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a b s t r a c t

Unresolved mechanistic details of monomer formation in Fischer–Tropsch synthesis (FTS) and of its oxy-
gen rejection routes are addressed here by combining kinetic and theoretical analyses of elementary
steps on representative Fe and Co surfaces saturated with chemisorbed CO. These studies provide exper-
imental and theoretical evidence for hydrogen-assisted CO activation as the predominant kinetically-rel-
evant step on Fe and Co catalysts at conditions typical of FTS practice. H2 and CO kinetic effects on FTS
rates and oxygen rejection selectivity (as H2O or CO2) and density functional theory estimates of activa-
tion barriers and binding energies are consistent with H-assisted CO dissociation, but not with the pre-
viously accepted kinetic relevance of direct CO dissociation and chemisorbed carbon hydrogenation
elementary steps. H-assisted CO dissociation removes O-atoms as H2O, while direct dissociation forms
chemisorbed oxygen atoms that desorb as CO2. Direct CO dissociation routes are minor contributors to
monomer formation on Fe and may become favored at high temperatures on alkali-promoted catalysts,
but not on Co catalysts, which remove oxygen predominantly as H2O because of the preponderance of H-
assisted CO dissociation routes. The merging of experiment and theory led to the clarification of persis-
tent mechanistic issues previously unresolved by separate experimental and theoretical inquiries.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Fischer–Tropsch synthesis (FTS) converts synthesis gas
(CO + H2) into hydrocarbon chains; it is the preferred route for
the production of chemicals and liquid fuels from natural gas, coal,
and biomass [1–4]. Several mechanistic details remain unclear and
speculative even after significant study. For instance, the specific
CO dissociation pathways that form monomers and their kinetic
consequences for chain growth remain largely unresolved. Fischer
and Tropsch proposed a ‘‘carbide” mechanism, which involves di-
rect CO dissociation and subsequent hydrogenation of chemi-
sorbed carbon (C�) to form CHx monomers that initiate and grow
hydrocarbon chains [5]. Storch and coworkers suggested that con-
densation of oxygen-containing intermediates (HCOH, hydroxycar-
bene) was responsible for C–C bond formation [6]. Several other
proposals have since followed; they can be grouped into those
involving direct dissociation of chemisorbed CO (CO�) followed
by reactions of its C� and O� products [7–13], and those in which
chemisorbed hydrogen (H�) adds to CO� before C–O bond cleavage
[13–16]. Only recently, theoretical investigations have probed the
potential role of H-assisted CO dissociation in FTS on Fe and Co cat-
ll rights reserved.
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alysts [17–19] and in reactions involving C–O cleavage in the pres-
ence of H2 [20,21], but without experimental verification.

Here, we provide experimental and theoretical evidence for the
significant role of H-assisted pathways in kinetically-relevant CO
dissociation steps on both Fe and Co catalysts at reaction condi-
tions required for significant chain growth. Such pathways lead
to the preferential rejection of the O-atoms in CO as H2O via the di-
rect formation of OH� precursors through dissociation of the HxCO
species formed through interactions between chemisorbed hydro-
gen (H�) and CO�. These assisted pathways represent the exclusive
CO activation routes on Co surfaces and the predominant one on Fe
catalysts at relevant FTS conditions. H-assisted pathways occur
concurrently with unassisted CO dissociation on Fe-based catalysts
with oxygen rejection as CO2. On Fe, the contributions from these
two pathways are influenced by alkali promoters, often used to in-
crease FTS rates and chain growth selectivities on Fe-based cata-
lysts, which preferentially increase direct CO dissociation rates.
2. Methods

2.1. Catalyst preparation

Fe–Zn–Cu–K (Zn/Fe = 0.1, Cu/Fe = 0.03, and K/Fe = 0.06, atomic
ratios) catalysts were prepared by co-precipitation of Fe and Zn
oxides from 3 M Fe(NO3)3 (Sigma Aldrich, 98%) and 1.4 M Zn(NO3)2

(Sigma Aldrich, 98%) (Zn/Fe = 0.1) solutions [22]. The resulting
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solution was added to 100 cm3 de-ionized water at 353 K and
120 cm3 h�1 concurrently with a 1.0 M (NH4)2CO3 (Sigma Aldrich,
99.9%) solution; the latter was added at a rate required to maintain
a constant pH (7.0 ± 0.1). The precipitate (30 g) was rinsed with
isopropanol (30 cm3 g�1, Sigma Aldrich, 99.5%) five times to re-
place intrapellet water by a fluid with lower surface tension, which
avoided loss of surface area during drying. Samples were treated in
stagnant ambient air at 393 K for 12 h and then in flowing dry air
(Praxair, UHP grade, 1.67 cm3 s�1) by heating from ambient tem-
perature to 543 K at 0.167 K s�1 and holding for 4 h. Cu and K were
sequentially added to Fe–Zn oxide precursors in this order via
incipient wetness impregnation with aqueous solutions of
Cu(NO3)2 (Aldrich, 99.99%) and K2CO3 (Aldrich, 99.99%), respec-
tively. The solid was dried at 393 K for 12 h in ambient air after
Cu addition. Following the K impregnation, the sample was dried
in ambient air (393 K, 12 h) and treated again in flowing dry air
(1.67 cm3 s�1) by heating to 543 K at 0.167 K s�1 and holding for
4 h.

2.2. Fischer–Tropsch synthesis rates and selectivities

FTS rates and selectivities were measured in a packed bed reac-
tor with plug-flow hydrodynamics. Quartz granules (Sigma Aldrich,
11 g, 100–180 lm) were used as diluent for Fe–Zn–Cu–K catalysts
(0.2 g, 100–180 lm) to prevent temperature gradients caused by
exothermic FTS reactions. The diluents were treated at 298 K for
2 h in concentrated HNO3 (Fisher, 69.5%, ACS reagent) and heated
in ambient air at 973 K for 6 h to remove impurities. The catalyst
was treated in flowing synthesis gas (Praxair, standard purity, H2/
CO = 2) at 101 kPa by heating from 298 K to 423 K at 0.167 K s�1

and then from 423 to 543 K at 0.017 K s�1 and holding for 1 h.
The temperature was then decreased to 508 K and the H2–CO pres-
sure was increased gradually to the intended value. CO and H2 pres-
sures were varied in the range of 0.25–1.20 and 0.40–1.00 MPa,
respectively, and a series of 3–4 space velocities were used at each
condition. Concentrations in the inlet and effluent stream were
measured on line by gas chromatography (HP 5890 Series II). A
Porapak R packed column (Supelco, 2 m � 0.318 cm) with a thermal
conductivity detector was used to analyze N2, CO, CO2, and CH4,
while C1–C15 olefins, paraffins, and oxygenates were analyzed using
a flame-ionization detector and a cross-linked methyl silicone cap-
illary column (HP–1, 50 m � 0.32 mm � 1.05 lm film). All transfer
lines after the reactor were kept at 433–453 K to prevent condensa-
tion (except at a trap kept at 430 K to collect C15+ products) .

2.3. Theoretical analysis methods

All calculations were performed using DACAPO, a periodic self-
consistent Density Functional Theory (DFT) based total-energy
code [23,24], on the closest-packed facets of Fe and Co (Fe(1 1 0)
and Co(0 0 0 1)). These model systems consisted of a four-layer
slab, repeated periodically in a super-cell geometry with five
equivalent layers of vacuum between any two successive metal
slabs. A 2 � 2 surface unit cell was used, and the top two layers
of the slab were allowed to relax. Adsorption occurred on only
one of the two exposed surfaces of each slab, and the electrostatic
potential was adjusted accordingly [25,26]. All adsorbed species
were allowed to relax both during energy minimization and mini-
mum energy path calculations. Ultrasoft pseudopotentials [27]
were used to describe the ionic cores and a basis of plane waves
with kinetic energy below 25 Ry expanded the Kohn–Sham one-
electron valence states. Eighteen special Chadi–Cohen k-points
were used to sample the surface Brillouin zone for Co(0 0 0 1),
whereas a 16 k-point Monkhorst–Pack [28] grid was utilized for
the Fe(1 1 0) surface. In all cases, convergence of the total energy
with respect to calculation parameters, such as the k-point set,
number of included metal layers, and kinetic energy cut-off, was
confirmed. The generalized gradient approximation (GGA-PW91)
was used to describe the exchange–correlation energy and the po-
tential self-consistently [29,30]. Iterative diagonalization of the
Kohn–Sham Hamiltonian, the Fermi population of the Kohn–Sham
states (kBT = 0.1 eV), and the Pulay mixing of the resulting elec-
tronic density determined the self-consistent PW91 density [31].
Total energies were extrapolated to zero values of kBT, and all cal-
culations were performed spin-polarized for both Co and Fe sys-
tems. The calculated equilibrium PW91 lattice constants for bulk
Fe and Co were found to be 2.85 and 2.51 Å, in excellent agreement
with the experimental values of 2.87 and 2.51 Å, respectively
[32,33].

The climbing-image nudged elastic band (CI-NEB) method [34–
36] was used to determine minimum energy paths for all elemen-
tary steps described in this work. In each CI-NEB calculation, the
minimum energy path between the initial and final state was dis-
cretized with at least seven intermediate images which were opti-
mized iteratively. The image of highest energy along the reaction
coordinate was designated as the transition state for each elemen-
tary step. The true nature of the saddle point was confirmed by
vibrational frequency analysis yielding a single imaginary mode.

Diagonalization of the mass-weighted Hessian matrix, derived
from a second-order finite-difference approximation (0.01 Å step
size) of the PW91-calculated force derivatives, was used to deter-
mine vibrational frequencies [37]. Vibrational frequency calcula-
tions allowed the displacement of adsorbate atoms from their
equilibrium positions while metal atoms remained fixed in their
relaxed geometries. All other calculations, including structural
optimization of adsorbed overlayers for all intermediates consid-
ered and for all CI-NEB calculations, were performed with com-
plete relaxation of the top two metal layers in the slab and all
adsorbed structures, including spectator CO molecules. To our
knowledge, spectator CO molecules have not been previously in-
cluded in electronic structure calculations for the specific surface
chemistry addressed here. The additional computational cost
seems appropriate because of the high CO coverages prevalent dur-
ing FTS and the significant effects of spectator CO species on the
binding energies of reactive intermediates and activation barriers
of their elementary reactions.
3. Results and discussion

3.1. Influence of reactant pressures on hydrocarbon synthesis rates
with Fe catalysts

Figs. 1 and 2 show CO conversion rates to hydrocarbons at 508 K
on Fe–Zn–Cu–K as a function of CO conversion, which was varied
by changing space velocity, at different inlet CO and H2 pressures.
Hydrocarbon synthesis rates decreased with increasing CO conver-
sion in all cases, because of the combined effects of reactant deple-
tion and inhibition by H2O or CO2 products. In what follows, rates
have been extrapolated to zero CO conversion to avoid the kinetic
complexities of reactant depletion and of inhibition by products.

Fig. 3 shows these extrapolated hydrocarbon synthesis rates as
a function of CO and H2 pressures. Hydrocarbon synthesis rates
were proportional to H2 pressure at all CO pressures. In contrast,
rates were initially proportional to CO pressures below 0.36 MPa,
but then approached constant values as pressure increased. The
general trends observed with changes in H2 and CO pressure are
in qualitative agreement with those reported previously [12,38–
41]. The dependence of hydrocarbon formation rates on H2 and
CO pressures was claimed to reflect the formation of C1 monomers
via direct CO dissociation to C� species that react with H� to form
CH�x fragments [14]. As we show later, these proposals are inconsis-



Scheme 1. Elementary steps for pathways involving unassisted CO dissociation and
chemisorbed carbon intermediates.
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Fig. 1. Rate of CO conversion to hydrocarbons as a function of CO conversion at
0.25–1.20 MPa CO, 1.20 MPa H2, and 508 K on Fe–Zn–Cu–K catalyst (�: 0.25; j:
0.36; N: 0.54; r: 0.80; .: 1.20 MPa CO).
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Fig. 2. Rate of CO conversion to hydrocarbons as a function of CO conversion at
0.40–1.00 MPa H2, 0.40 MPa CO, and 508 K on Fe–Zn–Cu–K catalyst (�: 0.40; j:
0.60; N: 0.80; r: 1.00 MPa H2).
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Fig. 3. Rate of CO conversion to hydrocarbons (extrapolated to zero CO conversion)
at 0.25–1.20 MPa CO (�, 1.20 MPa H2) and 0.40–1.00 MPa H2 (s; 0.40 MPa CO) at
508 K on Fe–Zn–Cu–K catalyst.
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tent with the activation barriers for CO dissociation and the addi-
tion of H� to C� as well as with the measured oxygen removal
selectivities.

3.2. Mechanistic implications of measured rate equations for the
formation of hydrocarbons and CO2 over Fe and Co catalysts

The data described in the previous section led us to propose
reaction schemes consistent with these findings and with the rela-
tive rates of O� rejection as H2O and CO2 and to probe their consis-
tency with theoretical treatments of the elementary steps
involved. Scheme 1 shows a sequence of elementary steps involv-
ing unassisted CO dissociation and subsequent H� addition to C� or
O� to form CH�x monomers and H2O, as well as reactions of CO�with
O� to form CO2. CH�2 monomers then react in chain initiation and
growth.

The quasi-equilibrium assumption for steps 1–4 with CO� and �

as the most abundant reaction intermediates (MARI) for Scheme 1
gives:
r ¼ K1K2K3K4k5PCOPH2

ð1þ K1PCOÞ2
ð1Þ

for the rate of formation of monomers, which also equals the rate of
CO conversion to hydrocarbons (i.e. excluding CO converted to CO2).
This rate equation resembles some proposed previously without
definitive mechanistic attribution on Fe and Co catalysts [40,42–
47]. Some of the steps in Scheme 1, however, raise significant con-
cerns because of the assumptions required in deriving Eq. (1) and
because it provides, as we show next, an incomplete description
of the rate data.

Eq. (1) requires quasi-equilibrated CO� dissociation via unas-
sisted pathways, but DFT calculations show that CO dissociation
barriers are 189 and 367 kJ mol�1 on CO-saturated Fe(1 1 0) and
Co(0 0 0 1) surfaces, respectively (Tables 3 and 5). We discuss these
calculations briefly here to highlight the concerns raised by the
‘‘carbide” mechanism; latter we provide details of the theoretical
analysis in Sections 3.5 and 3.6. The calculated energy barriers
for unassisted CO dissociation are much higher than previously re-
ported activation energies on Fe and Co catalysts (80–
120 kJ mol�1) [12,48,49], suggesting that alternate routes for CO
activation must be kinetically-accessible during FTS catalysis.
Some recent studies have claimed alternate sites for CO dissocia-
tion, such as high index facets [50–52] or carbided surfaces [53],
to overcome these inconsistencies. Such claims are, however,
inconsistent with the higher turnover rates measured on larger
Co clusters [55] and with the weaker binding of CO� on low-index
surfaces, which would provide more abundant free sites required
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for H� co-reactants and for CO dissociation than corner or edge
sites prevalent on smaller clusters. Also, turnover rates decrease
as Co clusters become smaller (<8 nm diameter) [54,55], consistent
with preferential reactivity on low-index planes similar to those
used in our simulations.

Several studies have proposed that active sites for FTS catalysis
on Fe-based catalysts reside on Fe carbide surfaces [56,57]. We
have also examined Fe(1 1 0) surfaces with near-surface carbide
layers, formed via the facile diffusion of C-atoms formed in CO dis-
sociation steps. The activation energy barrier for direct CO dissoci-
ation (CO� + �? C� + O�) on these surfaces (158 kJ mol�1) remains
higher than those measured on FTS catalysts. Recent studies have
shown that H-assisted CO dissociation is more facile than direct
CO dissociation on model Fe5C2(1 0 0) surfaces [58]. Other recent
reports of the FTS reactivity of bulk Fe carbides do not provide clear
evidence for the relative rates of CO dissociation on metal and car-
bide surfaces of Fe [53,59]. These difficulties reflect the diversity of
possible structural models for Fe carbide surfaces and the mark-
edly different reactivity of exposed facets with similar surface
energies [60]. Similar conclusions about the relative rates of H-as-
sisted and unassisted CO dissociation routes on carbided and
metallic Fe surfaces led us to examine here plausible FTS mecha-
nism by theoretical analysis of elementary steps on Fe(1 1 0) and
Co(0 0 0 1) surfaces.

Chemisorbed oxygen (O�) formed via unassisted CO� dissocia-
tion can react via steps 6 or 7 (Scheme 1). Both steps involve sim-
ilar activation barriers on Fe(1 1 0) (70 and 61 kJ mol�1, for steps 6
and 7, respectively; Table 3). In contrast, the energy barrier for O�

rejection as CO2 on Co(0 0 0 1) surfaces (132 kJ mol�1; Table 5) is
significantly higher than for water formation (62 kJ mol�1; Table 5).
This suggests that oxygen removal as H2O and CO2 may occur con-
currently on Fe catalysts, whereas Co would form only H2O as the
oxygen rejection product.

The energy barriers for the two forward and reverse sequential
H� additions to O� indicate that water formation steps are irrevers-
ible on Fe(1 1 0) and Co(0 0 0 1) surfaces. Energy barriers for
H� + O�? OH� + � and H� + OH�? H2O + 2� on Fe(1 1 0) are 60
and 70 kJ mol�1, respectively, while the reverse steps have respec-
tive barriers of 120 and 161 kJ mol�1. On Co(0 0 0 1), the energy
barriers are 47 and 62 kJ mol�1 for the forward H� addition steps
and 151 and 205 kJ mol�1 for the respective reverse steps. The total
O� removal rate to form H2O and CO2 then becomes:

rH2O ¼ k6 � hH�hO� ð2Þ
rCO2 ¼ k7 � hCO�hO� ð3Þ

and the (H2O/CO2) ratios are given by (see Supplementary informa-
tion for details):

rH2O

rCO2

¼ K1=2
2 k6

K1k7
�
P1=2

H2

PCO
ð4Þ

This direct CO dissociation sequence predicts that (H2O/CO2) ra-
tios would increase with increasing (H2/CO) ratio. Our data (Sec-
tion 3.4) show instead that this ratio is independent of CO
pressure and proportional to H2 pressure, in contradiction with
the predictions from unassisted CO dissociation pathways.

An additional concern is raised by the assumption that hydroge-
nation of C� (step 4) must be quasi-equilibrated, whereas the chem-
ically similar step that subsequently hydrogenates CH� (step 5) is
irreversible; these assumptions are essential for a kinetic equation
consistent with the rate data, because the first-order kinetic
dependence on H2 pressure (Fig. 3) requires that step 5 be the sole
kinetically-relevant step (Eq. (1)). In contrast with this, our theo-
retical treatment indicates that the addition of the first H� to C�

on Fe(1 1 0) actually shows a higher activation barrier
(74 kJ mol�1) than the subsequent hydrogenation of CH�
(35 kJ mol�1) and that neither step is likely to limit rates because
of much higher barriers for the unassisted CO dissociation steps
that precede steps 4 and 5 in Scheme 1. These calculations also
show that the equilibrium surface coverage of CH� species would
be higher than for C� (hCH� > hC�) at typical FTS conditions (see Sup-
plementary information for details) and that CH� would be rapidly
scavenged by subsequent H-addition steps, making C� reactions
with H� the sole kinetically-relevant step. In this case, FTS rates
would be proportional to (H2)0.5, in contradiction with rate data
(Fig. 3). On Co(0 0 0 1) surfaces, both C* and CH* hydrogenation
steps exhibit low and similar barriers (40 and 36 kJ mol�1 for steps
4 and 5, respectively), casting doubts on the kinetic relevance of
either step, which is required for positive H2 kinetic orders in FTS
rates [40,41,55]. On Co, both steps 4 and 5 have much smaller acti-
vation barriers than for unassisted CO dissociation, making the
assumption that step 5 (instead of CO dissociation) is the sole
kinetically-relevant step inconsistent with these theoretical treat-
ments. These inconsistencies between the activation energy barri-
ers derived from theory and the assumptions required to describe
measured rate data and O� removal selectivities led us to consider
alternate catalytic sequences to resolve these previously unrecog-
nized issues.

Recent studies have brought attention to the relevance of H-as-
sisted CO dissociation routes on Fe, Co, and other transition metals
[17–20,51,61,62]. Here, we bring additional rigor to these concepts
by providing experimental confirmation and by demonstrating the
need for spectator CO coverages for accurate FTS theoretical treat-
ments. We consider in our analysis all plausible isomers of singly
and doubly hydrogenated CO-derived intermediates [18,20] and
show that second H-addition to these intermediates controls
monomer formation rates. The resulting analysis is then used to
compare Fe and Co surfaces and to provide a rigorous assessment
of H-assisted CO dissociation routes. First, we examine CO2 forma-
tion rates to provide additional evidence for the pre-eminent role
of H-assisted pathways on both Fe and Co catalysts.

3.3. Primary and secondary CO2 formation pathways on Fe catalysts

Fig. 4 shows that CO2 formation rates (corrected for the ap-
proach to water–gas shift equilibrium; Supplementary informa-
tion) on Fe–Zn–Cu–K increased with increasing CO conversion,
which was varied by changing inlet CO molar rates, and with CO
inlet pressures (1.2 MPa H2; 508 K). These trends reflect the
re-adsorption of H2O formed as one of the primary O� removal
products to re-form O�, which then reacts with CO� to form CO2

in secondary reactions. These pathways contribute to exchange
of O-atoms between CO2 and H2O, a reaction that reflects the
water–gas shift stoichiometry, but which is rigorously described
by elementary steps involved in FTS reactions.

CO2 formation rates extrapolated to zero conversion reflect pri-
mary reactions of CO� with O� (Scheme 1, step 7), without contri-
butions from re-adsorption and oxygen exchange. Primary CO2

formation rates increased initially as CO pressure increased and
then reached nearly constant values above 1.3 MPa CO; these rates
were essentially independent of H2 pressure (Fig. 5). These rate
data are inconsistent with the kinetic expression derived from
Scheme 1 for the rate of primary CO2 formation (see Supplemen-
tary information for details):

rCO2 ¼
K2

1K2K3K4k5k7P2
COPH2

ðK1=2
2 k6P1=2

H2
þ K1k7PCOÞð1þ K1PCOÞ2

ð5Þ

which would require significant effects of H2 pressure, irrespective
of the relative magnitudes of the various denominator terms. Mea-
sured rate data indicate that H2-derived species are not involved in
elementary steps leading to the formation of O�. These data indicate
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instead that primary CO2 formation pathways involve only reac-
tions of CO-derived intermediates formed without H2 involvement,
such as the unassisted dissociation of CO� and the subsequent re-
moval of O� by CO�, in a sequence with the Boudouard reaction stoi-
chiometry (CO� + CO�? C� + CO�2). We discuss next how a
combination of H-assisted and unassisted CO dissociation steps
leads to the parallel formation of H2O and CO2 as the molecular car-
riers of the O-atoms rejected during hydrocarbon synthesis.

3.4. Elementary steps involved in the Fischer–Tropsch synthesis on Fe
catalysts

The measured effects of H2 and CO pressures on hydrocarbon
formation rate and H2O/CO2 product ratios on Fe–Zn–Cu–K led us
to propose the sequence of elementary steps in Scheme 2, in which
CO dissociates via parallel H-assisted and unassisted routes.

The unassisted route (step 3) forms C� and O� from CO�, while
subsequent reactions with H� yield the CH�2 monomers (steps 4,
10). The O� atoms formed in step 3 are removed as CO2 via reac-
tions with CO� (step 5). O� species could also react stepwise with
H� to form H2O. Indeed, our calculations show that on Fe(1 1 0),
O� reactions with H� and CO� have similar activation barriers (60
and 61 kJ mol�1, respectively; Table 3), but the predominant cover-
age by CO� (instead of H�) during steady-state catalysis, however,
causes the preferential removal of any O� as CO2 via reactions with
CO�.

In the parallel H-assisted CO activation route (step 6, Scheme 2),
CO� forms formyl intermediates (HCO�) via reactions with H�. On
Fe(1 1 0), the activation barrier for H� addition to the C-atom in
CO� (to form HCO�) is much smaller than for unassisted CO� disso-
ciation (89 vs. 189 kJ mol�1, respectively; Table 3). Subsequent
hydrogenation at the O-atom in HCO� species forms hydroxymeth-
ylene (HCOH) intermediates. HCOH� dissociation then leads to CH�

species that ultimately form monomers and initiators required for
chain growth (step 10). OH� groups formed in step 8 are removed
as H2O in step 9. Alternatively, OH�may react with CO� to form car-
boxyl (COOH�) species, which would decompose subsequently to
give CO2 and H�. This latter step, however, would cause a kinetic
effect of H2 on primary CO2 formation rates, which is not observed
(Fig. 5). DFT calculations show that carboxyl formation has a higher
activation energy barrier than water formation
(OH� + H�? H2O + 2�) by 24 kJ mol�1 on Fe(1 1 0). These activation
barriers indicate that step 9 is the predominant mechanism for OH�

removal, although the high (CO�)/(H�) ratios prevalent during FTS
may offset, at least in part, these differences in activation barriers
and cause detectable contributions from the carboxyl route in
some cases. Subsequent COOH� decomposition steps, however, in-
volve much higher barriers than those for step 9, on Pt and Cu sur-
faces [63,64], suggesting that carboxyl routes are unlikely to
steps for FTS on Fe catalysts.



Table 1
Rate expressions and parameters for the FTS kinetic model.

Rate expression K1K2K6k7 (mol h�1 g – at
Fe�1 MPa�2)

K1k3 (mol h�1 g – at
Fe�1 MPa�1)

rHC ¼
K1K2 K6 k7PCOPH2

þK1k3 PCO

ð1þK1PCOÞ2
16.0 ± 1.0 2.7 ± 0.4

rH2 O ¼
K1 K2 K6 k7PCOPH2

ð1þK1PCOÞ2
15.7 ± 1.6 –

rp
CO2
¼ K1 k3PCO

ð1þK1 PCOÞ2
– 3.5 ± 0.8
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contribute to CO2 formation during FTS. COOH� reactions with OH�

have lower barriers, but these bimolecular reactions are unlikely to
occur on surfaces saturated with CO�.

Next, we examine the kinetic consequences of the steps in
Scheme 2 and show that these pathways accurately describe both
hydrocarbon and CO2/H2O formation rates as a function of CO and
H2 pressures. Detailed theoretical calculations and their compari-
son with the assumptions, steps, and rate equations for the path-
ways in Scheme 2 are discussed in Section 3.5 and used to shed
light on the chemical identity and structure of the various interme-
diates involved.

The parallel CO activation steps in Scheme 2 lead to additive
contributions to hydrocarbon synthesis rates. These rates are given
by:

rHC ¼
K1K2K6k7PH2 PCO

ð1þ K1PCOÞ2
þ K1k3PCO

ð1þ K1PCOÞ2
ð6Þ

when steps 1, 2, and 6 are quasi-equilibrated, and CO� and � are the
MARI during steady-state catalysis. The first term in Eq. (6) arises
from H-assisted CO dissociation routes, while the second term re-
flects contributions from direct CO dissociation routes. In Eq. (6),
the second term depends only on the CO pressure, because H2-de-
rived species are not involved in the kinetically-relevant CO disso-
ciation step in the unassisted route depicted in Scheme 2. This
term resembles Eq. (1) in functional form but differs in the chemical
significance of the rate constants, which reflect in the case of Eq. (1),
the equilibrated nature of steps 1–4 in Scheme 1, and the kinetic
relevance of the second H-addition to C� species derived from unas-
sisted CO dissociation.

The two terms in Eq. (6) account also for the respective rates of
H2O and CO2 formation, because the steps in Scheme 2 lead to H2O
only via OH� formed via H-assisted routes and to CO2 only via O�

formed in direct CO� dissociation routes. As a result, the ratio of
the two terms in Eq. (6) gives the (H2O/CO2) ratio formed in FTS
reactions:

rH2O

rCO2

¼ K2K6k7

k3
� PH2 ð7Þ

This dependence is identical to that shown by the data in Fig. 6,
in which the product ratio is proportional to H2 pressure and inde-
pendent of CO pressure. Fig. 6 also shows that (H2O/CO2) ratios are
greater than unity for H2 pressures above �0.2 MPa, indicating that
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Fig. 6. Oxygen removal selectivity (H2O/CO2) at 0.25–1.20 MPa CO (d; 1.20 MPa
H2) and 0.40–1.00 MPa H2 (s; 0.40 MPa CO) at 508 K on Fe–Zn–Cu–K catalyst.
H-assisted dissociation routes prevail during FTS catalysis even on
Fe catalysts at H2 pressures relevant to industrial practice
(>1 MPa).

Table 1 shows the rate equations and kinetic parameters for
hydrocarbon formation and oxygen rejection pathways on Fe–
Zn–Cu–K catalysts. The Levenberg–Marquardt method [65] was
used to estimate rate parameters from measured rates. The lumped
kinetic parameters (K1K2K6k7 and K1k3) obtained from independent
measurements of hydrocarbon formation and primary CO2 forma-
tion rates are the same within the accuracy of the rate data. The
equilibrium constant for CO adsorption (K1; 0.77 ± 0.14 MPa�1 at
508 K) estimated from these data is similar to that reported from
FTS data on Fe–Cu–K–SiO2 catalysts at 523 K (0.54 ± 0.33 MPa�1)
[14]. The data and predictions shown in Fig. 7 show excellent
agreement between hydrocarbon formation rate data and the val-
ues inferred from the mechanism-based rate equations in Table 1.

We proceed next to present detailed theoretical calculations of
the binding energy of intermediates and the activation barriers for
the elementary steps in Scheme 2 with emphasis on the pathways
for oxygen rejection and for the hydrogenation of relevant surface
intermediates.

3.5. Theoretical analysis of minimum energy pathways for CO
activation and subsequent steps on Fe(1 1 0) surfaces saturated with
CO�

A theoretical treatment of the elementary steps in Scheme 2 re-
quires that we determine the stability and binding energy of these
intermediates on Fe(1 1 0). We obtain binding energies (E) from
the total energies of uncovered surfaces (Eclean), of surfaces with
adsorbed species (Eads), and of the respective molecules in the
gas phase (Egas):
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hydrocarbons at 508 K on Fe–Zn–Cu–K catalyst.



Table 3
Energetics of the minimum energy paths for the FTS elementary steps on Fe(1 1 0)
with 0.5 ML CO coverage. Ef, Er, and DE refer to the forward barrier, reverse barrier,
and heat of reaction, respectively, for each elementary step with respect to the species
co-adsorbed on the surface.

Elementary step Fe(1 1 0) with 0.5 ML CO coverage

Ef (kJ mol�1) Er (kJ mol�1) DE (kJ mol�1)

CO� + �? C� + O� 189 164 25
CO� + H�? COH� + � 156 184 �28
COH� + H�? HCOH� + � 69 6 63
HCOH� + �? CH� + OH� 63 89 �26
CO� + H�? HCO� + � 89 12 77
HCO� + �? CH� + O� 76 70 6
HCO� + H�? HCOH� + � 68 101 �33
HCO� + H�? CH2O� + � 58 168 �110
CH2O� + �? CH2

� + O� 317 154 163
COH� + �? C� + OH� 157 101 56
C� + H�? CH� + � 74 104 �30
CH� + H�? CH2

� + � 35 32 3
H2 + 2�? H� + H� 46 90 �44
O� + H�? OH� + � 60 120 �60
OH� + H�? H2O + 2� 70 161 �91
OH� + OH�? H2O�+ O� 53 114 �61
CO� + O�? CO2 + 2� 61 256 �195

Table 4
Adsorption energies of various intermediates relevant in FTS with a clean and with 0.5
ML CO coverage on Co(0 0 0 1) model surface.

Species Adsorption energy (kJ mol�1)

Clean 0.5 ML CO�

C �647 �541
O �524 �419
CO �181 �75
CO2 �0 �0
H �278 �221
H2 �35 �0
CH �609 �529
CH2 �372 �263
OH �310 �255
H2O �28 �50
HCO �216 �36
COH �423 �360
HCOH �289 �185
CH2O �85 �28
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E ¼ Eads � Eclean � Egas ð8Þ

More negative values reflect stronger interactions of adsorbed
species with surface atoms. The binding of molecules (CO, CO2,
H2, H2O, CH2O) and of relevant intermediates (C, O, H, CH, CH2,
OH, HCO, COH, HCOH) was examined at 0.25 MLcoverages on
Fe(1 1 0) surfaces. Table 2 shows binding energies for the preferred
binding sites of these species in their minimum-energy configura-
tions. The calculated values agree with those reported previously
[66–68].

CO� binding energies on Fe(1 1 0) surfaces (�193 kJ mol�1) are
consistent with CO� as the most abundant surface intermediate
in kinetic treatments of FTS rate data [42]. These findings led us
to examine chemisorbed species and their elementary reactions
on CO�-covered Fe(1 1 0) surfaces in all theoretical treatments that
follow. First, we determined binding energies of CO� as a function
of CO� coverage and specifically at 0.25, 0.5, 0.75, and 1.0 ML dis-
crete coverages in (2 � 2) unit cells. CO binds more strongly at
low coverages (�193 kJ mol�1 at 0.25 ML); both the average and
the differential binding energies decreased with increasing CO�

coverage (Fig. 8). The differential adsorption energy for a CO mol-
ecule is given by:

Edifferential
nCO ¼ EslabþnCO � Eslabþðn�1ÞCO � ECOgas ð9Þ

where Eslab+nCO and Eslab+(n�1)CO are the total energies of the slab
with n and (n � 1) adsorbed CO molecules, respectively, and ECOgas

is the total energy of CO in the gas phase. The differential CO chemi-
sorption energy becomes zero between 0.75 and 1.0 ML, which de-
fines the CO� coverage at saturation. The CO� binding weakens
sharply at 0.75 ML, and as a result we use surfaces with 0.5 ML of
fully-relaxed chemisorbed ‘‘spectator” CO� species in all simulations
described here. For instance, CO dissociation was probed by allow-
ing one CO� molecule in a surface covered with 0.75 ML CO� to dis-
sociate, leaving the surface with one C�, one O�, and 0.5 ML
spectator CO�.

Table 2 shows binding energies for various intermediates on
Fe(1 1 0) surfaces with 0.5 ML spectator CO�. All species (except
H2O) become more weakly-bound when co-adsorbed CO� is pres-
ent, with the strongest effects observed for HCO� intermediates
(binding energy weakens from �291 kJ mol�1 to �108 kJ mol�1,
when coverage of CO� spectator increases from 0 to 0.5 ML; Ta-
ble 2). This destabilization of adsorbed species reflects through-
substrate and through-space repulsive interactions with CO�. H2O
is the exception to these trends, because of H-bonding between
H2O� and CO�. The O–H distances between CO and H2O molecules
are consistent with H-bonding (�1.5 Å) [69]. On Fe(1 1 0), COH and
Table 2
Adsorption energies of various intermediates relevant in FTS with a clean and with 0.5
ML CO coverage on Fe(1 1 0) model surface.

Species Adsorption energy (kJ mol�1)

Clean 0.5 ML CO�

C �730 �657
O �584 �473
CO �193 �81
CO2 �48 �15

H �289 �246
H2 �30 �0
CH �660 �566
CH2 �413 �296
OH �366 �285
H2O �33 �69

HCO �291 �108
COH �455 �361
HCOH �320 �193
CH2O �151 �36
formaldehyde (CH2O) are more stable than their respective iso-
mers (HCO, formyl; HCOH, hydroxymethylene) (Table 2). Fig. 9 de-
picts the most stable structures for the intermediates in Scheme 2
on surfaces with 0.5 ML spectator CO�.

Next, we address activation barriers for minimum energy path-
ways (MEP) of the elementary steps in Scheme 2 (Table 3). The pre-
ferred pathways for CO activation on a CO-saturated Fe(1 1 0)
surface are shown in Fig. 10. In what follows, Ef, Er and DE denote
the forward barrier, the reverse barrier, and the energy of reaction
(by convention, negative DE values imply exothermic steps) for
each elementary step.

Direct CO� dissociation is unfavorable compared with H-as-
sisted dissociation, kinetically and thermodynamically, on CO-sat-
urated Fe(1 1 0) surfaces (DE = 25 kJ mol�1, Ef = 189 kJ mol�1). H-
assisted pathways involve the initial addition of H� to CO� to form
either formyls (HCO�) or their COH� isomers, which dissociate to
give CH� + O� or C� + OH�, respectively. The addition of a second
H� to HCO� or COH� before C–O cleavage may also occur; these lat-
ter steps form formaldehyde intermediates (CH2O�) or their
hydroxymethylene (HCOH�) isomers. C–O bond breaking in the lat-
ter species can then form CH�2 + O� or CH� + OH�, respectively.

The relevance of these different pathways is examined next to
probe preferred FTS routes on Fe surfaces. The results (Table 3;
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Fig. 10) indicate that H� addition to the C-atom in CO� to form HCO�

(Ef = 89 kJ mol�1) has a much lower barrier than addition to the O-
atom to form COH� (Ef = 156 kJ mol�1) or direct CO� dissociation
(Ef = 189 kJ mol�1). HCO� decomposition to H� and CO�, which re-
verses the first H-addition step in Scheme 2, occurs with a low bar-
rier (12 kJ mol�1), causing this step to become quasi-equilibrated
during steady-state catalysis, consistent with experimental rate
data. The preference for this route reflects the predominant CO�

species prevalent during catalysis ((CO�)� (�)), which leads to
kinetically-relevant concentrations of HCO� in spite of modestly
unfavorable thermodynamics (77 kJ mol�1) for this reaction
(CO� + H�? HCO� + �). The addition of another H� to HCO� gives
HCOH� with a low activation energy barrier (Ef = 68 kJ mol�1), fol-
lowed by facile dissociation to CH� and OH� (Ef = 63 kJ mol�1).
Alternatively, the addition of H� to the C-atom in HCO� gives CH2O�

with a 58 kJ mol�1 barrier; CH2O� species can desorb as formalde-
hyde (CH2O), which can then re-adsorb into pathways involved in
monomer formation, or decompose to H2 and CO in unproductive
FTS pathways. The direct cleavage of the C–O bond in CH2O� has
a very high activation barrier (Ef = 317 kJ mol�1), suggesting that
it does not contribute to the formation of CHx monomers. CH2O�

species can form CH3O� via hydrogenation with subsequent disso-
ciation to form CH�3 + O�. The latter path does not form chain
growth monomers and is therefore unproductive in hydrocarbon
synthesis. C–O bond cleavage in HCO� species occurs with higher
activation barriers than for H� addition to form HCOH�

(Ef = 76 kJ mol�1 vs. 68 kJ mol�1, respectively), consistent with the
kinetic relevance of the second H-addition, instead of that of uni-
molecular HCO� decomposition.

So far, our treatment focused on the relative magnitude of acti-
vation barriers, but the relative coverage of the species involved in
the various elementary steps also impacts their kinetic relevance,
especially when activation barriers are similar among plausible
elementary steps. For instance, the barriers for CO� + H�? HCO�
Fig. 9. Geometries and site preferences for FTS-relevant intermediates adsorbed on Fe(1
dashed lines only as a guide to the eye, and the spectator CO molecules are colored a light
– iron. (For interpretation of the references to color in this figure legend, the reader is r
and HCO� + H�? HCOH� on CO-saturated Fe surfaces are
89 kJ mol�1 and 68 kJ mol�1, suggesting, at first glance, that the
first H-addition may limit monomer formation rates. The differ-
ence in barriers for these two steps is 21 kJ mol�1. If CO� coverages
were 130 times larger than HCO� coverages, then the rates of these
two steps would be similar (at 543 K). In fact, CO�/HCO� ratios are
likely to be much larger than these values during steady-state FTS
catalysis. Our theoretical estimates for binding energies and entro-
pies, together with the assumption of equilibrated CO and H2

adsorption, lead to CO�/HCO� ratios of �106 for typical CO and H2

pressures in this study (0.40–1.00 MPa H2; 0.25–1.20 MPa CO).
Thus, we conclude that the second hydrogen addition to CO� is
the kinetically-relevant step in agreement with the assumptions
required to describe rate data by the mechanism in Scheme 2. Sim-
ilar conclusions were reached by parallel simulations and argu-
ments on Co(0 0 0 1) surfaces.

Next, we probe the relative activation barriers for unassisted
and H-assisted CO dissociation steps. The unassisted CO dissocia-
tion barrier is 189 kJ mol�1, while those for the most facile steps in-
volved in H-assisted routes are 89, 68, and 63 kJ mol�1 (for steps 6–
8 in Scheme 2) (see also Fig. 10). The relative coverages of the
intermediates involved may influence which specific step along
the H-assisted route is kinetically-relevant, but in all cases unas-
sisted CO dissociation steps are unlikely to contribute significantly
to monomer formation and H-assisted routes prevail at all practical
conditions, as also concluded from experiment.

Our proposed pathways (Scheme 2, Fig. 10) assume that the H�

species required for reaction with CO�, HCO�, COH�, and other spe-
cies form via quasi-equilibrated H2 dissociation, consistent with
the low H2 dissociation barriers found on CO-saturated surfaces
(�46 kJ mol�1) and with previous experimental data on Co-based
catalysts [70]. Alternate H2 dissociation via direct reactions of
H2(g) or H�2 with CO� (to form COH� or HCO�) gave very high acti-
vation barriers (�192 kJ mol�1), suggesting that these steps do
not contribute to hydrogenation or CO activation pathways.

The thermodynamics (binding energies) and kinetics (activation
barriers) of the intermediates in Scheme 2 lead us to conclude, in
agreement with experiments, that H-assisted CO dissociation
paths:
1 0) at 0.5 ML CO coverage. A representative 2 � 2 surface unit cell is delineated by
er color. Color map for atoms: black – carbon; red – oxygen; green – hydrogen; gray
eferred to the web version of this article.)
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CO� ! HCO� ! HCOH� ! CH� þ OH� ð10Þ

prevail on CO�-covered surfaces during FTS catalysis. As shown from
the effects of H2 and CO on oxygen removal ratios (H2O/CO2), we
find that H-assisted pathways form OH� instead of O� and that the
latter (O�) form CO2 while the former (OH�) is removed as H2O.
CH� species resulting from the sequential hydrogenation steps Eq.
(10) can be hydrogenated further to CH�2 or CH�3, which act as mono-
mers and initiators in the growth of hydrocarbon chains.

The calculated activation barriers for CH� (from C�) and CH�2
(from CH�) formation on CO-saturated Fe(1 1 0) indicate that the
latter is the more facile step (Table 3). These conclusions are in
sharp contrast with those reached in attempts to reconcile mea-
sured rates with those derived from elementary steps that dissoci-
ate CO� exclusively via direct pathways [7,9–12], as we have
discussed earlier.

Fig. 11 shows structural details of the initial, transition, and fi-
nal states for each elementary step along the H-assisted CO activa-
tion path. HCOH� species have been proposed as reactive FTS
intermediates [71], but the details of these steps are very different
from those we report here. Several studies have proposed that alk-
anols can initiate chains during FTS on Fe catalysts [16,72], and
complexes resembling HCOH� have been detected by their infrared
spectra on such Fe catalysts [73], consistent with the presence of
O-containing intermediates. The presence of HCOH� species pro-
vides plausible condensation routes to C2 species that may be rel-
evant in hydrocarbon formation, but such chain growth
mechanistic details lie outside the scope of the present study.

Fe-based FTS catalysts tend to give larger CO2/H2O ratios than
Co-based catalysts [70,74], suggesting that CO activation occurs
exclusively via H-assisted routes on Co metal surfaces. In the next
section, we probe the relative importance of the various elemen-
tary steps in Scheme 2 from estimates of the thermodynamics
and activation barriers of the various adsorbed species in Scheme 2
for the case of Co(0 0 0 1) surfaces.
3.6. CO activation pathways and subsequent elementary steps on
Co(0 0 0 1) surfaces saturated with CO�

Minimum energy paths were examined on Co(0 0 0 1) surfaces
saturated with CO�. These low-index surfaces and saturation CO�

coverages are faithful representations of Co catalysts during FTS
Fig. 11. Detailed structural information on the initial (IS), transition (TS), and final
state (FS) involved in the minimum energy paths of the elementary steps for the H-
assisted CO dissociation route on Fe(1 1 0) with 0.5 ML CO. A representative 2 � 2
surface unit cell is delineated by dashed lines only as a guide to the eye, and the
spectator CO molecules are colored a lighter color. Color map for atoms: black –
carbon; red – oxygen; green – hydrogen; gray – iron. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
reactions, as shown by the measured rate equation and by the
higher rates observed on larger Co clusters and their insensitivity
to size for >8-nm clusters [54,55]. Coordinative unsaturation at
edge or corner sites appears to be ineffective in FTS catalysis, in
spite of their greater reactivity for CO� dissociation, because of
the unreactive nature of the C� and O� intermediates formed on
such sites.

Binding energies for intermediates adsorbed on Co(0 0 0 1) are
shown in Table 4. The binding energy of CO� on Co(0 0 0 1) at
0.25 ML coverage (�181 kJ mol�1) is consistent with CO� as the
most abundant surface intermediate during FTS catalysis, as also
found on Fe(1 1 0). The binding and reactivity of adsorbed species
in the presence of 0.5 ML CO� are reported in Tables 4 and 5,
respectively, for Co(0 0 0 1) surfaces. Direct CO� dissociation on
CO-saturated Co(0 0 0 1) surfaces proceeds with experimentally
inaccessible activation barriers (367 kJ mol�1), indicating that
alternate routes are required for CO activation in FTS reactions.
The highest barrier along the H-assisted CO� activation route on
Co(0 0 0 1) is only between 125 and 138 kJ mol�1. Fig. 12 shows
the minimum energy path for H-assisted CO dissociation steps
on Co(0 0 0 1); the most likely preferred route is outlined in Eq.
(10).

On Fe, the preference for H-addition at the C-atom (to form
HCO�) over the alternate path (addition at the O-atom to form
COH�) was evident from estimated barriers and from rate data that
showed that the first H-addition step was equilibrated during FTS.
The similar barriers for these two alternate paths on Co surfaces
makes analogous conclusions less definitive based on these barri-
ers alone, at least without a detailed microkinetic model and more
detailed simulations on small Co nanoclusters (instead of the ex-
tended surfaces used here) at higher CO� coverages. As in the case
of Fe catalysts, measured rates indicate that the first H-addition to
CO� is equilibrated and the second H-addition is the kinetically-rel-
evant step on Co catalysts. The calculated endothermic reaction en-
ergy for H-addition at the C-atom (CO� + H�? HCO� + �; Table 5)
and the very exothermic nature of the alternate path
(CO� + H�? COH� + �) indicate that the former (but not the latter)
is likely to be equilibrated; thus, we conclude that in spite of its
slightly higher activation barrier in the forward direction
(138 kJ mol�1 vs. 125 kJ mol�1), H-addition at the C-atom in CO is
the most plausible pathway, because the alternate path, with its
Table 5
Energetics of the minimum energy paths for the FTS elementary steps on Co(0 0 0 1)
with 0.5 ML CO coverage. Ef, Er, and DE refer to the forward barrier, reverse barrier,
and heat of reaction, respectively, for each elementary step with respect to the species
co-adsorbed on the surface.

Elementary step Co(0 0 0 1) with 0.5 ML CO coverage

Ef (kJ mol�1) Er (kJ mol�1) DE (kJ mol�1)

CO� + �? C� + O� 367 115 252
CO� + H�? COH� + � 125 180 �55
COH� + H�? HCOH� + � 44 3 41
HCOH� + �? CH� + OH� 106 89 17
CO� + H�? HCO� + � 138 38 100
HCO� + �? CH� + O� 92 82 10
HCO� + H�? HCOH� + � 90 161 �71
HCO� + H�? CH2O� + � 14 147 �133
CH2O� + �? CH2

� + O� 157 78 79
COH� + �? C� + OH� 315 10 305
C� + H�? CH� + � 40 213 �173
CH� + H�? CH2

� + � 36 40 �4
H2 + 2�? H� + H� 50 65 �15
O� + H�? OH� + � 47 151 �104
OH� + H�? H2O + 2� 62 205 �143
OH� + OH�? H2O� + O� 29 152 �123
CO� + O�? CO2 + 2� 132 261 �129
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high barrier in the reverse direction (180 kJ mol�1 vs. 38 kJ mol�1

for the reverse of H� + CO�? HCO� + �), would not be equilibrated
at typical FTS conditions. We cannot rule out, however, that both
pathways could contribute to the formation of monomers during
FTS reactions on small Co nanoclusters at CO� coverages higher
than those probed in the present calculations on extended sur-
faces. We stress, however, that the actual position of the H-attack
on CO� does not carry any implications for our conclusions and
findings about the relevance of hydrogen assistance as the prevail-
ing route for the activation of CO on Co surfaces.

On both Fe and Co, CH� and OH� then form via facile steps, lead-
ing to identical rate equations on these two surfaces. O� does not
form on Co(0 0 0 1) because of the high activation barriers for
unassisted CO dissociation. OH� species (formed via H-assisted
routes) react with H� (instead of CO�) to form H2O (instead of
CO2), consistent with the nearly exclusive removal of oxygen as
H2O on Co-based catalysts [70,74]. We conclude that primary
CO2/H2O ratios during FTS provide an accurate diagnostic of the
relative contributions of direct and H-assisted dissociation path-
ways. The direct CO dissociation barrier on Co is 229 kJ mol�1 high-
er than for H-assisted CO dissociation, while this difference is
much smaller (100 kJ mol�1) on Fe (Figs. 11 and 12), consistent
with their respective tendencies to reject oxygen as CO2.

The exclusive removal of oxygen as H2O on Co-based catalysts is
consistent with the prevalence of the H-assisted CO activation
route and with the presence of a single term in the FTS rate equa-
tion on these catalysts:

rHC ¼
K1K2K6k7PH2 PCO

ð1þ K1PCOÞ2
ð11Þ

Eq. (11) arises from the steps in the right side of Scheme 2 and
equals the first term in the rate equation (Eq. (6)) found to describe
FTS rates on Fe catalysts, which also reflects the contributions from
H-assisted CO� dissociation pathways to monomer formation rates.
Such Langmuir–Hinshelwood type equations accurately describe
rate data on Co-based catalysts [40] and have been previously de-
rived by assuming, without independent evidence, that formyl
hydrogenation is the sole kinetically-relevant step on Co-based
catalysts [47].

These H-assisted CO dissociation pathways remove conceptual
hurdles in reconciling pathways mediated by direct CO dissocia-
tion with the lack of CO2 in FTS products and with the first-order
H2 kinetic dependence on Co-based catalysts [46,55]. In such
widely cited unassisted CO� activation mechanisms, the required
assumption that hydrogenation of CH� species is the sole kineti-
cally-relevant step is inconsistent with theoretical treatments (Ta-
ble 5), which shows that H� addition to C� or CH� occurs with
similar activation barriers (36–40 kJ mol�1).
3.7. Unifying concepts in FTS catalysis on cobalt and iron catalysts

The theoretical and experimental evidence reported here re-
solves long-standing conflicts among measured rates, theoretical
insights, and oxygen rejection selectivities on Co and Fe catalysts.
H-atoms (formed via quasi-equilibrated H2 dissociation) are ubiq-
uitously involved in all elementary steps required for CO dissocia-
tion and for the formation of chain growth monomers. When direct
dissociation pathways contribute significantly, as they do at higher
temperatures, especially on alkali-promoted Fe catalysts, they
form O� species that are ultimately rejected as CO2. These conclu-
sions are consistent with experimental and theoretical values of
H2/D2 isotope effects reported previously [70] and which will be
discussed in a separate study [75]. We find that the direct CO dis-
sociation term in Eq. (6) shows no detectable H2–D2 isotope effects,
while the first term in Eq. (6) exhibits the thermodynamic and ki-
netic isotopic effects expected from theoretical treatments of the
elementary steps in Scheme 2.

We note that synergies among accurate rate data of demon-
strated chemical kinetic origins, rigorous kinetic analysis of ele-
mentary step sequence, and theoretical treatments of
representative densely covered Fe and Co surfaces can be used to
probe and establish a sequence of elementary steps common to
both types of catalysts. In doing so, this study resolves persistent
conceptual hurdles and mechanistic inconsistencies. The results
and analysis reported here provide compelling evidence for the crit-
ical role of the bimolecular intervention of chemisorbed hydrogen
atoms in the activation of CO� on saturated surfaces. These conclu-
sions seem reasonable in light of the dearth of vacant surface sites
prevalent at reactant pressures required for significant chain
growth in Fischer–Tropsch synthesis practice.
4. Conclusions

Experimental data and theoretical calculations evidence two
parallel CO activation pathways on CO-covered Fe catalysts: unas-
sisted and H-assisted. Both routes form CH2

� monomers, but they
differ in oxygen rejection pathways. The unassisted CO activation
removes O� as CO2, while the H-assisted pathway forms H2O exclu-
sively. The kinetic expression derived by rigorous analysis of the
resulting sequence of elementary steps is consistent with the mea-
sured dependence of FTS rates on H2 and CO pressures. Oxygen re-
moval selectivities indicate that H-assistance prevails on CO�-
covered Fe surfaces. The minimum energy paths obtained from
DFT calculations on realistic (CO covered) Fe model surfaces are
in agreement with the FTS mechanism proposed here. These calcu-
lations also reveal the identity of the reaction intermediates in-
volved in CO� activation pathways.

For Co catalysts, we have found by theoretical analysis that
unassisted CO� activation is not competitive with the H-assisted
route, leading to oxygen rejection pathways as H2O exclusively,
consistent with previous reports. Monomer formation via the H-as-
sisted CO activation route would completely dominate on Co cata-
lysts. The obtained rate expression for hydrocarbon synthesis is
also consistent with experimental data reported in the literature.
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