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ABSTRACT: The Fischer—Tropsch (FT) process consists of the reaction of a synthesis
gas (syngas) mixture containing carbon monoxide (CO) and hydrogen (H,), which are
polymerized into liquid hydrocarbon chains, often using a cobalt catalyst, although the
mechanistic pathway is not yet fully understood. Here, we have employed unrestricted
density functional theory calculations with a Hubbard Hamiltonian and long-range
dispersion corrections [DFT+U—D3—(BJ)] to investigate the reaction of syngas and the
selectivity toward the hydrocarbons formed on the cobalt Co(111) surface. The single CO
and dissociated H, molecules prefer to adsorb at two different types of trigonal surface sites, and we discuss how the interatomic
distances, fundamental vibrational modes, charge transfers, surface-free energies, and work functions are modified by the adsorbates.
The coadsorption of the syngas molecules in close proximity provides enough energy for the system to cross the saddle points on the
minimum energy pathway (MEP), leading to the catalytic hydrogenolysis of the C—O bond. The adsorbed CO, alongside the
intermediates CH and OH, are further stabilized when the ratio of equilibrium coverage (C) is Cu/Ccocpon > 6:1 under the
temperature conditions required for the FT process. We propose several mechanistic pathways to account for the formation of
ethane (C,H), as a model for long-chain hydrocarbons, as well as methane (CH,) which is an undesirable product. The MEPs for
these processes show that the coupling of the C—C bond followed by hydrogenation is the most favorable process, which takes
precedence over the production of CH,. The termination reaction suggests that water (H,0) remains weakly physisorbed to the
surface, allowing the reutilization of its catalytic site. The simulated fundamental vibrational frequencies and scanning tunneling
microscopy images of the surface-bound intermediates are in agreement with the available experimental data. Our findings are
important in the interpretation of the elementary steps of the FT process on the Co(111) surface.
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1. INTRODUCTION byproducts that are difficult to detect.”® The carbon chain
growth is one of the most intriguing aspects of the FT

The Fischer—Tropsch (FT) process is the most relevant
mechanism, which consists of (1) dissociative adsorption of

method used industrially for the polymerization of one-carbon

(C1) molecules into valuable products that can be used as H,; (2) molecular adsorption of CO; (3) dissociation of the
chemicals or fuels."™ FT is an indirect liquefaction process C—O bond; (4) formation and desorption of H,O; ($)
that uses a synthesis gas as a chemical feedstock’™"" and a formation of the methylene —CH,— radical; and (6) formation
transition metal as the catalyst.”””'® The so-called syngas of the C—C bond.*® Despite strong evidence supporting CO
comprises carbon monoxide (CO) and molecular hydrogen dissociation and stepwise hydrogenation followed by —CH,—
(H,) produced by the gasification of coal,'” ~*° organic waste, polymerization,””*" alternative chain propagation mechanisms

17—-19,21,22 17,23,24 42

and biomass, or by reforming natural gas. include ethene®** and CO insertion,””~** depending on the
Straight-chain (oxygenated) hydrocarbons of high purity, reaction conditions and desired type of products. Spatial

containing between 10 and 20 carbon atoms, are produced constrains favor terminal alkyl intermediates fixed to the
which agfzc(:ommercially valua2£e27as synthetic motor-gasoline catalyst surface site,***” which controls the selectivity toward
(petrg;)_ ;o, " as well as diesel ™" and high-performance jet straight chain hydrocarbonsfm_50 Moreover, the principle of
fuels.™ " The combustion of these synfuels is very clean, thus selective inhibition developed by Schulz and co-workers posits

causing negligible adverse health and environmental impacts
compared to conventional fuels, which emit large amounts of
harmful pollutants, including sulfur oxides (SO,),**** nitro-
gen oxides (NO,),*” and particulate matter.”’">” FT synfuels,
in particular those derived from biomass, have attracted great
renewed attention as a sustainable route to achieve a net zero-
carbon future and mitigate global warming by 2050.*~%’

It is generally accepted that transforming syngas into
(oxygenated) hydrocarbons involves a series of concatenated
elementary steps as well as surface-bound intermediates and

that dissociative desorption of terminal alkyl species forming a-
olefins is more likely than addition of one H atom to form
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paraffins.”’ ~>* One of the major challenges of the FT process is
to control the selectivity toward the wide distribution of
products, which obeys the Anderson—Schulz—Flory proba-
bility distribution.”*>® Since the FT process is rather
unselective, producing hydrocarbons ranging from methane
gas to Cg, solid paraffin waxes, several approaches have been
used extensively to narrow the hydrocarbon fractions. The
multistage oligomerization of the low molecular weight a-
olefins is practiced in the industry to maximize the gasoline
yield, whereas the hydrocracking of the paraffin wax to diesel
adds further commercial value to the products of the FT
synthesis.”” In contrast, bifunctional catalysts combining an
FT-active Co phase embedded into the cavities of an acid
mesoporous catalyst are used for the direct selective synthesis
of hydrocarbons’®™** as well as core—shell nanoreactors,
characterized by hollow nanospheres based on an inorganic or
organic matrix encapsulating an FT-active metal.*” '

Transition metals are the major components of conventional
FT catalysts used for industrial applications. Ruthenium is the
most active metal known, catalyzing the synthesis of poly-
methylene at the lowest reaction temperature and without
requiring any promoter, but its limited abundance and high
price prevent large-scale use in chemical plants.'>'*%*7%
Nickel is the most active for hydrogenation reactions and as a
result shows high selectivity for methane formation, which has
a low commercial value.®® Iron is a very versatile catalyst, as its
selectivity can be tailored using various additives and reaction
conditions to produce a-olefins®~"" or paraffin wax.'*”>77°
However, Fe also distlays activity for the water—gas shift
reaction (WGSR),””~*" which is undesirable for H,-rich syngas
mixtures, as the H,O poisons the catalyst surface, reducing the
FT conversion yields.”**>*’ In contrast, cobalt exhibits
negligible activity for the competitive and unwanted
WGSR,*" making it a suitable catalysts for the FT syn-
thesis.*> ™ Co is used to produce paraffin wax, due to the
surface properties of this metal, which allows the readsorption
and insertion of a-olefins into the surface intermediates.” >’

Co is a very stable catalyst that has a high selectivity for
straight chain alkanes.”” This metal displays the best catalytic
activity in the pressure range of 10—60 bars and at
temperatures between 473 and 573 K.”> Under FT operating
conditions, evidence from in situ extended X-ray adsorption
fine structure has shown that the catalyst remains in the zero-
valence state.” It has been suggested that the slowest and,
therefore, rate-determining step of the catalytic process on Co
is the vicinal site reduction of a carbon-containing intermediate
by atomic H.”> Improving the dispersion of the Co catalyst by
reducing the size of the supported material is a known route to
enhance the selectivity and catalytic activity during the FT
process.” The catalytic activity of the Co(111) surface has
been the focus of intense scrutiny’®”” since it has shown to be
highly stable under the FT conditions.”

In this paper, we have used density functional theory (DFT)
simulations to investigate the conversion of syngas into
hydrocarbons of different chain lengths on the Co(111)
surface. We have studied the single molecule adsorption and
coadsorption of the reactants and discuss the impact on the
interatomic distances, fundamental vibrational modes, charge
transfers, atomic magnetic moments, surface free energies, and
surface work function. We have also analyzed the role of
several partial pressures of H on the thermodynamic stability of
the Co(111) surface in the presence of various intermediate
chemical species. We have used the climbing image nudged

elastic band (cNEB) method to investigate the reaction
profiles for (i) the activation of the surface-bound H and CO,
(ii) the combination of CH and H into CH, and C,H,, and
(iii) the formation of H,O and CO,, which is essential to
understand the chemistry of the FT process over cobalt. We
also predict the simulated infrared (IR) spectra and scanning
tunneling microscopy (STM) images for the intermediates of
the reaction mechanisms that we have examined for
comparison with future experiments.

2. COMPUTATIONAL METHODS

2.1. Calculation Details. We have performed spin-
polarized DFT calculations using the Vienna ab initio
simulation package (VASP).””7'% The exchange correlation
potential was described using the Perdew, Burke, and
Ernzerhof functional within the generalized gradient approx-
imation.'”'** The core levels were defined up to and
including 3p and 1s for the Co and the nonmetal C and O
atoms, respectively, whereas the electron in the H atom was
treated as a valence state. The frozen ions and their interaction
with the valence electrons were simulated within the projected
augmented wave framework.'’>'% The Kohn—Sham valence
states were expanded using a plane-wave basis set with a cut-off
of 500 eV for the kinetic energy. We have applied the
simplified rotationally invariant version'’” of the Hubbard
Hamiltonian,'*® where we have used the unified value of U, =
3.0 eV to account for the delocalized nature of the Co 3d
electrons. This choice of cut-off and on-site Coulomb
correction values was appropriate to describe different phases
of metallic Co as well as their oxides and surfaces.'””'" The
structures were relaxed using the conjugate-gradient method
until all forces on the atoms were less than 0.01 €V A™'. The
electronic density optimization was stopped when the total
energy difference between two consecutive self-consistent loop
steps was below 107° eV. In order to accurately describe the
long-range dispersion interactions, we have adopted the
empirical correction method with the Becke—Johnson damp-
ing presented by Grimme and co-workers [D3—(B))],"" 1"
which has been proven reliable in the simulation of surface
properties of various materials.'*”""* ="

2.2. Surface and Molecular Models. The (111) surface
was investigated using the periodic p(3 X 3) supercell, which
was created from the bulk of Co using METADISE.""® A
vacuum of 18 A was added in the direction perpendicular to
the surface to prevent interaction with the periodically
repeated images. We considered four atomic layers for the
simulation of the (111) surface slab, with an area of 48.318 A%
The atoms in the two topmost layers were allowed to relax
during geometry optimizations, to mimic the surface, while
those atoms in the remaining two bottom layers were kept at
their optimized bulk positions. The Brillouin zone of the
surface was sampled using a I'-centered Monkhorst—Pack
mesh of 5 X § X 1 k-points’ "~ and integrated using the order 1
of the method by Methfessel and Paxton'*’ with 0.2 eV for the
width of the smearing. The Methfessel and Paxton method
ensured that the variational quantity, that is, the electronic
entropy, vanished during the estimation of the electronic
partial occupancies.'”' However, we employed the tetrahedron
method with Blochl corrections'”” for the simulation of
accurate energies as well as the electronic and magnetic
properties. Energy convergence within 1 meV per atom was
further tested for the simulation supercell using different
vacuum thicknesses as well as various numbers of total and
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relaxed atomic layers. Dipole corrections were also included
perpendicular to the surface plane to compensate for any
dipole created by the chemical species added on the relaxed
side of the slab and to enhance the electronic conver-
gence. 2124

The isolated CO and H, molecules were modeled in a
periodic box of 14 X 15 X 16 A® to ensure negligible
interaction with their images in the neighboring cells. The
Gaussian scheme was used to determine the electronic partial
occupancies during geometry optimizations and energy
calculations, sampling only the I" point of the Brillouin zone.

The effective Bader atomic charges were obtained using an
improved grid of charge density values without lattice
bias,'**~"*” whereas the magnetic moments were integrated
within the same atomic basins. The work function (®), which
is the minimum thermodynamic work required for an electron
to leave the Co(111) surface, was calculated as ® = E,,. — Eg,
where E,,. is the potential at the vacuum and Ey, is the Fermi
level of the slab. The STM images were simulated using the
Tersoff—Hamann method'*® in the implementation of
Vanpoucke and Brocks.'”” The wavenumbers of the
fundamental vibrational modes were determined using the
central finite differences approach, by allowing each atom to
move by a small displacement in the three Cartesian directions.
The saddle points and minimum energy pathways (MEPs)
between initial and final states were simulated using the cNEB
method.*%"*" We used five images to model the MEP, which
were optimized globally by means of the limited-memory
Broyden—Fletcher—Goldfarb—Shanno method.'*”"** The sad-
dle points were characterized by a single imaginary frequency
along the reaction coordinate, which were determined using
the central finite difference method.

2.3. Surface Energy Diagrams. The surface energies for
the slab before (y,) and after relaxation (y,) were evaluated as

_ E, — nEy

WE T4 (1)
_ E, — mkE,

T h @)

where E, E, and E, are the energies of the unrelaxed slab, the
half-relaxed slab, and one Co atom in the bulk, respectively. ny,
and A are the number of Co atoms in the supercell and the
surface area, respectively. The degree of relaxation (R) was
calculated as R = 100(y, — 7,)/7u

The temperature-corrected energy [Ey(T,p°)] for the
adsorbate molecule was calculated according to

Ey(T, p°) = Eyy — TS(T, p°) 3)

where E,; is the calculated DFT energy for the isolated
adsorbate, T is the temperature, and S(T,p°) is the
experimental entropy in the standard state, extracted from
thermodynamic tables.'** The average adsorption energy for
the adsorbates [E,4(T,p°)] was obtained via

Ec - (Er + nMEM(TJ PO))

LY (4)
where E_ is the energy of the slab with the adsorbed species
and ny; is the number of surface-bound adsorbates.

For the hydrogenated surfaces, the effect of temperature on

the surface free energy [o(T,p)] was introduced as
follows 02115135136

Eads(Tl PO) =

Py,

o

o(T, p) =7, + C|E4(T, p°) — RT In

©)

where C is the coverage of hydrogen. The last term represents
the change in free energy of the H, gas, assuming ideal gas
behavior, at constant temperature when its partial pressure
changes from p° to py.

The activation energy (E,;) was calculated as the difference
of the energy of the saddle point and the energy of the
reactants, where the index i refers to each of the three
elemental steps that we simulated. The energy of the elemental
step (AE,) was obtained as the difference of the energy of the
products and the energy of the reactants.

3. RESULTS AND DISCUSSION

3.1. Bulk of -Co Metal. $-Co metal has the face-centered
cubic (fcc) structure characterized by the space group Fm3m
(no. 225)."*7 Figure 1a displays the conventional cubic unit

Figure 1. Schematic representation of (a) the face-centered cubic
(fec) conventional unit cell containing four Co atoms and (b) cubic
close-packed (ccp) arrangement along the [111] direction. The
atomic layers A, B, and C as well as the crystallographic directions are
indicated. The atoms in the B (C) layer are highlighted in green
(orange). The dashed yellow circle represents the position where one
atom from the A layer would be stacked in a hexagonal close-packed
(hcp) arrangement along the [111] direction.

cell containing four Co atoms and their periodic images. The
metal lattice has a cubic close-packed (ccp) arrangement along
the [111] direction, implying that the stacking sequence can be
represented as ABC for the atomic planes perpendicularly
intercepted, as shown in Figure 1b. Each metal atom has a
coordination number of 12 equidistant nearest neighbors,
which are distributed in the Wyckoff 4a positions with
coordinates (0, 0, 0). Assuming that Co atoms are congruent
spheres, the Co—Co interatomic distance (d) is related to the
lattice parameter (a) as d=a/ 2 , ensuring a packing
efficiency of 74.05%. As expected for the most dense known
packing of the ccp metals, the empty space of the cell is
composed of eight tetrahedral holes and four octahedral
cavities. These voids are responsible for the adsorption and
catalytic properties of Co once they are exposed at the surfaces,
as discussed in Sections 3.3 to 3.4.

The lattice parameter for the optimized cubic unit cell of Co
bulk was calculated at a = 3.521 A, which is marginally
underestimated by 0.65% with respect to the value obtained
from X-ray diffraction experiments.'*® Although the atoms
were allowed to move freely during the lattice relaxation, we
found that they prefer to remain at their ideal Wyckoft 4a
crystallographic coordinates with the perfectly symmetric 12-

https://doi.org/10.1021/acs.jpcc.1c00254
J. Phys. Chem. C 2021, 125, 11891-11903


https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00254?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00254?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00254?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00254?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c00254?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

fold coordination. The cell shape was also fully optimized, but
it stayed in the undistorted fcc geometry with an equilibrium
volume of V' = 10.913 A* atom™. The magnetic moments ()
were integrated within the Bader atomic volumes, and we
found that the value of m_ = 1.78 iy atom™ simulated for Co is
in excellent agreement with previous reports."””~'* The
decimal value of the magnetic moment obtained for Co is
characteristic of metals and represents the balance of the
number of electrons in the majority and minority spin
channel."**'** Figure S1 (Supporting Information) displays a
marked asymmetry for the Co 3d bands crossing the Fermi
level in both channels of the spin of the polarized electronic
density of states (DOS), which is typical of ferromagnetic
materials.

3.2. Pristine Co(111) Surface. Next, we modeled the
pristine planar termination of the low-Miller index (111)
surface of Co, shown in Figure 2. The 9-fold metal atoms

(b)

Figure 2. (a) Side and (b) top views of the Co(111) surface. Layers
containing atoms with dangling bonds are highlighted. Crystallo-
graphic directions and the symmetrically inequivalent adsorption sites
atop (M), bridge (M), face-centered cubic (fcc, X), and hexagonal
close-packed (hcp, @) are indicated.

exposed at the top surface layer have the two-dimensional
hexagonal-packing arrangement typical of the close-packed
structure, with three dangling bonds in the plane where the
bulk was severed. The primitive unit of the (111) surface is a
rhombus with a 2-fold rotational symmetry whose edges lie in
the [011] and [110] directions, which periodic repetition
creates the extended surface. The surface energy computed for
the unrelaxed slab is y, = 195 meV A% which suffers only a
minor degree of relaxation R = 0.59% during optimization.
However, the surface energy calculated for our half-relaxed slab
is just 7.7 meV A~ more stable than the value reported by
Skriver and Rosengaard.146 Figure 2a illustrates that this
relaxation corresponds to 0.004 A of vertical atomic displace-
ment toward the bulk for the subsurface layer and to an
outward migration of 0.047 A for the layer containing the
under-coordinated atoms with nil horizontal shifts. We found
that the creation of the surface induces minor changes in the
atomic charges (q), with the atoms in the subsurface layer
loosing 0.019 e~, whereas those in the surface layer gained
0.006 e”. Our calculations suggest that the magnetic moment

of the Co exposed at the surface is just 0.10 yy atom™" larger
than for the atoms in the bulk. However, the atoms in the
subsurface layer did not experience any noticeable change of
magnetization. We also calculated the work function at a value
of 4.918 eV for the Co(111) surface, which compares well with
previous works."**'*” As our computational model captures
the main structural, thermodynamic, magnetic, and electronic
properties of the fcc Co(111) surface, we are confident that the
DFT methods employed in this study are reasonably accurate.

3.3. Single-Molecule Adsorption on the Co(111)
Surface. We have investigated the adsorption of the single
syngas molecules H, and CO, on the Co(111) surface and
their impact on the thermodynamic stability, the magnetic
moments, charge transfers, and work function of the Co metal
slab. We have also analyzed the structural properties of the
adsorption configurations, the charge transfers between the
molecules and the surface, as well as changes in the
fundamental vibrational modes. Figure 2b displays the
symmetrically inequivalent adsorption sites considered in this
work, including (i) atop one Co, (ii) the bridge connecting
two metal centres, and (iii) the fcc as well as (iv) the hcp
trigonal holes formed between three atoms.

In order to assess the suitability of our computational
methods to describe the structure and energies of the
adsorbates, we have calculated their bond distances (d),
dissociation energies (D), as well as their vibrational
frequencies (v) and compared them with experimental values,
see Table 1. For the CO and H, molecules, we overestimated
their bond distances by only 0.015 and 0.009 A, respectively,
with respect to the experimental values.'*® The dissociation
energies for these diatomic molecules were calculated taking
the ground state H [1s'] as well as the triplet C [15*2s*2p*] and
O [1s*25*2p"] atoms as reference. Our simulations predicted a
slightly larger dissociation energy for CO in the order of ~0.4
eV from the experimental D¢n, whereas for H,, we found a
much better agreement within ~0.1 eV of the reported Dy .'*’

The vibrational frequency is 2126 and 4334 cm™' for the
isolated CO and H,, respectively, while the experimental values
are red-shifted at 2143 and blue-shifted at 4161 cm™" for the
gas phase molecules, respectively.'**

3.3.1. CO Interaction with the Co(111) Surface. A single
CO molecule was incorporated in four different relative
orientations to the symmetrically inequivalent positions
considered, that is, perpendicular to the surface with either
the (i) C or the (ii) O end interacting with a Co atom and
parallel to the surface with the molecular C, rotational axis
aligned with (iii) the trigonal holes or the (iv) first-neighbor
Co atoms. We initially placed the CO molecule at 2.0 A from
the surface and then carried out full geometry optimizations.
Our simulations suggest that the CO molecule always adsorbs
molecularly and perpendicularly through its C atom to the
Co(111) surface. The adsorption energies for a single CO
molecule binding to the Co(111) surface, which are listed in
Table 2, show that these interactions are exothermic processes,

Table 1. Intramolecular Bond Distance (d), Dissociation Energy (D), and Vibrational Frequency () Calculated for the

Isolated CO and H, Molecules

calculated experimental
molecule d (A) D (eV) v (em™) d (A)'* D (ev)'* v (cm™)'*®
CcO 1.143 11.502 2126 1.128 11.09 + 0.02 2143
H, 0.750 4.541 4334 0.741 4.447 £ < 0.001 4161
11894 https://doi.org/10.1021/acs.jpcc.1c00254
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Table 2. Adsorption Energies (E,q4,) at 0 K, Average Interatomic Distances (d), Wavenumbers for the Stretching Vibrational
Modes (v), and Charge Transfers (Aq) Calculated for a Single CO Molecule Interacting with the Four Symmetrically
Inequivalent Adsorption Sites Considered for the Co(111) Surface”

position E,q4 (eV) dco_c (A) de_o (A)
atop —3.847 1.7336 1.1710
bridge —3.884 1.9507 1.1856
fcc —3.952 1.9795 1.1962
hep —3.931 2.0431 1.1870

Voo (em™) Ag (e7) D (eV) o (meV A7?)
1943 —0.2951 4.798 115
1803 —0.4219 4.496 115
1743 —0.4594 5.328 113
1794 —0.4239 4.684 114

“The surface free energies (¢) at 0 K and work functions (®) are also reported. Negative values of Aq indicate charge transfer from the surface to

the adsorbate.

releasing E 4 ~—3.9 eV within a range of values of no more
than 0.1 eV. The trend of the calculated adsorption energies of
the CO molecule is in reasonable agreement with the
coordination number of the binding sites. For example, the
atop adsorption is the least favored interaction on thermody-
namic grounds with E 4 = —3.847 eV, as the C atom can only
coordinate one surface metal atom. For the bridge site, where
the molecule moved slightly toward the hcp hole during
optimization, the adsorption energy is only 0.037 eV more
favorable than at the atop position, since the CO interacts with
two surface Co atoms. The almost degenerate interactions at
the hcp and the fcc hole positions result in the largest
adsorption energies because the CO molecule can bind to
three Co atoms, see Figure 3a. Note that we also tested the

Figure 3. (a) Molecular adsorption of CO and (b) dissociative
adsorption of H, on the face-centered cubic (fcc) and hexagonal
close-packed (hcp) sites, respectively, of the Co(111) surface. Side
(top panels) and top (bottom panels) views are displayed. Co atoms
are in blue, C atoms are in brown, O atoms are in red, and H atoms
are in white. Layers containing atoms with dangling bonds are
highlighted. Crystallographic directions are indicated.

possible dissociative adsorption of the CO molecule, where the
intramolecular triple bond is broken, but found it to be less
favorable owing to its comparatively smaller adsorption energy
of E,4, = —1.86 eV. The adsorption of CO has clearly affected
several structural, vibrational, electronic, and thermodynamic
properties of the surface, the molecule, and the interactions, as
shown in Table 2. The simulated Co—C distances are inversely
proportional to the coordination number of their adsorption
sites, suggesting that the single bond formed in the atop
position with dc,_c = 1.7336 A is stronger than any one of the

three interactions at the trigonal holes. The overall strength of
the interaction determines the C—Q intramolecular distance,
which has the largest value of do_o = 1.1962 A for the most
favorable adsorption on the fcc site. The elongation and
therefore weakening of the C—O bond induces a red-shift in
the stretching vibrational mode of the adsorbate with respect
to the isolated molecule, with a smallest wavenumber of 1743
cm™! calculated for the most stable adsorption mode on the fcc
hole. The changes of the C—O intramolecular distance can be
rationalized in terms of the charge transfer from the surface to
the 7% antibonding molecular orbitals of the adsorbate. The
CO molecule receives ~—0.3 e~ in the atop position,
approximately —0.42 e~ in both the bridge and hcp site and
—0.46 e~ in the fcc hole, in agreement with the trend of
adsorption energies. Interestingly, this charge transfer partially
depletes the most loose electrons from the surface, resulting in
a work function required to remove tighter bound electrons
that is only larger at ®g_ = 5.328 eV for the adsorption at the
fcc site than for the pristine surface. Finally, the adsorption of a
single CO molecule increases the stability of the surface with
respect to the pristine slab, as evidenced by the reduction of its
surface free energy by around 80 meV A%

3.3.2. H, Interaction with the Co(111) Surface. We next
investigated the interaction of a single H, molecule with the
Co(111) surface, by placing the adsorbate in the same
orientations and distance considered previously for CO,
followed by a full geometry relaxation. Since the two H
atoms are equivalent, we only needed to explore one of the
perpendicular orientations of the molecule with respect to the
surface. We do not describe the adsorption of H, onto the
bridge position, as we did not find evidence of this
coordination configuration after optimization. Table 3
summarizes the calculated adsorption energies for H,, which
although negative, are generally less favorable than those for
the interaction of CO with the same positions of the Co(111)
surface. We observe that the adsorption energies for H, are
more dispersed than for CO, as the only molecular interaction
to the atop position releases 1.129 eV less than the dissociated
configuration on the vicinal hcp and hep site with the largest
binding energy. Furthermore, the type of vicinal trigonal holes
involved in the interactions with the dissociated H atoms plays
a key role in their adsorption energies, which order of
increasing stability is E, 4 (fcc, hep) > E, g (fec, fec) > E 4i(hep,
hcp) varying by approximately 0.17 eV. As a result of the short
H radius, the average binding distance to the surface is clearly
smaller than for CO. However, the H atoms prefer to sit ~0.15
A closer to the surface in the atop position, where only one Co
atom is coordinated, than at the vicinal hcp cavity, where three
metal atoms are involved. The H atoms interact approximately
0.02 A further away with the vicinal fcc, fcc, and fec, hep sites
than with the hcp and hep holes, in agreement with their
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Table 3. Adsorption Energies (E,4) at 0 K, Average Interatomic Distances (d), and Charge Transfers (Aq) Calculated for a
Single Dissociated and Molecular H, Interacting with the Symmetrically Inequivalent Adsorption Sites Considered for the

Co(111) Surface®

adsorbate position Eq (eV) doo_n (A)
H, atop —2.311 1.6072
2H fec, fec -3.251 1.7725
2H fcc, hep —3.098 1.7710
2H hep, hep —3.440 17573

dy_y (A) Aq (e7) @ (eV) o (eV A7?)
0.9045 —0.0780 4.356 147.2
2.7353 —0.6100 4.367 127.7
1.9907 —0.5747 4.704 130.9
2.5193 —0.6087 4.506 123.8

“The surface free energies (¢) at 0 K and work functions (®) are also reported. Negative values of Aq indicate charge transfer from the surface to

the adsorbate.

different adsorption energies, see Figure 3b. The intra-
molecular H—H distance dy_y; stretched by only 0.16 A with
respect to the isolated H, confirms that the adsorbate only
remains in the molecular form when it interacts with the atop
position, whereas it dissociates spontaneously at the other
adsorption sites on the Co(111) surface. The H—H distance is
between 0.5 and 0.7 A larger for the vicinal fcc, fcc and hep,
hep sites that for the fcc and hcp cavities, which can be
rationalized based on their different geometric relationship
with the radius of the metal cobalt atom (r,) and their atomic
charges. For instance, both the vicinal fcc, fcc, and hep, hep
sites are separated by 2r¢, cos 30° = 2.1562 A, whereas the
distance between the vicinal fcc and hep holes is 2r¢, cos 60° =
1.2449 A. The charge transfers confirm that the H atoms
become negatively charged once they attach to the surface but
less than compared to the CO molecule. The molecularly
adsorbed H, receives just —0.0780 e~ at the atop position,
which is insufficient to break the intramolecular bond, while
charge transfers larger than —0.5 e” lead to dissociation and
Coulomb repulsion between the H atoms. Our computed
Bader charges suggest that charge donation is at least 0.04 e~
larger in the fcc, fcc and hep, and hep sites than in the fcc and
hep holes. The pattern of a smaller work function suggests that
the Co(111) surface becomes more catalytically reactive after
adsorbing a single H, molecule in any of the geometries
considered. As expected, the surface free energies indicate that
the material gains stability upon adsorption of H,.

3.4. FT Processes. We propose three main mechanisms to
model the FT processes on the Co(111) surface. The modeled
pathways cover the catalytic conversion of H, and CO into
important intermediates, which in turn lead to the target
hydrocarbon C,Hy and byproduct H,O, as well as the
unwanted CH, and CO,. Our choice of possible pathways
will allow us to assess their different feasibilities and compare
them with experiments. For the construction of the energy
diagrams, we have chosen the most favorable adsorption
configuration for the reactants, intermediates, and final
products, which were linked by saddle points and MEPs.

3.4.1. Hydrogenolysis of CO. Figure 4 shows the MEP for
the coadsorption of CO and H, followed by the catalytic
conversion into a number of intermediates on the Co(111)
surface. The cNEB method employed for the simulation of the
MEP has been used in previous works, offering saddle point
energies and structures in close agreement with experi-
ment."*"~"%% Since we are interested in the reaction between
CO and H, we decided to place these species in the closest and
most stable fcc and hcp binding sites, respectively. We found
that the coadsorption is a very favorable process, releasing a
binding energy of E 4, = —4.70 eV, which is, however, 972 meV
smaller than for the infinitely separated species discussed in
Section 3.3. Once coadsorbed, both the CO and H species
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Figure 4. MEPs for the CO reduction by H on the Co(111) surface.
Minimum states are denoted by bold lines and saddle points are
denoted by narrow lines linked by dashed lines. Energies are
referenced to the isolated 1/2H,(g) + CO(g) molecules. Adsorbed
species are denoted using the symbol *.

remain in their initial adsorption sites but marginally further
away from the surface by 0.009 A and closer to it by 0.004 A,
respectively, than during the single molecule adsorption. The
charge analysis of this state indicates that both the H and CO
become slightly less negative by 0.0188 and 0.0093 e~ than
after the single molecule adsorption, as they share two of the
three surface Co atoms they coordinate. The catalyst surface in
this reaction state can be characterized using STM imaging,
illustrating the distribution of intermediates. Figure 5 was
constructed using a sample bias of V' = —2.5 eV, which is the
lower limit used for the integration of the partial charge density
of the surface up to the Fermi level (E;) upper boundary.
These images depict the three-dimensional distribution of the
occupied states in the vicinity of the Fermi level, which is
equivalent to the tunneling of the electrons from the surface to
the tip of the STM probe. Figure Sa is the control STM image
for the pristine surface, which was acquired at an electron
density (p) of 0.3177 eA™® and at a distance (d) of 0.89 A to
the tip, illustrating the ccp stacking of Co atoms along the
[111] direction. The exposed Co atoms in the surface layer are
depicted brighter than those fully coordinated in the
subsurface, and each atomic plane has the hexagonal packing
characteristic of the $-Co metal. Figure Sb represents the state
where the CO and H species are coadsorbed on the Co(111)
surface. This STM image, which was obtained with a distance
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Figure S. Simulated STM images of (a) pristine Co(111) surface and
following the coadsorption of (b) H and CO, (c) CH and O, and (d)
OH and C. The STM images were generated using a bias of V.= —2.5
€V, electron densities of (a) p = 0.3177 eA™3, (b) p = 0.25142 A3,
(c) p=0.1213 eA™% and (d) p = 0.0512 eA™> as well as a tip distance
of (a) d=0.89 A, (b) d=0.28 4, (c)d=0.12 A, and (d) d = 0.15 A.
Inset shows enlargement of the STM image for the surface unit cell.
Co atoms are in blue, C atoms are in brown, O atoms are in red, and
H atoms are in white. Crystallographic directions are indicated.

of 0.28 A to the tip and at a density of 0.25142 eA™3, clearly
shows the protruding CO molecule perpendicularly adsorbed
on the fcc hole. However, our simulated image is unable to
resolve the small H atom, as its electronic density cannot
interact with the hypothetical STM tip.

The indirect pathway leads our system to the formation of
the CH intermediate. In a concerted step, the H atom migrates
to the side of the CO molecule, which loses its O atom. The

formed CH species remains in the cavity previously filled by
the reactant CO, while the O atom moves to a nearby hcp site,
where it may undergo further reduction. This is an
endothermic process with a reaction enthalpy of EzA = 0.87
eV and an activation energy of ErsA = 2.90 eV. Following this
substitution reaction, the O atom attaches to the surface at
1.88 A, whereas the reduced C atom moves 0.24 A closer to
the surface. The STM image for the reaction step where CH
and O are coadsorbed on the Co(111) surface was simulated
using an electron density of 0.1213 eA™ and a distance of 0.12
A to the tip, as shown in Figure Sc. The adsorbates are well
defined, especially the O atom in the hcp cavity, which is
displayed slightly brighter than the CH species in the fcc site.

The final step in the mechanism is the generation of OH and
C, following both the direct and indirect pathways. In the
resulting structure, the C remains attached to the fcc cavity,
but the H atom is transferred 1.4 A from the CH species to the
O atom, which is pulled to a nearby fcc site. The OH group is
adsorbed to the trigonal hole at an angle of approximately 110°
with respect to the surface. Figure 5d illustrates the STM
image for the reaction step where CH and O are coadsorbed
on the Co(111) surface, which was produced at a distance of
0.15 A to the highest atom and an electron density of 0.0512
eA™3. Similar to the previous reaction step, the intermediates
are well defined in the image. Interestingly, we noticed that the
contrast between the Co atoms of the top surface and
subsurface layers becomes weaker during the reaction,
indicating the presence of adsorbates on the surface. The
conversion of CH and O into OH and C is endothermic by
0.57 eV, and its activation energy is essentially the same that
was calculated for the saddle point A. The alternative direct
pathway requires crossing the saddle point C, which has an
energy just 0.21 eV smaller than the adsorption energy released
by the syngas mixture. In summary, the coadsorption of CO
and H provides enough energy for the system to surmount the
saddle point with even the largest energy, which suggests that
at the high temperatures typical of the FT process, all species
reported in Figure 4 are accessible, coexist, and are in
equilibrium. We did not consider intermediate triatomic
species such as COH*, CHO¥, or the tetratomic CHOH*
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adduct for the sake of simplicity. The resulting number of
possible intermediates and saddle points can be very large,
making the MEP and simulations complicated and difficult to
rationalize.

3.4.2. Effect of H Coverage. We have evaluated the relative
stability of the Co(111) surface containing the intermediate
species discussed in Section 3.4.1 as a function of the partial
pressure of H,, as we are interested in assessing the ratio of
their equilibrium coverages under the FT conditions. This
approach has been used previously, providing results in
excellent agreement with experiments,' %! 15156 Figure 6
displays the H, pressures as a function of the desorption
temperatures for the pristine Co(111) surface as well as
containing a single CO molecule, the coadsorbed CH and O
species, and the coadsorbed OH and C intermediates, as
calculated according to eq 5. We have simulated different
coverages of H, by creating up to a full monolayer of this atom
in the most stable hcp cavity found for the single atom. Thus,
our choice of supercell size allows the addition of up to nine H
atoms to the Co(111) surface, shown in Figure 6a. For a H,-
rich syngas mixture in equilibrium with the catalyst, we can still
ensure that surface-bound CO is available, as the species prefer
different types of adsorption sites, and CO replaces H under
conditions of competitive adsorption, see Figure 6b. The very
reactive C and CH intermediates become easily protonated, as
the surface H coverage is increased, as displayed in Figure 6¢,d.

Figure 6a shows that the pristine Co(111) surface requires
temperatures above 1200 K and pressures below 1077~ bar of
H, to remain free of H atoms. A coverage of 1.03 H, nm™?,
that is, one H atom in our surface, becomes stable between the
maximum pressure of 10* bar of H, and the minimum
temperature of 300 K. A larger coverage of 2.07 H, nm™?, for
the surface containing two H atoms, has a very narrow range of
stability adjacent to the border of the 1.03 H, nm™> coverage.
The surface is able to accommodate eight H atoms if the
pressure of H, is increased up to 10° bar for temperatures
larger than 300 K, whereas this coverage of 8.28 H, nm™
remains the preferred one below pressures of 1 bar of H, at 30
K. The full monolayer of H with a coverage of 9.31 H, nm ™ is
achieved at pressures of H, larger than those required for the
surface containing eight H atoms.

We found that the interaction of the surface with H, is
affected differently depending on the coadsorbed species. For
example, the coadsorption of CO reduces the range of
temperatures required for H to bind with respect to the
pristine surface, indicating that a low temperature hydro-
genation is the most favorable scenario, see Figure 6b. For the
system containing the CO species, we can see that the surface
does not contain H atoms above ~1150 K at 10 bar of H,
pressure, which is typical of the FT process. As the
temperature is reduced, the surface is able to bind 1.03 H,
nm~2, equivalent to one H atom in our supercell. Temper-
atures below 900 K allow the adsorption of six H atoms,
corresponding to a coverage of 6.21 H, nm™2. The most dense
coverage of 8.28 H, nm ™ is then achieved between 0 and 550
K, indicating that at room temperature, the Co(111) surface
will be fully covered by H atoms.

Compared to CO, CH increases the stability of high
coverages of H at the surface, which enables the coadsorption
of both species at lower temperatures. In general, the pattern of
the surface phase diagram for the surface containing a single
CH species is very similar to the system with a surface-bound
CO molecule, although more intermediate coverages of H, are

permitted when CH is coadsorbed. For the catalyst containing
either CH or CO, our calculated phase diagrams provide
evidence that the Co(111) surface is likely to have a coverage
between 6.21 and 828 H, nm > under the experimental
conditions of the FT process, that is, 10—60 bar and 473—573
K. This H coverage, which is equivalent to 6—8 H atoms
adsorbed in our surface supercell, indicates that the ratio of
equilibrium coverages (C) is Cy/Ccocon > 6:1 at the
temperature conditions required for the FT process. This
analysis is in excellent agreement with experiment, as it is well
known that an excess of H, with respect to CO is needed for
the formation of alkanes with the general formula C,H,,,,.
3.4.3. Formation of C,Hg. From the phase diagram derived
in Section 3.4.2, we know that large coverages of H can coexist
with a number of C1 intermediates on the Co(111) surface
and therefore Co/Cy = 1:3 is a sensible ratio of equilibrium
coverages to consider as the starting configuration for the
formation of hydrocarbons on the Co(111) surface. These
conditions lead us to three possibilities, shown in Figure 7,
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Figure 7. MEPs for the formation of C,H, and CH, on the Co(111)
surface. Minimum states are denoted by bold lines and saddle points
are denoted by narrow lines linked by dashed lines. Energies are
referenced to the adsorbed species 2CH* + 4H*.

which comprise the molecular and dissociated pathways for the
formation of C,Hy as well as the conversion of the CH
intermediate into the unwanted CH,. In the molecular
pathway, two CH® species react to form a surface-bound
acetylene (C,H,*) molecule, which is 2.2 eV lower in energy
than the initial state, after overcoming a small barrier of 0.5 eV,
which corroborates the thermodynamic and kinetic feasibility
of the formation of the C—C bond. As a result of this reaction,
one of the C atoms leave its fcc site to occupy a neighboring
hep surface hole, closer to the C atom that remained in its
catalytic site. The acetylene molecule does not lie linearly
along the surface as the C atoms display a pseudo sp” trigonal
geometry, where the two H atoms are pointing outward. As a
result, the C atoms of the C,H,™* intermediate move away from
the surface by 0.2 A. Given the large number of H atoms
adsorbed on the surface, the C,H,* molecule is able to
undergo further reduction. The addition of two H atoms
transforms the intermediate into the olefin molecule ethene
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(C,H,*) in an endothermic process with a reaction energy of
0.6 eV, which requires 1.6 eV to cross the saddle point in the
MEP. The hydrocarbon molecule moves further away from the
surface of the catalyst and coordinates the Co atoms using
large pseudo-hybrid sp® tetrahedral orbitals. In the last
elemental step of this pathway, the hydrocarbon intermediate
becomes saturated and physisorbed to the surface, with the
closest C remaining at a distance of 3.13 A from the closest Co
atom. Although this process is endothermic by ~1.0 eV, the
transition state barrier has a modest energy of 1.2 eV.

In the alternative dissociated pathway, we first simulated the
hydrogenation of the C1 species and finally the coupling of the
C atoms, as shown in Figure 7. Our calculations suggest that
the intermediates of the dissociated pathway are less stable
than in the molecular pathway, while the saddle points are of
higher energy. For example, the dissociated surface species
2CH,* + 2H* are ~1 eV higher in energy than the molecular
intermediate C,H,* + 4H*. Moreover, the transition states G,
H, and I for the dissociated pathway lie above their
counterparts D, E, and F in the molecular pathway, suggesting
that the formation of C,Hg* proceeds via the addition of CH
species to the reaction intermediate. Finally, we also tested the
formation of CH,*, which is an unwanted product in the FT
reaction. However, the intermediates and transition states are
the least stable in the energy diagram displayed in Figure 7,
which explains the lack of selectivity by Co for the formation of
the smallest molecular weight hydrocarbon. Note that testing
the selectivity toward hydrocarbons containing more than five
carbon atoms would entail modeling at least 5 CH groups
coadsorbed with 7 H atoms, which is beyond the size
constrains allowed by our cobalt Co(111) surface model.
Moreover, simulating the formation of alkanes longer than
propane is a formidable computational task, as the number of
structural isomers that has to be considered increases
significantly with the number of C atoms. However, based
on the relative energies of the intermediates and saddle points
presented in Figure 7, we speculate that a continuous supply of
syngas will favor the growth of the hydrocarbon chain over the
hydrogenation of the C1 and C2 species.

4. CONCLUSIONS

We have employed DFT calculations to simulate the
conversion of a mixture of H, and CO (syngas) into
hydrocarbons on the planar bulk-like Co(111) surface. We
have elucidated the structures and energies of the single
molecule adsorption for the reactants and demonstrated their
role in the changes observed in the interatomic distances, the
wavenumbers of the fundamental vibrational modes, charge
transfers, surface free energies, and work functions. We found
that CO binds molecularly the catalyst surface, whereas H,
dissociates upon adsorption. Both syngas species bind
preferentially to different types of trigonal holes on the
Co(111) surface.

Although still highly exothermic, the vicinal-site coadsorp-
tion of single CO and H species in close proximity is a process,
which is approximately 1 eV less favorable than the adsorption
of the infinitely separated adsorbates. The MEP calculated for
the hydrogenolysis of the CO molecule suggests that the
energy released during coadsorption is enough for the system
to cross the saddle points and form important intermediates
such as CH, OH, and O. We successfully simulated the phase
diagrams for the surface containing a single intermediate
molecule as a function of the partial pressure of hydrogen and

temperature. The (111) surface of the catalyst is further
stabilized when the ratio of coverages (C) is Cy/Cco,chon >
6:1 at the temperature conditions required for the FT process,
which explains the excess of H species required for the
formation of hydrocarbons.

The surface-bound intermediates are slightly less stable than
the syngas molecules, but the simulated energy diagrams show
that they can react to form hydrocarbons. The reaction profiles
suggest that the Co(111) surface has the largest selectivity
toward C,Hg, which is our model of a straight-chain alkane.
The most favorable mechanistic pathway was calculated when
two CH species form an adsorbed acetylene (C,H,) molecule
that then undergoes hydrogenation until the hydrocarbon is
fully saturated. The generation of CH, or the coupling of two
methyl (CH;) groups to create the C—C bond leads to
unstable intermediates and high energy saddle points. The
simulated STM images and wavenumbers for the fundamental
vibrational modes are presented as a means to characterize the
reaction coordinate for each pathway. These results allow
direct comparison with experiments and explain the surface
chemistry during the FT process.

Future work will involve microkinetic simulations to
understand how the FT process takes place at different
catalytic sites. The kinetic model for the conversion of CO and
H, into hydrocarbons will allow us to predict the convex hull
of the ground states. Most importantly, we will be able to carry
out dynamic simulations at a range of conditions to calculate
the turnover frequencies and compare them with experiments.
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