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ABSTRACT: Cobalt catalysts undergo a massive reconstruc-
tion under Fischer−Tropsch conditions, resulting in the
formation of uniform nanoislands. It is unclear what drives
the formation of these islands, since it is highly unfavorable for
clean surfaces. Using density functional theory, we show that
the formation of islands and steps is driven by the embedding
of carbon in an unusual square-planar form at the B5 step sites.
Though carbon is not a typical oxidant for metals, it oxidizes cobalt at those sites. This strengthens CO adsorption, which further
favors the formation of islands and steps. The oxidation of cobalt by carbon is predicted to be experimentally detectable as a 2 eV
shift in the Co 2p binding energy.
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■ INTRODUCTION

The structure of heterogeneous catalysts under reaction
conditions often differs dramatically from their ideal clean
structure,1−6 challenging the validity of model studies that
assume ideal catalyst structures. A striking example is the
formation of quasi-uniform nanoislands with a height of one
atomic layer and containing less than 50 Co atoms when a
Co(0001) single crystal is exposed to CO and H2 under
Fischer−Tropsch reaction conditions of 4 bar and 523 K.1 The
formation of nanoislands greatly increases the number of
surface “defect” sites, which have been proposed as the
catalytically active sites for Fischer−Tropsch synthesis.7,8

Insight into the formation, the structure, and the coverage of
these nanoislands would therefore be an important step toward
controlling the activity and selectivity of Fischer−Tropsch
synthesis, a major industrial process for the production of clean
fuels. This massive reconstruction of the cobalt catalyst under
reaction conditions is however puzzling because island
formation is highly unfavorable on clean cobalt surfaces.
Moreover, the nanoislands only form under reaction conditions
and were not observed by in situ STM at 10 mbar and for a high
H2/CO ratio of 40.9

The driving force and conditions required for the formation
of the nanoislands remain controversial. Wilson and De Groot
first observed the formation of nanoislands and speculated that
strong adsorption of dicarbonyl species at the “defect” sites
drives their formation.1 Recently, surface carbidic species have
been suggested as the restructuring agents10 because calcu-
lations have shown that carbon binds strongly at step sites.11−14

A number of theoretical studies using ab initio15,16 and
molecular dynamics methods17 have found that high carbon
coverages can reconstruct Co terraces to form a surface carbide,
but not nanoislands. For example, Zhang et al.17 proposed that

strong C adsorption increases Co−Co distances, resulting in
surface stress, in agreement with the results of Tan et al.11 This
surface stress can then be reduced by the formation of step sites
and islands, linking the formation of a surface carbide to the
formation of steps and islands. Valero et al.16 also attributed the
formation of a surface carbide to the strong C binding energy in
the carbide and at subsurface sites. In a combined experimental
and theoretical study, Tan et al.11 found that both a graphene
overlayer and a p4g surface carbide are thermodynamically
stable under Fischer−Tropsch conditions and can grow from
step edges on Co(111) terraces. Dosing and decomposing 0.5
ML ethylene at 630 K indeed reconstructs the Co(0001)
surface forming a surface carbide,18 in agreement with
theoretical predictions,11,15,16 but it does not lead to the
formation of nanoislands. The specific conditions that lead to
the formation of the catalytic nanoislands therefore remain
unclear. Also, a high CO coverage of around 50% is measured
under Fischer−Tropsch conditions.19,20 However, the effect of
strongly adsorbed CO on the catalyst structure was not
considered in these earlier studies. Here we present a
computational study to address the thermodynamic origin
and conditions for the experimentally observed formation of
nanoislands under Fischer−Tropsch conditions. The effect of
the high CO surface coverage on the stability of Co terraces
and the combined synergistic effect of C and CO adsorption on
the formation of nanoislands are addressed for the first time.
We show what species can and should bind to Co under
reaction conditions to facilitate the formation of steps and
islands.
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■ COMPUTATIONAL METHODS
Periodic spin-polarized density functional theory calculations
were performed using the revised Perdew−Burke−Ernzerhof
(revPBE) functional21 including nonlocal vdW-DF correla-
tion,22,23 a plane-wave basis set with a cutoff kinetic energy of
450 eV, and the projector-augmented wave method,24 as
implemented in the Vienna Ab-initio Simulation Package
(VASP).25,26 The thermodynamic stability of CO, CHx, and
OHx adsorbates relative to a CO, H2, and H2O gas phase
reservoir was evaluated from the reaction Gibbs free energy for
eqs 1 and 2 under Fischer−Tropsch conditions (500 K, 20 bar,
60% conversion), and includes the effects of pressure,
composition, and temperature27 (eqs 3 and 4).
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The Gibbs free energy for gas phase and adsorbed species
was calculated by combining electronic and zero-point DFT
energies with enthalpy corrections and entropies from
frequency calculations for the full structures. Co terraces were
modeled as a three-layer p(3 × 3) slab with an optimized lattice
constant of 3.56 Å and an interslab spacing of 10 Å. Step sites
were modeled using a three-layer p(2 × 8) slab where four rows
of Co atoms were removed from the top layer. The Brillouin
zone was sampled with a (3 × 3 × 1) Monkhorst−Pack grid. IR
intensities were calculated using density functional perturbation
theory,28 whereas C 1s and Co 2p binding energies were
computed using the final state approximation.29,30

■ RESULTS AND DISCUSSION
Step creation and island formation are highly unfavorable for
the clean Co(111) surface. Creating a pair of B5 and F4 step
sites by breaking a large (111) terrace into two smaller terraces
costs 85 kJ/mol (Figure 1). Note that the symmetry of the fcc

lattice leads to pairs of B5 and F4 sites in this procedure.
Creating a step formally corresponds to breaking two Co−Co
bonds, and the calculated step creation energy of 85 kJ/mol
leads to a Co−Co bond energy of 43 kJ/mol. This value
corresponds to a bulk cohesive energy of 510 kJ/mol, in
reasonable agreement with the calculated bulk cohesive energy
of 445 kJ/mol (experimentally 424 kJ/mol31). In this process,
the number of adsorption sites decreases: three rows of terrace
sites are converted to one row of B5 sites and one row of F4
sites. Since various carbon-containing species adsorb strongly
on Co,11−17 it is natural to ask whether strong adsorption and
high coverage at the new step sites could overcome the large
energy penalty to create steps. To evaluate the effect of
adsorbates, the stability of C, CH, and CH2 at the steps (Figure
2), as well as the adsorption of CO on terraces and steps

(Figure 3) was computed to find a combination that could
overcome the step creation penalty. The calculations show that
C and CH bind strongly at the 4-fold B5 step sites with
stabilities of −18 and −23 kJ/mol, respectively. Thermody-
namic stabilities are defined as reaction Gibbs free energies
relative to a synthesis gas reservoir under Fischer−Tropsch
conditions and fully account for the effect of temperature,
pressure, and composition eqs 1−4. In particular, C binds 58
kJ/mol stronger at the 4-fold B5 site than at a hollow site on
Co terraces (Figure 2a) and 71 kJ/mol stronger than at the 3-
fold F4 site (Figure 2c). Note that the unusual stability of
carbon at 4-fold sites forces the upper atoms of the F4 step to
move significantly to create 4-fold sites. Hydrogenation of C to
CH is only marginally favorable at the B5 sites. On Co terraces,
hydrogenation of C to CH is highly favorable by 53 kJ/mol,
illustrating the unique stability of the naked carbon at the B5
sites. CH2 adsorbs preferably at the edge site (Figure 2g,h) and
is unstable relative to C and to CH at the B5 site. At the 4-fold
B5 sites, carbon binds in an unusual square-planar geometry.
The stability of square-planar carbon at the B5 sites was
analyzed by Nandula et al.32 and attributed to the local
aromaticity of the square-planar “Co4C” motif. Chemical
bonding in metal clusters containing square-planar carbon is

Figure 1. (a) Creation of a pair of F4 and B5 sites on Co(111)
terraces. (b) Procedure to calculate the step creation energy. In a p(2
× 8) Co(111) unit cell, 4 rows are moved from the top layer (i) to the
bottom layer (ii), creating 4 F4 step sites (red, c) and 4 B5 step sites
(green, d) per unit cell. Note that 8 rows of terrace sites (i) form 5
rows of terraces site in (ii) (indicated in orange), 1 row of B5 sites and
1 row of F4 sites. The energy difference between (i) and (ii) per unit
cell, 340 kJ/mol, leads to a step creation energy of 85 kJ/mol per pair
of step sites.

Figure 2. Thermodynamic stability (kJ/mol) of CHx species on
terrace and stepped Co surfaces relative to a syngas reservoir at 500 K,
20 bar, 60% conversion. (a) hcp hollow terrace site; (b) B5 site, 50%
step coverage; (c) F4 site, 50% step coverage. Note that the edge
atoms of the upper terrace shift to convert the 3-fold F4 site (Figure
1c) to a 4-fold site due to the stability of square-planar carbon; (d) B5
site, 100% step coverage. Addition of a second carbon is highly
unfavorable; (e) CH at B5 step site, 50% coverage; (f) CH at F4 step
site, 50% coverage; (g) CH2 at B5 step edge, 50% coverage; (h) CH2
at F4 step edge, 50% coverage; (i) p4g clock carbide at the step edge;
(j) extended p4g clock carbide. Though the stability of the carbide
depends on the width of the terrace,11 the stability per carbon rapidly
converges to a value of −24 kJ/mol (value for fourth carbon atom,
indicated by red square). Co atoms are blue, C gray, and H white.
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well-understood, and the hunt for clusters containing square-
planar C, N, and Si is indeed very active.33−37 Here we
demonstrate that the stability of this unusual square-planar
carbon also plays a crucial role in the structure and activity of
industrial catalysts.
Increasing the carbon step coverage to 100% by occupying

neighboring B5 sites is unfavorable, with a differential Gibbs
free energy of +44 kJ/mol for adsorbing a carbon atom
between two occupied B5 sites (Figure 2d), leading to an
average stability of +13 kJ/mol for a carbon coverage of 100%.
Indeed, when carbon occupies neighboring B5 sites, aromaticity
is destroyed.32 The saturation carbon coverage at B5 steps is
hence only 50% under Fischer−Tropsch conditions, and B5
sites remain free and available for reaction. Another structure
with square-planar carbon is the p4g-clock surface carbide. p4g
surface carbides were first characterized on Ni(100),38 and they
have also been predicted on Co surfaces.11,15,16 The (111)
surface carbide in Figure 2j grows from the step edge and
slightly expands the (111) terrace, introducing strain. The
reconstruction cost is largest for carbon next to the step (Figure
2i) and gradually decreases as the surface carbide grows. The
stability eventually converges to about −24 kJ/mol for a width
of five rows (Figure 2j).11 Subsurface carbon was found to be at

least 60 kJ/mol less stable than the surface carbide under
Fischer−Tropsch conditions.
The high CO pressure and relatively low temperature under

Fischer−Tropsch conditions lead to a high CO coverage.
Experimental and theoretical studies have reported CO
coverages around 50% during Fischer−Tropsch synthesis.19,20

A thermodynamic analysis of the adsorbate-induced island and
step formation should hence consider the CO coverage on the
terraces before reconstruction, and adsorption at the step sites
that are created by the reconstruction, as illustrated in Figure 4.

Figure 3 summarizes the calculated CO adsorption Gibbs free
energies on terraces and near step sites. Two stable CO
structures have been reported on Co(0001) terraces: a √3 ×
√3 and a 2√3 × 2√3 structure (Figure 3a,b) with adsorption
Gibbs free energies of −65 and −35 kJ/mol, respectively.39−41

To compare the stability of these structures, the adsorption free
energies need to be multiplied by the respective coverages.41

This shows that the √3 × √3 structure (−65 × 1/3 kJ/mol
Cosurface) is marginally more stable than the 2√3 × 2√3−7CO
structure (−35 × 7/12 kJ/mol Cosurface) under Fischer−
Tropsch conditions. Considering the 7/12 ML structure as the
starting structure has a minor effect on the analysis and makes
step creation more favorable. We will therefore consider (111)
terraces covered with 1/3 ML CO as our starting structure.
For low step coverages, CO adsorbs stronger at the step

edges than on the (111) terrace, and the top site is slightly
preferred over the bridge site (Figure 3d,e). Experimentally, the
formation of di- and tricarbonyl species where 2 or 3 CO
molecules bind to the same Co atom have been suggested to
stabilize step edges.1,42−44 We hence considered step coverages
of 100% and higher at B5 and F4 sites. Several configurations
were considered, and the structure where CO adsorbs at bridge
sites (Figure 3k and 3m) was the most stable structure with an
adsorption free energy of −78 kJ/mol at the B5 sites and −72
kJ/mol at the F4 sites. These values are essentially identical to
the low-coverage values. In this structure, the CO molecules
adopt a zigzag pattern to reduce through-space dipole−dipole
repulsions. CO coverages higher than 100% are not
thermodynamically favorable at the step sites, and the Gibbs
free energy to adsorb for an additional CO at B5 steps with a

Figure 3. Adsorption Gibbs free energy of CO at terraces and step
sites (500 K, 4.4 bar CO). The Gibbs free energies account for the
adsorption entropy loss and are therefore about 60 kJ/mol lower than
adsorption energies. (a) √3 × √3-CO structure, the stable structure
on Co terraces under Fischer−Tropsch conditions; (b) (2√3 ×
2√3)-7CO structure, high coverage structure; (c) B5 step, 50%
coverage; (d) F4 step, 50% coverage; (e) B5 step, 50% coverage,
bridge sites; (f) B5 step with 50% carbon; (g) B5 step with 50% CH;
(h) p4g carbide, low coverage; (i) p4g carbide, intermediate coverage;
(j) p4g carbide, high coverage; (k) B5 edge, 100% CO coverage.
Adsorption at top sites is not stable for this coverage; (l) B5 edge,
150% CO coverage. Adsorption free energy for the addition of CO
molecules to structure 3k; (m) B5 step with 50% carbon, 100% CO
coverage; (n) F4 step, 100% CO coverage; (o) next to a B5 step, 50%
CO coverage for second row; (p) next to a C/CO-covered B5 step,
50% CO coverage for second row, adsorption free energy for the
addition of CO molecules (circled) to structure 3m.

Figure 4. Formation of step sites under FT conditions. CO-covered
Co terraces (a) break up, creating additional step sites (b). Although
the creation of step sites (Figure 1) and the desorption of CO from
the (terrace) sites costs energy, the adsorption of a high (100%)
coverage of CO and square-planar carbon at the newly created step
sites more than compensates this energy penalty under FT conditions.
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CO coverage of 100% (i.e., the structure in Figure 3l) is +43
kJ/mol, even though the electronic adsorption energy to adsorb
the additional CO molecule is −22 kJ/mol.
Under Fischer−Tropsch conditions, it is favorable to occupy

50% of the B5 sites with square-planar carbon or with CH
species. Surprisingly, the presence of square-planar carbon at
the B5 sites increases the CO adsorption energy by 17 kJ/mol
(Figure 3f), whereas CH at the B5 site has a limited effect on
the CO adsorption energy (Figure 3g). The stronger CO
adsorption is surprising because the same cobalt step atom now
binds both carbon and CO. Such an attractive interaction is
highly unusual considering the bond order conservation
principle.45 The unusual attraction is caused by the oxidation
of the step cobalt atoms by square-planar carbon (see Table 1).

To achieve an aromatic electron count, the carbon atom
withdraws electron density from the neighboring cobalt
atoms.32 The reduced electron density on the cobalt atoms
reduces the Pauli repulsion between the partially filled Co dz2

states and the filled CO 5σ orbital, as shown by Natural Bond
Orbital analysis.46 Also for a CO coverage of 100%, the
presence of carbon strengthens CO adsorption by 10 kJ/mol
(Figure 3m). The attractive interaction between carbon and
CO increases the stability of the C/CO covered B5 step sites.
Hydrogenation of the square-planar carbon atom becomes 16
kJ/mol unfavorable in the presence of CO. A similar attractive
interaction is not found for the surface carbide. Note that the
thermodynamic stability of O at the B5 sites (+41 kJ/mol) and
at the terraces (−10 kJ/mol) is lower than the stability of C and
CO, and is therefore not considered in our analysis.
Combining the stabilities in Figures 2 and 3 with the step

creation energy, we can evaluate the overall thermodynamic
driving force to create pairs of C and CO-covered B5 and F4
step sites or the formation of a surface carbide from CO-
covered terraces under Fischer−Tropsch conditions. The
argument follows a three-step Born−Haber cycle. First, 1/3
ML CO desorbs from the terrace sites to create a clean surface.
Note that 3 terrace rows are converted to a row of B5 sites and
a row of F4 sites (Figure 1b). Desorption costs 65 kJ/mol (i.e.,
3 rows × 1/3 ML × 65 kJ/mol). The subsequent creation of a
pair of step sites costs 85 kJ/mol. Finally, CO readsorbs at the
new B5 and F4 step edges with 100% coverage and adsorption
free energies of −78 and −72 kJ/mol, respectively. In our
calculations, this overall process is thermoneutral. The
increased CO adsorption energy and coverage at the step
sites are hence not sufficient to drive the formation of steps or

nanoislands, and the presence of square-planar carbon at the B5
sites is an essential factor for step and island formation.
Together, the stability of square-planar carbon and the
increased CO adsorption energy enhance the driving force to
form a pair of B5 and F4 steps to −19 kJ/mol. The creation of
step edges from extended terraces hence becomes thermody-
namically favorable under Fischer−Tropsch conditions, driving
the breakup of cobalt terraces to form nanoislands, as observed
by Wilson and De Groot.1 The crucial role played by square-
planar carbon is clearly illustrated by the absence of island
formation in the experiments of Ehrensperger and Wintterlin.9

For the conditions in their study (10 mbar and a H2/CO ratio
of 40), square-planar carbon is thermodynamically unstable
(+12 kJ/mol) and hence does not form. Without the formation
of square-planar carbon at the B5 step sites, step and island
formation is unfavorable. A similar Born−Haber cycle can be
constructed for the formation of a surface carbide. Our
calculations show that the formation of a CO-covered carbide
is marginally favorable for sufficiently large islands but
significantly less favorable than the formation of C/CO covered
steps and nanoislands under Fischer−Tropsch conditions.
Indeed, the overall driving force to create a CO-covered cobalt
carbide is only −0.5 kJ/mol Cosurface. In the absence of gas-phase
CO, the formation of a surface carbide is more stable than the
creation of carbon-covered steps, resulting in a carbon-induced
restructuring of Co terraces, but not the formation of Co
nanoislands, in agreement with experimental18 and recent
DFT16 and molecular dynamics17 studies. Indeed, without the
adsorption of CO, the stability gained by carbon adsorption at
the B5 sites is not sufficient to overcome the step creation
penalty (+85 kJ/mol). Thus, the creation of steps and
nanoislands is not thermodynamically favorable in the absence
of CO, explaining why Co nanoisland formation is not
observed after ethylene decomposition.18 In summary, both
CO and square-planar carbon are required to drive the
formation of steps and nanoislands, and it is crucial to consider
the adsorption of both CO and carbon in a thermodynamic
analysis.
To allow experimental detection of the predicted C/CO-

covered step sites, CO stretch frequencies and IR intensities, as
well as Co 2p and C 1s binding energies were computed and
compared with values for terrace sites (Table 1). For CO at the
carbon-covered B5 sites, two frequencies are computed: 1843
cm−1 for CO at the carbon-free site and 1781 cm−1 for CO at
the site with carbon. The large difference in the calculated
intensity suggests that only the 1843 cm−1 frequency could be
observed. Since this frequency differs significantly from the
range computed for bridge CO in the 2√3 × 2√3 structure,
1805−1815 cm−1, and from the low-coverage value of 1751
cm−1, it might be an experimental fingerprint of CO at carbon-
covered B5 sites. The C 1s binding energy for the C/CO-
covered B5 sites, 283.0 eV, is typical for Co carbide species,11,30

and close to the value calculated for a p4g Co carbide, 282.7 eV.
The Co 2p binding energy for the C/CO-covered B5 sites,
779.6 eV, falls in the range of cobalt oxides (∼780 eV47) and
differs significantly from the value for a clean (777.8 eV) and
for a CO-covered (778.3 eV) surface. To confirm that the Co
2p binding energy for C/CO-covered steps resembles the value
for CoO, we used LDA + U (U = 4.2 eV48) to compute both
binding energies. With this approach, very similar Co 2p
binding energies of 779.6 and 779.9 eV were indeed computed
for CoO and for C/CO-covered B5 sites, respectively. We
hence speculate that the recent observation of the development

Table 1. CO Stretch Frequencies and Intensities, and Final
State Co 2p Binding Energies for C/CO-Covered B5 Steps
and for Co Terraces
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of a minor Co oxidation component during the induction
period when the Co catalyst gains Fischer−Tropsch activity11,49
is related to the formation of the C/CO-covered step sites and
nanoislands predicted in this study.

■ CONCLUSIONS
Cobalt catalysts undergo a massive surface reconstruction
under Fischer−Tropsch conditions to form nanoislands. The
driving force for the formation of step sites and nanoislands, as
well as the structure and coverage of the step sites were studied
using density functional theory. Although the energy penalty to
create a pair of B5 and F4 step sites and to desorb CO from the
terrace sites that create the steps is substantial, the unusual
stability of square-planar carbon at the B5 steps and the
increased CO adsorption energy and high CO coverage at the
step sites together make it highly favorable to create step sites
and islands under Fischer−Tropsch conditions. When either
CO adsorption or square-planar carbon adsorption are ignored,
step and island creation is not thermodynamically favorable.
Aromatic square-planar carbon hence plays a crucial role in the
structure, coverage, and activity of Co Fischer−Tropsch
catalysts. Its stability and bonding pattern furthermore suggests
that this unique role is not limited to cobalt and should also be
explored (e.g., for Ni, Fe, Rh, and Pd).33−37 The Co 2p binding
energy at the C/CO-covered step sites, 779.6 eV, is typical for
oxidized Co species and could be a fingerprint for the predicted
structures. The eventual shape and size of the nanoislands also
depends on the stability and coverage of corner sites, and these
are likely a strong function of the reaction conditions. Insight
into the structure, the coverage, and the formation of these
nanoislands will constitute the basis to analyze the reaction
mechanism at these sites.
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