,, CO, and H species, as well as the available sites, Oy,

Oco, O, and 6+, and the results show that the most favorable
reaction is still CH; dissociation into CH, with the smallest
effective barrier of 0.76 eV; the second is CH; hydrogenation
to CH, with the activation free energy of 1.70 eV. Thus, CH;
dissociation into CH, is the most favorable both kinetically and
thermodynamically among all reactions related to CH; species.

For the CH, species, as presented in Figure 2b, CH,
dissociation into CH has the lowest activation free energy of
0.21 eV. The second is CH, hydrogenation to CH; with the
activation free energy of 0.47 eV. The third is CH, coupling
with CH with the activation free energy of 0.58 eV. These
three reactions correspond to the effective barrier of 0.52, 0.84,
and 0.95 eV. Thus, CH, dissociation into CH is more favorable
in kinetics.

For the CH species, as shown in Figure 2¢, CH coupling
with CH, to CHCH, is the most favorable; the second is CH
hydrogenation to CH,; both reactions have the activation free
energies of 0.58 and 0.90 eV, respectively. However, as listed in
Table 1, the effective barrier of CH hydrogenation to CH,
(0.91 eV) is close to that of CH coupling with CH, to CHCH,
(0.95 eV). Hence, CH coupling with CH, to CHCH, and CH
hydrogenation to CH, are two parallel reactions.

3.2. Formation of C, Species on Co,C(011) Surface. As
illustrated in Figure 4a, for all reactions related to CHj species,
CO insertion into CHj has the lowest activation free energy of
0.46 eV, the second is CH; hydrogenation to CH, with the
activation free energy of 0.56 eV, and the third is CHj;
dissociation into CH, with the activation free energy of 0.70
eV. Meanwhile, the corresponding effective barriers are 0.75,
0.94, and 1.07 eV, respectively. Thus, CO insertion into CHj is
the most favorable.

For all reactions related to CH, species, as presented in
Figure 4b, the former three favorable reactions are CH,
hydrogenation to CHj;, CH, dissociation into CH, and CH,
self-coupling to C,H,, which have the activation free energies
of 0.34, 0.44, and 0.55 eV, respectively; the corresponding
effective barriers are 0.70, 0.70, 1.19 eV, respectively. Thus,
CH, hydrogenation to CH; and CH, dissociation into CH are
two parallel and favorable reactions in kinetics (Figure $).

For all reactions related to CH species, as shown in Figure
4c, the first three favorable reactions are CH + CH, coupling
to CH,CH, CH hydrogenation to CH,, and CH + CHj,
coupling to CH;CH with the activation free energies of 0.67,
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Figure 4. Potential energy profile of Gibbs free energy (493 K) for the
reactions related to (a) CH;, (b) CH,, and (c) CH species on the
Co,C(011) surface together with the corresponding structures in
Figure S.

CH+CH TS2-2 C:H; CH+CH TS2-3 CH;CH
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CH;3+CH3 TS2-13 C:H¢ CH3+CO TS2-14 CH3CO

Figure 5. Structures of ISs, TSs, and FSs of the all reactions related to
CH,, (x = 1-3) species on the Co,C(011) surface. CH hydrogenation
to CH, and CH, hydrogenation to CH; are the reverse reactions of
CH, dissociation into CH and CH; dissociation into CH,,
respectively; only the structures of CH, dissociation into CH and
CH,; dissociation into CH, are presented. Co, C, H, and O atoms are
shown in the blue, gray, white and red balls, respectively. Bond length
is in A.

0.72, and 0.99 eV, which have the corresponding effective
barriers of 1.16, 0.84, and 1.52 eV, respectively. As a result, CH
prefers to be hydrogenated to CH, in kinetics.

3.3. General Discussions. 3.3.1. Effect of Co,C Crystal
Facets on the Existence Form of CH, and Product
Distribution. As mentioned above, for the (010) surface,
starting from CHj species, it prefers to be dissociated into
CH,, followed by its dissociation into CH; however, for the
CH species, its hydrogenation to CH, and its coupling with
CH, to CH,CH are two parallel reactions, suggesting that the
conversion between CH and CH, species easily occur, both

CH and CH, species are the dominant CH, monomer.
Further, CH coupling with CH, to CH,CH is the dominant
reaction to form C, species. Thus, the Co,C(010) surface
exhibits a high catalytic activity and selectivity toward the
formation of C, hydrocarbons CH,CH rather than C,
oxygenates.

For the (011) surface, although CH, hydrogenation and its
dissociation are two parallel favorable reactions, CH prefers to
be hydrogenated to CH,, suggesting that once CH and CH,
species are formed, both prefer to be hydrogenated to CHj,
which is the dominant CH, monomer. Starting from CH,
species, CO insertion into CH; to CH;CO is the dominant
reaction to form C, species. Thus, different from the
Co,C(010) surface, the Co,C(011) surface exhibits a high
catalytic activity and selectivity toward the formation of C,
oxygenates CH;CO instead of C, hydrocarbons.

Taking our previous studies’ over Co,C(101), (110), and
(111) surfaces into consideration, Table 2 summarizes the
dominant existence form of CH, monomer and the dominant
C, species over five exposed Co,C surfaces. On the (111)
surface, CH is the dominant CH, monomer, CO insertion into
CH contributes to the formation of C, oxygenate (CHCO);
on the (101) surface, CH is the dominant CH, monomer; on
the (110) surface, both CH and CH, are the dominant CH,
monomer; accordingly, on the (101) and (110) surfaces, CH
self-coupling and CH coupling with CH, lead to the formation
of C, hydrocarbons (C,H, and CH,CH), respectively.

Above results show that the crystal facets of Co,C catalyst
affect the dominant existence form of CH, species and
therefore alter the favorable pathway of the reactions related to
CH,, species to form C, species, which ultimately leads to
different selectivity of the product; namely, the product
distribution of C, species and the dominant existence form
of CH,, species over Co,C catalyst in FTS reaction is sensitive
to its crystal facet.

3.3.2. Selectivity between C, Oxygenates and C, Hydro-
carbons. Figure 6 demonstrates the effective barrier profile for
the most favorable formation pathways of C, oxygenates and
hydrocarbons on Co,C(011), (111), (010), (110), and (101)
surfaces.

On the (011), CO insertion into CH; to CH;CO is much
more favorable in kinetics than CHj coupling with CH to
CH,CH (0.75 vs 1.52 eV). On the (111), CO insertion into
CH to CHCO is more facile than CH self-coupling to C,H,
(1.08 vs 1.41 eV). However, on the Co,C(010) and (110), CH
coupling with CH, to CH,CH (0.95 and 0.56 €V) is easier
than C, oxygenates formation by CO insertion into CH (1.17
and 1.38 eV), which are also more favorable than CO insertion
into CH, (1.49 and 1.65 eV), respectively. On the Co,C(101),
CH self-coupling to C,H, is more facile than CO insertion into
CH to CHCO (0.93 vs 1.20 eV).

On the other hand, the selectivity between C, hydrocarbons
C,H, (CH,CH and C,H,) and C, oxygenates C,H,O (CHCO
and CH,;CO) over the (011), (111), (010), (110), and (101)
surfaces is quantitatively described by the effective barrier
difference between C,H, and C,H,O (see Table 2), and the
AE, 4 values of 0.77 and 0.33 eV over the (011) and (111)
surfaces mean that these two surfaces have a higher selectivity
toward the formation of C, oxygenates (C,H,O). However,
the AE are —0.22, —0.27, and —0.82 eV over the (010),
(101), and (110) surfaces, suggesting that these three surfaces
have good selectivity toward the formation of C, hydrocarbons
(C,H,). Thus, for the Co,C catalyst, both (011) and (111)
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Table 2. Effective Barrier for the Formation Reaction of C,H, and C,H,O Species on the Co,C(011), (111), (010), (101) and
(110) Surfaces”

surfaces CH, monomer C, species Eggcn/eV Eegcno/eV AE 4/eV
(011) CH, CH,CH CH,CO 1.52 0.75 0.77
(111) CH C,H, CHCO 141 1.08 033
(010) CH, CH, CH,CH CHCO 0.95 1.17 -0.22
(101) CH C,H, CHCO 0.93 1.20 —0.27
(110) CH, CH, CH,CH CHCO 0.56 1.38 —0.82

“It is noted that the values of E g y_denotes CH;CH, CH,CH and C,H, formations on the Co,C surfaces, E.gc,u o denotes CHCO and CH;CO

formation on the Co,C surfaces, respectively.
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Figure 6. Effective barrier profile for the favorable formation pathways
of C, oxygenates and hydrocarbons on the Co,C(011), (111), (010),
(110), and (101) surfaces.

crystal facets with the surface area proportion of 35.21 and
0.27% are dominantly responsible for the formation of C,
oxygenates, whereas the (010), (101), and (110) crystal facets
with the surface area proportion of 11.80, 40.72, and 9.87%
mainly contribute to the formation of C, hydrocarbons. These
results show that the selectivity of C, species between
oxygenates and hydrocarbons over the Co,C catalyst in the
FTS reaction is also sensitive to its crystal facet, which give out
a microscopic explanation about two different views for the
role of Co,C active phase as mentioned in Introduction: one is
for the formation of lower olefin and the other is for the
formation of higher alcohol.

Correspondingly, under the realistic FT'S conditions, aiming
at obtaining high selectivity of C, oxygenates, more (011) and
(111) crystal facets should be exposed, whereas more (010),
(101), and (110) crystal facets should be exposed for the
formation of C, hydrocarbons. Moreover, previous experi-
ments"'" have confirmed that the Co,C nanoprisms with the
dominantly exposed (101) crystal facet favors the production
of lower olefins, which further support our calculated results.

It is noted that when CO insertion mechanism to form C,
oxygenates (C,H,O) is more favorable than CH, coupling to
C, hydrocarbons (C,H,) over the Co,C surfaces, the C—O
bond scission of C,H, O to form C,H, may be favorable than
its hydrogenation to higher alcohols, which may alter the
product selectivity and needs to be further analyzed. Since
both (011) and (111) crystal facets are in favor of C,

oxygenates formation, both facets correspond to surface area
proportion of 35.21 and 0.27%, respectively, as a result, the
(011) facet occupying a large proportion of surface area should
be dominantly responsible for most of C, oxygenates
formation instead of the (111) facet. As a result, the C—O
bond scission and hydrogenation of C,H,O over the
Co,C(011) are examined, as illustrated in Figure SS, and
starting from the dominant C, oxygenates CH;CO, its
hydrogenation to CH3;CHO is more favorable in kinetics
than CH;COH formation (0.52 vs 1.52 eV); then, CH;CHO
hydrogenation to CH;CHOH is much easier in kinetics than
the C—O bond scission of CH;CHO to CH;CH (0.48 vs 1.11
eV); further, CH;CHOH hydrogenation to ethanol has the
activation free energy of 0.28 eV. Moreover, the FTS reactions
usually occurred under the hydrogen-rich conditions, which
promote CH;CHO successive hydrogenation to ethanol rather
than its C—O bond scission to CH;CH. Therefore, the CO
insertion chain growth mechanism is more favorable than CH,,
coupling in kinetics over the Co,C(011) crystal facet, C,H,O
prefers to be hydrogenated to form ethanol instead of its C—O
bond scission to C, hydrocarbons, and C, oxygenates as the
precursor of ethanol could be used to evaluate the selectivity of
higher alcohols from syngas under the hydrogen-rich
conditions.

3.3.3. Selectivity between C, Species and CH,. In the FTS
reaction, expect for the dominant C,, products, the formation
of CH, also affects the selectivity of C,, species."”"™** DFT
study by Cheng et al.”® showed that CH, can be formed on the
Co,C catalyst. However, the experiments"'® have confirmed
that Co,C nanoprisms with the dominantly exposed (101)
facet favor the production of lower olefins and inhibit CH,
formation. It is therefore assumed that CH, formation may be
also sensitive to the crystal facets of Co,C catalyst. To illustrate
the effect of Co,C crystal facet on CH, formation, we
compared the most favorable pathway related to CH; species
with CH, formation by CH; hydrogenation on the five Co,C
surfaces. Figure 7 demonstrates the effective barrier of the
most favorable pathway related to CH; species compared with
CH, formation by CH; hydrogenation on the five Co,C
surfaces.

On the (011), CO insertion into CH; to CH;CO is more
favorable in kinetics than CH, formation by CH; hydro-
genation (0.75 vs 0.94 eV). On the (111), (010), and (101),
CHj; hydrogenation to CH, is difficult compared with CHj,
dissociation into CH, (2.28 vs 2.00, 1.70 vs 0.76, 1.54 vs 1.08
eV); meanwhile, the formed CH, species can participle into
the dissociation into CH, followed by its interaction with CO,
its coupling with CH, or CH to form C, species; all these
reactions are also easier than CHj hydrogenation to CH,;
namely, the formation of C, species is more favorable than
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Figure 7. Effective barrier of the favorable pathways related to CH,
and CH; hydrogenation to CH, on the Co,C(011), (111), (010),
(110), and (101) surfaces.

CH, formation. However, on the (110), CH; hydrogenation to
CH, is much more favorable in kinetics than CHj; dissociation
into CH, (0.37 vs 1.27 eV); the formed CH, species couples
with its dissociation species CH to form C, species, which is
not favorable compared with CH, formation by CH,
hydrogenation, suggesting that CH, formation is more
favorable than C, species. On the other hand, the effective
barrier difference between the favored species and CH, over
the (011), (111), (010), (110), and (101) surfaces are 0.19,
0.28, 0.94, —0.90, and 0.46 eV, respectively.

Above results show that only the (110) surface with the
surface area proportion of 9.87% has higher selectivity toward
CH, formation compared with C, species among five types of
Co,C surfaces. Other four types of (011), (111), (010), and
(101) surfaces with the total surface area proportion of 88.05%
have much higher selectivity toward C, species rather than
CH,, esgecially for the exposed (101) surface, the experi-
ments"'” have confirmed that this surface can inhibit CH,
formation. Overall, the Co,C catalyst exhibits higher selectivity
toward the formation of C, species.

3.3.4. Electronic and Structural Properties of Co,C Crystal
Facets. On the basis of the above DFT results, the Co,C
catalyst exhibits the sensitivity of crystal facets toward the
product selectivity in the FTS reaction; aiming at providing a
physical insight to illustrate the relationship between the
sensitivity of C, species and Co,C crystal facets, the electronic
and structural properties of different Co,C crystal facets are
examined.

In the view of electronic properties, as shown in Figure 8, on
the basis of the projected density of states (pDOS), the d-band
energies of different Co,C crystal facets are —1.52, —1.59,
—1.63, —1.72, and —1.74 eV, which correspond to the (011),
(111), (010), (110), and (101) facets, respectively. Previous
studies about CO insertion into CH,, fragment to form the C—
C bond™ show that the doubly occupied S6 CO orbital
interacts with the occupied o-CH,, orbital, namely, the doubly
occupied bonding and anti-binding orbital would cause the
repulsive interaction. Our results show that the upshift of the
(011) and (111) surface d-band center can empty more anti-
bonding states to reduce the repulsion, as a result, CO

Co,C(101)

—1.74ﬂ
Co,C(110)

-1.72ﬁ

C0,C(010)

Co,C(111)
-1.59 \

Co,C(011)

pDOS (Projected density of States)
{

-16 -14 -12 -10 -8 -6 -4 -2 0 2
Energy(eV)

Figure 8. pDOS for surface Co atoms over the Co,C catalyst. The
blue solid line indicates the d-band center; the red solid line denotes
Fermi level.

insertion into CH, is easier to occur on the (011) and (111)
facets, as shown below, both the (011) and (111) facets expose
much denser Bs-type active unit. On the contrary, the
downshift of the (010), (101), and (110) surfaces d-band
center empty less antibonding states to restrain CO insertion
into CH,. The analyses of electronic properties are in
agreement with our kinetics results.

In the view of structural properties, Figure 9 exhibits the
surface morphology of Co,C(011), (111), (010), (101), and

Figure 9. Surface morphology of Co,C(111), (011), (101), (110),
and (010) surfaces together with the corresponding structure of BS-
type active unit.

(110) surfaces, as well as the structure of B-type active unit. It
is found that both (011) and (111) surfaces have four
adsorption sites: top, bridge, threefold and fourfold hollow
sites. The (010), (101), and (110) surfaces have three
adsorption sites: top, bridge, and threefold hollow sites. As a
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result, both threefold and fourfold hollow sites over the (011)
and (111) surfaces constitute the special Bs-type active unit
with five Co atoms, and then, the Bs-type active units consist of
much denser active sites; further, Co,C crystal facet with the
B;-type active unit have high selectivity toward C, oxygenates.
However, Co,C crystal facets without the special Bs-type active
unit exhibit high selectivity toward CH, and C, hydrocarbons.

As mentioned above, Co,C with the Bs-type active site can
facilitate the formation of CH, intermediates by CO direct
dissociation to C, followed by its successive hydrogenations;
meanwhile, it can promote CO insertion into CH,, to form C,
oxygenates on the basis of its specific electronic properties to
reduce the repulsion between CO and CH,. In addition, the
Bs-type active site also plays an important role in the CO
activation. For example, Liu et al.’* confirmed that HCP Co is
more active than the FCC Co; meanwhile, HCP Co prefers
CO direct dissociation and FCC Co prefers CO H-assisted
dissociation, and the By-type sites can promote CO activation.
CO activation on Ru catalysts”"** is similar to Co catalysts, in
which Ru catalysts with Bs-type active site prefer CO direct
dissociation to facilitate CO activation based on experiment
and DFT study.

On the other hand, CO activation could be used as a
descriptor to evaluate the activity of FTS catalyst over Co™*
and Ru® catalysts. Meanwhile, Figure 10 shows the pathways
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Figure 10. Highest activation free energy of CO activation via the
direct and H-assisted dissociation to form CH species on the
Co,C(101), (011), (010), (110), and (111) surfaces.

of CO activation to form CH on the Co,C(101), (011), (010),
(110),'® and (111)"¢ surfaces. These results shown that CO
prefers the nondissociative adsorption and hydrogen-assisted
dissociation on the Co,C(101), (010) and (110) surfaces,
whereas CO prefers direct dissociation on the (011) surface;
CO direct and hydrogen-assisted dissociation are two parallel
reactions on the Co,C(111) surface. CO direct and hydrogen-
assisted dissociation on the Co,C surfaces are compared with
those on the HCP Co(10—11) and FCC Co(311) surfaces'>**
with high catalytic activity for CO dissociation. These results
suggested that Co,C(011) surface with the B-type active unit
has higher activity for CO dissociation than Co(10—11) and
(311) facets (1.14 vs 121 and 1.36 eV), whereas CO
dissociation on the Co0,C(101), (010), (110), and (111)
surfaces are more difficult than Co(10—11) and (311) surfaces
(1.59, 2.40, 1.85, 2.12 vs 121, 1.36 eV). Therefore, the
Co,C(011) crystal facet with the Bg-type active unit can

present high activity for CO dissociation than Co catalysts,
whereas the Co,C(111) facet with the B-type active unit and
Co,C crystal facets without the Bs-type active unit exhibit low
activity than Co catalysts. In addition, it is noted that although
both Co,C(011) and (111) facets have the Bs-type active unit,
the Co,C(011) facet only exposed Co atoms, whereas
Co,C(111) facet exposed the surface Co and C atoms; the
surface C atoms adsorbed at fourfold hollow site occupied the
active sites of CO activation, which greatly reduced the
number of active sites and went against CO activation.

Further, for the formation of C, oxygenates CH;CO by CO
insertion into CH; over the Co,C(011) surface, it is noted that
Co,C(011) surface is highly active for CO dissociation with
the activation barrier of 1.14 eV; however, CO insertion into
CH; is still more favorable than CO direct dissociation in
kinetics (0.46 vs 1.14 eV). Thus, it is concluded that a part of
CO participates into the direct dissociation into C, followed by
its successive hydrogenation to CHj; meanwhile, a part of CO
can participate into insertion reaction to form C, oxygenate
CH;CO. As a result, CO can exist in the form of
nondissociative adsorption and hydrogen-assisted dissociation
over the Co,C(011) surface, which can exhibit high activity
and selectivity toward the formation of C, oxygenates and
ethanol.

4. CONCLUSIONS

Aiming at identifying the effects of Co,C crystal facet on the
selectivity of C, oxygenates and hydrocarbons in the FTS, the
formation mechanism of C, species over five exposed Co-
termination (101), (011), (010), (110), and (111) surfaces
under the hydrogen-rich conditions in FTS reaction are
examined using DFT calculations. The results show that the
C—C bond of C, species prefers to be formed instead of C,
species CH, over the dominantly exposed Co,C crystal facets,
and the selectivity of C, species and the dominant existence
form of CH,, species are sensitive to the crystal facet of the
Co,C catalyst. On the (010) and (110), CH and CH, species
are the dominant form of CH,, species, and CH, coupling with
CH to CH,CH is the dominant product. On the (011), CH,
monomer is the dominant CH,, species, and CO insertion into
CH, contributes to CH;CO. On the (111), CO insertion into
the dominant monomer CH can form CHCO. On the (101),
the dominant monomer CH self-coupling to C,H, is the
dominant product.

The electronic and structural properties of different Co,C
crystal facets well illustrate the structure—selectivity relation-
ship between FTS selectivity and Co,C crystal facets, namely,
the high selectivity of C, oxygenates over (011) and (111)
surfaces are attributed to the presence of the step Bs-type
active unit with five Co atoms, and these active units consist of
much denser active sites; meanwhile, the d-band center of
(011) and (111) surfaces is closer to the Fermi energy level,
whereas there is high selectivity of C, hydrocarbons on the
(101) and (010), as well as CH, on the (110). Therefore, the
selectivity of C, species over Co,C catalyst is closely associated
with Co,C crystal facet’s electronic and structural properties;
regulating the exposed crystal facet of Co,C catalyst can
control the selectivity of desirable C, species. This work
provides a newly physical insight into the design of Co,C
catalysts to improve the selectivity of desired products in FT'S
reaction.
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