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ABSTRACT

Heterogeneous catalysts are often assumed to undergo substantial chemical and morphological changes under reaction conditions.
However, obtaining information on the state of a catalyst surface at the usually applied high pressures is difficult. For the Co catalyst
used in the industrial Fischer-Tropsch synthesis, a widely held view is that the surface experiences a carbon-induced roughening
that is essential for its activity. We have tested this idea by performing the reaction on a Co(0001) surface with a sacrificial carbide
layer. In situ scanning tunneling microscopy experiments at ~1 bar synthesis gas and 473 K show that, at the increased C coverage,
the surface does not undergo the predicted roughening. Instead, a unique carbon-induced reconstruction forms, consisting of
triangular partial stacking faults in which C atoms occupy the fault lines. Density functional theory calculations reveal that the

reconstruction is more stable than the roughened state. For the detectable range of C, to C, reaction products, gas chromatography

shows no effect of the reconstruction, consistent with the view that the activity is primarily determined by the density of atomic

steps, which remains unchanged. These findings can serve as a new basis for describing the Co particles of the industrial catalyst.

1 | Introduction

Surfaces of supported catalysts under industrial reaction con-
ditions can differ significantly from the single-crystal models
used in ultra-high vacuum (UHV) experiments. At the high
pressures applied in industrial processes, adsorbate coverages are
much higher than in UHV experiments at the same temperature.
Surface morphologies can be affected by the high coverages of
adsorbates, and even chemical surface compounds can be formed.
A known example is the reaction of CO with O, on several Ru, Pd,
and Pt single-crystal surfaces, which, at an increased pressure,
takes place on thin oxide films rather than on the metallic
surfaces, which significantly enhances the catalytic activity [1-3].

The Co-catalyzed Fischer-Tropsch synthesis is an industrial
process for which there is evidence that the surface conditions

on the actual catalyst are, in fact, not captured by existing model
studies. In the industrial process, synthesis gas (syngas) at a ~2:1
ratio of H, and CO, at p = 20-40 bar, and T~500 K, reacts over an
oxide-supported metallic Co catalyst to give linear paraffins and
olefins: [4]

(2n+1)H, +nCO - C,H,,,, + nH,0,

2nH, + nCO - C,H,, +nH,0

Currently, the reaction is used to produce synthetic fuels on a
large scale, and in the future, it may play an essential role in
defossilizing hard-to-electrify mobility sectors. In several model
studies on various Co single-crystal surfaces, it has been achieved
to perform experiments at gas pressures up to 1 bar (in one case
even at a syngas partial pressure of 2.4 bar) and at temperatures
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around 500 K, conditions that come close to the industrial
process [5-12]. However, there is evidence that even under these
elaborate conditions, a critical difference to the industrial process
remains, and that adsorbed carbon atoms are responsible for this
discrepancy.

Among the various CO activation mechanisms discussed in the
literature (none of which may be the sole mechanism involved),
the formation of C atoms through the dissociation of CO at defect
sites is widely accepted as a key step: [13, 14]

CO - Cad + Oad‘

At the pressures of the industrial reaction, this process must
lead to a higher steady-state coverage of C,4 than at ~1 bar. This
assumption is confirmed by the production of long hydrocarbon
molecules in the industrial process [4], whereas in the model
studies only C, to C, hydrocarbons are obtained [5-7, 10-12]. At
a higher C,4 coverage, reactions of C atoms with hydrogen give a
higher coverage of CH, intermediates, and, consequently, faster
polymerization. A high carbon coverage is also indicated by the
carbon compounds that build up on Fischer-Tropsch catalysts
with increasing process time. Bulk Co carbide (Co,C), polymeric
carbon, and graphitic carbon have been detected [15-22]. While
their formation indicates a high chemical potential of carbon,
none of these species has been observed in the model studies
under in situ conditions, consistent with a low C coverage [10-12,
23].

In the community, there is a widespread idea that at a high
coverage of C atoms, the structure of the Co surface changes,
and that this restructured surface represents the active state
of the catalyst. The idea originated from an early scanning
tunneling microscopy (STM) study that showed, albeit by an ex
situ experiment, that an initially flat Co(0001) sample had become
rough after exposure to 4 bar of syngas at 523 K [24]. Observations
that fresh, but already reduced, supported Co catalysts showed an
increasing activity over a period of several days were accordingly
attributed to roughening processes at the surface of the Co
particles that led to a higher concentration of active sites [25].
Theory work explained these observations by the formation of
small, monolayer-high islands of Co atoms that are stabilized by
adsorbed C atoms and CO molecules at the rims [26]. Another
explanation has been the formation of a 2D carbide phase during
the reaction. It has a lower Co density than the metal, so that
during formation of the carbide Co atoms are ejected from the top
layer and condense to give small islands [27]. Both explanations
are based on an increased C coverage at the high pressure of
the industrial process. In situ (though not operando) STM data
have been claimed to show such islands [26]. As it is generally
expected that atomic steps are the active sites in the Co-based
Fischer-Tropsch synthesis, such a carbon-induced roughening
could explain the activity of the catalyst.

Our previous in situ STM studies, which were combined with
activity measurements (representing operando conditions), pro-
vided direct proof that atomic steps are indeed the active sites
[10-12]. However, the claimed morphology changes have not
been observed, despite extensive series of experiments at syngas
pressures up to ~1 bar and temperatures of 473-513 K. The
samples were catalytically active and showed central charac-

teristics of Fischer-Tropsch selectivity and kinetics, but the
surface morphology was indistinguishable from that in vacuum.
Furthermore, the measured activities per surface atom could be
extrapolated to those of unpromoted nanoparticle-based catalysts
(>8 nm particle size), leaving little room for additional morpho-
logical effects in the remaining pressure gap. Nevertheless, it has
been argued that the chemical potential of adsorbed C atoms, the
major driving force for the predicted restructuring, has been too
low to induce roughening at the applied pressures [14]. From the
available data, this cannot be ruled out.

In sum, it is not clear whether the industrial Fischer-Tropsch
catalyst only has a higher carbon coverage than the surfaces in
the model experiments, or whether there is a qualitative, possibly
structural, difference that is essential for the activity. Expanding
operando experiments in model studies to significantly higher
pressures than 1 bar is beyond current experimental possibilities
[28-30].

Here, we present a study in which we have approached this
problem indirectly. We prepared carbide layers on a Co(0001)
crystal and performed the Fischer-Tropsch synthesis at ~1 bar
syngas with the carbide-covered sample. Most of the carbide
quickly reacts with hydrogen at the start of the reaction, but
a relatively high fraction of the C atoms remains on the sur-
face, modeling an increased chemical potential of carbon. The
experiments thus simulate, at least transiently, the conditions
on the surface of a Co catalyst at a higher syngas pressure.
Using in situ STM, the evolution of the surface structure was
monitored, turnover frequencies (TOFs) were measured by gas
chromatography (GC), and the energetics of the surface were
evaluated by density functional theory (DFT). We find that the
surface structure indeed changes due to the effect of C atoms.
However, it does not form the predicted roughened state but a
unique, more stable reconstruction. The data may resolve the
contradictions about the role of carbon on the active surface.

2 | Results and Discussion
2.1 | Preparation of the Surface Carbide

After cleaning the Co(0001) crystal in the UHV chamber of the
apparatus, carbide layers were prepared by dosing 10-20 Lang-
muirs (L, 1 L = 1.33 x 107° mbar X s) of ethylene at 623 K, and
then holding this temperature for an additional 5 min. Carbon
atoms from the ethylene decomposition remain on the surface,
while molecular hydrogen desorbs [31, 32]. On the clean sample,
X-ray photoelectron spectroscopy (XPS) shows a carbon signal
at the detection limit and no oxygen signal (Figure 1a, bottom).
After dosing ethylene, XP spectra show a narrow C 1s peak at
283.1 eV, which is assigned to carbide (Figure 1b, bottom) [33].
Carbon coverages were between 0.40 and 0.46 monolayers [ML,
defined as C atoms per surface Co atom], independently of dosage
within the tested range, indicating that the surface was saturated
with carbon.

STM images of the carbon-saturated surface in UHV at room
temperature show a nearly square atomic pattern (Figure 2a).
It forms rotational and mirror domains, three of which can
be seen in Figure 2a. STM images of larger areas (Figure 2b)
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FIGURE 1 | XP spectra of the Co(0001) surface. (a) C 1s and O 1s
regions after preparation in UHV (bottom) and after reaction in 950 mbar
syngas, 473 K, for 4 h (top). (b) Spectra after preparation of the carbide
layer (bottom) and after reaction of the carbide-covered sample in
950 mbar syngas, 473 K, for 4 h (top). The shift of the C 1s peak at 283.3 eV
in the spectra after the reaction [(a) and (b), top], which is attributed to
CHy, with respect to the peak at 283.1 eV of the carbide [(b), bottom], is
larger than the experimental uncertainty.

show a pattern of stripes that run along six different directions,
corresponding to six domains.

We interpret this pattern as a single layer of cobalt carbide,
Co,C. Similar patterns have been reported before [31, 34], but a
structural analysis is unavailable so far. However, there is a so-
called clock reconstruction model for a carbide phase formed
on the Ni(111) surface [35, 36]. It features a single, probably
incommensurate, Ni,C layer in which C atoms are coordinated
by four Ni atoms in square-planar arrangements. The C coverage
in the ideal structure is 0.44 ML. The square atomic lattice
observed here on the Co(0001) surface, the six rotational and

FIGURE 2 | STM images of the carbide-covered Co(0001) surface,
taken at room temperature in UHV. (a) Small-scale image; arrows indicate
the directions of domain boundaries, tunneling voltage (V) = —=0.1V,
tunneling current (I;) = 7 nA. (b) Large-scale image, V; = -0.7 V,
I, =0.7nA.

mirror domains possible from symmetry, and the C coverage
(0.40-0.46 ML) match the Ni,C layer on Ni(111) very well.

The surface morphology—moderately wide atomic terraces
mainly separated by monoatomic steps (Figure 2b)—is the same
as on the bare Co(0001) sample that has been investigated in
previous studies [8, 10, 37]. When the carbide layer is prepared,
considerable rearrangements must occur because of the different
Co densities in the carbide and metal layer. However, at the
preparation temperature of 623 K, these processes are apparently
fast enough to heal any morphology changes. The low, round
hillocks are lattice deformations caused by Ne ions implanted into
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FIGURE 3 | STM images of the initially carbide-covered Co(0001)
surface recorded in 950 mbar syngas at 473 K, after the carbide has reacted
with hydrogen, V; = -0.2V, I; =2.3 nA. (a),(b) Images recorded 1:00 h and
1:45 h after starting the reaction; blue arrows in (a) mark holes that have
disappeared in (b). (c) Large-scale image of the same area, recorded 3 h
after starting the reaction.

the bulk during sputter cleaning; these defects are also observed
on the bare surface [8].

2.2 | Evolution of the Carbide-Covered Surface
Under Fischer-Tropsch Conditions

After preparation of a carbide layer, the STM/reactor cell of the
apparatus was filled with 950 mbar syngas, and the sample tem-
perature was increased to 473 K. Fischer-Tropsch products were
then reproducibly detected by the attached GC. STM images taken
in situ show that the stripe structure has completely disappeared
(Figure 3). Under reaction conditions, the carbide structure is
obviously unstable and disintegrates by reaction with hydrogen.
The resulting surface displays almost flat monoatomic terraces.
This morphology is the same as observed in previous studies
on Co(0001) and Co(10115) surfaces that were performed under
such conditions but started with the metallic surfaces [10-12]. The
only difference is the many small and mostly monolayer-deep
holes that only occur in the experiments with the carbide-covered
surface. Figure 3a,b, taken 1:00 and 1:45 h after starting the
reaction, shows that the holes shrink and start to disappear (blue
arrows) on the time scale of the experiment. In Figure 3c, the
holes cover 3%-4% of the surface area. Healing of surface defects

by mass transport of Co atoms under such conditions has been
demonstrated before [10].

The topographic holes are initially formed because the density
of Co atoms in the starting Co,C phase is lower than in a metal
layer. Assuming the same structure model as for the Ni,C clock
reconstruction, the estimated coverage of Co atoms in the carbide
layer is 2 X 0.44 ML = 0.88 ML, that is 12% lower than in a metal
layer. Hence, when the carbide layer disintegrates, the surface
layer contains too few Co atoms to form a complete monolayer of
the metal. A fraction of the lacking material appears in the form
of holes, and another fraction is explained by a reduced Co atom
density in the newly formed surface phase (see below).

The disintegration of the carbide is fast. We attempted to capture
the process by working at a relatively low temperature (473 K),
the lower limit at which catalytic activity could still be measured.
However, the stripe structure had already disappeared in the
first stable STM snapshots recorded >20 min after setting the
sample temperature for the reaction. Exposure of the carbide to
syngas at room temperature causes a disordering of the clock
reconstruction even at a pressure of ~1 x 107 mbar and leads
to a fully amorphous structure at 950 mbar (Figure SI1). After
the carbide has disintegrated, there are also gradual changes over
time in the orientations of steps (Figure S2).

The instability of the carbide layer is consistent with reports
that this surface phase does not form under the applied reaction
conditions in experiments starting with a metallic Co surface
[10-12, 23]. However, the present study differs from this previous
result in one essential aspect. When the image contrast on the
terraces formed by disintegration of the carbide layer is enhanced,
a characteristic pattern of triangular features appears (Figure 4).
Equilateral triangles of various sizes are visible, the smallest
with side lengths of six Co(0001) lattice constants (blue arrow).
The edges are oriented along the close-packed directions of
the metal. High coverages of these patterns were reproducibly
observed in multiple experiments with carbon-enriched surfaces.
Previous experiments with the metallic surface have occasionally
shown such features, which, however, only covered small parts
of the surface [10], and after more extensive surface preparation,
they were completely absent (Figure S3) [12]. In contrast to the
shrinking topographic holes, the triangles are relatively stable
over the time periods of the experiments; only minor changes
were observed (the red arrow in Figure 4a shows a triangle
feature that has shrunk in Figure 4b). Hence, when the reaction
is started with the carbide-covered surface, the carbon coverage
quickly drops by reaction with hydrogen, but, as the triangular
features are carbon-induced (see below), it remains at a higher
steady-state level than in the experiments with the metallic
surface.

Post-reaction XP spectra were acquired ex situ, after several hours
of reaction, but notably within the same apparatus to exclude
air contact (Supporting Information, Experimental Section). Nev-
ertheless, the chemical state of the surface certainly changed
when, after finishing a reaction experiment, the sample cooled in
syngas and was transferred to the UHV chamber after pumping
down the STM cell. Probably C atoms became hydrogenated, and
hydrogen and a fraction of CO desorbed. However, the spectra
still contain valuable information, particularly when related to
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FIGURE 4 | STM images of the initially carbide-covered Co(0001)
surface with enhanced contrast under reaction conditions (950 mbar
syngas, 473 K), V; = =0.2 V, I; = 2.3 nA. (a) Image recorded 1 h after
starting the reaction. (b) Image recorded on the same area 9 min after
acquisition of the image in (a). The red arrow in (a) indicates a triangle
that has become smaller in (b). The smallest triangles in the clusters in
the upper parts of the images have side lengths of six lattice constants;
one is marked by a blue arrow.

recently published in situ XPS data [23]. The spectra from the
metallic and the carbide-covered surfaces (Figure 1a,b, top) show
C 1s peaks at 283.3 eV attributed to partially hydrogenated
atomic carbon (CH,). The peaks at 284.3 eV can be attributed to
polymeric carbon (0.04 ML), the peaks at 285.9 eV to adsorbed
CO (0.24 and 0.27 ML on the initially metallic and carbide-
covered surfaces, respectively), and the O 1s peaks at 532.0 eV
also to adsorbed CO (0.24 and 0.27 ML). All assignments align
with recent in situ XPS results [23]. The presence of various C
species at sub-monolayer coverages reflects the situation under

reaction conditions, even though the coverages are certainly
altered. That the C1s and O 1s peaks in each case give identical CO
coverages rules out significant quantities of OH or other oxygen
species, also in agreement with the ambient-pressure XPS study
[23]. Moreover, other oxygen species, such as alcohols, appear at
significantly lower O 1s binding energies [38]. The only significant
difference between the two types of experiments presented here
is the higher coverage of CH, on the initially carbide-covered
surface (0.16 ML) than on the initially metallic surface (0.10 ML).
Since measurement and transfer conditions are identical, the
relative difference confirms a higher steady-state carbon coverage
in the carbide experiment. No difference was found in survey
spectra and in the Co 2p region (Figure S4).

The fact that the triangular structures were only observed in the
experiments on the carbide-covered surface and were absent on
the bare surface shows that they are induced by a fraction of the C
atoms released during the disintegration of the carbide layer. This
is confirmed by the higher carbon coverage detected by XPS after
the carbide experiments.

2.3 | DFT Analysis of the Triangular Features

To derive a structure model of the triangular features, the
energetics of adsorbed C atoms on the flat surface, at the edges
of triangular Co islands (the basis of the mentioned roughening
idea) [26], and on a reconstructed surface were evaluated by
DFT. A reconstruction model for the triangles had been proposed
in a previous STM study in which C atoms were created by
dissociation of CO on a Co(0001) surface (without H, exposure)
[34]. The suggested reconstruction model consisted of triangular
pieces of lattice planes forming fcc stacking faults; C atoms would
occupy the fault lines to the surrounding hep-stacked surface.

We computed the formation energies E; of the respective struc-
tures. Reconstructions with various unit cells were investigated.
Figure 5a-c show (7 x 7), (5 X 5), and (4 X 4) unit cells of optimized
models, with C atoms adsorbed at the boundaries between hcp-
and fcc-stacked areas. In the (7 X 7) and (5 x 5) structures, the
C atoms alternatingly occupy sites above and below the top Co
layer. Depending on positions, C atoms are coordinated by four
or six Co atoms. C—Co bond lengths are around 2 A. The C—Co
bonds cause significant lateral strain, which explains why the
Co atoms shift from hcp to fcc sites to optimize the C—Co bond
lengths. Formation of the C—Co bonds in the reconstruction
overcompensates for the energy cost to move Co atoms from
hep to fce sites (25 meV/Co atom in the absence of carbon) and
the energy cost to remove Co atoms from the close-packed top
layer (the reconstructed layer has fewer Co atoms). The triangle
reconstructions (Figure 6a, pink triangles) clearly show a higher
stability than adsorbed C atoms on the hcp sites of the flat
surface (Figure 6a, brown squares). A peculiar feature of the
reconstruction is the stable Co vacancy at the corner of the unit
cell. We attempted to fill it with a Co atom, but it would occupy a
top site position, which is unfavorable.

Figure Se,f shows alternative models with triangular Co islands
in a regular hep stacking with respect to the underlying surface.
We confirm the result from a previous study that C atoms adsorb
strongly at the step edges at the rims of the islands [26]. As shown
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FIGURE 5 | Optimized C-induced structures on the Co(0001) sur-
face obtained by DFT. Cyan balls represent C atoms, and white, yellow,
and pink balls are Co atoms in the first, second, and third layers,
respectively; green lines mark surface unit cells. Transparent shades
in orange, blue, and pink mark Co atoms on fcc, hep, and top sites,
respectively; yellow shades mark vacancy sites. (a), (b), and (c) C-induced
triangular stacking-fault reconstructions with (7 x 7), (5 x 5), and (4
X 4) unit cells, respectively. (d) Precursor configuration of the clock
reconstruction. (e) and (f) Triangular Co islands with C atoms at the step
edges with (7 x 7) and (5 x 5) unit cells, respectively.

in Figure 6a (blue spheres) for (7 x 7) and (5 X 5) unit cells, the
islands are, in fact, more stable than configurations with C atoms
on the flat surface. However, the stabilization is weaker than for
the stacking-fault reconstruction because the island formation
energy compensates to a considerable extent for the gain from
adsorption at the favorable step sites. Adsorbed CO molecules
stabilize the islands and the stacking-fault reconstruction to
about the same degree, so that the difference remains unchanged
(Figure S5). Calculations of the thermodynamics in relation to the
carbon chemical potential (Figure 6b) reveal that the stacking-
fault reconstruction remains preferred for a wide range of process
parameters, including typical industrial conditions at y, (20 bar,
500 K, 60% conversion, same parameters as in ref [26].). The
most stable structure under these conditions is the triangular
stacking-fault reconstruction (pink line) with a (7 X 7) unit
cell. The carbon-induced surface roughening (full blue lines)
is less favorable under the conditions considered. The dashed
blue line represents carbon adsorption at preexisting steps, which
dominates below —0.75 eV. At carbon chemical potentials above
0.26 €V, tetramer creation is favored (the structure shown in
Figure 5d, see description below).

In the reconstructed layer, the average density of Co atoms Og,;
is lower than in a close-packed layer. ®F. could be determined
from the experiments by two methods, providing a consistency
test. From the areas of the topographic holes, formed as a
result of the density difference between the carbide and the
reconstructed layers, ©° was determined by O = @& + @),
with @& = 0.88 ML and ©,,,, = 0.03-0.04 ML (Figure 3a).

The value of 0.91-0.92 ML is a lower limit because the holes
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FIGURE 6 | Formation energies obtained by DFT. (a) Formation
energies of surface configurations with C atoms and varying numbers of
Co atoms in the top layer. (b) Formation energies of surface configurations
per unit area (Ef = AE/A), indicating relative stabilities, as a function of
the carbon chemical potential Auc. Apc is relative to pg, the chemical
potential under typical Fischer-Tropsch synthesis conditions, 20 bar of
syngas, 500 K, and 60% conversion.

were shrinking with time. From the overall lengths of the fault
lines, Ly, determined by statistically analyzing three large STM
images, ©¢; could be evaluated by ©F; =1 - (\/5 /6)(Liaud/A),
where A is the image area and d the Co(0001) lattice constant. The
value of 0.96-0.99 ML is an upper limit because the corner holes
of the triangles are neglected in this estimate, which is based on
straight fault lines. The agreement of the two estimates is quite
reasonable. As a further consistency test, the coverage of C atoms
was evaluated from L, ;. The obtained range, ©. = 0.03-0.11 ML,
covers the XP-spectroscopically measured difference between the
carburized and the bare samples of ~0.06 ML.

In the reconstruction model, triangles shrink with
increasing C coverage, with the highest possible coverage
of ® = 0375 ML for a triangle structure having a
(4 X 4) unit cell (Figure 5c). When the C coverage is increased
further in the calculations, the structure changes. Figure 5d
shows the resulting model with three Co tetramers per unit cell
(@¢ = 0.40 ML), which has been created by shifting some Co
atoms to top sites. Although one third of the Co atoms occupy
these less stable sites, the formation energy (Figure 6a, green
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FIGURE 7 | Turnover frequencies on the initially metallic surface
(left) and on the initially carbide-covered surface (right); 950 mbar syngas,
493 K, time period 6 h. Plotted are the formation rates of methane and
of the C,—C, paraffins and olefins, as well as the CO consumption rates
(calculated from the hydrocarbon formation rates). The data points at 1 h
were discarded because of slow temperature equilibration. The tabulated
data plus the data at 473 K are given in Tables S1 and S2.

cross) is close to that of the (4 X 4) reconstruction. Note the
alternating clockwise/anticlockwise rotations of the four Co
atoms that coordinate the C atoms, which resemble the clock
reconstruction of the surface carbide [35, 36]. In contrast to the
known clock reconstruction, the structure is in registry with
the substrate and 10% larger. Given the clock reconstruction’s
characteristic mismatch with the underlying close-packed Co
lattice, a lateral contraction would lead to a further stabilization
by 0.25 eV/C. The triangle reconstruction can thus be interpreted
as an intermediate stage in the formation of the surface carbide.

2.4 | Activity and Selectivity Measurements

Effects of the reconstruction on the Fischer-Tropsch activity
were studied in separate GC measurements, but in the same
STM/reactor cell and under identical conditions. Like in the STM
experiments, the reaction was carried out in 950 mbar syngas
at 473 K, and, for higher product signals, also at 493 K. Chro-
matograms show signals for C,—C, hydrocarbons (Figure S6); the
signals for longer hydrocarbons were below the detection limit
(the usual limitation of single-crystal studies). TOFs expressed
as CO consumption rates per Co atom were calculated from the
increases in the produced hydrocarbons. Figure 7 shows data
taken at 493 K. On the initially carbide-covered surface, the
average CO consumption rate is initially 1.12 x 1072 s~! and then
drops to 0.65 x 1072 s7!, and on the initially metallic surface, it
drops from 1.13 x 1072 to 0.61 x 1072 s~L. Surprisingly, the TOFs
from both surface states are almost identical within the (very low)

scatter of the data. The TOFs of the individual hydrocarbons, and
thus the selectivities within the experimentally accessible range
of C, to C, products, are also almost identical. Why all activities
gradually decrease over time has not been clarified so far, but
has been reported before [11], and is also equally observed in
both experiments. At 473 K, TOFs are lower, as expected, but still
similar on the two surfaces (Tables S1 and S2).

Considering the usually observed, strongly reduced activity of Co
bulk carbide [20, 39, 40], one may have expected a decreased
activity of the C-induced reconstruction, but this is not the case.
This observation can plausibly be explained by the fact that the
step density is unaffected by the reconstruction. Atomic steps
are the dominant active sites for the dissociation of CO plus,
possibly, for the O + H — OH reaction, the two reaction steps
with the highest degrees of rate control [41-43]. The fact that
the topographic holes have no measurable effect on the activity
is explained by the relatively small increase in step sites (20%
in the image of Figure 3c). The hardly changed step density
can also explain the previous report that most published TOF
values on unpromoted supported catalysts, even at high pressures
(after proper parameter normalization), are in surprisingly good
agreement with TOFs on a Co(10115) crystal, which shows no
roughening under reaction conditions and has a step density
similar to that of Co nanoparticles of the industrial catalyst [11].
Whether the C atoms in the reconstruction contribute to the
reaction, we cannot decide. The fact that the triangle features do
not change with time might represent a steady-state situation, but
in this case, one would expect to see fluctuations of the triangle
features. The red arrow in Figure 4 shows a rare example.

2.5 | Implications for Real Fischer-Tropsch
Systems

Given the model nature of this study, it is important to clarify
which conclusions about the actual Fischer-Tropsch process
can and cannot be drawn. We first distinguish between simple
supported, unpromoted catalysts on non-reducible supports, and
more complex catalyst formulations. In the former case, there
is a general consensus that metallic cobalt is the active phase
[13]. Past model studies using single-crystal Co samples have
shown that the materials gap is smaller than generally assumed,
with central characteristics of Fischer-Tropsch catalytic behavior
being reproduced by a Co(0001) crystal [7, 10-12]. This includes
compliance with Anderson-Schulz-Flory kinetics, including the
typical deviations for the C, and C, hydrocarbons, the variations
in the olefin-to-paraffin ratio with carbon chain length, and
an apparent activation energy of ~100 kJ mol™'. Furthermore,
it has been shown that the activity of a stepped single-crystal
surface closely reproduces that of “simple” supported catalysts
[11]. The primary surface processes on simple supported catalysts
are therefore adequately accounted for by the model used here.
Remaining differences may be explained by secondary effects like
increased readsorption caused by liquid-filled pores in supported
catalysts [44]. The reconstruction found in the present study
could therefore be transferable to a simple supported catalyst.
The facets of Co nanoparticles consist of a considerable fraction
of close-packed terraces separated by monoatomic steps [45], so
that these facets probably behave similarly to the Co(0001) surface
investigated here.
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The situation differs with more complex catalyst formulations,
where additional active phases, such as cobalt oxides [46] or car-
bides [47, 48], develop, and the interfaces between various phases
[49] and/or the support [46, 50] come into play. Strong metal-
support interactions and promoters stabilize such conditions [13].
Clearly, under such circumstances, the C-induced reconstruction
might be obscured, and other morphological influences not
accounted for by the present model can become dominant.

3 | Conclusion

The surface of a Fischer-Tropsch catalyst under industrial condi-
tions is characterized by a high chemical potential of adsorbed
carbon. However, the pressures exceed the current limits of
model studies. To simulate such conditions, the coverage of C
atoms on a Co(0001) sample was artificially increased by the
disintegration of a carbide layer. Under Fischer-Tropsch reaction
conditions (1 bar syngas, 473 K), a characteristic carbon-induced
surface reconstruction was found. The reconstruction is formed
by triangular fcc stacking faults of the hcp-stacked metal surface,
where the fault lines provide adsorption sites for the C atoms. DFT
calculations show that, at a given C coverage, the reconstruction
is more stable than Co monolayer islands with adsorbed C atoms
at the step sites. The reconstructed state is stable over several
hours of the reaction, and it shows the same Fischer-Tropsch
activity as the unreconstructed, flat surface. These results allow
us to reevaluate existing views about the morphological effects of
industrial reaction conditions.

At syngas pressures of >20 bar, where the steady-state coverage of
C atoms must be considerably higher than in the model studies,
the surface layer of supported catalyst nanoparticles may display
a C-induced surface reconstruction, especially if the support is
non-reducible and there is no promoter. The reconstruction can
be considered an intermediate stage of surface carbide formation.
Its presence does not significantly affect the density of atomic
steps, and no effect on the overall catalytic activity was observed.
This finding aligns with previous results from model studies
that atomic steps determine the catalytic activity. Of course,
additional phenomena, such as the effect of oxygen, can come
into play at higher pressures, and promoter effects or strong
metal-support interactions in real systems may override the
reconstructing effect of carbon.

Our findings contradict a C-induced formation of Co monolayer
islands, a widespread concept to explain the catalytic activity. No
such islands have been observed at the increased C coverage,
and the calculations show that the reconstruction is more stable
than islands (for the relatively small supercells considered here).
The initial activity increase observed for supported catalysts
must be explained differently, possibly by promoter effects or
metal-support interactions [51, 52].
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