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Direct versus Hydrogen-Assisted CO Dissociation on the Fe(100) Surface: a

DFT Study

Mohammad Reza Elahifard, Manuel Pérez Jigato, and J. W. (Hans) Niemantsverdriet*®

The Fischer-Tropsch (F-T) synthesis is an important process in
modern energy technology, as it enables the conversion of
natural gas, coal, or biomass-derived synthesis gas (CO+H,)
into hydrocarbon fuels. The process uses iron or cobalt cata-
lysts and depending on the conditions it produces diesel fuel
and waxes, or a mixture of smaller hydrocarbons, among
which a large fraction consists of olefins and naphtha."? Many
recent computational studies have addressed the mechanism
for this reaction.”” Dissociation of the CO bond is a key step
in the initiation of the F-T process. In principle it may occur
through one of three pathways:*®

a) Coads + * _>Cads + Oads
b) Coads + HadsHHCOads + * _>Hcads + Oads
¢) CO,4+Hads«—COH, 4+ * —C 4+ OH,g6

where * stands for the active site. The direct reaction (a) has
been shown to be energetically feasible on the more reactive
surfaces of iron”*'? and on stepped surfaces of cobalt or
ruthenium,®" with activation energies in the range of 0.5-
1.2 eV. However, on close-packed surfaces, such as Fe(110),
Co(0001), and Ru(0001), the activation energies are substan-
tially higher.">'¥ In these cases, the H-assisted routes offer en-
ergetically more favourable alternatives.">"® H-assisted dissoci-
ation has also been found preferred over direct dissociation on
carbon-saturated surfaces of the iron carbide Fe,C,."

The purpose herein is to compare the energetics of direct
and H-assisted CO dissociation on the Fe(100) surface and to
compare it to the recently published process on the close-
packed (110) surface. This question is relevant because first,
the bonding geometry of CO—in a tilted mode—differs from
that on the (110) surface, where CO binds perpendicularly. Sec-
ondly, the Fe(100) is more reactive, causing the dissociation
products C and O to bind stronger than on (110), hence pro-
viding a stronger driving force for the direct dissociation. We
show that both direct and H-assisted CO dissociation through
the HCO intermediate have feasible energetics to occur on the
Fe(100) surface in synthesis gas environments, suggesting that
both pathways may compete, depending on the conditions.

The resulting total energies for the most stable adsorption
sites after geometry optimization of all species appearing in re-
actions (a)—(c) are displayed in Figure 1 (HCO, COH, C+O+H,
CO+H, HC+0), along with the fully computed activation en-
ergies (CI-NEB, see Calculation Methods). Figure 2 shows the
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Figure 1. Relative energy of states [eV] and CO dissociation pathways.

a) Direct CO dissociation. b) Via HCO intermediate formation. c) Via COH in-
termediate formation.* The inset clarifies the nomenclature for the hollow
sites available for co-adsorption. Symbols in parentheses reference the four-
fold hollow site occupied by atoms or a CO molecule as shown in the
bottom left of the figure.

optimal geometries for the initial states (IS), final states (FS),
and transition states (TS) involved in all three possible dissocia-
tion routes.

The most stable co-adsorption configuration for CO and H
on a p(2x2) cell corresponds to a tilted CO on the four-fold
hollow site, similarly to that observed on the clean surface.” In
general, we found that H co-adsorption has a small effect on
CO. Our result for the CO-only adsorption energy is 1.5 eV. For
CO in the co-adsorption system in the af, ad, and ay configu-
rations the adsorption energies are 1.45, 1.48 and 1.61 eV, re-
spectively.

The direct CO dissociation process is exothermic, with a re-
action energy of —0.29 eV. Its final state is determined by the
ejected carbon occupying the second nearby hollow-site and
subsequently diffusing to the furthest one. The computed C
diffusion barrier of ca. 0.7 eV is larger than that of the inde-
pendent O and H atoms, due to the strong bond between C
and the Fe(100) surface". The overall energy balance is
—0.93 eV in agreement with previous work.”*!

The activation energy for the direct process is 1.09 eV, which
is smaller than the CO dissociation barrier when no hydrogen
is present (1.2 eV), showing that the H-atom affects the TS
more than the IS. On the other hand, Scheijen etal” have
found an increase of 0.05 eV in the barrier for CO dissociation
when its coverage increased from 0.25 to 0.5 on Fe(100).
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ed CO dissociation via HCO both
effects need to be considered:
1) the barrier for HCO formation
is lower than the barrier for
direct CO dissociation and 2) the
barrier for HCO dissociation into

b) CO,ys + Hags <> HCO,y, + * —HC s + Oygs

isted CO di

+1.41 eV (TS)
€) €O,y + Hog <>+ COH g+ * —> C,yo + OH 4,

CO+H is much lower compared
to the barrier for HCO dissocia-
tion into CH+O. The second
effect considerably decreases the
efficiency of the mechanism via
HCO compared to the direct CO
dissociation process.

However, under high H, pres-
sure and lower temperatures (fa-
vouring a low number of unoc-
cupied active sites and a consid-
erable amount of H on the sur-
face), the H-assisted CO dissocia-
tion route via HCO is likely to
occur. It has to be noted that

Figure 2. Adsorbate structures for direct and H-assisted CO dissociation on Fe (100) surfaces.

Therefore, the effect of pressure on the activation energies is
small on Fe(100). This is in contrast to the results reported by
Ojeda et al."™™ on the close-packed Fe(110) surface, where the
CO dissociation barrier increased by 0.45 eV as the CO cover-
age went from 0.25 to 0.5 (in the presence of hydrogen). They
reported a high value for the activation energy (1.95eV) as
well as a positive reaction energy of 0.23 eV in the case of
direct CO dissociation, showing that in the presence of hydro-
gen Fe(110) is a clearcut situation with no direct CO dissocia-
tion at 50% coverage. The case of Fe(100) is different, because
of the moderate energetic barrier and a negative reaction
energy for direct CO dissociation. Hence, we conclude that
under F-T process conditions (250 °C) CO dissociates considera-
bly through the direct route on Fe(100).

Regarding the H-assisted routes, the formations of HCO and
COH are endothermic processes, with reaction energies of
+0.56 eV and +0.94 eV. In both cases, the formation of the in-
termediate is followed by a subsequent dissociation step that
leads to the formation of either CH or OH [reactions (b) and
(1.

The energy barrier for HCO formation is 0.78 eV, which is
close to the corresponding reaction energy of the first stage of
the process (+0.56 eV). Therefore, we conclude that the HCO
intermediate on Fe(100) acts as a pre-equilibrium state. The
second stage of this process (HCO—HC+O) has an activation
energy of 0.64 eV, which is much smaller than the direct CO
dissociation barrier and in agreement with previous cluster cal-
culations done for CO on Fe(100)."”

A barrier of 0.22 eV characterizes the transition state for the
reverse process, that is HCO—CO + H. This reaction, compared
to the dissociation of HCO into HC+ O, would have a rate con-
stant 10* times higher at 250°C (according to the Arrhenius
equation). When comparing direct CO dissociation to H-assist-

20 www.chemphyschem.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

HCO formation [first stage on
path (b)] creates an empty site,
while direct CO dissociation con-
sumes an active site. Furthermore, the rate constant difference
between direct CO dissociation and the via-HCO H-assisted
process increases exponentially upon lowering the tempera-
ture. The consequence of having too few active sites is that
while the direct route is stopped by site blocking, path (b) suf-
fers a dramatic decrease in conversion efficiency. Therefore,
the dominant mechanism for CO dissociation on Fe(100) is
proposed to change depending on the conditions.

In principle H-assisted CO dissociation on Fe (100) could also
proceed through hydrogenation of the oxygen-end of the CO
molecule and forming COH as an intermediate, dissociating
further into OH and C. The optimal geometries for both IS and
FS for COH formation [first stage on path (c)] display an impor-
tant difference. While the IS is characterized by a tilted CO
molecule, the FS has an upright CO bond as part of the COH
intermediate. Furthermore, the CO part of the TS is very similar
to that in the IS in the tilted case. The stable upright C—O
bond in the FS is therefore only achievable through a signifi-
cant bending of the OH bond as H approaches CO further at
the TS (for a close-packed surface the thermodynamics of the
FS would be different, since an IS with upright CO would be
favoured). Overall, CO dissociation via the COH intermediate is
energetically highly unfavourable.

Finally, the formation processes of HC and OH, subsequent
to direct CO dissociation, were investigated for their relevance
to hydrocarbon and water formation. From their activation en-
ergies (Figure 1), CH formation is more favourable than OH for-
mation (0.74 eV vs. 1.3 eV). Furthermore, CH can form from
HCO via dissociation with an energy barrier of 0.64 eV. Figure 3
illustrates the energies for the ISs and FSs, as well as the corre-
sponding TSs (C+0+H—CH+0 and C+0O+H—C+ OH). Re-
garding OH formation, we conclude that the tilted OH configu-
ration on the bridge site is marginally more stable than the up-
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Figure 3. HC and OH formation after direct CO dissociation.

right OH configuration on the hollow site, and that the activa-
tion energy to form the tilted configuration on the bridge site
is 0.6 eV higher. Therefore, OH forms on the hollow sites (up-
right) to possibly diffuse to the bridge site (tilted) later on.

In conclusion, we present evidence for the first step in the
F-T synthesis (CO dissociation) occurring via both direct (major
route) and via-HCO H-assisted (minor route) mechanisms on
Fe(100). Under conditions favouring the existence of very few
empty sites, only the latter mechanism is expected to contrib-
ute, albeit with low efficiency. On an empty surface direct CO
dissociation is the preferred pathway on Fe(100), in contrast to
Fe (110). Regarding the COH formation route, our results show
that this reaction will not take place on Fe(100). Furthermore,
after direct CO dissociation, the activation energy for CH for-
mation is half the OH formation barrier.

Calculation Methods

Total energy calculations were carried out with the projector aug-
mented wave (PAW) method as implemented in the Vienna ab ini-
tio simulation package (VASP)."8" Spin-density-functional theory
in the revised form of the Perdew-Burke-Ernzerhof exchange-cor-
relation functional (RPBE) was employed throughout as the correct
form of the generalized gradient approximation (GGA) for produc-
ing adsorption energies.””? The cutoff energy for the plane wave
expansion of the wave functions was 480 eV, and the k-point sam-
pling, generated from the Monkhorst-Pack procedure,*” used a
surface mesh of 5x5x1 and a mesh for body centred cubic (bcc)
bulk-Fe of 15x15x15. The Fe(100) surface was modelled with a
five layer slab and 12 A vacuum size, within the three-dimensional
supercell, and a p(2x2) unit cell was used to represent the 0.25 ML
CO and the 0.25 ML H coverages. The top three layers were relaxed
during geometry optimization, stopping when the forces became
smaller than 0.01 eVA~". Our equilibrium lattice constant for bcc Fe
was 2.872 A (RPBE), which agreed with the experimental value of
2.87 A" The climbing-image nudged elastic band method®' was
applied for transition state search. CI-NEB is a minimum-energy
path and transition-state search algorithm that uses both limiting

geometries involved in the activated process, that is the IS and the
FS. A series of intermediate configurations between those two was
built up, and a simultaneous optimisation for all of them was car-
ried out after a spring was set up between all configurations. The
highest energy configuration was finally allowed to achieve the
saddle point/local maximum through further refinement.
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