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Abstract

We systematically investigated the mechanism of the C; 4+ C; coupling reactions using density functional theory. The activation energies of
C| + C; coupling and carbon hydrogenation reactions on both flat and stepped surfaces were calculated and analyzed. Moreover, the coverages
of adsorbed C; species were estimated, and the reaction rates of all possible C; + C; coupling pathways were quantitatively evaluated. The
results suggest that the reactions of CH, + CH, and CH3 + C at steps are most likely to be the key C; 4+ C; coupling steps in FT synthesis
on Co catalysts. The reactions of C, + C; and C3 + C; coupling also were studied; the results demonstrate that in addition to the pathways of
RCH + CHj3 and RCH; + C, the coupling of RC 4 C and RC + CH also may contribute to the chain growth after C;.
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1. Introduction

Fischer-Tropsch (FT) synthesis [1-7] is of paramount im-
portance in the utilization of natural resources, such as natural
gas and coal. It has attracted wide interest [8—17] since it was
discovered around 80 years ago [18]. In particular, it has at-
tracted much attention in the past few years due to the unremit-
ting rising price of crude oil. Generally speaking, FT synthesis
is a process for transforming CO and H», which can be ob-
tained by treating natural gas, into long-chain hydrocarbons. It
involves a complex reaction scheme comprising many surface
intermediates and elementary reaction steps. The main reaction
mechanism of the process (i.e., the C 4+ C coupling reactions
that are responsible for chain growth) remains a topic of serious
debate. Three mechanisms have been proposed. First, the car-
bene mechanism suggested by Fischer and Tropsch [1] them-
selves implies that the C + C coupling is achieved through poly-
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merization of CH; intermediates on the surface. Second, Ander-
son and Emmett [19] proposed the hydoxy-carbene mechanism
in which the C 4 C coupling progresses from dimerization be-
tween adsorbed hydroxyl methylene intermediates. Third, Pich-
ler and Schulz [20] suggested the CO-insertion mechanism, in
which C 4 C coupling occurs through insertion of CO into ad-
sorbed alkyl intermediates.

A breakthrough in studying FT synthesis mechanism was
made by Brady and Pettit [21,22], who for the first time demon-
strated the importance of adsorbed CH; species on the catalyst
surface, which largely supports the carbene mechanism. They
obtained a product distribution similar to that of FT product
through reactions between diazomethane and hydrogen over
Co, Fe, and Ru, the main FT catalysts. In addition, van Barn-
eveld and Ponec [23] also discovered that CH,Cly—, hydro-
genation in the presence of FT catalysts can produce methane
and long-chain hydrocarbons. All of these non-oxygen experi-
ments imply that C 4 C coupling can occur in the absence of
oxygen. The results suggest that the two other mechanisms,
both involving oxygen, may not be major ones under typical
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reaction conditions. Meanwhile, with the development of spec-
troscopy in heterogeneous catalysis, CH, (x = 0-3) surface
species were detected in situ and ex situ on many metal sur-
faces [24-28]; therefore, the carbene mechanism seems more
plausible. It is now widely accepted that FT synthesis starts with
CO and H; dissociative adsorption, followed by hydrogenation
processes to generate CH,, (x = 1-3) intermediates and C 4+ C
coupling reactions to form high-weight hydrocarbons.

In the traditional carbene mechanism, the CH, group is
considered the monomer and a CHs-like intermediate (e.g.,
CH,CH3) is considered the growing chain. However, density
functional theory (DFT) calculations have demonstrated that
the CHj species is the C; species with the lowest stability on
metal surfaces (Co and Ru) [29,30], and that CH, + CH>R
(R = H or alkyl) has high barriers [31]. This indicates that
the chain growth pathway of the carbene mechanism may be
difficult to achieve. Accordingly, some other C 4 C coupling
mechanisms have been suggested. Ciobicd and van Santen stud-
ied CH, adsorption and the chain growth mechanism in FT
synthesis over flat Ru(0001) using DFT calculations [32-34]
and reported that CH is the most stable C; species. This sug-
gests that CH is most likely the monomer in the chain growth
process. Their results are consistent with the experimental re-
sults of Wu and Goodman [35,36]. Based on this, these au-
thors suggested two different propagation cycles in which chain
growth steps can be expressed by RCH + CH and RCH; + CH
(R = H or alkyl). At almost the same time, Liu and Hu [31]
carried out DFT calculations to investigate hydrogenation re-
actions and several C 4 C coupling reactions on both flat and
stepped Ru(0001). Their results indicated that C 4+ C coupling
is favored on the stepped surface; thus, they suggested a new
mechanism in which the C atom and RC group are the monomer
and growing chain, respectively, and the C + RC coupling reac-
tion occurs through the transition state, with the RC on the step
edge and the C is on the terrace below.

Both theoretically and experimentally, steps have been found
to play a very important role in FT synthesis [37,38]. Using
DFT calculations, Gong et al. studied some elementary reac-
tions in FT synthesis over Co(0001) [28,39] and found that
CO dissociation and water formation are favored at steps, and
that most surface species (e.g., CH, [x = 0-3]) prefer to ad-
sorb on the step sites. Dramatic surface restructuring on the flat
Co(0001), which leads to the formation of numerous atomic
steps, was observed by Wilson and de Groot under FT reaction
conditions using STM [40]. These authors further determined
that the fraction of all cobalt atoms in the uppermost atomic
layer occupying edge sites was as high as ~50%. For the same
system, Beitel et al. investigated the adsorption of CO and coad-
sorption of CO with Hj in situ by PM-RAIRS [41,42]. Accord-
ing to their spectroscopic results, CO attached to cobalt at steps
disappeared under FT reaction conditions. These authors sug-
gested that hydrocarbons were formed on such defect sites and
blocked the adsorption of CO at these positions.

Reaction mechanisms have been hot issues in every catalytic
system. Traditionally, many mechanisms were proposed based
on the following qualitative understanding of a system:

1. Experimentally, one measures all possible intermediates
in the system, and then, with other information, posits a
plausible mechanism involving one or several key interme-
diates observed. A major problem in this approach is that
the intermediates that can be measured experimentally are
usually stable and may be spectators, whereas species that
cannot be “seen” experimentally are reactive and may be
the key species in the process.

2. One determines, either experimentally or theoretically,
some barriers in the system, compares the different path-
ways based on information from the barriers, and, finally,
suggests a possible mechanism. A major concern with this
approach is that the barrier is not the only parameter that
can affect the rate of the system; for example, varying
surface coverages of adsorbates can change the rate of a
process in a catalytic system according to the rate law (see
Section 4).

Consequently, it is not surprising that the mechanism is a
matter of intensive debate in almost all catalytic systems. This
raises a fundamental question in chemistry: How can we deter-
mine the mechanism in a catalytic system with a complicated
network of reactions?

In this work, we investigate the mechanism of FT synthesis
on Co catalysts using DFT calculations, aiming to answer this
question. The FT synthesis was chosen for two reasons. First,
it is a very important reaction, being related to the central issue
in this century: energy. A better understanding of the mecha-
nism of the process should provide a foundation for improving
the process. Second, it is one of the most complicated systems,
and an approach developed for this system possibly may be
extended to other systems. We studied all possible C; 4+ C; cou-
pling reactions on both flat and stepped Co(0001) using DFT
calculations. In conjunction with the carbon hydrogenation, we
analyzed the chain growth mechanism of FT reactions quanti-
tatively.

The paper is organized as follows. In the next section, we
describe our calculation method. We then present the results of
calculations for the coupling reactions on both flat and stepped
Co(0001). In the Discussion section, we evaluate the C; species
coverages and all C; 4+ C; coupling rates on both surface sites
to characterize the C + C coupling mechanism in FT synthesis.
We end with some conclusions.

2. Computational details

In this work, the SIESTA code was used with Troullier—
Martins norm-conserving scalar relativistic pseudopotentials
[43-45]. A double zeta-plus polarization (DZP) basis set was
used. The localization radii of the basis functions were deter-
mined from an energy shift of 0.01 eV. A standard DFT super-
cell approach with the Perdew—Burke—Ernzerhof (PBE) form of
the generalized gradient approximation (GGA) functional was
implemented with a mesh cutoff of 200 Ry. Spin polarization
was included in the calculations. The calculated lattice con-
stants of the Co primary cell were 2.560, 4.140 A (exp.: 2.507,
4.069 A). The accuracy of calculations was evaluated by com-
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Fig. 1. The top view (left), the side view (middle) and another side view (right) of the stepped Co(0001). The Co atoms on the top terrace are in yellow, the Co
atoms on the terrace below in blue. (A) The hep site; (B) the fcc site; (C) the near-edge-hcp site; (D) the edge-bridge site; and (E) the step-corner site. This notation
is used throughout the paper. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Comparison of the chemisorption energies of CHy (x = 0-3) from SIESTA and
CASTEP

Species SIESTA CASTEP
Eqq, f Eaq,s AEy Eq, f Eaa,s AEyg

C —6.54 —7.32 0.78 —6.62 —7.53 0.91

CH —6.54 —6.88 0.34 —5.99 —6.33 0.34

CH, —3.86 —3.98 0.12 —3.85 —4.03 0.18

CHj3 —2.00 —2.21 0.21 —1.89 —2.24 0.35

Table 2

Testing results of different models of surface steps

Adsorption on CH3C at step- Adsorption on C at hep

lower terrace corner site upper terrace hollow site

2 rows removed —5.73 eV 2 rows of upper —6.61 eV
terrace

3 rows removed —5.73 eV 3 rows of upper —6.64 eV
terrace

paring the calculated chemisorption energies of CH, (x = 0-3)
with those calculated by CASTEP in our previous work. (Ta-
ble 1 shows the comparison of the chemisorption energies of
CH, (x = 0-3) between the present work by SIESTA and our
previous work by CASTEP (in Ref. [29]). Eaq, r and Eqq s are
chemisorption energies on the flat surface and stepped surface,
respectively. AE,q is the difference between E,q r and Eyq ;.
The unit is eV.)

The reactions on terraces were studied using the p(2 x 2)
unit cell in most cases, and the surface Monkhorst Pack meshes
of 5 x 5 x 1 k-point sampling in the surface Brillouin zone was
used. To avoid an interaction between the adsorbates in neigh-
boring unit cells, some reactions on terraces were studied in
p(3 x 2) unit cell, using surface Monkhorst Pack meshes of
3 x 5 x 1 k-point sampling in the surface Brillouin zone. When
studying the reactions at steps, the p(4 x 2) unit cell was used,
and the stepped Co(0001) was modeled by removing two neigh-
boring rows of cobalt atoms on the top layer. (To check whether
our model is appropriate, we did the following two tests: (i) the
adsorption of CH3C at the step-corner site in a p(4 x 2) unit cell
with two rows removed and in a p(5 x 2) unit cell with three
rows removed; and (ii) the adsorption of C on the hcp hollow
site on the upper terrace in a p(4 x 2) unit cell with two rows
removed and in a p(4 x 2) unit cell with one row removed.
The calculated adsorption energies (E,q) are listed as follows
in Table 2.) Surface Monkhorst Pack meshes of 3 x 5 x 1 k-
point sampling in the surface Brillouin zone were used on the

stepped surface. To avoid an interaction between the adsorbates
in neighboring unit cells, some reactions at steps were studied
in the p(4 x 3) unit cell, using surface Monkhorst Pack meshes
of 3 x 4 x 1 k-point sampling in the surface Brillouin zone.
The different sites on the surfaces are shown in Fig. 1. In the
calculations, the surfaces were modeled by four layers of metal
atoms; the bottom two layers of metal atoms were fixed, and
the top two layers (the upper and lower terraces for the stepped
surface) and the adsorbates were relaxed.

The transition states (TSs) were searched using a constrained
optimisation scheme [46—48]. The distance between the reac-
tants was constrained at an estimated value and the total energy
of the system was minimized with respect to all other degrees
of freedom. The TSs can be located by changing the fixed dis-
tance, and they must be confirmed based on the following two
rules: (i) all forces on atoms vanish, and (ii) the total energy is
a maximum along the reaction coordinate but a minimum with
respect to the rest degrees of freedom.

3. Results

To gain insight into chain growth processes, we studied all
of the possible coupling reactions between C; species on both
flat and stepped Co(0001).

3.1. The C; 4 Cj coupling reactions on the flat Co(0001)

In our recent work [29], we studied the adsorption of all of
the C; species (i.e., C, CH, CH,, and CH3) on flat Co(0001).
We found that all of these C; species are most stable on the hcp
hollow site under moderate coverage (0.25 ML). Therefore, in
the present work we took the systems with separately adsorbed
C; species on the hcp hollow sites as the initial states (IS) of
the coupling reactions.

We located the TSs of the following coupling reactions:
C+ C,C+CH, C+ CH,, C+ CHj3, CH + CH, CH + CHy,
CH + CH3, CH; + CHp, and CH; + CH3. Fig. 2 illustrates the
structures of the TSs, and Table 3 lists the distances between
the two C atoms in the TSs. The figure and table clearly show
some general trends in the TS configurations:

1. In the TSs of the reaction between the C atom and other C;
species, the C atom is always sitting on the hcp hollow site,
which is the most stable C adsorption site. C, CH, and CH»
that approach the C atom are activated to the bridge site in
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Fig. 2. Top view and side view (inserted) of the calculated TS structures of C; + Cy coupling reactions on the flat Co(0001). (a) C + C; (b) C + CH; (c) C + CHy;
(d) C 4+ CHj3; (e) CH + CH; (f) CH + CHj; (g) CH + CH3y; (h) CH, 4 CHp; (i) CHy + CHj3. The small ball in grey is C and the small ball in white is H. This

notation is used throughout this paper.

Table 3
The barriers of the C; + Cy coupling reactions and the C—C distances at the
TSs on the flat and stepped Co(0001)

C+C C+CH C+CHp C+CHj3

Site Flat  Step Flat Step Flat Step Flat  Step
Barrier (eV) 122 243 091 196 074 134 094 1.09
Distance (A)  2.08 231 200 263 205 252 212 197

Pathway

Pathway - CH + CH CH + CHj CH + CH3

Site Flat  Step Flat Step Flat  Step Flat  Step
Barrier (eV) - - 08 176 076 132 105 1.55
Distance (A) - - 1.93 227 194 226 194 1091
Pathway - - CH; 4+ CHy CH; 4+ CH3
Site Flat  Step Flat Step Flat Step Flat  Step
Barrier (eV) - - - - 0.70 022 1.11 073
Distance (A) - - - - 213 216 203 201

these TSs, and the CH3 group is activated to the nearby top
site nearby.

2. In the TSs of the reactions between CH and CH, CH,, and
CH3;, the CH is also on the hcp hollow site, and the other
CH and CH, groups are activated to the nearby bridge sites,
whereas the CH3 group is on the top site.

3. With respect to the reactions of CH, + CH, and CH; +

CH3, CHj sits on the bridge site, and the CHj3 is activated
to the top site.
In general, the high-valence groups (C and CH) prefer to
sit on the hcp hollow site in the TS, and the other group is
activated to the bridge site except the CH3, which is always
on the top site in the TS. These results are consistent with
those obtained by Michaelides and Hu [49] when studying
C; hydrogenation.

From the total energies of the initial and transition states, we
can estimate the energy barriers of these coupling reactions.
The results are given in Table 3.

It should be mentioned that the structures of the TSs that
we located on Co(0001) are very close to those obtained by
Liu and Hu on Ru(0001) [31]. In particular, the result of the
CH + CHj reaction obtained in the present work is similar to
that obtained by van Santen et al. on Ru(0001) [33] and that
obtained by Neurock et al. on Co(0001) and Ru(0001) [50]. For
example, Neurock et al. reported a distance of 1.899 A between
the two C atoms in the TS of CH + CH; coupling on Co(0001)
and a barrier of around 0.8 eV; the corresponding values in the
present work are 1.94 A and 0.76 eV, respectively (Table 3).

3.2. The C; + C; coupling reactions on the stepped Co(0001)

In recent work [29], we calculated the adsorption of differ-
ent C; species on the stepped Co(0001) and found that C and
CH had the highest adsorption energies on the step-corner site,
whereas the edge-bridge site was favored by CH, and CHs.
Moreover, the adsorption energies generally were much higher
on the stepped Co(0001) than on the flat surface. These results
indicate that the area around the step edge is preferred for C;
adsorption and thus may be the favored place for coupling re-
actions to occur.

Fig. 3 illustrates the structures of the TSs of the coupling
reactions on stepped Co(0001). Table 3 lists the distances be-
tween the two Cs in these TSs. The figure and table demonstrate
that the TSs of C + C, C + CH, and C + CH, are similar; the
C atom is always on the hcp hollow site near the step-corner on
the lower terrace, whereas the other C; species sits on the edge-
bridge sites above. Similarities also can be found in the TSs of
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Fig. 3. Top view and side view (inserted) of the calculated TS structures of C{ + C; coupling reactions on the stepped Co(0001). (a) C+ C; (b) C+CH; (c) C+ CHy;
(d) C + CHg3; (e) CH + CH; (f) CH + CHj; (g) CH + CH3; (h) CH; + CHy; (i) CHy + CH3.

CH + CH and CH + CH,. Moreover, the TSs of C + CH3 and
CH + CH3; share the same type of geometry, with C or CH still
on the step-corner site and the CH3 on the off-step edge. With
respect to the TSs of CH; + CH; and CH; + CH3s, CHj sits
on the bridge site, and CH3 is activated to the atop site at the
step edge, consistent with those on the flat surface (Fig. 2h). It
should be mentioned that the TSs of the coupling reactions on
the stepped Co(0001) and those obtained by Liu and Hu on the
stepped Ru(0001) [31] have similar structures. From the total
energies of the ISs and TSs, we can determine the energy barri-
ers of these coupling reactions on the stepped Co(0001), which
are listed in Table 3.

Carefully examining the barriers and the distances between
the reacting C atoms on the flat and stepped Co(0001) listed in
Table 3, it is interesting to find that the barriers on the flat sur-
face are smaller than those on the step sites for all the coupling
reactions except CH, + CH, and CH; 4 CH3, and the distances
on the flat surface change with different coupling reactions in a
rather small range (2.02-2.04 A), whereas the variation in the
distances on the step sites is quite large (e.g., up to 2.63 A for
C+ CH).

4. Discussion

4.1. The C; + C; coupling reactions on the flat and stepped
surfaces

Much experimental evidence strongly suggests that surface
defects play an important role in FT reaction [40—42]. Accord-
ing to our previous DFT calculations [39], CO dissociation
and oxygen hydrogenation—the preliminary reactions in FT
synthesis—indeed occur on the step sites. But for C; 4+ C; cou-
pling reactions, if only the barriers listed in Table 3 are consid-

Table 4
The adsorption energies (in eV) of the C; species on the flat and stepped
Co(0001)

Species Ead, f Eqd,s AE,
C —6.54 -7.32 0.78
CH —6.54 —6.88 0.34
CH, —3.86 —-3.98 0.12
CH3 —2.00 -2.21 0.21

Eqaq, f and E,q ¢ are chemisorption energies on the flat surface and stepped
surface, respectively. AE,q is the difference between Eqg, ¢ and Epq . On the
flat surface, the hcp hollow site is the most stable one for all the Cy species. On
the step sites, both C atom and CH prefer to adsorb on the step-corner site, and
CH; and CH3 on the edge-bridge site.

ered, then the flat surface generally should be preferred because
of the lower barriers. However, because the C; species prefer to
adsorb on the step sites, the stability difference between ISs on
the flat surfaces and stepped surfaces must be taken into ac-
count, as discussed below.

Table 4 lists the adsorption energies of the C; species with
the most stable structures on the flat and stepped Co(0001). As
mentioned earlier, on the flat surface, all of the C; species are
favored on the hep hollow site. In addition, on the stepped sur-
face, carbon atom (C) and methylidyne (CH) prefer to sit on
the step-corner site, whereas the edge-bridge sites are favored
for methylene (CH2) and methyl (CH3). Comparing the adsorp-
tion energies on the flat and stepped surfaces (Table 4) reveals
that all of the C; species at steps are favored; in particular, the
adsorbed carbon atom is nearly 0.8 eV more stable on the step-
corner site than that on the flat hcp hollow site. In addition,
hydrogen has similar stabilities on the fcc hollow site of the flat
surface and on the near-edge-hcp site of steps, with both sites
giving similar adsorption energies of ~—2.78 eV.
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Based on the C; + C; coupling barriers in Table 3 and the
adsorption energy differences in Table 4, all of the possible
C1 + C; coupling pathways on both the flat and stepped sur-
faces can be arranged in a single energy profile, as shown in
Fig. 4. For each coupling pathway, the IS on the step sites is
chosen as a reference state. The corresponding data are listed
in Table 5. We can clearly see that in fact, all of the TSs on the
step sites are more stable than those on the flat surface, except
for the CH 4 CH, and CH + CH coupling reactions.

In other words, although the barriers with respect to their
corresponding ISs on the flat surface are smaller than those on
the step sites, ISs and TSs are more favored on the step sites.
This raises a question: Is the barrier or IS/TS stability the key
to determine where reactions occur? To answer this question,
we suggest the following model:

Ag+*p = Ar +x*;,

Bs +x¢ = By + *;,

As + By =5 Cy,

Ar+ By u, Cy,

where Ag and By are surface species adsorbed on the step sites,
Ay and By are those adsorbed on the flat surface, and *, and
* ¢ are free surface sites on the step sites and on the flat surface,
respectively. In this model, it is assumed that the species of A

and B can readily diffuse on the surface and that equilibria are
reached. Therefore, surface intermediate concentrations on both

A E(eV)

Ts

C+C C+CH C+CH, C+CH; CH+CH CH+CH, CH+CH; CH,+CH, CH,+CH;

Fig. 4. Energy profiles of all possible C; + C; coupling pathways on both the
flat and stepped Co(0001). In each coupling pathway the IS on the step sites is
chosen as the zero point.
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the sites would follow the equations:

% — %eAEad,A/(RT) 1)
Oa;  Oxy

and

OB, _ %eAEad,B/(RT)’ )
GBf G*f

where 04 f (OB f) and 04, (6p,) are the coverages of species A
(B) on the flat and stepped surfaces, respectively, 6y, (6x,) is
the free site coverage on the flat (stepped) surface, and A Eqq, 4
(AEaq,p) is the energy difference between the chemisorption
energy of A (B) on the flat surface, E,q, r, and that on the step
site, Eqqd s-

It is generally believed that C 4+ C coupling is irreversible
under FT reaction conditions. Thus, the forward reactions are
merely considered and the reaction rates on both of the sites
can be given in Arrhenius forms by

Iy = Ae*Ea,s/(RT)QAS QBS (3)
and
ry=Ae Far/RDg, gg . (4)

where E, is the activation energy and A is the pre-exponential
factor, which is assumed to be the same on both the sites. As
shown in Fig. 4, the following equations also can be obtained:

AEs = AEyga+ AEaB )
and
E, f+ AEs=E;;+ AETs. (6)

Based on the foregoing equations, the ratio of ry; and r s can
be expressed as

(

rs

0.,

0., (7

2
) AETS/(RT) _ (2, AEs/(RT)
ry

Equation (7) implies that the ratio of reaction rates on different
sites is related to (i) the ratio of free site coverage on the step
sites to that on the flat surface and (ii) the difference of TS en-
ergies on the flat and stepped surfaces. It is, in fact, independent
of the ISs. Generally, TSs on the step sites are relatively more
stable than those on the flat surface (Fig. 4), making the steps
being more favorable for reactions. On the other hand, free site

Table 5
Activation energies (eV) of all possible C; + C; coupling pathways on both the flat and stepped Co(0001)
C+C C+CH C+ CH, C+ CHj CH + CH CH + CH, CH + CH3 CH, + CH, CH; + CH3
Eq 1.22 0.91 0.74 0.94 0.86 0.76 1.05 0.70 1.11
Eq s 243 1.96 1.34 1.09 1.76 1.32 1.55 0.22 0.73
AErg 1.56 1.12 0.90 0.99 0.68 0.46 0.55 0.24 0.33
AETs 0.35 0.07 0.30 0.84 -0.22 —0.10 0.05 0.72 0.71

Eq, r and Eq s are activation energies on the flat and stepped surfaces, respectively. AE[s(AETg) is the difference of IS (TS) between on the flat and stepped

surfaces.
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coverage on the flat surface should be higher than that on the
step sites, considering that the active step sites are covered by
surface species, which in turn increases the possibility of cou-
pling reactions on the flat surface. Therefore, one may expect
that when the active step sites are not severely blocked, surface
reactions may occur mainly on the step sites, taking advantage
of lower TS energies. However, when the step sites are heav-
ily blocked, surface species must diffuse to the flat surface to
undergo reactions even with higher TS energies.

4.2. Quasi-equilibrium approximation of the hydrogenation
steps

In the last section, we considered and compared the C; + C;
coupling reaction rates on both the flat and stepped Co surfaces.
If the C; species coverages are estimated, we can calculate the
reaction rates of all of the C; + C; coupling pathways. In this
section, we discuss the hydrogenation of the C; species to de-
termine the relative coverages of these species.

First, we need to address the dissociative adsorption of Ha.
Under experimental conditions, dissociatively adsorbed hydro-
gen is expected to be in equilibrium with Hj in the gas phase.
Thus we have

H>(g) + 2% = 2H(ad)
and
0 62
K0 — ,~AGY/(RT) _ _"H
Ph, 62 ’
PO Uk

where KO is the standard equilibrium constant, AGO is the
standard difference of Gibbs free energy, P° is the standard
pressure, and 6y and 6, are the coverages of adsorbed hydrogen
and free surface sites, respectively.

According to the experimental results of Bridge et al. [51],
the H adsorption energy is about —73 kJ/mol with respect to
Hb in the gas phase, which is very close to our DFT calculations
(with zero-point energy considered). Thus, we can estimate that
at 500 K, the standard equilibrium constant is about 1. If the hy-
drogen partial pressure varies in the range 1 to 100 atm, then the
value of 6y /0, can be estimated to be between about 1 and 10.
We note that according to our calculations, hydrogen adsorp-
tion energies are nearly identical on the step sites and on the
flat surface; thus, we would expect similar values of 8y/6, on
both sites.

The hydrogenation barriers in this work calculated using
SIESTA code, listed in Table 6, are very close to those that we
reported earlier using CASTEP code [29]. The hydrogenation

Table 6

Hydrogenation barriers (eV) on the flat and stepped surfaces

Barriers C+H CH+H CH, +H CH3; +H
(V) Ea,l E{L—l Ea$2 Ea,—2 Ea,3 Ea$—3 Ea$4
Flat 0.83 1.22 0.65 0.29 0.60 0.74 0.96
Step 0.77  0.73 0.80 0.22 0.41 0.65 0.88

E, 1 and E, _; are the barriers of C + H forward and reverse reaction. The
others have the similar meanings.

s E@V) 161

Flat
= Step

103 %

E;
.04

0 E,

C C..H CH CH..H CH, CH,..H CH; CH;..H

Fig. 5. Energy profiles of carbon hydrogenation on the flat and stepped
Co(0001). The IS of C,q + 4H,q on the step sites is chosen as the zero point
for both the energy profiles. E; (i =1,2,3) is the energy difference between
adsorbed CH; and C on the both sites.

processes on the flat and stepped surfaces are plotted together
in Fig. 5; the figure shows that the energy of TS of the final hy-
drogenation step is highest on both the flat and stepped surfaces.
This indicates that the final step is the slowest of the hydrogena-
tion steps, which is consistent with experimental results [28].

It is well known that under FT reaction conditions, methane
desorption is irreversible. Therefore, methane formation can be
written as

C(ad) + H(ad) ]% CH(ad) + *, @)
CH(ad) + H(ad) k% CH(ad) + *, (ii)
CH, (ad) + H(ad) % CHs(ad) + *, (ii)
CH;(ad) + H(ad) X5 CHy(g) + *. (iv)

At steady state, we can obtain

Tnet =11 —F—1 =1y —TF—2=r3—r_3=r4, (3)
ri = kiOcH,;_,0H, )
and

r—i =k—i0cn, 0x, (10)

where r; (r_;) is the forward (reverse) reaction rate of each hy-
drogenation step, rpe¢ 1S the net reaction rate, k; (k—_;) is the
forward (reverse) reaction rate constant, and Ocy; is the cover-
age of surface species CH; (i =0, 1, 2, 3).

We first consider the hydrogenation reactions on the step
sites. As discussed earlier, the ratio of hydrogen to free site cov-
erage 0y /6, is about 1 to 10 under typical reaction conditions.
Combining Egs. (8)—-(10) with the barriers in Table 6, we can
have

r-3>>rs, Y
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and thus

73 RT3 2> Inet. (12)

Similarly, we can have

TR r_1 2> et (13)
and
1y R r_2 >> Ipet- (14)

Equations (12)-(14) suggest that hydrogenation reactions (i)—
(iii) are in quasi-equilibrium on the step sites. In a similar way,
we also can show that the second and third hydrogenation steps
are in quasi-equilibrium on the flat surface. However, the first
hydrogenation step on the flat surface may not reach quasi-
equilibrium because of its high barrier (Fig. 5). On the other
hand, the obstacle of forming CH by C hydrogenation on the flat
surface can be overcome in another way: CH, and CH3 formed
on the step sites can diffuse to the flat surface and decompose to
CH there. Through this mechanism, the first hydrogenation step
on the flat surface still may be able to reach quasi-equilibrium.

Consequently, the hydrogenation steps on the flat and
stepped surfaces can be approximated in quasi-equilibrium un-
der reaction conditions. Thus, the coverages of C, CH, CHy,
and CHj3 on the flat and stepped Co surface have the following
relationships:

Oc; 05 — o Ei/(RT)

. and
OcOy
o ,
Och; = e*EfﬂRT)ecg—fiI = Fi/RDgl 1 =1,2,3, (15
*

where ¢ is equal to 6y /6, and E; is the relative stability of CH;
with respect to the C atom and equal to the energy difference be-
tween adsorbed CH; and C, as shown in Fig. 5. From Eq. (15),
we can find that the surface coverages of C; species can be eval-
uated based their thermodynamic stability.

4.3. Comparison among all possible C; + C; coupling
pathways

To determine which pathway is responsible for chain propa-
gation in FT synthesis, we need to calculate the reaction rates of
all possible C; + C; coupling reactions. According to Eq. (15),
the reaction rates of CH; + CH; (i, j =0, 1, 2, 3) coupling can
be expressed as

ri,j = Ae E/ RDgoy ooy, = Ae™ ETETED/RTiFig2 - (16)

where E,, is the barrier of C; 4 C; coupling reactions; A is the
pre-exponential factor [52], which may be reasonably assumed
to be 1013 s~ ! and the temperature, T, is chosen to be 500 K.
We first use the calculated data in Table 5 to evaluate the
rates of the coupling reactions on the step sites. The results
are listed in Table 7. Then, using Eq. (7), we can calculate the
coupling reaction rates on the flat surface; these are given in Ta-
ble 8. Note that in Table 8, O¢ is the carbon coverage not on the
flat surface, but on the step sites. Also note that the absolute
DFT error in this work may be >0.1 eV; however, the relative

Table 7
Reaction rates (s~!) of all possible C; 4 C; coupling pathways on the step
sites. Oc is the carbon coverage on the step sites and 7 is equal to Oy /6«

Pathway Cc+cC C+CH C+CH,
Reaction 33 x 1071262 7.1 x 1078:62 1.8 x 10771262
rate

Pathway C + CHj3 CH + CH CH + CHj
Reaction 1.6 x 10721302 2.9 x 10761262 1.1 x 10771362
rate

Pathway CH + CH3 CH; + CHy CH; + CH3
Reaction 1.4 x 10771402 2.0 x 10721402 3.7 x 10751762
rate

Table 8

Reaction rates (s~ 1) of all possible C; + C; coupling pathways on the flat
surface

C+C

Reaction 9.8 x 1071657292
rate

C+CH
—8.—2.n2
1.4 x 10" °s 19C

Pathway C+CHy

1.7 x 107105721262

Pathway C+ CH3 CH + CH

Reaction 3.4 x 107115721362 4.8 x 1074572202
rate

CH+ CHj
—6.—2.392
1.1 x 10™°s té)c

Pathway CH+ CH3

Reaction 4.4 x 107852492
rate

CH, + CH) CH, + CH3
L1 x 10795721402 2.6 x 107125721502

Oc is the carbon coverage on the step sites, ¢ is equal to 6y /6« and s is the ratio
of free site coverage on the step sites to that on the flat surface.

accuracy may be rather high, because the same code is used for
similar reactions on the same surface. Therefore, the compari-
son among these results in Tables 7 and 8 still may be reliable.

From the results in Tables 7 and 8, we can clearly see that
C + CH3 and CH; 4 CH; coupling are the most effective chain
growth pathways on the step sites, whereas CH + CH coupling
is the fastest one on the flat surface. All of the other pathways
can be expected to be negligible. On the step sites, C + CH3
coupling has moderate reactant stability and barrier, giving rise
to a good reaction rate; for CHp 4+ CH; coupling, although the
stability of reactant is much worse than other species, the barrier
is very low, still resulting in a high reaction rate. On the flat
surface, the coupling barriers for all of the coupling pathways
(Table 5) do not change much, leading to a high reaction rate
for the coupling of the stable CH species (CH + CH). For the
traditional mechanism, CHz + CHj, even though the barrier is
moderate, the instability of the reactants causes the reaction rate
to be three orders smaller than C 4+ CH3 and CH, + CH, on the
step sites and eight orders smaller than CH + CH on the flat
surface.

Which of the three fast pathways is the most efficient on
Co? It may depend on the reaction condition. For example, the
rates of the C 4+ CH3 and CH» 4+ CH; on the step sites are the
product of the same concentration term, 9(%, a similar constant
term of ~1072, and a ratio of hydrogen to free site coverage,
6n/64, with different orders. This suggests that changing H»
pressure may change the relative rates of the two C; + C; cou-
pling pathways to some extent. Similarly, with increasing CO
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pressure, the step sites may become severely blocked, giving
rise to smaller s value, which increases the rates of the cou-
pling pathways on the flat surface compared with those on the
step sites.

Generally, CO dissociation occurs on the step sites, because
the CO dissociation barrier on the flat surface is very high [39].
Because CO can dissociate continually under reaction condi-
tions, it may not be severely blocked on the Co surface. Thus,
the two couplings (C + CH;3 and CH; + CH>) on the step sites
would be expected to be more effective than the CH 4 CH cou-
pling on the flat surface.

There is another argument against the C + C coupling re-
actions on the flat surface. The rates in Table 8§ are calculated
based on the assumption that surface species on the stepped and
flat surface can reach equilibrium. When considering the rela-
tive low mobility of adsorbed C and CH [34], Eq. (7) may not
precisely describe the relationship between the reaction rates
on the stepped and flat surfaces, especially those involving ad-
sorbed C and CH. Considering that carbon atoms are formed
from CO dissociation on the step sites, if equilibrium of the
C; species is not achieved, then the actual ratios of coverages
of the C; species on the step sites to those on the flat surface
must be higher than those demonstrated in Eqs. (1) and (2).
Therefore, the real reaction rates on the flat surface are lower
than those estimated by Eq. (7). Consequently, the estimated
C1 4 Cj coupling rates on the flat surface in Table 8 are higher
than the actual rates, especially for the coupling reactions in-
volved with C and CH. Given these considerations, we suggest
that the C 4 C coupling reactions occur mainly on the step sites.
For the same reason, the hydrogenation steps also may occur on
step sites.

4.4. General discussion

We have identified the two major chain growth pathways
(CH3 + C and CH; + CH3) on Co from DFT calculations and
kinetic analysis based on the C; 4+ C; coupling reactions. We
also have calculated all of the reactions of C, + C; and C3 + C;
coupling at step sites (detailed results are presented in our sub-
sequent paper [53]). We found that (i) the results of C; 4+ C;
coupling are identical to those of C3 + C; coupling, and (ii) the
coupling reactions of RCH; + C and RCH + CH; remain the
major chain growth pathways. However, we also found that the
barriers of RC 4+ C and RC + CH in C, + C; and C3 + C; cou-
pling are lower than those in C; + C; coupling; for instance,
the barrier of CH3C + CH is 1.44 eV, which is 0.32 eV lower
than that of CH 4 CH. Similarly, the barrier of CH3C + C is
0.38 eV lower than that of CH + C. Consequently, the coupling
of RC4-C and RC 4 CH also may contribute to the chain growth
in FT synthesis under certain reaction conditions if chain length
n > 2. In other words, there may be four possible channels of
chain growth on Co when n > 2, as shown in Fig. 6.

Based on the foregoing reasoning, we propose the following
scheme for the FT mechanism on Co (Fig. 6): For C; + C; cou-
pling, the CH3 + C and CH; + CH; coupling on the step sites
are the major chain growth mechanisms in FT synthesis. The
CH + CH coupling on the flat surface may not be ruled out com-

CO(g) —= C+0O

+H +H +H

Ci species ' € ﬁ’ CH H~_—’ CH; f CH; —=— CH,(g)

RCH.+C [ | B
RCH+CH,

Other C; species —— CH,CH;  ——CH,CH: (9)
C, species I I I
CH:C <> CH;CH<* CH;CH, —=CH;CH; (g)

RCH.+C RC+CH
RCH+CH: RC+C
Long chain hydrocarbons

Fig. 6. The mechanism of FT synthesis based on our quantitative analysis.
(1) CO and H, dissociation. (2) Hydrogenation/dehydrogenation of C; species
(in quasi-equilibrium) and CHy desorption. (3) Two pathways of chain growth,
the CH3 + C and CH; + CHj coupling. (4) Hydrogenation/dehydrogenation
of Cy species, and CH3CH3 and CH>CH, desorption. (5) The coupling of
RCH; + C, RCH + CHj, RC + CH and RC + C.

pletely, but may be less important; thus, it is not included in the
scheme. If the chain length n > 2, then, in addition to RCH, +C
and RCH + CH; coupling, the other two channels (RC + C and
RC 4 CH) also may contribute to the chain growth. It should
be mentioned that all hydrogenation and dehydrogenation re-
actions except the final step (alkane desorption) are very fast in
FT synthesis. Surface species (e.g., CH3C and CH>CH; formed
from the CH3 + C and CH» 4+ CH; coupling) can be readily hy-
drogenated or dehydrogenated to give the initial chains (e.g.,
CH3CH; and CH3CH) for the next chain propagation step.

Recently, based on the barriers of C + C coupling on
Ru(0001) Liu and Hu [31] suggested that the coupling of
C + CR that has the lowest barrier might be a major channel
for chain growth. Interestingly, this C + C coupling pathway is
one of our four channels determined from the Co surfaces, al-
though the result of Liu and Hu was obtained from Ru(0001).
It should be stressed that the reaction conditions and different
surfaces can change the relative rates of the C + C coupling
reactions to some extent.

The mechanism on Co proposed herein is consistent with
the experimental work in the literature [21-23]. For example,
in the experimental work of Brady and Pettit [21,22], CH2N»
decomposed into CH, species and N> on a range of transi-
tion metals. In the absence of Hj, the main product was CoHy4.
This finding indicated that the CH, + CH; coupling is indeed
feasible on transition metals, which is consistent with our mech-
anism. In the presence of Hj, the products were a mixture of
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Table 9

Differences between the coadsorption energy of CHy (x = 0-3) and the isolated
adsorption energy on the stepped Co surface (coadsorption energy—isolated ad-
sorption energy)

Energy difference C CH CH, CH3
(eV)

C 0.21 - - -
CH 0.25 0.28 - -
CH, ~0.00 0.14 ~0.00 -
CH3 ~0.00 0.14 0.16 -

hydrocarbons with a similar distribution to that produced in CO
hydrogenation. On the other hand, CH; species may be eas-
ily hydrogenated into CH3 species and CHy4 or dehydrogenated
to CH and C. Thus, CH3 + C coupling still may contribute to
the chain growth.

We note that although this study aimed to quantitatively de-
termine the chain growth mechanism in FT synthesis, it has not
considered the effect of surface coverage on the adsorption en-
ergies and reaction barriers. However, we have performed some
calculations to shed light on the surface coverage effect on our
results. We calculated the coadsorption of CH, (x = 0-3) on
the stepped surface in a p(4 x 3) unit cell. The differences
between the coadsorption energy and the isolated adsorption
energy, given in Table 9, demonstrate that the differences are
reasonably small, suggesting that the surface coverage may not
significantly affect our results.

With the foregoing quantitative analysis, we are now in a
position to answer the question raised in the Introduction. To
determine the mechanism in a catalytic system with a compli-
cated network of reactions, we must (i) obtain the thermody-
namic stabilities of all possible intermediates in the network,
(ii) determine the barrier of each elementary step, and (iii) es-
timate the rates of all possible pathways using kinetic analysis.
It is noteworthy that these three elements should be considered
together; using any one of them in isolation is likely to give
misleading results. This obviously is very demanding experi-
mentally. However, with the modern computing power, it can
be achieved for most catalytic systems from first-principles cal-
culations.

5. Conclusion

This work represents a quantitative approach to determine
the reaction mechanism for a catalytic system with a compli-
cated network of reactions. Having performed extensive DFT
calculations to investigate the mechanism of FT synthesis on Co
and thoroughly analyzed the calculation results, we now have a
deeper understanding of FT synthesis on Co and, consequently,
can draw the following conclusions:

1. The ratio of reaction rates between step sites and flat ter-
race sites is related to the ratio of free site coverage at steps
to that on terraces and the difference of TS energies be-
tween both sites. It is independent of the ISs. Generally, for
surface reactions, steps are favored over terraces.

2. Under FT reaction conditions, surface C; species can be
approximately considered as in equilibrium at steady state,
and a quantitative relationship among these species can be
derived [Eq. (15)].

3. CH3 + C and CH; + CH; coupling at steps are likely to
be the major C; + C; coupling pathways in FT synthesis
on Co; CH + CH coupling on terraces also may contribute
under certain conditions. Calculations of C; +C; and C3 +
C coupling suggest that RCH, + C and RCH + CH; are
the major C + C coupling pathways and that RC + C and
RC + CH also may be of some importance for the chain
growth if n > 2. The reaction conditions, such as reactant
partial pressure, also may affect the mechanism to some
extent.
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