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Abstract—The main results of calculations of energy parameters performed by ab initio methods (DFT) for
steps of the mechanism of Fischer—Tropsch synthesis involving cobalt- and iron-containing catalytic systems
which have been published over the last decade and a half are analyzed. Primary attention is paid to the results
somehow characterizing a transition from catalyst representation as crystallographically ideal surfaces of met-
als to the realistic models of nanoparticles both homogeneous crystallochemically and containing surface
defects and/or heteroatoms. It is shown that little attention is given to the calculations of iron-containing cat-
alysts compared with cobalt-containing ones and the calculations of chain growth steps compared with steps
through formation of single-carbon compounds; the methodological problems of applying DFT to nanopar-

ticles suspended in a liquid medium are highlighted.
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The catalytic synthesis of aliphatic organic com-
pounds, both hydrocarbon (Fischer—Tropsch synthe-
sis, FTS) and oxygen-containing from CO and H,

(2n+1)H, + nCO — C,H,, ., , + nH,0, (1a)
2nH, + nCO — C,H,, + nH,0, (1b)
2nH, + nCO — C,H,,, OH + (n—1)H,0, (l¢)

has been the subject of both academic and applied
research for almost a century [1—4]. Nevertheless, in
this area, there are still both poorly studied fundamen-
tal issues (and mechanistic features are virtually the
most important among them) and opportunities for
the development of innovative lines of research and
their practical implementation.

One of these directions, which has attracted con-
siderable attention in the last decade, is a variant of
Fischer—Tropsch synthesis developed by S.N.
Khadzhiev et al. [5—7], which stipulates the use of par-
ticles of cobalt- or iron-containing nanosized catalysts
(~1—-100 nm) prepared in situ in a bubbled slurry
(high-boiling alkane medium) and performed in it. In
this case, it is advisable to consider the active metal of
a catalyst in forms almost bordering with homoge-
neous clusters (with promoting additives or without
them) and suspension liquid phase molecules (usually
long-chain alkanes) residing in the immediate vicinity
of metal particles as a common complex catalytic sys-
tem for which unusual properties and in principle a

peculiar reaction mechanism may be expected. Taking
into account that active metal nanosized particles are
typical of traditional forms of Fischer—Tropsch cata-
lysts, in which they are deposited on supports ([8—10])
and the reaction is structure-sensitive (review [11]),
gaining insight into the detailed mechanism of
Fischer—Tropsch synthesis for these particles is a very
urgent problem.

The fundamental character of feasible intermedi-
ates and elementary reaction steps in this mechanism
was ascertained in general by the end of the 20th cen-
tury [12, 13]; the reaction network of potential routes
includes the combinations of steps of classical mecha-
nisms, such as carbide-methylene [14, 15], enol [16,
17], or CO insertion [18, 19], and many steps of hydro-
genation/dehydrogenation of intermediates contain-
ing several C atoms at different degrees of saturation
were added. The network may generally comprise
hundreds and even thousands of feasible steps, even if
we limit ourselves to C, intermediates and products
[20]. It is evident, however, that the preponderance of
one or another route in a similar network and its lim-
itation by one or another step are determined by differ-
ences in the catalyst nature, composition of its modi-
fiers, and structure of its particles which affect the
energy/geometry characteristics of surface com-
pounds, heights of activation barriers, and pre-expo-
nential multipliers of elementary reaction steps.
Because the experimental values of these characteris-
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tics (the more so for the mechanism implemented
in situ) are scarce, such a quantitative analysis requires
modern ab initio quantum-chemical calculations for
heterogeneous catalysis mediated by transition metals,
primarily the use of density functional theory (DFT),
where description of the system using the N-electron
wave function is replaced with description based on
the distribution of electron density, in the average field
of which electrons move independently of each other
[21, 22]. Among various approximations used in DFT
calculations for processes occurring on infinite sur-
faces of crystals, the generalized gradient approxima-
tion (GGA) predominates [23]. Within the framework
of this approximation (examples will be given in the
references below), various versions of Perdew—Wang
(PWO1) or Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functionals for valence electrons
and basis sets—plane-waves (PW) or in some cases
double zeta plus polarization (DZP) waves in combi-
nation with PAW, Troullier—Martins (TMPP), and
ultrasoft (USPP) core pseudopotentials—are fre-
quently used. Parameters of the used surface model,
such as the mesh size, the number of atomic layers in
it (both involved in relaxation during interaction with
surface compounds and “frozen”), and the choice of
the k-point grid for the Brillouin zone, are of impor-
tance. The pathways of elementary reaction steps on
PES, particularly, activation barriers, are most fre-
quently determined by the method of nudged elastic
band, NEB (C(limbing)l(mage)-NEB is its com-
monly used modification), although the method of
linear/quadratic synchronic transits LST/DST and
the method of dimers should be mentioned here.

The quantity of papers published during the last
10—15 years which concern the application of DFT to
calculations of the FT'S mechanism (as a whole or sep-
arate steps assumed by the particular authors to be the
most important) is fairly large. In view of the limited
volume, the present review, not pretending to present
all of the results of these studies, focuses on solving the
following tasks:

(1) systematization of the results relevant to differ-
ence in the routes of the FT'S mechanism over the sur-
faces of cobalt- or iron-containing systems in order to
understand to what extent these results can be applied
to the modeling of FTS catalysis by nanoparticles;

(2) special consideration of problems encountered
in calculations of activation barriers for C—O bond
cleavage and C—C bond formation key steps.

MECHANISM OF FISCHER-TROPSCH
SYNTHESIS INVOLVING COBALT-
CONTAINING SYSTEMS

The interest in the ab initio calculations of the
mechanism of Fischer—Tropsch synthesis mediated by
cobalt-containing catalysts is much more pronounced
compared with iron-containing systems: it suffices to
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mention two comprehensive reviews [24, 25] on the
matter, whereas iron-containing systems are the sub-
ject of only one review and then only partially. How-
ever, since its issuance, a number of interesting papers
deserving our attention have been published.

Metallic Cobalt Surfaces

As is well known [26, 27], bulk metallic cobalt at
temperatures below =420—430°C is characterized by
the hexagonal close-packed atomic lattice (hcp); at
temperatures above =420—430°C, by the face-cen-
tered cubic lattice (fcc). For nanosized particles, the
coexistence of both phases (at different particle sizes)
was demonstrated many times by tests both for free
metal particles under an inert atmosphere [28] and
immediately for Fischer—Tropsch catalysts under syn-
thesis conditions [29, 30] (hcp particles looked more
active). Therefore, the attention of researchers was
given to surfaces controlled by both lattices, although
(as will be seen from the following) interest in hcp sur-
faces prevails.

The way a particle of a fine metal will appear in
terms of predominance of facets with a specific crys-
tallographic index is usually ascertained by the surface
matching procedure using the Wulff construction
(based on the known Gibbs—Wulff theorem relating
the vector normal to the surface to its free energy): the
edges and vertices of the particle surface reflect the
crystallographic consistency of facets and their relative
portion corresponds to the minimum of free energy.
For Co particles, an example of applying this proce-
dure [31] is shown in Fig. 1: for an hcp particle, there
is a combination of six surfaces with prevailing indices
(10-10) and (10-11); for an fcc particle, there are only
four surfaces with the dominance of (111). Naturally,
the shapes of real nanoparticles in the general case will
not follow these equilibrium configurations. However,
a set of surfaces proposed in this model may be typical
of a fairly wide range of conditions for real synthesis
and performance of Fischer—Tropsch catalysts,
including metallic Co.

Although for the hcp lattice a considerable region
of the surface is occupied by facets with indices
(10-10) and (10-11), facet (0001) with the lowest crys-
tallographic index and the closest packing of atoms is
the most popular object for calculating the properties
of surface compounds—the quantity of studies dealing
the mechanism of Fischer—Tropsch synthesis on this
facet is almost the same as for all the rest of the sur-
faces of pure Co taken together. Just various examples
of calculating energy characteristics of intermediate
compounds and mechanistic steps for Co(0001) can
vividly demonstrate the complexity of quantitative
agreement of DFT results both with the experimental
data and between themselves (the values of activation
barriers, Table 1).
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Fig. 1. Models of metallic Co nanoparticles with a set of facets obtained via the Wulff construction (|31]): (a) hcp, view in plane
(0001), (b) hep, view in plane (10-10), and (c) fcc, view in plane (100).

The most evident example is CO adsorption: the
experimental value of the binding energy (the highest)
for a nondissociated molecule on the above surface is
115 + 13 kJ/mol [32, 33]; however, all the above-men-
tioned computational studies yield values overesti-
mated by 0.5—0.7 eV (moreover, they incorrectly pre-
dict the preferable coordination of the molecule on
three metal atoms, whereas according to LEED spec-
troscopy [34, 35], the CO on-top coordination is pre-
ferred). An estimate close to the experimental value
(difference by 5—10 kJ/mol) can be obtained using the
RPBE functional instead of PW91 or PBE [36, 37],
although not all experimental characteristics of CO
adsorbed on cobalt are reproduced by this functional
more accurately than PW91 and PBE.

Calculations of the effect of CO surface coverage
on the energy parameters of adsorption of Fischer—
Tropsch synthesis intermediates were reported in [38—
40]. Here it suffices to note that, in the overwhelming
majority of cases as CO surface coverage grows, lateral
repulsion leads to a decrease in the absorption energy
(from small values to =100 kJ/mol). The exception is
COH, for which at the 0.25 monolayer CO coverage
[38] the absorption energy grows by 35 kJ/mol owing
to the formation of hydrogen bonds with CO; how-
ever, at the 0.5 monolayer CO coverage, it decreases by
63 kJ/mol [39]. It is possible that the reason behind
this finding is that not only the surface coverages but
also the DFT calculation approaches are different.

The initial steps of the preferential Fischer—
Tropsch synthesis route are known to be determined
by the character of CO bond cleavage: in the CO direct
dissociation—this is the carbide-methylene mecha-
nism—or after formation of hydrogen-containing C,
intermediates (the onsets of enol route and insertion
route). For (0001), the route involving the formation
of HCO species (and subsequently CH,O species) is
more preferable [38, 41—43], although the values of
calculated activation barriers in these studies may dif-
fer considerably. The same is true of the enol route
comprising HCO and HCOH species [38, 39]. The
highest potential barrier for the cleavage of this bond
in HCOis 93 kJ/mol, whereas the calculated values for
the direct dissociation barrier are not below
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220 kJ/mol (Table 1). However, surface HCO, CH,0,
and HCOH species are unstable and the direct exper-
imental verification of these data remains a very diffi-
cult task so far.

The predominance of one or another route may
considerably depend on the nature of the concomitant
group occupying Co(0001) [36]. If this is the OH
group, then the activation barrier for the CO + H cou-
pling to COH (and then to CHOH) is 50 kJ/mol lower
compared with CHO formation (in contrast to the
case of H coverage); methanol formation is also pref-
erable with respect to any form of C—O bond dissoci-
ation (followed by C—C bond formation). In accor-
dance with [36], a small contribution of this route is
explained by a small OH surface coverage. The
authors of [36] made a general conclusion that
Co(0001) is unrepresentative in real catalysis. The
preference of the enol route over the CO direct disso-
ciation was predicted in [50]. However, coverage
effects were calculated in [50] only for CO
(0.25 monolayer); for the CHO formation, the barrier
was =30 kJ/mol lower than that for the COH forma-
tion.

The carbon chain growth via the interaction of
monomer intermediates CH, on (0001) was calculated
in [51]. Because of smaller activation barriers, interac-
tions involving methylene intermediate CH, were
somewhat more preferable than other interactions
(Table 2), with one very important exception: the step
of alkyl formation CH; + CH, — CH;CH,. Tradition-
ally, this step is assumed to prevail in the scheme of
oxygen-free chain growth. However, there is another
way of looking at the situation [52]: the most favorable
is CH or CH, coupling with CHO followed by C—O
bond dissociation just as further chain growth—also
via alkyl/alkylene coupling with CHO. The barriers for
respective steps are 20—30 kJ/mol lower than the bar-
riers for the direct insertion of CO or the coupling of
hydrocarbon intermediates. As was shown by calcula-
tions [52], the formation of methanol or aldehydes
over metallic Co is hardly probable in accordance with
common concepts of Fischer—Tropsch synthesis.
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Table 1. Some activation barriers for C—O bond cleavage steps on various metallic Co surfaces calculated using different

techniques
E,, kJ/mol, DFT functional
Step Surface
PWI1 PBE RPBE
CO—->C+0O (0001) 367 [39]2, 237 [43]° 325 [38]¢, 220 [42]¢ 261 [36]
(0001)-y 155 [44] 116 [45]
(10-10) 67 [46] 173 [31], 189 [47]°
(10-11) 117 [31], 144 [47]
(11-21) 103 [31]
(111) 239 [31], 231 [48]F
(100) 144 [31]
CO+H— HCO (0001) 138 [39], 141 [43], 124 [52]¢ | 121 [38], 145 [42], 126 [49]" 136 [36]
(0001)-y 74 [49] 9 [45]
(10-10) 59 [46] 114 [47]
(10-11) 57 [31], 103 [47]
(11-21) 99 [31]
(111) 130 [48]
(100) 97 [31]
HCO—-CH+O (0001) 89 [39], 39 [43] 87 [38], 90 [42], 70 [49] 93 [36]
(0001)-y 131 [45]
(10-10) 50 [46] 51 [47]
(10-11) 57 [31], 97 [47]
(11-21) 61 [31]
(111) 63 [48]
(100) 103 [31]

a2 pPW, USPP, (2 x 2) mesh, 4 layers (2 relax.), 18-k point Chadi—Cohen grid, CI-NEB.
b PW, DSPP, (3 X 3) mesh, 4 layers (2 relax.), Monkhorst—Pack k-grid, LST/DST.

¢ PW, PAW, (2 x 2) mesh, 8 layers (4 relax.), CI-NEB.

d PW, PAW, (2 X 2) or (3 X 3) mesh, 3 layers (1 relax.), I'-centered 5 X 5 X 1 or 3 X 3 X 1 k-grid, NEB.

¢ PW, PAW, (3 x 2) mesh, 3 layers (2 relax.), CI-NEB.

fPW, PAW, mesh, 3 layers (1 relax.), 5 X 5 X 1 Monkhorst—Pack k-grid, CI-NEB.
£ PW, PAW, (3 x 3) mesh, 4 layers (2 relax.), 5 X 5 x 1 Monkhorst—Pack k-grid, CI-NEB.
h'DZP, TMPP, (2 X 2) mesh, 4 layers (2 relax.), 5 X 5 X 1 or 3 X 5 x 1 Monkhorst—Pack k-grid.

According to [40, 42], Co insertion on the surface
under discussion is sensitive to the extent of CO sur-
face coverage. If these effects are ignored [42], the val-
ues of activation barriers turn out to be comparable
with those obtained for interactions of hydrocarbon C,
intermediates. If the effect of co-adsorbed CO is taken
into account [40], then CO insertion barriers decrease
relative to the above-mentioned ones by 20—
25 kJ/mol; for CO dissociation steps, vice versa, they
increase. The most favorable chain growth route, as
evidenced by calculations [40], is the RC hydrogena-
tion to RCH followed by CO insertion and consecutive
hydrogenation to RCH,CO. The turnover frequency
of Fischer—Tropsch synthesis estimated for this route
is close to the experimental one.

Also, one should note that, for the above surface,
CO insertion via the methyl group bond is character-

ized by a much higher barrier that that for the rest of
the CH, intermediates (Table 2).

An important issue of FTS selectivity concerns
gaining insight into the dependence of the olefin/par-
affin ratio on the chain length. For this purpose, for
Co (0001), the activation barriers for the hydrogena-
tion of n-alkyl groups and alkenes (n = 2—6) were
computed both disregarding the van der Waals inter-
actions of adsorbates [55] and taking them into
account [56]. For the latter task, a special functional
BEEF-wDW was used, which is superior to PBE and
RPBE functionals with respect to reproducing the
adsorption energy of short-chain hydrocarbons.
Alkene — alkyl hydrogenation barriers are within 46—
52 kJ/mol, and alkyl — alkane hydrogenation barriers
are 62—67 kJ/mol; reduction in the olefin/paraffin
ratio with increasing chain length (except the case of
PETROLEUM CHEMISTRY  Vol. 59
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Table 2. Some activation barriers for C—C bond formation steps over Co-containing systems for different surfaces
E,, kJ/mol, surface
Step
(0001) (0001)-y (10-11) (111) Co,C(001)

CH; + C — CH;C 91 [51]2 105 [51] 115 [53]
CH; + CH —» CH;CH 101 [51] 150 [51] 124 [54] 98 [48] 159 [53]
CH; + CH, - CH;CH, 107 [51], 80 [43] 70 [51] 83 [54] 84 [48] 75 [53]
CH, + C - CH,C 71 [51] 129 [51] 98 [53]
CH, + CH —» CH,CH 73 [51] 127 [51] 122 [54] 68 [48] 104 [53]
CH, + CH, - CH,CH, 68 [51], 67 [52] 21 [51] 51 [54] 40 [48] 50 [53]
CH + C —> CHC 88 [51] 189 [51]
CH + CH — CHCH 83 [51] 170 [51] 107 [54] 62 [48]
CH + CO — CHCO 107 [51], 95 [401®, 95 [52] 125 [64] 144 [54] 99 [48]
CH, + CO — CH,CO 80 [42], 74 [40], 80 [52] 106 [54] 67 [48]
CH; + CO — CH3CO 185 [42], 144 [55]°, 140 [S52] | 141 [55] 148 [54] 133 [48]

aPBE, DZP, TMPP, (2 x 2)—(5 X 2) meshes, 4 layers (2 relax.), Monkhorst—Pack k-grids, rough optimization for transition states.
b PBE, PW, PAW, (3 X 3) mesh, 3 layers, I'-centered 3 X 3 X 1 k-grid, NEB.
¢ PBE, DZP, TMPP, (3 X 2) mesh, 4 layers (2 relax.), 3 x 4 x 1 Monkhorst—Pack k-grid, rough optimization for transition states.

ethylene), in accordance with [56], is consistent and,
accordingly, is controlled by just adsorption patterns.

Before we conclude our review of the data on
Co(0001), it is important to refer to the results
reported in [57]: duplicating the methodological tech-
niques used in [43], the authors of [57] additionally
introduced effects of the liquid phase (n-hexane, T =
493 K, P =25 atm) into the model using the so-called
conductor-like screening continuum-based model
COSMO. The values of activation barriers for various
steps changed insignificantly, and the carbide-methy-
lene mechanism of chain growth remained dominant
in both gas- and liquid-phase Fischer—Tropsch syn-
thesis; however, the values of pre-exponential multi-
pliers estimated in terms of the activated complex the-
ory may change quite markedly. For example, the con-
tribution of the CO insertion mechanism increases
(although its minor character is preserved) and the
rate of CO direct dissociation grows.

Much less data are available for other surfaces of a
hcp particle, but they are fairly illustrative. The study
[31] in which the hcp and fcc models of particles with
ideal facets based on the Wulff construction were
obtained has been discussed above; on the basis of cal-
culations, it was inferred that the total activity of hcp
particles is higher compared with fcc particles (in
agreement with the experiment [29, 30]). The struc-
tural sensitivity of facets to the activation barriers of
CO direct dissociation or CHO formation is very high
[31] (Table 1, Co(0001) > Co(10-10) > Co(10-11) >
Co(11-21) for the CO direct dissociation), whereas for
the successive CH, hydrogenation (x = 0—3) the sen-
sitivity is low [58]. In accordance with [58], this fact
indicates that the total structural sensitivity of
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the methanation reaction is provided by just the sensi-
tivity of CO dissociation step/steps. In addition to
Co(11-20) and Co(10-12), the authors of [59] calcu-
lated CO adsorption/dissociation on Co(11-24)
(which was absent in the hep particle model [31]) with
the most distinct extended defects (double steps and
kinks) among all of the three surfaces and, as in [31],
showed that there is tendency toward reduction in the
CO dissociation barrier with surface “thinning”:
Co(11-20) > Co(10-12) > Co(11-24). This observation
is consistent with the theoretical analysis done in [46,
60]. In accordance with these studies, reduction in the
CO direct dissociation barrier is promoted by the B5-
type active sites of defective surfaces (four atoms in the
surface layer and one more atom in the layer second
from the surface) and even to a higher extent by F6
active sites (four atoms in the surface layer and two
atoms in the second layer).

The structural sensitivity of CH, formation was
modeled in [47]. For Co(10-10), CHO formation with
the subsequent dissociation to CH or conversion to
CH,O0 followed by dissociation to CH, or hydrogen-
assisted dissociation to CHj; is preferable (methanol
formation is atypical); for Co(10-11), the latter two
routes involve great difficulties.

To chain growth paths on given surfaces, calcula-
tions were extended for Co(10-10) [61] and Co(10-11)
[54]. In both cases, CH, formation is preferable (and
CH formation for Co(10-11) too) and further growth
of purely hydrocarbon intermediates is energetically
more favorable for CH, than the insertion of CO or
even CHO (for Co(0001) [52]); in the former
case, barriers for respective paths are lower by 50—
60 kJ/mol; in the latter case, by 15—20 kJ/mol [54].
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Fig. 2. Models of metallic Fe nanoparticles ([81]) and Hégg carbide Fe5C, ([82]) with a set of surfaces based on the Wulff con-
struction: (a) Fe, view in plane (111); (b) FesC,, view in plane (100); and (c) FesC,, view in plane (001).

We note (Table 2) that the chain growth paths involv-
ing CH, species on these surfaces do not necessarily
have lower barriers than on (0001).

It is known that extended defects on the crystal sur-
face may be modeled not only by choosing a high
Miller index surface (as discussed above) but also by
the removal of selected atoms from “low-index” sur-
faces [44, 45, 49, 51, 62—64]. Reduction in the CO
direct dissociation barrier with increasing degree of
defectiveness of the surface is also ascertained in this
case; formation of a single step on Co(0001) reduces
the corresponding activation barrier by 105 kJ/mol
([44], Table 1); formation of a double step, by another
40 kJ/mol [45].

As was shown in [63], for chain growth (CH, +
CH, and RCH,, + CH, coupling paths) on Co(0001),
the height of barriers for these paths is lower than that
on the stepped Co(0001) (except CH, + CH, and
CH, + CHj; paths) [63]. The most favorable routes of
C, formation on the step are CH; + C and CH, + CH,
couplings. For C; formation, activation barriers are
slightly different from analogous values for C, forma-
tion (except CH;C + C and CH;C + CH couplings,
where barriers are lower by 30—35 kJ/mol). For C, for-
mation, the difference from C; formation is small in
any case. In [63], CO insertion routes were not studied
at all; in this respect, one must refer to the data from
[64], where for the stepped Co(0001) chain growth
was predicted to occur predominantly via the insertion
route; moreover, these authors pointed out the deci-
sive role of the extent of CO surface coverage for selec-
tivity: if it is small, methane formation is preferred; as
the extent of CO surface coverage grows, the probabil-
ity of chain growth grows as well.

For surfaces of the fcc lattice, C—O bond dissocia-
tion also demonstrates structural sensitivity (Table 1
[31, 48]), which manifests itself in a different manner:
for example, for the direct dissociation, the transition
from (111) to less densely packed surfaces provides
reduction in the activation barrier for this pathway; for
HCO dissociation, vice versa. The calculations of AG*
performed in [65] for the activation of various steps on

Co(111) showed that the CO direct dissociation is also
hardly probable; for (100), the direct dissociation is
quite feasible. However, according to this model, there
is almost no chain growth. This discrepancy with the
widespread tendency of cobalt catalysts to produce
long-chain hydrocarbons in Fischer—Tropsch synthe-
sis stimulated the authors of [65] to involuntarily
change some of the obtained energy parameters (CO
direct dissociation barrier, CH, adsorption energy) to
improve consistency of the model results with the
experiment. Similar changes were indirectly substanti-
ated by the authors of the cited study by the effects of
increased CO surface coverage, because calculations
in [65] were done at small surface coverages. More-
over, CO insertion was disregarded in [65]. This also
raises additional questions on the completeness of
analysis of the data presented in this study and the
general character of its predictions. For example, as
was shown in [48], for (111), chain growth via the
CHO insertion route is more preferable than via the
CH, + CH, coupling path (as the CO direct insertion).
Nevertheless, the formation of methane is more pref-
erable than the formation of higher hydrocarbons [48].

For the fcc lattice, surfaces absent in the particle
model (Fig. 2) were also studied. Along with Co(111)
and Co(100), surface (211) was taken into account
[65]. In contrast to (111), the CO direct dissociation is
quite probable on this surface, although the height of
the HCO dissociation barrier for this surface is still
smaller [66]. The introduction of steps on Co(111) into
consideration [65] leads to decrease in methane for-
mation and reduction in barrier for CO hydrogenation
to CHO. Finally, Co(321) and Co(221) surfaces char-
acterized by complex extended defects were modeled
[67]; the preference of the CO direct dissociation on
defective sites (its rate is the highest in the case of
kinks) was proved in [67] just as in other situations
with fcc and hep surfaces.

In concluding the discussion of the results available
for metallic Co surfaces, it is impossible to disregard
the data reported in [68, 69], where the CO conversion
to CH was modeled directly in combination with the
formation of steps on densely packed surfaces. Steps
PETROLEUM CHEMISTRY  Vol. 59
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are developed (to give rise to nanoislands) as a result of
CO dissociation on the above-mentioned B5-type
sites followed by the insertion of carbon atoms in the
subsurface layer and, what is unusual, by the Co oxi-
dation by this carbon. For this reason the CO absorp-
tion energy also increases, and this situation contrib-
utes to the further growth of nanoislands. Hydrogena-
tion to CH also occurs mostly on step-edge sites
followed by CH migration to terraces, releasing a
vacancy for a new CO molecule.

Co Surfaces with Heteroatoms

The paper by Cheng et al. [53] was one of the first
studies in which the characteristics of some steps of
Fischer—Tropsch synthesis on the surface of Co,C
were calculated. It was predicted that, for the stepped
Co,C(001), CO dissociation activation barriers and
methane selectivity grow somewhat relative to the
stepped Co(0001). Examination of the other surfaces
of this carbide, i.e., (101), (110), and (111) [70], made
it possible to show that, for (101) and (110), CH and
CH, species are dominant (among C, intermediates,
C,H, and CH,CH species); for (111), only CH species
prevail (among C, intermediates, CHCO species).
The modeling of surfaces with the metallic Co/Co,C
interface [70, 71] may lead, compared with the initial
carbide surface, to the shift of selectivity to the forma-
tion of alcohols, thereby making such catalysts similar
to systems based on noble metals. However, for (110)
and (101), an opposite situation is valid.

Possibly, it would make sense to consider studies
dealing with the detailed mechanism of Fischer—
Tropsch synthesis on Co surfaces partially covered by
atomic carbon in the previous subsection of the pres-
ent review. Partially covered surfaces Co(0001) and
Co(11-21) were examined in [72]; Co(111), in [73]; for
the latter surface upon carbonization, the activation
barriers for CH, consecutive hydrogenation steps
decreased (about 50—60 kJ/mol), while for chain-
growth steps this decrease was somewhat smaller
(within 20—50 kJ/mol). According to these data, the
authors of [73] made a conclusion that computational
results are consistent with the experimentally observed
growth of methane formation on the carbonized sur-
face of metallic cobalt.

In accordance with [74], the character of carbon
compounds correlates with coefficient o of the molec-
ular-mass distribution of Fischer—Tropsch synthesis
products: on the stepped Co(111) with terraces, oligo-
meric carbon chains prevail (the precursors of
graphene or long-chain hydrocarbons) at increased o,
while at decreased o, atomic C subsurface insertion
and surface reconstruction predominate.

Using Co(11-20) as an example, the authors of [75]
explored CO-initiated surface reconstruction for the
case of adsorbed K atoms. Because the latter are
adsorbed predominantly near the edges of zigzag steps
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and show the tendency toward surface migration
between them, the Co surface is restructured on ter-
races rather than on steps and this process occurs
much more slowly than that in the absence of K. On
the whole, these results are in agreement with the
physicochemical studies described in [75].

Cobalt promotion by copper was considered in cal-
culations performed in [76, 77]. For Co(0001) [76],
the introduction of Cu geometrically controls the
ensembles of Co atoms and thus complicates the feasi-
bility of C—O bond cleavage. This facilitates CHO for-
mation, its insertion into the growing chain, and,
accordingly, formation of oxygen-containing com-
pounds, in good agreement with general trends of the
experimental performance of similar catalysts.

Even through the published data concerning the
application of DFT methods to the Fischer—Tropsch
synthesis over heteroatomic cobalt systems are scarce,
the original paper [78] is worthy of note. The authors
of [78] proposed to model a strong metal—support
interaction by “inverse catalysts”; that is, systems in
which the active metal serves as a support, while the
“real” support is introduced as a surface quasi-ligand.
Using the example of Co(lll) modified with
monodentate alumina, it was demonstrated that the
CO directly interacts with the quasi-ligand and thus
facilitates CO dissociation.

Finally, it is important to pay attention to the data
described in [79], where the carbide-methylene mech-
anism of Fischer—Tropsch synthesis was calculated for
small (seven atoms) model clusters representing
Co(0001) or Fe(100) modified with Cu, Ag, Au, or Pd
atoms and saturated with hydrogen atoms over perim-
eter to attain a more exact match to the real situation
on catalyst surfaces. It is evident that such a represen-
tation of the catalytic system makes it possible to use
the DFT version without crystal surface approxima-
tions (hybrid functional B3PW91, basis set LANL2DZ
with implicit core potential, the Berny algorithm for
activation barrier determination). However, as follows
from the methodical data from the overwhelming
majority of the cited papers, this calculation approach
was almost never applied to the FTS mechanism.
According to [79], Au and Ag are the preferable pro-
moters for Co; for Fe, the preferred promoters are Cu,
Ag, and Pd.

MECHANISM OF FISCHER-TROPSCH
SYNTHESIS INVOLVING
IRON-CONTAINING SYSTEMS

Fischer—Tropsch synthesis over iron-based cata-
lysts attracts much less attention of quantum chemists
than cobalt-based counterparts, in contrast to the
interest from experimentalists; as was mentioned
above, studies addressing the application of DFT
methods to iron-containing systems were summarized
only in a single review [80].
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Table 3. Some values of activation barriers for key steps of C—O bond cleavage over Fe-containing systems calculated for

different surfaces using different techniques

E,, kJ/mol, DFT functional
Step Surface
PWI1 PBE RPBE
CO—->C+0 Fe(100) 101 [84] 105 [83]
Fe(110) 189 [39]
Fe(111) 166 [88]%; 53—260 [891°
Fe(211) 90 [90]
FesC,(001) 287 [91] 83 [92]
Fe;C,(510) 127 [93] 260 [82]
FesC,(111) 384 [82]
CO+ H — HCO Fe(100) 87 [85] 91 [83]
Fe(110) 89 [39]
Fe(111) 124 [88]
Fe;C,(001) 134 [91]
Fe;C,(510) 86 [82]
FesC,(111) 197 [82]
HCO—-CH+O Fe(100) 73 [85] 62 [83]
Fe(110) 76 [39]
Fe(111) 88 [88]
FesC,(001) 112 [91] 196 [92]

2 PW, PAW, (2 x 2) meshes, 6 layers (3 relax.), 4 X 4 x 1 k- Monkhorst—Pack grid, NEB.
b pPW, PAW, (1 x 1)—(2 % 2) meshes, 7 layers (3 relax.), 5 X 5 X 1 or 3 X 3 X 1 k-Monkhorst—Pack grid, NEB.

Metallic Fe at the temperatures of Fischer—
Tropsch synthesis and preparation of most catalysts is
characterized by the body-centered cubic (bcc) lattice.
However, not metallic Fe but Fe;C, carbide (the Hagg
carbide) is most often treated as an active crystal phase
of FTS. For particles of both crystals, just as for hcp
and fcc cobalt lattices, models with sets of facets
obtained by the Wulff construction were developed
(Fig. 2); therefore, the primary attention in this sub-
section of the review will be given to just these surfaces.

Metallic Fe Surfaces

In accordance with [81], (100) and (110) are the
prevailing surfaces of metallic Fe particles. The CO
dissociation on the former surface [83—85] occurs
predominantly directly (Table 3) or through HCO for-
mation (depending on CO or H surface coverage, the
ratio of these routes may be different), while the for-
mation of COH (and then CHOH) is less favorable. As
was shown by calculations [86, 87], chain growth pro-
ceeds through C—C bond formation via steps C +
CH,/CH,/CCH,/CCHj, etc., which are followed by
H insertion up to the reductive elimination to alkane
preferable to B elimination to alkene. CO (HCO)
insertion routes were not taken into consideration in
the cited papers. For Fe(110) [39] (0.5 monolayer CO

coverage), the CO direct dissociation barrier is much
higher than that for (100) and even higher than the
COH formation barrier (156 kJ/mol). Chain-growth
steps were not examined in [39].

When implementing the Wulff construction of a
particle, along with its facets, the contributions of
atoms located at surface edges or vertices to the mech-
anism of Fischer—Tropsch synthesis should be taken
into account. In the mentioned study [81], this was
done for Fe(100-110) edges. The CO dissociation bar-
rier is lower than that for Fe(100) or (110) (in fact, this
is similar to the role of extended defects described
above for cobalt) and lower than that for edges of Fe
icosahedral clusters.

Another surface of metallic Fe which attracts the
particular attention from researchers is Fe(111) [88,
89]. CO formation before CO bond cleavage, CH for-
mation, and chain growth via the CH + CH coupling
are preferable. The in-depth modeling of the CO
direct dissociation on this surface [89] makes it possi-
ble to reveal that the barrier for this reaction in the
presence of surface C atoms (the autocatalysis of sur-
face carbide formation) decreases substantially, and,
as expected, its height strongly depends on adsorption
configurations for both the initial CO and the atoms
being formed. The boundary values differ very appre-
ciably; therefore, the question arises whether conclu-
PETROLEUM CHEMISTRY  Vol. 59
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Table 4. Some activation barriers for first C—C bond formation steps over Fe-containing systems for different surfaces

E,, kJ/mol, surface
Step

Fe(100) Fe(111) FesC,(001) FesC,(510)
CH; + C — CH;C 83 [86] 119 [95]
CH; + CH —» CH;CH 84 [86] 110 [88] 139 [95]
CH; + CH, - CH;CH, 144 [86] 102 [88] 144 [95]
CH, + C - CH,C 82 [86] 104 [95]
CH, + CH - CH,CH 114 [86] 141 [88] 99 [95]
CH, + CH, - CH,CH, 146 [86] 102 [88] 100 [95]
CH + C— CHC 122 [86] 103 [95]
CH + CH —» CHCH 139 [86] 52 [88] 93 [95]
CH + CO - CHCO 101 [88] 100 [91]
CH,+ CO — CH,CO 130 [88]
CH;+ CO — CH;CO 101 [88]

sions about the role of direct dissociation are unequiv-
ocal for other surfaces.

The authors of [90] explored the Fe(211) surface,
but only the characteristics of CO adsorption and
direct dissociation were calculated. The dissociation
barrier was found to be much lower compared with
Fe(100) or Fe(l111). In accordance with [90], this
effect is favored by the slope and stretch of a bond in
the three-coordinated CO.

On completion of discussing the studies dealing
with Fischer—Tropsch synthesis over metallic Fe, it is
important to mention the attempt to model the steps
of C—O bond cleavage on an icosahedral nanoparticle
encapsulated in the shell composed of carbon atoms,
Fess-C,4 [94]. These authors were forced to apply the
DFT version different from extended-surface models
but used some features uncovered in other simulation
studies of the mechanism of Fischer—Tropsch synthe-
sis (molecular optimization of double-zeta plus polar-
ization basis set, GTH pseudopotentials). Two-site
reaction steps are hardly probable because of the pref-
erable distancing of intermediates from each other.
Therefore, it may be stated that the CO insertion
mechanism is preferred over carbide and enol ones.
However, barriers for C—O bond cleavage steps are
much higher than those calculated for ideal surfaces
(e.g., for HCO, this value is above 190 kJ/mol;
Table 3).

Fe Surfaces Combined with Heteroatoms

Aswas shown above, the model of the y-Fe;C, par-
ticle with a set of facets based on the Wulff construc-
tion was developed in [82]. Modeling studies were lim-
ited to CO dissociation steps; in some cases, promoter
K,O was present on the surface being modeled. For
(111), (100), (—111), (510), and (—411) surfaces in all

PETROLEUM CHEMISTRY Vol. 59

No.5 2019

cases, the C—O bond dissociation after HCO forma-
tion was preferable rather than in the direct way (in any
case, at small surface coverage), with direct dissocia-
tion barriers being very high (Table 3). However, for
facet (510), the total barrier for CH formation through
HCO was higher than that through CO direct dissoci-
ation (150 versus 127 kJ/mol) because of a high energy
level of CH groups [93]. The situation is complicated
by the fact that a part of x-FesC, surfaces (such as
(001) and (110)) are characterized by the presence of
C atoms of the crystal lattice on the surface, and both
CO and H and HCO or H,CO may bind with them
and not only with Fe atoms [96].

Among Haégg carbide surfaces, Fischer—Tropsch
synthesis was most often modeled for the (001) surface
[91, 92, 97]. Among C, products, the total energy bar-
rier for methanol is much higher than that for methane
[92]; however, HCO preferably converts not to HCOH
but to the surface-bound CH,O and then to CH;O;
the C—O bond in the latter does not cleave before
incorporation into the growing chain at least once.
Once this cleavage takes place, further chain growth
occurs via the carbide mechanism with the systematic
involvement of C lattice atoms; the formation of
alkanes/alkenes (as exemplified by C,) is more prefer-
able compared with the corresponding alcohols [91,
97]. It is interesting [91] that water formation through
the disproportionation of paired OH groups is prefer-
able rather than the hydrogenation of single OH
groups.

For Fe;C,(510) a number of activation barriers for
chain growth via CH, coupling paths (Table 4) and for
methane formation were calculated [95]; the latter
reaction is less favorable than the formation of higher
hydrocarbon products. CO insertion was not consid-
ered in this paper.
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In addition, the attention of researchers was
focused on the pattern of Fischer—Tropsch synthesis
on the surfaces of other iron carbides, such as
Fe,C(100) [98] (dissociation of the C—O bond after
formation of the surface formyl and formation of C,H,
intermediates by C,CO hydrogenation involving the
lattice carbon atom) or Fe;C(031) [99] (chain growth
via coupling of methylene or methylidene groups is
preferable to methane formation). Certain attention
was also given to Fe,C(001) [100] (although CO disso-
ciation and the subsequent chain growth step are hin-
dered here, at increased surface coverage, the forma-
tion of bridge CO adsorption on one Fe atom and one
C atom was unraveled) and Fe,C (100), (110), (111)
[101] (in all cases the formation of predissociation
intermediate—ketene C=C=0—is possible).

A very important aspect of catalysis of Fischer—
Tropsch synthesis over iron carbides—the presence of
point defects (vacancies) on their surfaces—was inves-
tigated [102]. For Fe,C(011), Fe;C,(010), Fe;C(001),
and Fe,C(100), the unhindered hydrogenation of sur-
face C atoms of the lattice and a marked decrease in
the energy barrier for the dissociation of CO adsorbed
next to the formed vacancy were predicted; on
Fe,C(011) and Fe;C,(010), CH, was predominantly
formed. Generally, similar conclusions were made for
Fe;C,(001) [91, 92]. However, for Fe;C,(010), reduc-
tion in the height of activation barriers is small
(=10 kJ/mol) compared with nonvacant sites in the
case of both CO direct dissociation and C—O bond
cleavage after HCO formation [103].

In addition, calculations of the adsorption of
higher n-alkanes and o-alkenes on the surfaces of var-
ious carbides allowing for van der Waals interactions
(the use of the special functional vdW-DF2) should
be mentioned [104]. For y-FesC,(010), Fe,C;(001),
0-Fe,;C(001), and n-Fe,C(011), the adsorption energy
was independent of chain length beginning from three
(alkyls), four (alkanes), and five (alkenes) C atoms.
Sorption is the most favorable: for alkanes, on smooth
0-Fe;C(001); for alkenes, on x-Fe;C,(010); and for
alkyls, on any carbon-rich surface.

Furthermore, the data reported in [105] deserve
attention, although they do not concern calculations
of Fischer—Tropsch synthesis mechanism. However, it
can be said that, for the diverse forms of carbide clus-
ters Fe,C, (x, y < 8) (here it is also interesting to men-
tion the calculation technique—the Monte Carlo
method combined with the DNP basis set, PBE, and
DSPP pseudopotential for DFT), C atoms predomi-
nantly concentrate on their surface individually or as
dimer structures (the latter is not realized for the crys-
tal lattices of iron carbides).

Along with [82], the effect of K (or Na) promotion
was modeled in [106] for Fe;C,(100) (CO adsorption
becomes stronger) and in [107] for Fe(100). It was
found that in both cases the absorption energy grows;
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this effect was primarily attributed to electrostatic
effects.

Copper promotion of Fe(100) (atomic co-adsorp-
tion, substitution of Fe atoms, formation of the atomic
film) and its effect on CO adsorption and dissociation
were studied in [108, 109]. The direct dissociation bar-
rier in the presence of the promotor rises appreciably,
and the absorption energy in the case of substitution of
Fe atoms decreases much more strongly than that in
the other two cases.

Finally, interesting results were obtained for
Fe(100) modification with palladium [110]. Com-
pared with Cu promotion of the same surface, the CO
dissociation is hindered (especially with increased Pd
content), and its specific route predominantly involves
HCO rather than CHO or the direct dissociation of
adsorbed CO.

Even though a large body of published data relevant
to DFT calculations of the Fischer—Tropsch synthesis
mechanism has been accumulated up to now, it
includes substantial gaps demanding filling. As was
shown above, the iron-containing catalysts received
less attention than the cobalt-containing ones; steps of
the mechanism describing the C—C bond formation
aroused less attention than CO dissociation and for-
mation of C, products. Surprisingly, there is no inter-
est of researchers in calculations of the mechanism of
Fischer—Tropsch synthesis involving oxides—both of
cobalt and iron—although in real catalysis there is no
complete reduction of the metallic component, and
the modeling of surfaces with the interfacial boundary,
for example, Co/CoO, may yield interesting results
valuable in practice. Gaps in DFT calculations in rela-
tion to the equivalent representation of processes
occurring on all facets appearing in the Wulff con-
struction of the surface of particles of a particular
active phase and the consideration of point surface
defects for Co and extended defects for Fe or Fe car-
bides are also evident. It is important to note the prob-
lem common for all ab initio calculations of any com-
plex tasks—disagreement of the results obtained for
identical systems using different DFT versions; the
characteristic example in the covered area is barriers
for the CO direct dissociation on Co(0001).

The second important (and challenging for further
development of theoretical and computational studies
in this particular direction) conclusion of this review is
that, for adequate modeling of catalytic systems devel-
oped by the Khadzhiev team, the existing method-
ological DFT basis may be insufficient. The descrip-
tion of interaction of long-chain alkanes of the liquid
medium with surface atoms of catalyst particles and
with compounds involved in Fischer—Tropsch synthe-
sis, including the resulting long-chain alkanes/
alkenes, requires explicitly taking into account van der
Waals interactions for them (as was done through the
introduction of the BEEF-vDW [56] or vdW-DF2
functionals [104]) and liquid-phase effects (COSMO
PETROLEUM CHEMISTRY  Vol. 59
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[57] or COSMO-RS model; note that, because in the
mentioned study #n-hexane was taken as a liquid phase,
the need to consider much heavier alkanes may add
computational difficulties). Moreover, particles of the
active catalytic phase (regardless of their composition)
may be so small that in this case we should focus on
the icosahedral packing of atoms; accordingly, both
Wulff surface constructions and DFT calculation
techniques based on basis sets and functionals optimal
for supermeshes of crystal surfaces become unaccept-
able. In the reviewed papers, Fischer—Tropsch synthe-
sis on the icosahedral particle was explored only in
[90] (although it is worth recalling that a particle con-
sisting of 55 Fe atoms is even much smaller than those
which were obtained experimentally [5—7]) using a
peculiar set of DFT tools different from the above-
mentioned approaches for catalysis on infinite sur-
faces and model clusters composed of a few atoms
similar to those examined in [79, 105]. Evidently, the
correct combination of all the mentioned techniques
in the model scheme (if it is possible at all) free of
internal contradictions and its experimental verifica-
tion are a nontrivial task.
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