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Abstract: The conversion of carbon dioxide to fuels and chemicals is a promising long-term approach
for mitigating CO2 emissions. Despite extensive experimental efforts, a fundamental understanding
of the bimetallic catalytic structures that selectively produce the desired products is still lacking.
Here, we report on a computational surface science approach into the effect of the Fe doping of
Co(111) surfaces in relation to CO2 hydrogenation to C1 products. Our results indicate that Fe
doping increases the binding strength of surface species but slightly decreases the overall catalytic
activity due to an increase in the rate-limiting step of CO dissociation. FeCo(111) surfaces hinder
hydrogenation reactions due to lower H coverages and higher activation energies. These effects are
linked to the Lewis basic character of the Fe atoms in FeCo(111), leading to an increased charge on
the adsorbates. The main effect of Fe doping is identified as the inhibition of oxygen removal from
cobalt surfaces, which can be expected to lead to the formation of oxidic phases on bimetallic FeCo
catalysts. Overall, our study provides comprehensive mechanistic insights related to the effect of Fe
doping on the catalytic behavior and structural evolution of FeCo bimetallic catalysts, which can
contribute to the rational design of bimetallic catalysts.

Keywords: cobalt; iron; bimetallic catalysts; Fischer–Tropsch synthesis; carbon dioxide hydrogena-
tion; Density Functional Theory

1. Introduction

Climate change, highly influenced by CO2 emissions, is a significant and ongoing
challenge. The catalytic hydrogenation of CO2 to fuels and chemicals provides a promising
long-term approach to mitigating the emission of CO2 into the atmosphere [1]. The Fischer–
Tropsch synthesis is an industrially applied method for synthesizing hydrocarbons using
synthesis gas (syngas), which is a mixture of CO and H2. In addition to syngas, a mixture
of CO2, CO, and H2 can be used as the feed for the Fischer–Tropsch synthesis (FTS), which
is called CO2-FTS. However, although active and selective catalysts are well known for
use in FTS based on synthesis gas, optimizing the catalytic performance of CO2-FTS has
proven challenging and, therefore, is an area of active academic research.

For FTS, although several transition metals, including Ru and Ni, have been investi-
gated scientifically, Co- and Fe-based catalysts have been applied industrially for almost a
century. Co-based catalysts are mainly used for converting synthesis gas with high H2 ra-
tios, typically obtained from natural gas, to mainly paraffinic long-chain hydrocarbons. Co
catalysts provide technical benefits in the form of high activity, high selectivity to paraffins,
and low CO2 formation [2]. The other industrially proven catalytic metal for FTS, Fe, is
typically used to convert synthesis gas with lower H2 ratios, such as that obtained from
coal due to its water–gas shift (WGS) activity, which allows for the in situ modification of
H2 pressures under operating conditions. Fe-based catalysts are cheaper compared to those
that are Co-based, more resistant to poisons, and offer a more diverse range of products,
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including olefins and oxygenates, in addition to a mixture of short- and long-chain paraf-
fins. Under applied FTS operating conditions, the active phase of cobalt catalysts is widely
accepted as metallic Co nanoparticles, while for iron catalysts, a complex phase of mixed
oxides and carbides is deemed responsible [3].

Although the structure and activity relationships are relatively well understood for Co-
based FTS based on synthesis gas due to extensive research efforts; switching from the use of
CO to CO2 within synthesis gas leads to important changes in terms of selectivity. Co-based
catalysts that have a high selectivity to long-chain paraffins under a CO atmosphere mainly
produce CH4, an undesired by-product, under CO2 pressure [4]. This shift in selectivity for
cobalt nanoparticles was experimentally hypothesized to be related the ratio of the surface
CO-to-H coverage on cobalt nanoparticles [4], which was later supported by Density
Functional Theory (DFT) [5], combined experimental and modeling analyses [6], and
microkinetic modeling [7] based on DFT calculations. Various research efforts have focused
on modifying the selectivity of Co-based catalysts for CO2 hydrogenation, using structural
and electronic modifications and including the use of promoters [8], the optimization of the
support [9], and utilizing Co-based bimetallic catalysts.

Bimetallic iron–cobalt (FeCo) catalysts have been experimentally reported to modify
selectivity towards decreased methane and increased CO, olefins, oxygenates, and multi-
carbon products for CO2-FTS. Although these selectivity improvements are important, the
contradictory results regarding increased selectivity to different products is problematic.
For example, Satthawong et al. investigated the effect of a K promoter on the olefin selec-
tivity of bimetallic FeCo catalysts [10]. In this study, alumina-supported FeCo bimetallic
catalysts synthesized by adding a small amount of Co (with an atomic ratio of 0.17 to the
total metal) to Fe-based catalysts were examined for CO2-FTS, which were carried out at
300 ◦C and 11 bar conditions. While olefin selectivity is not observed in bimetallic catalysts
without K, it has been observed that as the K content is increased, olefins become the main
product, methane selectivity decreases from around 50% to 10%, and the total selectivity of
the multi-carbon (C2+ and C5+) products can be increased by up to 69%. A 5% increase in
CO selectivity was observed.

The observed changes in the selectivity of the catalyst due to the addition of K were
associated with the binding energies of the CO2 and H adsorbates based on TPD measure-
ments. Based on these findings, the authors speculated that Co and K promoters increased
the reverse WGS (RWGS) activity of the catalyst and olefin selectivity due to the decrease
in H concentration, while the formation of olefins increased due to higher CO2 and CO
coverage on the surface. However, as the study did not include a surface characterization
or mechanistic insights, their hypothesis could not be verified for the specific active phase
formed on the bimetallic catalyst.

Recently, Wang et al. [11] found that Co doping could modify the performance of
K-promoted Fe-based bimetallic catalysts, by increasing activity while also increasing the
selectivity to CH4, C2–C4 olefins, and C5+ hydrocarbons. In order to obtain a mechanistic
explanation of the observed behavior, the authors investigated CO2, CO, and H2 adsorption
energies on pure and Co-doped Fe and K-Fe oxide/carbide surfaces using DFT modeling
for the proposed active phases of Fe-rich bimetallic FeCo catalysts. Their results pointed
out that Co doping increases the binding strength of CO2 and CO, while weakening H2
adsorption on iron oxide surfaces. However, for iron carbide surfaces, negligible effects
were observed for CO2 and CO bonding due to cobalt doping, while H2 adsorption became
stronger. Together, these effects were hypothesized to lead to long-chain hydrocarbon
selectivity, via increased CO and H coverages on carbides, mainly due to the effect of
the K promoter.

An interesting research area that offers possibilities for selectivity optimization is the
combined use of (bi)metallic active sites with zeolites. Several advances in catalytic perfor-
mance have been obtained with this approach for CO2 conversion, such as a high selectivity
to gasoline/jet fuel [12], olefins [13,14], and aromatics [15]. Zeolites can provide unique
advantages for catalytic transformation when combined with metallic particles, as outlined
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elegantly in a recent review [16]. Among these are the introduction of nano-confinement
effects, the control of acidic/basic sites, the stable control of metallic particle sizes, the tun-
ing of the hydrophobicity/hydrophilicity of surface sites, and the adjustable proximity of
multifunctional metal/Si-Al sites [16]. These advantages result from the unique structural
features of zeolites, such as their controllable pore size, acidity, and framework topologies,
which can bring unprecedented performance to catalytic nanoparticles in terms of their
selectivity, stability, and activity. In relation to CO2 hydrogenation, Dong et al. [13] uti-
lized FeCo bimetallic catalysts supported by ZIF-67, a zeolite-like imidazole metal–organic
framework, to obtain high light-olefin selectivity at a high CO2 conversion. Guo et al. [14]
examined the selectivity of K-, Ce-, or L-doped Y-zeolite-supported Co@Fe catalysts to
long-chain olefins. In their tests performed at 380 ◦C and 10 bar, and the highest C4+ olefin
selectivity was obtained with the K promoter. In catalyst characterization studies, the
surface structure of the catalyst was examined by XPS, while surface acidity was examined
by NH3-TPD and surface basicity by CO2-TPD. As a result of these investigations, it was
observed that adding Co to Fe-based catalysts increased the strong acid and base sites on
the surface. In addition, through XPS measurements, it was observed that cobalt atoms
were located on the surface as metallic and oxidic structures, and the authors suggested that
these structures could play a role in C=O splitting and C–C coupling by working together
with Fe5C2 active phases [14]. However, the conclusion of the authors linking decreased
CO coverage to increased olefin production is in contrast to the hypothesis provided by
Satthawong et al. [10] on bimetallic FeCo catalysts.

Although it is obvious that zeolite supported metallic particles can offer unique
advantages in catalytic performance, the identification of the fundamental factors, or the
descriptors behind the observed advantages, which can stem from pore size, electronic,
and/or mass transfer effects, can be challenging. In addition, a key difficulty in zeolite-
based catalysts is the absence of synthesis protocols that could allow for the reproducible
production of the controlled zeolite characteristics at the atomic scale [16]. Furthermore, the
understanding of the catalytic phase, structure, and selectivity relationships of bimetallic
phases without the effect of supports/promoters, as investigated in our study, is also an
essential step towards the design of zeolite-based bi-metallic catalysts.

In contrast to the mentioned studies that mainly investigate the effect of Co doping
on Fe-based bimetallic catalysts, a limited number of studies also focused on the effect
of Fe doping on the CO2 hydrogenation performance of Co-based catalysts. One of the
studies revealing comprehensive relationships between structural characterization and
product selectivity on cobalt-based Fe-doped bimetallic catalysts is by Gnanamani et al. [17].
The authors examined unsupported Co-doped Fe and Fe-doped Co catalysts with varying
Fe–Co ratios for CO2-FTS in the temperature range of 220–270 ◦C and under 10 bar pressure,
concluding that Fe doping reduced the activity and H2 consumption rate with respect to
monometallic Co-based catalysts. It was also observed that when Fe was added to Co-based
catalysts at only a 10% atomic ratio, C2–C5 (paraffin) selectivity increased from 4% to 20%,
and with higher (50%) Fe additions, and that CO and oxygenate (mainly in the form of
methanol and acetic acid) selectivity increased while CH4 selectivity decreased. Since it
was observed that these positive changes in selectivity decreased when the Fe ratio was
increased by more than 50%, the optimum bimetallic catalyst composition was determined
to be 50%Co–50%Fe.

As a result of experimental characterizations, it was observed that the catalyst structure
depends on the gas atmosphere used during the activation of the catalysts. While the FeCo
bimetallic alloy and small amounts of metallic Fe and Co structures were mainly observed
in the catalysts activated with H2, quite complex phases were observed in the catalysts
activated with CO. It was determined that the phases observed in the bulk structure of
the catalyst included Fe3O4, CoFe2O4, Fe5C2, FeCo, Co2C, CoO, Co, and Fe metals and
their mixed forms. In particular, monometallic Co catalysts were in mainly metallic fcc-Co
and partially reduced CoO phases. With the addition of small amounts of Fe (10% atomic),
the oxidic cobalt phases diminished, while mixed FeCo oxidic and carbidic phases started
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to appear. The authors [17] therefore concluded that the addition of iron enhanced the
reduction and carbidization of cobalt catalysts.

Ischenko et al. [18] also investigated the effect of Fe doping of Co nanoparticles related
to CO2 methanation at 30–450 ◦C and 0.1 MPa. They concluded that Fe doping reduced
the activity of cobalt nanoparticles for methanation while slightly (up to 8%) shifting
the selectivity to CO. Based on their surface characterizations utilizing XPS, they also
concluded that Fe doping resulted in the formation of surface FeOOH species, in addition
to the metallic Co, CoO, and FeCo alloy phases on nanoparticle surfaces. They mentioned
that the formation of surface FeOOH phases could be correlated with lower desorption
rates of CO2, CO, and H2O from the bimetallic FeCo catalysts.

Sandupatla et al. [19] reported on the effect of Fe doping on the CO2 hydrogenation
performance of alumina supported cobalt catalysts at 250 ◦C and 1 bar pressure. They
mentioned that 10% atomic doping of Fe doping increases the methane yield while decreas-
ing CO yield. As a result of the experimental characterizations, a metallic FeCo alloy was
observed, and Fe doping was proposed to promote the reduction of cobalt oxide to the
metallic phase while also promoting the formation of mixed iron-cobalt oxide phases. With
the DFT calculations, it was found that the direct dissociation energy of CO2 increased
from 34 kJ·mol−1 to 47 kJ·mol−1 as a result of the addition of 0.11 ML Fe on the Co(111)
surface, which was linked to the lowered CO yield on FeCo catalysts compared to cobalt.
The increased methane yield obtained in the study are in contrast to the results reported
by Ischenko et al. [18], while the DFT modeling of CO2 dissociation reaction alone is not
sufficient to explain the higher methane yields obtained on FeCo catalysts.

Recently, more in-depth reports were published related to the structure–activity rela-
tionships of Co-rich bimetallic FeCo catalysts, combining experimental observations with
DFT modeling. Zhang et al. [20] reported a Na-promoted FeCo catalyst, which could
selectively convert CO2 to jet fuels in the C8–C16 range at 240 ◦C and 3 bar. Based on
experimental data and DFT modeling, they concluded that FeCo alloy in the metallic phase
could be the active phase for the high selectivity to the desired hydrocarbons, as it hinders
methane formation (CH hydrogenation) and promotes CH coupling when promoted by
Na species. In particular, they compared metallic Co(10–11), CoO(100) and FeCo(110) alloy
surfaces for CH hydrogenation and CH–CH coupling reactions. Their results showed that
although the FeCo alloy surface favors CH hydrogenation over coupling compared to
metallic Co, in the presence of Na, the FeCo surface promotes coupling over hydrogenation.
In order to explain the high CH coverage necessary for the long-chain hydrocarbon selectiv-
ity, the postulated that Fe oxide species formed on the bimetallic surface could facilitate the
RWGS formation and increase CO and CH coverages on the surface. It is also mentioned in
their study that no carbidic phases of Fe or Co were detected on bimetallic nanoparticles.
Despite these valuable and in-depth explanations, it is unclear from their study how Fe
doping affects CO and CH formation from CO2, how Fe or mixed FeCo oxidic phases form
on the bimetallic surface, and how paraffins are preferred over olefinic products.

Similarly, Hwang et al. [21] synthesized a K-promoted FeCo catalyst derived from N-
coordinated Co single-atom carbon that had high C5+ selectivity and low CH4 selectivity for
CO2 conversion at 300 ◦C and 2.5 MPa. Their spectroscopic investigations revealed that the
catalysts were present in both carbidic and oxidic phases during the reaction. Based on DFT
modeling, they reported extensive results for direct CO2 dissociation, O hydrogenation,
carbon hydrogenation, and CH coupling over a wealth of surfaces, including pure Co and
Fe, FeCo alloy, Fe-doped Co oxide/carbide and Co-doped Fe oxide/carbide surfaces. They
concluded that mixed oxide surfaces promote RWGS reaction (assumed to be represented
by direct CO2 dissociation and OH formation) compared to monometallic oxides, while
mixed carbidic FeCo surfaces are likely to be responsible for the FTS reaction (assumed
to be represented by carbon hydrogenation vs. CH coupling). They noted that although
the FeCo alloy in the metallic phase may also be responsible for C–C coupling, it may not
be selective to higher hydrocarbons as it has similar ∆G values for carbon hydrogenation
and C–C coupling. However, the lack of full mechanistic pathways on CO2 dissociation,
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oxygen removal, and methane formation makes it hard to compare the performance of
different catalytic surfaces investigated in the study.

Based on the discussed studies in the literature, it can be concluded that there is
no consensus over the active sites that are formed on FeCo bimetallic catalysts (metallic,
carbidic, or oxidic). Furthermore, a detailed mechanistic understanding related to CO2
and CO dissociation (direct or H-assisted), oxygen removal, and the formation of different
products, such as CO or oxygenates, due to Fe doping is lacking. In this study, we compare
the full mechanistic pathways from the reactants CO2 and H2 to water and C1 products,
including CH4, CO, and CH3OH, on monometallic Co(111) and bimetallic FeCo(111)
surfaces. We investigate all mechanistic pathways to take into account the modifications on
preferred pathways on Co(111) due to the change of electronic structure by Fe doping. Our
results indicate that Fe doping, which is segregated to the topmost Co(111) layers due to a
stronger interaction with CO, yields higher CO and lower H coverages on cobalt surfaces
during CO2 hydrogenation, leading to the decreased hydrogenation ability of the surface.
While the bimetallic FeCo(111) surface is not found to be responsible for CO or CH3OH
formation, the main of effect of Fe doping is found to inhibit oxygen removal from the
FeCo(111) surface, possibly leading to the conversion of the metallic FeCo surfaces to mixed
oxidic FeCo surfaces. Our findings provide atomic-scale insights into the performance of
metallic FeCo phases and their structural evolution, which can contribute to the design of
high-performance bimetallic catalysts for CO2 conversion.

2. Results and Discussion
2.1. Adsorption of Species Involved in CO2 Hydrogenation to Single Carbon Products on Co(111)
and FeCo(111) Surfaces

Surface coverages of intermediates can have a significant effect on the evolution of
active sites and the catalytic performance in CO2 hydrogenation. Therefore, we investigated
the adsorption of major surface intermediates involved in the production of C1 species
from CO2 hydrogenation, including H, C, O, OH, CO, CO2, CH, CH2, CH3, CH4, H2O,
HCO, COOH, HCOO, H2CO, H3CO, and H3COH, on Co(111) and FeCo(111) surfaces. The
adsorption sites investigated on Co(111) and FeCo(111) surfaces are shown in Figure S1.
The most stable geometries for surface species on Co(111) and FeCo(111) surfaces are shown
in Figure 1, while the adsorption energies are listed in Table 1.

Table 1 demonstrates that the introduction of 1 ML Fe on the Co(111) surface led to
increased adsorption energies of all the chemisorbed and physisorbed surface species, with
the exception of physisorbed H2 and CH4. The adsorption energies of species calculated
on Co(111) are in line with the previous studies as shown in Table S2 [5,22–25]. The
comparison of the physisorbed species show that Fe doping increased the binding strength
of oxygenated species like CO2 and H2O without affecting the hydrogenated species of H2
and CH4. In particular, H2O adsorption is significantly promoted, and the adsorption mode
shifts from physisorption to weak chemisorption. The effect of Fe on chemisorbed species
also shows a similar trend. Oxygenated species, including CO groups (CO and HxCO), have
much higher adsorption energies (31 to 116%) on FeCo(111) compared to the hydrogenated
species, such as OH and CHx, which have relatively minor (10 to 19%) increases. As
indicated in Table 1, the differences in the relative change of adsorption strength for these
different species are not due to changes in adsorption sites. From Figure 1, it is shown that
the effect of Fe on adsorption sites is limited as adsorbates continue to occupy the same top
and hollow sites on FeCo(111) as on Co(111).
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Figure 1. The most stable sites for adsorbates on Co(111) and FeCo(111) surfaces. Gray, red, white,
blue, and dark red spheres represent C, O, H, Co, and Fe atoms, respectively.

Table 1. Calculated adsorption energies (kJ·mol−1) with adsorption sites of major intermediates
involved in CO2 hydrogenation to C1 products on Co(111) and FeCo(111) surfaces.

Species Co(111) FeCo(111) ∆E (%)

H −278 (fcc) −302 (fcc) 9
C −671 (hcp) −675 (hcp) 9
O −564 (hcp) −635 (fcc) 13

CO −132 (top) −173 (top) 31
CO2 −19 (bridge via C) −29 (bridge via C) 53
H2 −6 (top) −6 (top) 0
OH −329 (hcp) −368 (fcc) 12
CH −561 (hcp) −615 (fcc) 10
CH2 −362 (fcc) −413 (fcc) 14
CH3 −166 (hcp) −198 (fcc) 19
CH4 −14 (top) −14 (top) 2
H2O −28 (top) −47 (top) 68
HCO −187 (bridge via O) −255 (hcp via O) 36

COOH −211 (bridge via C) −257 (bridge via C) 22
HCOO −311 (bridge via C) −364 (bridge via C) 17
H2CO −58 (fcc via O) −125 (fcc via O) 116
H3CO −284 (hcp) −330 (fcc) 16

H3COH −39 (top via O) −62 (top via O) 59
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These results show that CO2 and CO coverage would increase on Fe-doped Co(111)
surfaces, while the coverage of hydrogen and hydrogenated species would decrease. There-
fore, Fe doping results in less hydrogenating surface conditions on the Co(111) surface. This
analysis supports and provides an explanation for the observation by Gnanamani et al. [17]
that Fe doping results in decreased H2 consumption and methane selectivity.

Fe doping is also expected to contribute to the modification of elementary reaction
kinetics on the Co(111) surface. In order to understand how Fe doping affects the com-
plex reaction network of CO2 hydrogenation on the Co(111) surface, we investigated the
elementary reactions involved in CO2 hydrogenation to major C1 products.

2.2. H2 Dissociation

As indicated by van Helden et al. [26], H2 dissociation on cobalt surfaces takes place
as two elementary reactions in series. First, H2 has to migrate from a far physisorbed
state to a close physisorbed state. In the second step, H2 dissociation takes place from this
activated precursor state. Our calculations also indicate that H2 dissociation takes place in
two consecutive steps on both Co(111) and FeCo(111) surfaces, as shown in Figure 2.
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Figure 2. Potential Energy Diagram (PED) for H2 dissociation on Co(111) and FeCo(111) surfaces.

As can be seen in Figure 2, the physisorption of hydrogen molecule on the Co(111) sur-
face proceeds with an activation energy of 26 kJ·mol−1 and a reaction energy of 13 kJ·mol−1

(endothermic). The physisorption of hydrogen molecule on the FeCo(111) surface proceeds
with an activation energy of 14 kJ·mol−1 and a reaction energy of−9 kJ·mol−1 (exothermic).
The reaction energy of H2 physisorption on Co(111) is higher by 12 kJ·mol−1 than that
on Fe-doped Co(111), which indicates that the incorporation of Fe in Co(111) favors H2
physisorption. In the second step that involves the dissociation of molecular H2 that is
physisorbed closely on the catalytic surface, the addition of Fe on Co(111) decreases the
activation energy of H2 dissociation by 20 kJ·mol−1 by making the reaction energy more
exothermic (by 30 kJ·mol−1). The configurations of the IS, TS, and FS structures on Co(111)
and FeCo(111) are given in Figure 3.

The configurations shown in Figure 3 indicate that Fe incorporation does not lead to a
change in the H2 dissociation mechanism, and that the reaction configurations are similar
on both surfaces. Therefore, the effect of Fe doping for H2 dissociation on Co(111) can be
explained to be due to the stronger adsorption of hydrogen atoms on the surface, which
increases the exothermicity and in turn decreases the activation energy for dissociation.
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Figure 3. IS, TS and FS structures for H2 dissociation on Co(111) and FeCo(111).

These results show that the introduction of Fe promotes the physisorption and dis-
sociation of H2 on Co(111) surface. These results are rather surprising given the higher
hydrogenation ability of cobalt surfaces compared to iron facets. However, it should be kept
in mind that H2 dissociation and surface hydrogen coverage is also significantly affected
by coadsorbed CO on the catalytic surface [6,27]. Therefore, we further discuss the effect of
Fe doping on the surface CO-to-H ratio after analyzing CO2 and CO dissociation reactions.

2.3. CO2 Dissociation

The dissociation of carbon dioxide on the cobalt surface can occur via direct or H-
assisted dissociation routes [23,24]. The direct dissociation of CO2 is also referred to as
the redox mechanism, while in the H-assisted dissociation, CO2 dissociation via COOH
formation is known as the carboxylate, and via HCOO formation is known as the formate
mechanism. We investigated the effect of Fe doping on these mechanistic pathways on
Co(111). Energy profiles for CO2 dissociation on Co(111) vs. FeCo(111) are shown in
Figure 4.
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(a) Direct CO2 Dissociation

Figure 4a illustrates that the direct CO2 dissociation on Co(111) proceeds with an
activation energy of 61 kJ·mol−1 and a reaction energy of−77 kJ·mol−1, while on FeCo(111),
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it has an activation energy of 17 kJ·mol−1 and a reaction energy of −152 kJ·mol−1. Based
on the increase in exothermicity of the reaction and decrease in the activation energy, the
results indicate that the presence of 1 ML Fe coverage on the Co(111) surface promotes
direct CO2 dissociation, leading to higher rates of CO and O formation on the FeCo(111)
surface. Configurations of the structures associated with direct CO2 dissociation on Co(111)
and FeCo(111) are shown in Figure 5.
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(b) H-assisted CO2 Dissociation

In the hydrogen-assisted pathway, CO2 dissociation takes place after the formation
of COOH (carboxylate) or HCOO (formate) intermediates. Energy profiles for H-assisted
CO dissociation via the carboxylate mechanism on Co(111) vs. FeCo(111) are shown in
Figure 5b.

Figure 4b shows that the activation energy for COOH formation increased from
94 kJ·mol−1 for Co(111) to 149 kJ·mol−1 for FeCo(111). This increase in the activation
energy is also consistent with the change in reaction energy from−18 kJ·mol−1 (exothermic)
for Co(111) to 41 kJ·mol−1 (endothermic) for FeCo(111). A comparison of the results
for Co(111) and FeCo(111) shows that H-assisted CO2 dissociation can take place on
Co(111), with an activation energy of 94 kJ·mol−1, although with a slower rate compared
to direct dissociation (Ea of 61 kJ·mol−1) if the activation energies are comparable with H-
assisted dissociation via formate mechanism. However, Fe doping completely inhibits CO2
dissociation via the carboxylate mechanism as the sizeable activation energy of 149 kJ·mol−1

will not take place under typical temperatures, 210 to 240 ◦C, used for CO2 hydrogenation
on cobalt catalysts. Configurations of the structures associated with CO2 dissociation via
carboxylate mechanism on Co(111) and FeCo(111) are shown in Figure 6.

In the H-assisted CO2 dissociation pathway, CO2 can be hydrogenated to formate
(HCOO) species and further dissociate to HCO and O in the so-called formate mechanism.
Energy profiles for the H-assisted CO2 dissociation via the formate mechanism on Co(111)
vs. FeCo(111) are shown in Figure 5c.
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The results outlined in Figure 4 point out to important mechanistic implications for
CO2 dissociation due to Fe doping on Co(111). On Co(111), H-assisted CO2 dissociation
have activation energies of 94 and 71 kJ·mol−1 for carboxylate and formate mechanisms.
Compared to the direct dissociation energy of 61 kJ·mol−1, these results indicate that
CO2 dissociation is not expected to take place on Co(111) via the H-assisted carboxylate
mechanism. CO2 dissociation would mainly proceed via the direct dissociation pathway on
Co(111) due to having the lowest activation energy among the three dissociation pathways,
while H-assisted CO dissociation via the formate mechanism would also contribute to the
reaction due to having a comparable activation energy with the direct dissociation and
the high H concentration that is expected to be present on Co(111) under experimental
conditions. These findings are also in line with a recent computational study performed
on Co(0001) [24]. On FeCo(111), the formate mechanism is still preferable compared to
carboxylate mechanism due to its reasonable activation energy of 51 kJ·mol−1. In contrast
to the carboxylate pathway, Fe doping results in the reduction in activation energy for
both HCOO formation and dissociation by 20 and 6 kJ·mol−1 respectively for formate
mechanism. Configurations of the structures associated with CO2 dissociation via formate
mechanism on Co(111) and FeCo(111) are shown in Figure 7.

An investigation of the TS structures shown in Figure 7 reveals that on FeCo(111), CO2
species are located closer to the surfaces, compared to the case on Co(111). This difference,
which is mainly due to stronger interactions between the catalytic surface and CO2, CO,
and O species, can be expected to result in the reduced activation energies for HCOO
formation on FeCo(111) compared to Co(111). Despite the promotion of CO2 dissociation
via formate mechanism on FeCo(111), the difference between direct CO2 dissociation and
H-assisted CO2 dissociation is increased from 10 kJ·mol−1 on Co(111) to 34 kJ·mol−1 on
FeCo(111) surface. Therefore, an evaluation made by considering direct and H-assisted
CO2 dissociation mechanisms indicates that although the CO2 dissociation takes place
predominantly by the redox mechanism and minorly by formate mechanism on Co(111),
it would take place predominantly by direct CO2 dissociation on FeCo(111). Further
hydrogenation of HCOO or COOH species to HCOOH (formic acid) is not investigated in
this study, as H-assisted CO2 dissociation does not take place on the FeCo(111) surface and
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as there is a consensus in the experimental literature that HCOOH formation does not take
place during CO2 hydrogenation on cobalt catalysts [3]. In summary, our findings indicate
that Fe doping inhibits H-assisted CO2 dissociation on Co(111) while promoting the direct
CO2 dissociation.
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2.4. CO Dissociation

Energy profiles for CO dissociation on Co(111) vs. FeCo(111) are shown in Figure 8.
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(c) H-assisted via H2CO, on Co(111) and FeCo(111) surfaces.

(a) Direct CO Dissociation

Similar to the case of CO2 dissociation, CO dissociation can take place on the catalytic
surface via direct or H-assisted pathways. Energy profiles for the direct CO dissociation on
Co(111) vs. FeCo(111) are shown in Figure 8a.

Figure 8a shows that the direct dissociation of CO on the FeCo(111) surface is more
exothermic than on the Co(111) surface, with a significant decrease in the activation energy
from 267 kJ·mol−1 to 173 kJ·mol−1. Despite the significant decrease in the activation energy,
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direct CO dissociation reaction is not expected on FeCo(111) surfaces, as on Co(111) surfaces,
since the 173 kJ·mol−1 activation energy is not feasible under typical low temperature CO2
hydrogenation conditions used for cobalt catalysts. Therefore, despite significant increase
in the exothermicity of the reaction, Fe doping does not induce direct CO dissociation on
Co(111) surfaces. Configurations of the structures associated with direct CO dissociation
on Co(111) and FeCo(111) are shown in Figure 9.
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(b) H-assisted CO Dissociation

In the H-assisted dissociation mechanism, CO is first hydrogenated to HCO. The dis-
sociation of CO is feasible from the HCO intermediate, as well as via further hydrogenation
to H2CO and successive dissociation. The hydrogenation of CO to COH is not investigated
in our study, as it is reported to be hindered by both thermodynamic and kinetic limita-
tions [25,28]. Energy profiles for the H-assisted CO dissociation on Co(111) vs. FeCo(111)
are shown in Figure 9b.

The results shown in Figure 8b point out that HCO formation is slowed down due to a
slight (3 kJ·mol−1) increase in the activation energy, while its dissociation is promoted due to
a decrease in the activation energy. Combining these findings on the effect of Fe doping on
CO2 and CO dissociation mechanisms, it can be inferred that CO2 dissociation will proceed
mainly via the direct pathway, while CO dissociation will occur via the H-assisted pathway
on both Co(111) and FeCo(111) surfaces. Configurations of the structures associated with
H-assisted CO dissociation on Co(111) and FeCo(111) are shown in Figure 10.

As Fe doping hinders the hydrogenation of both CO2 and CO while promoting CO
formation via direct CO2 dissociation, this leads to increased CO coverages on the FeCo(111)
surface compared to that of Co(111), while HCO coverage is reduced due to slower kinetics
of formation, and a faster dissociation. Overall, these results point out three important
effects of Fe doping on the activation of CO2 on cobalt surfaces. Firstly, Fe doping would
promote the formation of a CO-rich, hydrogen-deficient adsorbate pool on the catalytic
surface, as indicated both by the modification of adsorption energies and the kinetics of
CO2/CO dissociation. Secondly, as it increases the activation energy of the rate-limiting
step, HCO formation, Fe doping would decrease the overall activity of cobalt surfaces
for CO2 activation. Thirdly, Fe doping results in a significantly high (173 kJ·mol−1) CO
adsorption energy, while the activation energy for its H-assisted dissociation stays much
lower at 114 kJ·mol−1. This ratio would inhibit the desorption of CO from the bimetallic
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FeCo(111). Therefore, FeCo(111) surface is not the active phase that leads to increased CO
selectivity, which was observed in bimetallic FeCo catalysts in the literature [17].
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2.5. CH4 Formation

Methane is reported to form on cobalt surfaces via the sequential hydrogenation of C
or CH species that are formed as a result of CO2/CO dissociation [5,29]. Energy profiles
for CHx hydrogenation on Co(111) and FeCo(111) are given in Figure 11.
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The results indicate that Fe doping hinders the hydrogenation of CHx species by
making the reaction steps more endothermic and increasing the activation energies by
~20 kJ·mol−1. The rate-limiting step for CH4 formation on Co(111), CH3 hydrogenation,
remains the same on FeCo(111). Despite the increase in activation energies, the rate-limiting
step of CH3 hydrogenation is still feasible on the FeCo(111) surface, as its activation energy
of 110 kJ·mol−1 would still be overcome at typical low-temperature CO2 hydrogenation
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conditions. Therefore, combined with the effect of Fe on the adsorbates on Co(111), which
makes the surface more hydrogen-deficient, these results point out that Fe doping would de-
crease the selectivity to CH4 on cobalt surfaces. Configurations of the structures associated
with CH4 formation on Co(111) and FeCo(111) are shown in Figure 12.
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As C is mainly removed as CH4 on Co(111) and FeCo(111) based on our analysis,
these results can also be used to obtain a basic understanding of coke formation on Co
and FeCo catalysts. Fundamentally, coke formation occurs due to a higher rate of carbon
build-up on catalytic surfaces compared to its removal. Our results based on CO2 and
CO activation indicate that the rate of carbon build-up is slightly reduced on FeCo(111)
surfaces compared to Co(111) due to a minor increase in the rate-limiting step of HCO
formation. Carbon removal via methane formation can also be expected to occur sufficiently
on FeCo(111) as on Co(111), although with slower kinetics, as the activation energy of
110 kJ·mol−1 for the rate-limiting step of methane formation can be overcome under CO2-
FTS conditions. Therefore, our results do not indicate that Fe doping results in a strong
driving force for coke formation on FeCo(111) surfaces compared to Co(111). However,
coke formation is a complex process and can also be significantly affected by structural
and temperature effects [23]. Therefore, a more in-depth study including microkinetic
modelling and surface/subsurface carbon build-up would be necessary to fully compare
the coke formation on Co vs. FeCo catalysts, which is beyond the scope of this study.

2.6. H2O Formation

Water is a major product in CO2/CO hydrogenation on cobalt catalysts, as most
oxygen is removed as H2O. Furthermore, based on recent experimental surface science
investigations [30,31] and computational analyses [27], it is proposed as the rate-limiting
step in CO-based FTS. In particular, OH formation is reported to be the elementary step
with a high activation energy of ~120 kJ·mol−1 [31] that limits the rate of H2O formation.
After OH is formed on the catalytic surface, H2O formation is reported to proceed via the
coupling of OH species instead of OH hydrogenation due to OH coupling having a much
lower activation energy compared to OH hydrogenation. Therefore, understanding how Fe
doping effects OH formation on Co(111) is important as it can result in major effects, related
to the catalytic activity and selectivity. Energy profiles for OH and H2O formation are
given in Figure 13, while configurations of the structures associated with H2O formation
on Co(111) and FeCo(111) are shown in Figure 14.

Figure 13a shows that OH formation on FeCo(111) is severely inhibited, as Fe doping
increases its activation energy from 124 to 168 kJ·mol−1. This important result indicates that
O cannot be removed from the bimetallic FeCo(111) surface as water, as the high activation
energy would prevent the reaction from taking place under typical reaction conditions
for CO2 hydrogenation on cobalt catalysts. The inhibition of OH formation may have
critical consequences, such as surface oxidation as a result of O accumulation on the surface
or the formation of O-containing oxygenate products. Therefore, we also investigate the
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formation of methanol, as a model compound for C1 oxygenates, on Co(111) and FeCo(111).
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2.7. H3COH Formation

Methanol can be formed on cobalt surfaces via the hydrogenation of H2CO, which is
formed as a result of CO hydrogenation, or the coupling of O with CH2 and CH3 species
and further hydrogenation. Our results on Co(111) and FeCo(111) surfaces indicated that
H-assisted CO dissociation takes place on Co(111) via H2CO formation, while on FeCo(111),
H2CO formation is inhibited, as HCO dissociation occurs with 45 kJ·mol−1, compared to
H2CO formation energy with 72 kJ·mol−1, as shown in Figure 8. However, the coupling
of CHx species with O can provide a feasible pathway for oxygenate formation and also
allow for the removal of oxygen from the catalytic surface. Therefore, we investigated the
energetics of these pathways of methanol formation, as shown in Figure 15.
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The results shown in Figure 15 indicate that on Co(111), H2CO formation via CH2 and
O coupling can occur with a relatively high activation energy of 124 kJ·mol−1, while the
formation of H3CO via CH3 and O coupling is not feasible due to a high activation energy of
150 kJ·mol−1. Although H2CO can be further hydrogenated to H3CO on Co(111) with a low
activation energy, the formation of methanol is not possible on Co(111), due to a formidable
activation energy of 177 kJ·mol−1. The structures associated with successive hydrogenation
of HCO to CH3OH on Co(111) and FeCo(111) surfaces are shown in Figure 16.
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These findings are in line with a computational analysis related to methanol steam
reforming on cobalt [32] and the experimental literature explain that oxygenates are not
part of the product spectrum for CO2 hydrogenation on cobalt catalysts [3]. On FeCo(111),
the formation of both H2CO and H3CO via CHx and O coupling reactions are inhibited
due to high activation energies of >150 kJ·mol−1. The formation of methanol via CH3 and
OH coupling is not investigated as it was reported to have a high activation energy on
Co(111) [32], and our calculations indicate that H2CO formation is kinetically hindered
on FeCo(111). These results point out that Fe doping does not induce the formation of
oxygenates on the metallic Co(111) surfaces. The kinetic parameters of all elementary
reactions investigated in our study are summarized in Table 2 and Figure 17.
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Table 2. The activation energies (kJ·mol−1) and reaction energies (kJ·mol−1) of examined elementary
reactions on Co(111) and FeCo(111) surfaces.

No Elementary Reaction
Ea ∆E

Co(111) FeCo(111) Co(111) FeCo(111)

R1 H2 → H2 26 14 13 −9
R2 H2 → H + H 28 8 −59 −89
R3 CO2 → CO + O 61 17 −77 −154
R4 CO2 + H→ COOH 94 149 −18 41
R5 COOH→ CO + OH 53 74 −112 −142
R6 CO2 + H→ HCOO 71 51 −74 −55
R7 HCOO→ HCO + O 107 101 52 6
R8 CO→ C + O 267 173 104 17
R9 CO + H→ HCO 111 114 96 97
R10 HCO→ CH + O 75 45 −43 −114
R11 O + H→ OH 124 168 6 50
R12 OH + H→ H2O 153 178 44 86
R13 OH + OH→ H2O 48 40 2 6
R14 C + H→ CH 68 86 −49 −11
R15 CH + H→ CH2 48 67 12 48
R16 CH2 + H→ CH3 45 65 −39 2
R17 CH3 + H→ CH4 90 110 −52 0
R18 HCO + H→ H2CO 44 72 2 22
R19 CH2 + O→ H2CO 124 150 48 86
R20 H2CO→ CH2 + O 76 73 −48 −71
R21 H2CO + H→ H3CO 42 51 −83 −50
R22 CH3 + O→ H3CO 141 166 −4 49
R23 H3CO + H→ H3COH 160 177 56 94
R24 CH3 + OH→ H3COH 196 238 42 89
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The activation energies outlined in Table 2 are in line with the literature, as demon-
strated in Table S3 [22,25,32,33]. The summary of the kinetics parameters provided in
Table 2 allows us to draw a comprehensive analysis related to the effect of Fe doping on
Co(111) surfaces related to the catalytic performance of bimetallic FeCo catalysts for CO2
hydrogenation.
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In terms of activity, on the bimetallic FeCo(111) surface, CO2 dissociation rates would
increase due to a lower activation energy for the direct dissociation pathway. This would
lead to higher CO coverages on the FeCo(111), compared to Co(111) surface. Further
activation of CO to atomic C can only proceed via H-assisted dissociation, first yielding
HCO and finally CH and O species. Although increased adsorption energies of C and
O result in ~90 kJ·mol−1 lower activation energy on Co(111), the direct CO dissociation
pathway is not possible on FeCo(111) due to an unsurmountable activation energy of
173 kJ·mol−1. Despite the increased affinity of the FeCo(111) surface to CO2 and CO
adsorption, and an increased rate of direct CO2 dissociation, Fe doping would still decrease
the overall activity of the cobalt surface for CO2 hydrogenation due to a slight increase in
the activation energy for the rate-determining step of HCO formation.

In terms of selectivity, the bimetallic FeCo(111) surface demonstrates an altered perfor-
mance with respect to hydrogenation reactions. In general, the hydrogenation activity of a
catalytic surface depends on the hydrogen coverage and the kinetics of elementary hydro-
genation reactions. As it was mentioned in both experimental [4,6] and computational [27]
studies, the CO coverage is the key factor that determines the coverage of atomic H on the
surface due to repulsive interactions between coadsorbed CO and H. Therefore, although
there is a reduction of ~20 kJ·mol−1 for the activation energy of H2 dissociation on the
FeCo(111) surface due to a significantly stronger CO adsorption and an increased rate of
CO formation via CO2 dissociation, it can be expected that surface hydrogen coverage will
be less on FeCo(111) compared to Co(111). Therefore, it can be concluded that FeCo(111)
surfaces will have an increased CO-to-H ratio, resulting in decreased selectivity to methane.
The diminished hydrogenation capacity of the FeCo(111) surface is also observed via in-
creased activation energies for CO2 and CO hydrogenation, and most significantly reflected
by the inhibition of OH formation and therefore water removal on FeCo(111). The shift
of the selectivity behavior towards less hydrogenated products was observed experimen-
tally on unpromoted and alkali-promoted FeCo bimetallic catalysts [17]. However, in the
experimental studies, the catalytic phase responsible for this effect and the impact of alkali
promoters could not be directly identified. Our calculations show that the hydrogenation
activity already decreases on the metallic phase of the FeCo catalyst, without the need to
form the carbidic and oxidic phases.

The most profound effect of Fe doping on cobalt catalysts is observed with respect
to oxygen removal from the bimetallic FeCo(111) surface. On monometallic catalysts,
oxygen removal takes place mainly as H2O formation, with slow kinetics due to a high
activation energy for OH formation. On the bimetallic FeCo(111) surface, OH formation is
inhibited due to a very high activation energy of 160 kJ·mol−1, in parallel with the decreased
hydrogenation ability of the bimetallic surface. Furthermore, atomic O can also not be
removed as methanol (i.e., oxygenates), as it is kinetically inhibited by unfeasible activation
energies of >180 kJ·mol−1. These results show that there would be an accumulation of
atomic oxygen on FeCo(111) due to CO2 and CO dissociation. In turn, this would lead
to the formation of an iron oxide or mixed iron–cobalt oxide phase on the outer layers of
the catalytic FeCo nanoparticles. This phenomena was also observed in CO-based FTS
on bimetallic FeCo catalysts [34]. Gnanamani et al. [17] also observed the formation of
iron oxides and carbides, and the diminishing of monometallic cobalt oxides on FeCo
nanoparticles. In line with these experimental findings, our analysis indicates that the
main effect of Fe on cobalt catalysts would therefore be the induction of the evolution
for the catalytically active phase from metallic to oxidic Fe or FeCo structures. Therefore,
our results indicate that the selectivity to CO or oxygenates observed on FeCo bimetallic
catalysts is not associated with the incorporation of Fe in the metallic cobalt phase, but
rather related to surface iron oxide and/or carbide phases that are promoted by the Fe
doped cobalt surfaces.
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2.8. Effect of Fe-Induced Charge Modification on Adsorbates and Elementary Reactions on
Bimetallic FeCo(111) Surface

In order to understand how Fe doping alters the electronic charge of the species
adsorbed onto the FeCo(111) surface, Bader charge analysis was performed and compared
to the adsorbates on Co(111) and FeCo(111) surfaces, as shown in Table 3.

Table 3. Total Bader charges (q) on adsorbates on Co(111) and FeCo(111) surfaces, along with the
calculated difference (∆q).

Adsorbate q on Co(111) (e−) q on FeCo(111) (e−) ∆q (%)

H −0.41 −0.49 20
C −0.90 −1.10 22
O −1.05 −1.14 9

CO −0.39 −0.49 26
CO2 −0.65 −0.85 31
H2 −0.01 −0.01 0
OH −0.64 −0.70 9
CH −0.74 −0.92 24
CH2 −0.63 −0.77 22
CH3 −0.43 −0.50 16
CH4 −0.02 −0.03 50
H2O −0.02 −0.30 1400
HCO −0.76 −0.97 28

COOH −1.02 −1.30 27
HCOO −0.57 −0.74 30
H2CO −0.69 −0.80 16
H3CO −0.63 −0.68 8

H3COH −0.04 −0.03 −25

As outlined in Table 3, all adsorbates on Co(111) and FeCo(111) surfaces withdraw
electronic charge from the catalytic surface, which is in line with the literature [5,6]. The
results show that Fe doping results in significant charge accumulation on adsorbates.
Therefore, the fundamental reason behind the increased adsorption energies of reactants
and intermediates on FeCo(111) surface can be attributed to the additional charge on surface
species due to the Lewis basic character of Fe atoms doped in Co(111). The charge density
differences between surfaces covered with CO and pure surfaces are further analyzed to
understand the electron donating properties of Fe atoms, as shown in Figure 18.
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Figure 18 indicates that for surfaces covered with CO, Co(111) donates electrons to
CO, while in the case of FeCo(111), Fe atoms donate a higher amount of electrons to CO,
resulting in increased charge accumulation of the adsorbed CO molecule, while transferring
some charge also to the underlying cobalt layers in FeCo(111). An analysis of the charges
transferred from Fe atoms to the neighboring Co atoms vs. adsorbates species, as shown in
Table S5, confirm that for all surface species, Fe atoms donate charges to both Co atoms
and the adsorbate species. In order to obtain a more fundamental picture of the electronic
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differences between Co(111) and FeCo(111) surfaces, the Projected Density of States were
compared for both surfaces, as shown in Figure 19.
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As shown in Figure 19, the Fermi level of the topmost surface layer of Co atoms at
the Co(111) surface is calculated as 0.9 eV, while the d-band center is located at −0.9 eV.
For the bimetallic surface, the Fermi level of the Fe atoms located at the topmost layer
of the FeCo(111) surface is located at 0.39 eV, while the d-band center is calculated as
0.40 eV. These values show that Fe doping at the outer layers of the Co(111) surface results
in an upward shift of the d-band center towards the Fermi level. Based on the Hammer-
Norskov model [35,36], such upward shifts were found to correlate with the increases in
adsorption strengths for surface species on various transition-metal surfaces. Furthermore,
the comparison of the PDOS in Figure 19 also shows that the d-band becomes narrower for
FeCo(111) compared to Co(111). The narrowing of the d-band would also result in higher
localization of the d-electrons, leading to a higher reactivity of the surface atoms and thus
increased electron transfer from the surface to the adsorbates. These insights indicated
by the comparison of PDOS profiles indicate that the higher adsorption strengths due to
the increased electron transfer on FeCo(111) are due the upward shift of the d-band center
and narrowing of the d-band compared to the Co(111) surface. These results are also in
line with the results shown in Table 3, where higher electron densities were obtained on
adsorbates on FeCo(111) and Co(111), together with the stronger binding of these species.

The results obtained for FeCo(111) with adsorbates complementing our findings show
that Fe atoms have a Lewis basic character for both clean and adsorbate-covered Co(111)
surfaces. In fact, on the FeCo(111) surface, Fe acts as an electron donor for both the
adsorbate and the other cobalt layers of the slab. As illustrated in Table S4, the first layer
composed of Fe atoms on the FeCo(111) catalyst surface exhibits a significant positive
charge compared to the first layer of Co(111) catalyst surface. Furthermore, when the Bader
charge values on the top two layers of the monometallic and bimetallic cobalt catalysts are
compared with the charges of adsorbates, it can be seen that the first layer of the Co(111)
surface not only charges the adsorbates but also takes charge from the other layers on the
catalyst. In contrast, the Fe atoms on the FeCo(111) surface charge both the adsorbates
and other layers on the catalyst. These findings indicate that Fe plays a distinct role as an
electron donor on the FeCo(111) surface, leading the increased binding energies of surface
species on FeCo(111) compared to Co(111).

The increased charge distribution due to Fe doping on Co(111) can also provide an
explanation for the observed changes in activation energies on FeCo(111). Our findings indi-
cate that Fe doping increases the activation energies for hydrogenation reactions on Co(111).
Previously, charge transfer effects were also observed related to the effect of Pt on H2O for-
mation and the effect of sulfur on CH4 formation on Co(111) surfaces. Govender et al. [37]
showed that Pt promotes the formation of oxygen hydrogenation to OH, the rate deter-
mining step in H2O formation on cobalt surfaces, by withdrawing electrons and therefore
decreasing the charge density of the Co(111) surface. Similarly, Daga and Kizilkaya [5]
showed that sulfur also plays a similar effect in a more pronounced way, by significantly
decreasing the charge density on Co(111), leading to an increased H/CO ratio on the
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surface and resulting in decreased activation energies for the hydrogenation of atomic C
and H. Our results point out that for Fe doping on Co(111), a consistent effect is observed,
although the charge transfer is in the opposite direction compared to the effect of Pt or S on
Co(111). A synthesis of our results and the findings in the literature allow us to identify a
fundamental descriptor that can be used to modify the activity of cobalt catalysts in terms
of hydrogenation: Increased charge density on cobalt hinders the hydrogenation reactions
while promoting the activity for CO2 activation and increasing CO coverage.

Altered charge distribution by Fe also affects the activity of the cobalt surface for
CO2 activation, but in a contrasting way compared to hydrogenation. As the adsorption
energies of coadsorbed CO and O, the final state of direct CO2 dissociation, are significantly
increased, the FeCo(111) surface has a lowered activation energy for the reaction, compared
to Co(111). A similar finding was also recently reported in an experimental study, where the
effect of charge transfer on the CO2 photo-reduction on Co3O4 surfaces was investigated.
Yang et al. [38] showed that due to the increased charge density on cobalt oxide surfaces,
CO2 adsorption and its dissociation to CO were promoted. Our results also show that Fe
doping would lead to increased CO2 and CO coverages on the FeCo(111) surface, due to
increased binding strengths of the species and faster rates of CO2 dissociation, which are
caused by the Lewis basic character of the Fe atoms located on FeCo(111) surfaces.

3. Computational Methodology
3.1. Computational Model

Bimetallic FeCo nanoparticles have complex structures due to the variations in the
concentration of Fe and Co components, chemical phases, nanoparticles shape and size
effects, and the facets exposed. In particular, it is important to note the differences in
nanoparticles that are based on either Fe or Co as the dominant component. There is
a consensus in the literature that Fe-based nanoparticles that are utilized in CO or CO2
hydrogenation transform to the active iron oxide and/or iron carbide phases under reaction
conditions. Therefore, FeCo bimetallic nanoparticles that have higher Fe contents are
generally represented by iron oxide or iron carbide facets [3], that are typically modelled
by Fe-based phases doped by Co atoms in the literature [11]. On the other hand, cobalt
catalysts are typically found in their metallic form, and cobalt nanoparticles that are smaller
than 100 nm are reported to adopt the fcc crystal structure, exposing predominantly the
most stable 111 facet [39].

It is experimentally reported that bimetallic FeCo nanoparticles form alloys that can
have bulk Fe atomic concentrations of 25 to 75% within FT operating conditions of 200–
350 ◦C [40]. Despite alloy formation at equal atomic shares, it was mentioned that for low
Fe concentrations, FeCo bimetallic nanoparticles adopt the fcc phase of cobalt [41]. As
the aim of this study is to investigate how Fe doping affects the catalytic performance of
Co nanoparticles, we modelled the Co-rich bimetallic FeCo surfaces and the fcc-Co(111)
surface, the most stable and abundant facet on fcc-Co nanoparticles.

Another important point to consider for the computational model is related to where
the Fe doping takes place on the cobalt surfaces. Moran-Lopez and Wise [42] analyzed the
surface composition of 50% (equal) atomic share FeCo(110) and FeCo(100) surfaces with
a theoretical model based on short- and long-range order parameters and experimental
characterization by AES. They concluded theoretically that the surface consists of 100% Fe,
while AES results show 75% Fe enrichment at the topmost 10 Å of the surface. Similarly,
Allie et al. [43] investigated the surface structure of an equal atomic share FeCo(100) alloy
by AES and LEED. They concluded that the topmost layer of the surface is predominantly
iron, which can be due to the high mobility of iron towards the surface, as induced by the
restoring of the surface iron content after sputtering–annealing cycles. These studies show
that under ultra-high vacuum conditions, the surface of a FeCo alloy is predominantly
composed of Fe atoms.

Similar results related to the surface segregation of Fe species in FeCo bimetallic
catalysts were also reported for FeCo nanoparticles under FTS operating conditions.
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Calderone et al. [41] synthesized Fe core and Co shell nanoparticle structures and used them
under typical FTS conditions. Based on experimental characterizations, it was observed that
the active phase in these catalysts was metallic cobalt located in the shell part. Additionally,
it was proposed that Fe segregated to the upper layers of cobalt surface, and the resulting
electronic modification was the probable cause for changes in catalytic selectivity in FeCo
catalysts compared to the cobalt ones.

Ismail et al. [34] also synthesized bimetallic FeCo nanoparticles and utilized them
in low- and high-temperature FTS conditions. It was mentioned that Fe and Co atoms
were distributed homogenously in a spinel structure in the freshly synthesized structure.
However, after reduction, it was found that nanoparticles converted to a FeCo alloy core
and iron oxide shell, documenting the Fe segregation in bimetallic FeCo nanoparticles. Iron
at the surface layers was proposed to be oxidized as it came in contact with air during its
transfer to the TEM.

As these applied studies indicate, under gas atmosphere, the surface composition of
nanoparticles is also determined based on their interactions with adsorbates. Specifically, it
is well known that in bimetallic surfaces, the component which binds stronger to the major
adsorbates is enriched under specific gas atmospheres [44]. In terms of CO and CO2-FTS,
the adsorbate, which induces surface segregation, is mainly CO, as indicated by previous
experimental [45] and computational [46] analyses on CoCu bimetallic surfaces. Therefore,
it can be expected that the Fe enrichment of the FeCo surfaces would be due to the stronger
interaction of Fe with CO, and/or atomic O, as observed in the analysis by Ismail et al. [34].

Based on these insights, we modelled a Fe-doped Co-rich bimetallic FeCo as an fcc-
Co(111) surface, which is covered by varying coverages of the dopant Fe atoms at the
topmost layer, as shown in Figure 20.
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On this model, we investigated how the adsorption energies of CO and major atomic
adsorbates change as a function of Fe coverage in order to assess Fe surface segregation in
bimetallic FeCo surfaces. The results summarized in Table S1 indicate important trends re-
lated to adsorption strengths as surface Fe coverage increases. In particular, CO adsorption
preferentially occurs at Fe atoms instead of Co, while CO binding strength significantly
increases as Fe coverage at the topmost layer increases. For 0.33 and 1.00 ML Fe-doped
Co(111) surfaces, the adsorption energies of all adsorbates demonstrated an increase, as
detailed in Table S1.

When the 0.33 ML Fe-doped surface is examined, adsorption energy (Ead) increases in
the range of 1–8% are observed in the adsorbates. Although the increase in the Ead values
is relatively low, it is noteworthy to mention that the increase in Ead for atomic H is
higher than that of the Ead of CO, implying a reduction in the CO/H concentration at the
surface. In contrast, a distinct situation is observed for 1.00 ML Fe-doped FeCo(111) surface
from other coverage ratios. Here, Ead for CO increased by 31%, and the Ead for atomic
H increased by 9%, leading to a predicted elevation in the CO/H concentration on the
surface. Moreover, there is a 9% increase in the Ead values of atomic C and O. Therefore,
it can be concluded that there is a significant driving force for Fe segregation under CO
and O adsorbate coverages, which is in line with the previous experimental observations



Catalysts 2023, 13, 1390 23 of 27

for CuCo [43] and FeCo [34] bimetallic surfaces. Based on these findings, the optimum
Fe contribution for bimetallic FeCo(111) surfaces was determined as 1.00 ML, that is the
surface model in which the top layer of the surface is completely covered with Fe atoms.
These results provide solid insights related to the surface enrichment of Fe for Co-rich
fcc-FeCo(111) surfaces under CO2-FTS conditions and validate our surface model used in
the investigation of bimetallic FeCo surfaces.

3.2. Computational Details

Periodic spin-polarized Density Functional Theory (DFT) calculations were performed
using the Vienna Ab-initio Simulation Package (VASP) [47,48]. The exchange-correlation
energy was calculated with the revised Perdew–Burke–Ernzerhof functional (revPBE) [49],
including the non-local vdW–DF correlation [50–53]. The use of the vdW-DF functional
allowed us to calculate the adsorption energy of CO2 accurately and also predict the experi-
mentally observed adsorption site and energy for adsorbed CO on the cobalt surface [54].
The surfaces were cut from a bulk fcc-Co structure with a lattice parameter of 3.56 Å,
optimized with the vdW-DF functional. The calculated lattice parameter is in line with the
experimental value and the previous DFT calculated values [5].

The electron–ion interactions were modeled using the projector-augmented wave
(PAW) method. Spin-polarized calculations were performed to account for the magnetic
properties of cobalt with a plane wave cut-off energy of 500 eV. A 15 Å vacuum region
was placed above the slabs to avoid electronic interactions in the z-direction. For the
Brillouin-zone integration, a (3 × 3 × 1) Monkhorst-Pack k-points grid [55] was utilized.
The surface terraces of face-centered cubic (fcc) Co nanoparticles and FeCo bimetallic
nanoparticles in the metallic phase were modeled with Co(111) and FeCo(111) slabs with
four atomic layers. The number of layers, the size of the k-point mesh, the height of the
vacuum region, and the cut-off energy were optimized based on the adsorption energy
of CO on Co(111) surface. A further increase in these parameters above the ones used in
the calculations led to less than 5 kJ·mol−1 change in CO adsorption energy on Co(111).
The optimization of adsorbate structures and reaction steps was performed on unit cells
of the slabs with p(3 × 3) periodicity in the x and y directions, which corresponds to a
0.11 ML adsorbate coverage on catalytic surfaces. This coverage was utilized in previous
DFT investigations on cobalt surfaces [23,54] that led to accurate results, which matched
well with the experimental observations on cobalt surfaces.

The effect of the periodic boundary conditions were negligible on the results reported
in this study, as the use of a p(4× 4) unit cell of Co(111) resulted in the change of adsorption
energies by less than 5 kJ·mol−1, as reported in one of our previous publications [5]. The
effect of zero-point (ZPE) corrections were tested for the CH4 formation reaction, where the
effect of ZPE would be the greatest as this reaction involves the species with the highest
number of C–H bonds. Our analysis indicated that ZPE corrections change the activation
energy of CH4 formation on Co(111) by 2 kJ·mol−1, and on FeCo(111) by 1 kJ·mol−1. As the
aim of our study is to compare differences in energetics on Co(111) and FeCo(111) surfaces,
this analysis indicated that ZPE corrections do not influence the results and conclusions
obtained in our study. Therefore, ZPE corrections were not included in the results reported
in this study.

The binding (adsorption) energies (Ead) of surface species (adsorbates) were reported
with respect to their gas-phase structures, according to the following formula:

Ead = Eslab_ad − Eslab − Ead_vac (1)

where Eslab_ad represents the energy of the optimized system of adsorbate on the slab, Eslab
represents the energy of the clean slab (without the adsorbate), and Ead_vac represents the
energy of the adsorbate molecule in a vacuum.

The reaction and activation energies were defined as follows:

∆E = EFS − EIS (2)
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Ea = ETS − EIS (3)

where ∆E, EIS, ETS, and EFS represent the reaction energy, the energies of the initial state,
transition state, and final state, respectively.

The transition states were optimized using the CI-NEB [56] method until the forces
acting on the image with the highest energy were lower than 0.04 eV/Å. All transition
states were further validated by vibrational frequency analysis, showing a single imaginary
vibrational frequency. During the vibrational frequency analysis, the atoms were displaced
from their equilibrium positions by 0.015 Å. Bader charge analysis [57–59] and Density of
States (DOS) calculations were performed to investigate the electronic properties of Co(111)
and FeCo(111) surfaces under vacuum conditions, and the charge transfer between catalytic
surfaces and adsorbates.

4. Conclusions

The effect of Fe doping on cobalt surfaces was investigated using periodic DFT cal-
culations, in order to obtain atomic scale insights related to the catalytic performance of
bimetallic FeCo catalysts in the metallic phase for CO2 hydrogenation to C1 products.
Bimetallic FeCo catalysts were modelled with a FeCo(111) surface, which represents the
surface segregation of Fe atoms in bimetallic FeCo catalysts, based on the experimental liter-
ature and our results based on increased CO adsorption energies. From our analysis of the
modification of the adsorption energies of surface species involved in CO2 hydrogenation
and the activation energies of elementary reactions, we draw the following conclusions:

(1) Fe doping leads to increased adsorption energies for all surface species, including
CO2; CO; and atomic species, such as C, O, and H. However, with respect to the
relative increases in adsorption energies, we find that Fe doping mainly leads to
increased binding strengths for CO containing species, which can be projected to
cause increased COx/H adsorbate ratios on the metallic FeCo(111) surface.

(2) In terms of catalytic activity, FeCo(111) surface leads to decreased activation ener-
gies for direct CO2 dissociation, which yields increased surface CO and O coverages.
However, due to a slight increase in the activation energy for HCO formation, the
rate-limiting step for CO dissociation on FeCo(111) surfaces can be expected to have
lower overall activity for CO2 hydrogenation, as previously observed in experimen-
tal studies.

(3) In terms of selectivity, FeCo(111) surface hinders the formation of hydrogenated
products due to increased activation energies and decreased H coverages. FeCo(111)
surface neither promotes CH4 and methanol formation (due to high activation en-
ergies) nor CO formation (due to stronger adsorption), which indicates that the
bimetallic FeCo surfaces does not play a role in the formation of these species, as
experimentally observed on FeCo nanoparticles.

(4) The fundamental cause of increased adsorption energies and increased activation
energies for hydrogenation due to Fe doping is linked to the electron-donating ability
of Fe atoms to both cobalt atoms and adsorbates. Therefore, the tuning of the electronic
charge on the cobalt surface is projected to be a fundamental descriptor, which can
adjust the balance between CO2 activation and hydrogenation reactions.

(5) The main effect of the formation of a bimetallic FeCo(111) surface on the CO2 hy-
drogenation performance of cobalt surfaces is the inhibition of oxygen removal from
the catalytic surface. Therefore, the introduction of Fe to cobalt surfaces in FeCo
nanoparticles can be expected to lead the structural evolution of the bimetallic sur-
faces towards iron oxide and mixed iron–cobalt oxide phases, which in turn can lead
to a different selectivity behavior of bimetallic FeCo nanoparticles.

Overall, our study provides the first atomic-level insights in the literature related to
the effect of Fe doping on the catalytic behavior and structural evolution of FeCo bimetallic
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catalysts. These insights can be expected to contribute to the design of high-performance
bimetallic catalysts for CO2 conversion.
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