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ABSTRACT 

 

MECHANISTIC INVESTIGATION OF CARBON DIOXIDE 

HYDROGENATION ON BIMETALLIC IRON-COBALT SURFACES 

BY DENSITY FUNCTIONAL THEORY 

 

Climate change due to the increase in global CO2 emissions has intensified the 

importance of not only reducing CO2 production but also utilizing it for the production of 

chemicals and fuels through catalytic CO2 conversion. The rational design of active and 

selective catalysts has critical importance towards the industrial application of these 

processes. In this thesis, a computational study was performed to investigate the 

mechanism of CO2 hydrogenation for producing of C1 hydrocarbons and gain an atomic-

level understanding of the structure-activity relationships on the (111) surface of FeCo 

bimetallic catalysts, to guide the design of bimetallic catalysts based on first principles.  

In this thesis, the kinetics of elementary reactions of CO2 hydrogenation to C1 

hydrocarbons on fcc-Co(111) and Fe-doped Co(111) [FeCo(111)] surfaces were 

compared using density functional theory (DFT). Our investigation revealed that the 

incorporation of Fe on the Co(111) surface slightly decreased the overall reaction rate 

despite promoting CO2 activation. The FeCo(111) surface slows down hydrogenation 

reactions due to the lower atomic H coverages and higher activation energies, attributed 

to the Lewis basic character of Fe atoms. Fe-doping primarily inhibits the removal of 

oxygen from cobalt surfaces. Consequently, Fe doping is expected to promote the 

formation of oxidic phases on the bimetallic FeCo catalysts during CO2 hydrogenation. 
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ÖZET 

 

BİMETALİK DEMİR-KOBALT YÜZEYLERİNDE KARBONDİOKSİT 

HİDROJENASYONUNUN YOĞUNLUK FONKSİYONEL TEORİSİ’NE 

GÖRE MEKANİSTİK İNCELENMESİ 

 

Küresel CO2 emisyonundaki artışa bağlı olarak iklim değişikliği, yalnızca CO2 

üretiminin azaltılmasındaki önemi artırmakla kalmadı, aynı zamanda katalitik CO2 

dönüşümü yoluyla kimyasalların ve yakıtların üretiminde kullanılmasının önemini de 

artırdı. Aktif ve seçici katalizörlerin rasyonel tasarımı, bu proseslerin endüstriyel 

uygulamalarına yönelik kritik öneme sahiptir. Bu tezde, C1 hidrokarbonların üretimi için 

CO2 hidrojenasyonunun mekanizmasını araştırmak ve FeCo bimetalik katalizörlerin 

(111) yüzeyindeki yapı-aktivite ilişkisinin atomik düzeyde anlaşılmasını sağlamak ve 

tasarıma rehberlik etmek için ilk prensiplere dayalı hesaplamalı bir çalışma yapıldı.  

Bu tezde, fcc-Co(111) ve Fe-katkılı Co(111) [FeCo(111)] yüzeyleri üzerinde CO2 

hidrojenasyonunun C1 hidrokarbonlara verdiği temel reaksiyonların kinetiği, yoğunluk 

fonksiyonel teorisi (YFT) kullanılarak karşılaştırıldı. Araştırmamız Fe'nin Co(111) 

yüzeyine eklenmesi ile birlikte, CO2 aktivasyonunu desteklemesine rağmen genel 

reaksiyon hızını hafifçe azalttığını ortaya çıkardı. 1 ML Fe-katkılı Co(111) yüzeyinin 

daha düşük atomik H kapsamaları ve daha yüksek aktivasyon bariyerleri nedeniyle 

hidrojenasyon reaksiyonlarını engellemesi Fe'nin Lewis bazik karakterine atfedilmiştir. 

Fe’in katılması temel olarak kobalt yüzeylerinden oksijenin ayrılmasını engellemektedir. 

Bu nedenle, Fe katkısının, CO2 hidrojenasyonu sırasında bimetalik FeCo katalizörleri 

üzerinde oksidik fazların oluşumunu teşvik etmesi beklenmektedir. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

1.1. Climate Change and CO2 Emissions 

 

 

Greenhouse gases, such as carbon dioxide, water vapor, methane and ozone, are 

known to have harmful environmental effects by trapping the heat of the sun, leading to 

climate change [1]. For instance, the frequency of massive hurricanes and wildfires is 

increasing, sea levels are rising more rapidly, and many regions are facing dangerous 

heatwaves. Among greenhouse gases, carbon dioxide is considered as the most significant 

greenhouse gas due to its abundance and its long atmospheric life, spanning thousands 

years, making it a subject of particular concern. Carbon dioxide is released into the 

atmosphere through various processes, leading to its increasing presence in the 

atmosphere which threatens the sustainability of world with global warming.  

Carbon dioxide is emitted into the environment through multiple sources, including 

the combustion of fossil fuels, iron and steel industries, cement production, power plants, 

oil refineries, ammonia and etylene oxide processes leading to a steady increase in its 

concentration in the atmosphere [2,3]. The utilization of fossil fuels such as natural gas, 

coal, and oil for urbanization, industrialization and technological progress has resulted in 

an ongoing increase in atmospheric CO2 levels. It is worth noting that the demand for 

fossil fuels is growing along with their use, as a result of the increased demand for energy. 

In other words, as the energy demand increases, the carbon footprint and its negative 

impacts increase.  

Based on the annual report from the National Oceanic and Atmospheric 

Administration (NOAA) Global Monitoring Laboratory, the average value for global CO2 

emissions in the atmosphere was recorded as 417.06 ppm in 2022, which was 2.13 ppm 

higher than the previous year. In the absence of mitigation actions, the concentration of 

CO2 in the atmosphere is expected to reach approximately 570 ppm by the end of the 21st 



2 
 

century [4]. Due to the increase in the number of unavoidable CO2 sources, it is crucial 

that the level of the CO2 concentration is reduced in the atmosphere. 

To mitigate carbon dioxide emissions, three significant strategies can be employed: 

CO2 storage, CO2 utilization, and CO2 emissions reduction [3]. In the context of the CO2 

storage strategy, effective carbon dioxide capture relies on the use of advanced capturing 

and sequestration technologies. Regarding the CO2 utilization strategy, the conversion of 

carbon dioxide into valuable chemicals and fuels is performed through chemical 

reactions. As for the last strategy, CO2 emissions reduction, it involves the switching from 

fossil fuels to renewable energy and improving energy efficiency. As the reduction of 

CO2 emissions necessitates long-term strategies, the technologies associated with CO2 

storage and its utilization remain relevant and vital nowadays. 

Carbon capture and store (CCS) and utilization (CCU) techniques are utilized to 

reduce the carbon dioxide emissions from the atmosphere with some advanced 

engineering technologies. CCS has been considered as the effective technology to reduce 

carbon dioxide emissions, however, due to certain drawbacks, such as long-term liability 

and limited storage capacity, this technology is not considered to be sufficient for long-

term applications [5]. Therefore, instead of storing it, the conversion of carbon dioxide 

into valuable chemicals and fuels serves the dual purpose of reducing emissions and 

generating value-added products, effectively addressing two challenges with one 

solution, often referred to as "hitting two birds with one stone”. 

 

 

1.2. Challenges in CO2 Conversion  

 

 

Despite the abundance of CO2 in the atmosphere, the main challenge in converting 

this molecule lies in its inertness during reactions. As depicted in Figure 1, the triatomic 

CO2 molecule consists of a carbon (C) atom at the center, bound to two oxygen (O) atoms 

through two linear double bonds, comprised of both σ- and π-bonds. Due to differences 

in electronegativity, the carbon atom becomes partially positive charged, while the 

oxygen atoms become negatively charged. This polarity contributes to the Lewis acidic 

and basic behavior of CO2 molecule. Additionally, CO2 is a non-polar molecule due to its 

linear geometry and opposing dipole moments [6].  
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Figure 1. Molecular structure of carbon dioxide. 

 

 

The formation Gibbs free energy of several molecules is given in Figure 2. This 

figure demonstrates that CO2 is highly stable among the other molecules and, requiring 

relatively more energy (ΔGf
0 = -394 kJ.mol-1) to break its bonds. This stability is often 

misinterpreted as if carbon dioxide is “unreactive”, suggesting that any chemical 

conversion of it would inevitably require a substantial input of energy. 

 

 

 
Figure 2. The formation Gibbs free energy of several molecules including CO2. Adapted 

from [7]. 

 

 

Moreover, due to the highest oxidation state of carbon in CO2, this molecule is 

thermodynamically stable. The dissociation energy of C=O bond of carbon dioxide is 750 

kJ.mol-1, significantly higher than C-O bond dissociation energy of carbon monoxide, 

which is 327 kJ.mol-1. Additionally, the dissociation energy of C-C and C-H bonds are 

336 kJ.mol-1 and 441 kJ.mol-1, respectively [8]. This indicates that the reduction of carbon 

dioxide is not only non-spontaneous but also the dissociation of CO2 is more challenging 

compared to the dissociation of CO and CHx species.  
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Consequently, due to the thermodynamic and kinetic limitations of carbon dioxide, 

the carbon dioxide conversion represents a significant challenge and attracts considerable 

attention. Due to the remarkable stability of carbon dioxide, the usage of a catalyst is an 

essential means for converting carbon dioxide into value-added products while 

minimizing energy requirements. This is a major rationale for employing catalysts in CO2 

utilization, as they activate CO2 for chemical reactions. The catalysis of CO2 is elaborated 

in more detail in the subsequent sections. 

 

 

1.3. Fundemantals of Catalysis 

 

 

In the chemical industry, catalysis plays a crucial role, contributing to over 35% of 

the global gross domestic products, and catalytic processes are integral to 80% of all 

manufactured goods [9]. 

Catalysis is broadly defined as the process of the facilitating a reaction on the 

catalyst surface with high efficiency and minimal energy requirement. Intrinsic kinetics 

can be selectively changed by an effective catalyst. A catalyst enhances the rate of a 

chemical reaction by lowering the activation energy required for the process, and it 

remains unconsumed during the reaction. The manner in which catalysts lower the energy 

needed along the path from reactants to products is illustrated in Figure 3. 

 

 

 

Figure 3. The reaction energy profiles for catalyzed and non-catalyzed reactions 

involving CO2 as the reactant [10]. 
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Catalysis can be categorized based on the phase of the system in which catalysis 

occurs. According to this classification, catalysis can be divied into two main branches: 

homogeneous and heterogeneous catalysis. 

Homogeneous catalysis refers to a type of catalysis where the catalyst, reactants 

and products all exist in the same phase, typically in gas or liquid phase. Enzymes are an 

example of homogeneous catalysis. Furthermore, some industrial applications such as the 

oxidation of toluene to benzoic acids and aldeyhde production from the hydroformylation 

of olefins are mainly performed via homogeneous catalysis.  Homogeneous catalysts are 

known for their high product selectivity compared to the heterogeneous catalysts. 

However, one of the major drawbacks of homogeneous catalysis is the challenge of 

separating it from products, making it less practical in some industrial processes. In 

addition to this drawback, the limited thermal stability of homogeneous catalysis is 

another challenge that reduces its efficiency. 

Heterogeneous catalysis refers to a type of catalysis where the catalyst, reactants 

and products all exist in the different phases, typically with reactants in the gas phase and 

catalyst in the solid or liquid phase. Unlike homogeneous catalysis, the separation of 

catalyst from the products is not a problem in the heterogeneous catalysis due to the 

absence of different phases in the system. This attribute renders heterogeneous catalysts 

more practical and widely applicable in industrial processes. Many industrial applications 

involve heterogeneous catalysis. For instance, the production of ammonia and methanol 

are catalyzed by heteogeneous catalysts. Therefore, this thesis focuses on heterogeneous 

catalysis due to its prevalence in industrial applications [11]. 

In heteogeneous catalysis, the catalytic cycle comprises adsorption of species, 

reaction on the catalyst surface and finally desorption of products as demonstrated in 

Figure 4. 

 

 

 
Figure 4. Catalytic cycle including adsorption, reaction and desorption. Adapted from 

[12]. 
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The reaction equation in the catalytic cycle, including adsorption, reaction and 

desorption are provided in Equation 1.1, 1.2, and 1.3, respectively. A and B represent the 

input (reactant) of the catalytic reaction and C represents the output (product) of the 

catalytic reaction, while * represents the vacant site on the surface of the catalyst. All 

these elementary reactions have their own individual kinetics that contribute to the overall 

reaction rate. 

 

 

A + * ⇌ A*      (1.1) 

A* + B* ⇌ C*     (1.2) 

C* ⇌ C + *      (1.3) 

 

 

1.4. Catalysis for CO2 Conversion 

 

 

Industrial processes for the utilization of carbon dioxide were developed as early as 

the 1880s and 1890s for various applications, including urea synthesis, the soda Solvay 

process, and the synthesis of carbonates and salicylic acid [13]. Diverse routes for carbon 

dioxide conversion through catalysis are available, encompassing conventional, 

electrocatalytic, photocatalytic, biocatalytic and solar-thermal processes [10]. The 

transformation of CO2 can be widely performed via electrochemical, thermal or 

photochemical reduction. Due to the small-scale application of electrochemical route and 

the low efficiency of photochemical route, these routes have led to limited usage in 

industry. Therefore, thermal reduction of carbon dioxide has garnered a significant 

attention. 

The Sabatier reaction, which was the first CO2 hydrogenation reaction to be 

developed industrially and produce methane in the 1910s, has had a major influence on 

our understanding of the fundamentals of contemporary catalysis [14]. After the 

discovery of Fischer-Tropsch Synthesis (FTS) in the 1920s by Frans Fischer and Hans 

Tropsch, this technological investigation becomes less industrially relevant. Carbon 

dioxide, which is an abundant carbon-containing chemical, can be used to synthesize 

various valuable chemicals such as diesel (C10-C20) and gasoline (C5-C10) via FTS.  
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Figure 5 illustrates the process of catalytic CO2 hydrogenation, encompassing the 

capture of CO2, its reaction with H2, and the obtained value-added products like methane, 

methanol, olefin, formic acid, jet fuel, diesel, and gasoline. However, carbon dioxide is 

generally used in producing single carbon products (such as CO, CH4, H3COH etc.) and 

these products are widely studied in the literature [15].  

 

 

 
Figure 5. Catalytic CO2 hydrogenation process [16]. 

 

 

The hydrogen required for the reduction of CO2 can be sourced from the electrolysis 

of water, utilizing electricity generated from geothermal energy. Furtermore, the external 

energy required for the catalytic reaction can be supplied from geothermal energy sources 

locally available in the region. Hence, it is feasible to achieve economical utilization of 

carbon dioxide captured from flue gases with minimal adverse effects on the 

environment. 

In addition to the FTS mechanism, carbon dioxide can be converted with methane 

to produce carbon monoxide and hydrogen through dry reforming of methane (DRM) at 

high temperatures (800-1000oC) with assistant of supported catalysts [17]. Moreover, 

other strategies for reducing CO2 include methanation and reverse water-gas shift 

reactions, in which hydrogen serves as a reductant [18]. For all these reduction strategies, 

the selection and utilization of suitable catalysts have a great importance to overcome the 

kinetic energies associated with the CO2 conversion.  
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1.4.1. Heterogeneous Catalysts for CO and CO2 hydrogenation 

 

 

The primary advantage of using heterogeneous catalysts, which are typically based 

on metals and/or metal oxides, is their ease of separation from the products. There are 

various classes of heterogeneous catalysts, which include zeolites, transition metals, and 

metal-organic frameworks (MOFs). Among the other classes, the fact that transition-

metal catalysts are useful in industries for several high-volume processes suggests that 

discovering novel types could have significant implications for the economy. Hence, this 

study focuses on the examination and discussion of transition metal catalysts. 

 

 

1.4.1.1. Monometallic Catalysts  

 

 

Numerous studies performed for understanding the catalytic performance of various 

monometallic catalysts in chemical reactions. A single type of metal serves as the 

catalytically active component in monometallic catalysts. Their activity is determined by 

the properties of their single-type metal and their different active phases. Monometallic 

catalysts are used in a wide range of reaction such as hydrogenation, oxidation and 

isomerization processes in the industry.  

Monometallic catalysts have several advantages compared to the relatively more 

complex bimetallic catalysts including simplicity, well-understood mechanisms, stability 

and durability. Since they only need one kind of metals, they can be easier to scale-up in 

industrial applications and have lower production costs. 

 

 

1.4.1.2.  Bimetallic Catalysts  

 

 

Bimetallic catalysts contain at least two distinct metal types, which can be 

chemically or physically mixed to produce active sites with unique characteristics. While 
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all of the bimetallic catalysts in these investigations exhibit some superior characteristics 

over monometallic ones, some properties are diminished.  

Recently, bimetallic catalysts have demonstrated significant benefits for industrial 

use in CO2 hydrogenation, surpassing the limitation of conventional monometallic 

catalysts. These catalysts can modify the properties of the catalyst, enhancing activity and 

product selectivity while inhibiting carbon deposition and metal sintering. Due to the 

synergistic effects between two distinct metals in the bimetallic catalysts, the catalytic 

performance is enhanced and modify the reaction rate. 

In the literature, various monometals are used in various combination to obtain 

bimetallic catalysts. For instance, Co-Ni bimetallic catalysts are both experimentally and 

computationally studied in dry reforming of CO2 by Fan et al. [19]. Ni-Fe and Ni-Co 

catalysts have been also utilized in various chemical reactions including the formation of 

methane and liquid fuels [20,21]. While all of the bimetallic catalysts in these studies 

exhibit some superior properties than monometallic ones, some properties are reduced. 

Further details regarding bimetallic catalysts are discussed in the following sections. 

 

 

1.4.1.3.  Sabatier Principle 

 

 

In 1920, the relationship between adsorption strength of intermediate and rate of 

reaction was demonstrated by Paul Sabatier [22]. This connection between bond strength 

and reaction rate is depicted in Figure 6. According to this plot, the optimum bond 

strength corresponds to the point where the maximum catalytic reaction rate is achieved. 

This principle is known as the “Sabatier Principle”. This principle leads to the formation 

of a volcano-type relationship and has proven to be very useful in providing an 

understanding of where the optimum catalyst should be located. Accoding to this 

principle, the ideal catalyst should exhibit neither excessively strong nor excessively 

weak interactions with adsorbates in catalysis. It should possess an optimum bond 

strength between adsorbate and adsorbent. 
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Figure 6. The Sabatier principle with the volcano-type plot [22]. 

 

 

1.4.1.4. Transition State Theory 

 

 

Before the transition state theory (TST), the Arrhenius equation was generally 

employed to mathematically decribe the rate of a chemical reaction. Due to the empirical 

basis of the Arrhenius equation, new concepts such as the pre-exponential factor and the 

activation energy for a elementary reaction was discussed independently by Henry 

Eyring, Gwynne Evans and Michael Polanyi. The Arrhenius equation is given in Equation 

1.4. 

 

 

k = v. exp(
−𝐸𝑎𝑐𝑡

𝑅𝑇
)     (1.4) 

 

 

which v is the pre-expontential factor and 𝐸𝑎𝑐𝑡 is activation energy for a chemical 

reaction. 

The time scales for atomic-scale modeling to reactor-scale rates exhibit variations. 

Approximately 10-15 seconds (femtoseconds) are required for molecular events to occur, 

implying that trillions of calculations would be needed to simulate an event that takes 

place every second through brute-force methods. This is solved by TST, which assumes 

a quasi-equilibrium between reactant states and the transition-state. This Eyring-Polanyi 

equation is shown in Equation 1.5. 
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𝑘𝑖 = (
𝑘𝐵𝑇

ℎ
) exp (

−𝛥𝐺𝑎

𝑘𝐵𝑇
)     (1.5) 

 

 

where h is Plack’s constant, 𝑘𝐵 is Boltzmann’s constant, and ΔGa is the Gibbs free energy 

of activation. Due to the change in the rate constant, in the transition state theory, the 

reaction rate is represented as shown in Equation 1.6. 

 

 

𝑟𝑇𝑆𝑇 = Γ(
𝑘𝐵𝑇

ℎ
) exp (

−𝛥𝐺𝑎

𝑘𝐵𝑇
)     (1.6) 

 

 

where Γ is the transmission coefficient.  

A potential energy surface (PES) describes how the energy of a chemical system 

fluctuates as reactants assume different spatial positions in space. As the potential energy 

varies with the both spatial coordinate and reaction coordinates, the actual PES should be 

three-dimensional, as illustrated in Figure 7. There is no other way to calculate this 

potential energy surface except through quantum chemical calculations. 

 

 

 
Figure 7. 3-Dimensional potential energy surface (PES) with local minimum, global 

minimum point, first order and high order saddle points [23].  
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In Figure 7, minima on the PES relate to mechanically stable configurations of a 

molecule, such as distinct confirmational isomers of a molecule or the initial state and 

final state of a reaction. The red line in the Figure 7 represents the pathway for a chemical 

reaction that occurs with the relatively minimum energy. 

 

 

1.5. Fischer-Tropsch Synthesis 

 

 

In 1923, the synthesis of synthetic oil compounds (synthol) from synthesis gas, 

which is the mixture of CO and H2, over alkali promoted iron catalyst was discovered by 

Franz Fischer and Hans Tropsch. Briefly, Fischer-Tropsch Synthesis (FTS) is used as a 

technology to convert synthesis gas into mix of hydrocarbons [24]. In this tecnhology, 

synthesis gas (syngas) can be produced from any carbon-containing feedstock such as 

coal, natural gas, and biomass via gasification. Depeding on the raw material, the final 

products comprises various H2/CO/CO2 ratios [25]. Due to the limited petroleum reserves 

and environmental constraints, FTS technology is the focus of intensive research in both 

industry and academia, with numerous experimental and theoretical studies available 

[26–28]. 

 FTS involves three steps including initiation, where reactants are converted into 

monomers, chain-growth, and ultimately termination to form products, such as olefin, 

paraffin, oxygenates [24,29,30]. Syngas can be utilized to generate predominantly linear-

chain hydrocarbons, from methane to waxes. However, in practice, this reaction 

mechanism involves a high number of elementary reaction steps and produces valuable 

products with carbon chains ranging in length from 1-40.  In FTS, the adsorbed oxygen 

can be removal as water or carbon dioxide in the catalytic cycle as the water-gas shift 

(WGS) reaction takes place [29]. Therefore, it mainly produces by-products, namely 

water and carbon dioxide, due to the occurrence of the water-gas shift (WGS) reaction. 

Due to the high exothermic nature of WGS reaction, it generates a large amount of heat 

during the process [31]. The reaction equations for FTS and WGS are provided in 

Equation 1.7 and 1.8, respectively. 

 

 

FTS:  CO + 2H2 ⇌ -CH2- + H2O ΔH298 = -165 kJ.mol-1  (1.7) 
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WGS: CO + H2O ⇌ CO2 + H2  ΔH298 = -42 kJ.mol-1  (1.8) 

 

 

Reaction 1.7 represents the CO hydrogenation and the polymerization of carbon-

containing species with a distribution in various molecular weights. In FTS, the goal is to 

obtain the desired product(s).Therefore, the ability to selectivity control plays a key role 

in this process.  

 

 

 

Figure 8. Anderson-Schulz-Flory (ASF) model for FTS [31]. 

 

 

In FTS, C-O bond in the CO molecule must be broken and C-C and/or C-H bonds 

need to be formed in order to obtain carbon-containing products during the process. In 

this mechanism, the formation of C-C bonds is responsible for the chain growth of the 

products. Therefore, the formation of new C-C bonds and increase in the chain-growth 

are desired for producing long-chain hydrocarbon products. The Anderson-Schulz-Flory 

(ASF) α value, representing the probability of growth, is used to predict the product 

spectrum in FTS. High α values indicate that the resulting products will consist 

predominantly of heavy hydrocarbons, while low α values imply a high proportion of 

light hydrocarbons such as methane. This relationship is demonstrated in Figure 8. By 

choise of the suitable catalyst, reactor and operating conditions, the spectrum of the 

products can be manipulated. To control the product selectivity and achieve high yields 

of desired products, it is essential to use of suitable catalysts during the reaction. 
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The overall FTS process is commonly referred to based on the original source of 

synthesis gas and its conversion into liquid products as “gas-to-liquid”, “coal-to-liquid”, 

and “biomass-to-liquid”. The general concept of the FT process is illustrated in Figure 9 

and is discussed further below. 

 

 

 

Figure 9. The conceptual representation of FTS in reactor using heterogeneous catalyst, 

along with the reaction pathways within the reactor. Adapted from [32]. 

 

 

In the first step of the FTS process, the carbon-containing source is converted to 

syngas through gasification. Solid carbon sources such as coal and biomass are typically 

gasified using a noncatalytic method. This method involves partial oxidation with oxygen 

which provides the required heat for the gasification and reaction with steam [31]. When 

natural gas is utilized as a carbon source, it can be converted into syngas in the presence 

of oxygen and steam. In the second step, the syngas is catalytically converted to a range 

of products including linear hydrocarbons via FTS in the reactor. In the last step of the 

process, the final products are further processed through hydrocraking of waxes to 

achieve middle distillate range components such as diesel (C9-C22) and jet fuel (C9-C15). 

FTS has been performed in two main regimes: low temperature Fischer-Tropsch (LTFT) 

and high temperature Fischer-Tropsch (LTFT). The low-temperature FT and high-

temperature FT synthesis can be conducted at temperatures of 200-250°C and 320-350°C, 
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respectively. These two processes can occur under pressures ranging from 10 to 50 bar in 

fixed-bed, fluidized-bed, and slurry reactors [31,33]. In a HTFT, iron-based catalysts are 

mostly used and mainly linear low molecular mass olefins and gasoline are obtain as 

products, while mainly high molecular mass linear waxes are produced in iron or cobalt 

catalyzed LTFT process.  

 

 

1.6. CO2-based Fischer Tropsch Synthesis 

 

 

Carbon dioxide can be used as a main carbon-containing reactant with hydrogen 

and carbon monoxide as mixture to produce liquid fuels in FTS mechanism, which is 

called CO2-based FTS [5]. In this process, air or combustion waste gases can be source 

of CO2 and the source of H2 are typically renewable sources. 

CO2-based FTS is an established technology, which not only produce high value-

added chemicals (such as liquid hydrocarbons, alcohols, olefins) but also mitigate the 

greenhouse effect by reduction of CO2 [15]. Additionally, the conversion of CO2 in the 

syngas may offer an opportunity to boost total yields. For example, removing H2O during 

FTS can be achieved by the addition of external hydrogen.  

The hydrogenation of carbon dioxide consists of two-process pathways, namely 

reverse water-gas shift (RWGS) reaction and FT synthesis. The reaction equation of 

RWGS and FTS are given in Equation 1.9 and 1.10, respectively. Due to the presence of 

additional RGWS reaction, more hydrogen is required in this tandem reaction compared 

to the conventional FTS. Moreover, this leads to the formation of more water as by-

product in CO2-based FTS. As indicated in Equation 1.9, carbon monoxide is primarily 

generated through the RWGS reaction when aiming to generate carbon-containing 

products. 

 

 

RWGS:  CO2 + H2 ⇌ CO + H2O ΔH298 = +42 kJ.mol-1  (1.9) 

    CO2-FTS:  CO2 + 2H2 ⇌ -CH2- + H2O   ΔH298 = -152 kJ.mol-1   (1.10) 
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In industrial applications, the methanation of CO2 or CO is undesirable due to its 

negative impacts on the economic viability of the process. Consequently, the formation 

of methane is less favored when compared to the production of liquid hydrocarbons [34]. 

Due to the high stability of CO2, its hydrogenation is challenging, resulting in low reaction 

conversions. Nevertheless, significant progress has been made in converting CO2 to 

single carbon products, such as carbon monoxide, methane, and methanol. Therefore, the 

catalysis of CO2 into C1 products has been extensively studied in the literature [14,35]. 

While active and selective catalysts are well-established for conventional FTS, 

optimizing the activity, selectivity, and stability of catalysts for CO2-based FTS remains 

an ongoing challenge and a vital academic research area. Therefore, designing high-

performance catalysts for CO2-based FTS is of paramount importance to produce the 

desired products, including heavy hydrocarbons, while minimizing the generation of 

undesired by-products. As CO2-based FTS occurs in two sequential reactions, namely 

RWGS and FTS, the suitable catalyst must be active in both the RWGS and FTS 

reactions. 

 

 

1.7. CO and CO2-based FTS Catalysts 

 

 

In CO2-based Fischer-Tropsch Synthesis (FTS), the cleavage of the C-O bond is a 

critical step for both CO and CO2 dissociation, as well as the formation of CHx species 

on the catalyst surface. Certain transition metals have the ability to dissociate carbon 

monoxide and carbon dioxide and are commonly employed as FTS catalysts. Despite the 

similar electronic structures, the selection of transition metal catalyst, influenced by 

factors such as the filling of the d-band, results in the production of significantly different 

products in the reaction. The filling of d-band, which represents the energy band 

associated with the d orbitals of transition metals, increases as one moves from left to 

right in the periodic table.  

As illustrated in Figure 10, transition metal groups can be categorized based on their 

distinct properties such as catalytic activity, the adsorption strength of CO or H2, and 

whether they are reducible oxides during the reaction. Among transition metals, the most 

active catalysts for FTS are mainly known to be ruthenium (Ru), nickel (Ni), cobalt (Co) 
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and iron (Fe) due to their good FT activity and dissociative CO adsorption properties [36]. 

In addition to the transition metals, some noble metal catalysts, such as Rh and Ru, are 

catalytically active and stable in the FTS reaction. However, they are not prefered choices 

due to their limited availability, making their use in a large-scale applications challenging.  

 

 

 
Figure 10. Transition metals and their properties in FTS [37]. 

 

 

While Fe, Co and Ru mainly produce long-chain hydrocarbons in FTS, Ni mainly 

produces methane as a product. However, due to the high selectivity of nickel towards 

methane and the scarcity and cost of ruthenium, they are not good candidates for FTS. 

Therefore, Co- and Fe-based catalysts are primarily employed for FTS. 

Typically, FTS catalysts consist of metal oxide nanoparticles such as cobalt oxide 

(Co3O4) and iron oxide (Fe2O3) before the catalytic reaction. Metal oxides are converted 

by treated with H2 or CO/synthesis gas to obtain active form of the catalyst. During the 

actual reaction conditions, both oxidic and metallic phases coexist on the catalyst surface. 

The type of active sites, supports, particle size, and quantity of active sites on the 

surface all have a significant impact on the activity and selectivity of catalysts. The active 

sites on a catalyst's surface are impacted by varying preparation and pretreatment 

conditions, which can result in a catalyst with varying activity and selectivity toward the 

production of particular products. Furthermore, the ratio of feed gas also affects the 

product selectivity of the catalytic reactions. For instance, different feed gas compositions 
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are required for iron- and cobalt-based FT catalysts due to their distinct reactivity and 

selectivity profiles. 

Regarding CO2-based FTS, the effect of CO2 in the FTS have been studied with 

various catalysts. In the following sections, iron- and cobalt-based catalysts are examined 

within both conventional and CO2-based FTS.  

 

 

1.7.1. Iron-based Catalysts  

 

 

Fe-based catalysts have been extensively studied for CO2 hydrogenation due to 

active sites they offer for both RWGS and FTS, which are the two catalytic reactions 

involved in CO2 hydrogenation to form value-added products [38]. Although Fe-based 

catalysts are active for RWGS, they are also active catalysts for WGS, which is the reverse 

reaction. These catalysts exhibit promising effects for CO2 hydrogenation to long-chain 

hydrocarbons when CO in the feed gas is replaced by CO2, while they exhibit selectivity 

towards olefins and oxygenates when feed gas contains CO [39].  

Since iron-based catalysts exhibit high activity towards RWGS and FTS reactions, 

they stand out in CO2-based FTS [26,40]. Due to the relatively high activity in RWGS, 

iron catalysts are favored over cobalt catalysts. In the context of the active phases of iron-

catalysts, it is known that for RWGS reaction and CO hyrogenation, the active phases are 

known as iron oxide (Fe3O4) and Hägg carbide (x-Fe5C2) over iron-based catalysts.  

In iron catalysts, active sites are formed the mixture of iron oxide and iron carbide, 

formed by exposing a mixture of CO and H2 into iron oxide. Some experimental studies 

including XRD analysis have shown that RWGS reaction occurs on the surface of oxidic 

iron phases, while FTS takes place on the surface of iron carbides. When iron carbide was 

not formed on iron oxide catalysts through carburization at CO2-based FTS conditions, 

high RWGS and low FTS activity was observed in the several studies [39,41]. At high 

temperatures, the catalytic activity of iron-based catalysts increases, facilitating the 

conversion of carbon monoxide into carbon dioxide through the water-gas shift (WGS) 

reaction [33]. Therefore, water and carbon dioxide can be obtained as by-products in the 

iron catalyzed FTS reaction. Due to its high activity towards WGS, it is often utilized for 

feedstocks with an H2:CO ratio of 1, such as coal and biomass [32]. 
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The primary advantage of iron as a FT catalyst, in comparison to most other 

transition metals except for nickel, is its abundant availability and cost-effectiveness. 

Another notable advantage of iron catalysts is that iron-based catalysts exhibit a relatively 

lower sensitivity to variations in temperature and pressure, in contrast to cobalt catalyst. 

Also, they can be used to produce a variety of products in FTS. Iron catalysts generally 

exhibit selectivity towards olefins and oxygenates and can be operated in a wider 

temperature range (200-350oC). The catalytic performance of the iron-based FT catalysts 

can highly be tuned by promoters, such as K, Mn, Ce and Na [42,43]. The addition of 

promoters on iron are also used to form bifunctional nanocrystals containing iron oxide 

and carbide phases. Fe-based catalysts exhibit excellent activity in the formation of 

hydrocarbons, particularly with the use of effective promoters, specifically potassium 

[44]. Moreover, the ratio of CO/CO2 in the reactant gas affects the performance of the 

catalyst due to the different activities of these reactants on cobalt and iron catalysts. In 

the case of Fe-based catalysts, shifting the feedstock from CO to CO2 increases the 

selectivity for hydrocarbons. 

 

 

1.7.2. Cobalt-based Catalysts  

 

 

In contrast the Fe-based catalysts, cobalt-based catalysts are widely used in the 

industrial FTS applications and produce selectively alcohols and hydrocarbons [25]. 

These catalysts demonstrate high activity and stability under FTS conditions with high 

H2 ratios, while exhibiting limited effeciency in CO2 hydrogenation. However, they also 

come with a higher cost compared to iron-based catalysts.  

Due to their long lifespan, a good balance between performance and cost can be 

achieved with cobalt catalysts. The activity of cobalt-based catalysts at low reaction 

temperatures is higher than that of the iron-based catalysts. Moreover, cobalt catalysts are 

relatively low active for WGS compared to the iron catalysts. Due to its low activity 

towards WGS, it is often utilized for feedstocks with an H2:CO ratio of 2, such as natural 

gas [32]. However, it is highly sensitive to poisoning with sulfur and it is still remain a 

challenge in cobalt-based catalysts [45]. When switching of synthesis gas from CO to 

CO2, the selectivity of the Co-based catalysts are extensively changed. Due to their strong 
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hydrogenation ability and low RWGS activity, cobalt catalysts primarily exhibit 

selectivity towards methane when CO2 is used as feedstock. Furthermore, cobalt catalysts 

can enhance the adsorption of carbon dioxide, thereby inhibiting carbon deposition on the 

surface and carbon removal. Nevertheless, cobalt-based catalysts exhibit low carbon 

deposition and are recognized for their greater carbon resistance compared to Ni catalysts 

[17].  

Among the various phases of cobalt catalysts, the metallic Co phase is recognized 

as the most active phase in FTS conditions. Especially, the metallic cobalt phase (Co0) is 

attributed to the dissociation of CO and the coupling of C-C, resulting the formation of 

long-chain products in FTS. However, this phase is also known to increase the selectivity 

towards methane, which may not be desired product in FTS. Furthermore, the dissociation 

of CO on metallic cobalt leads to the formation of water as a by-product [46]. Regarding 

the RWGS activity, cobalt oxide phases are mainly enhanced the activity towards RWGS 

compared to the metallic cobalt phase [47]. 

 

 

1.7.3. Bimetallic Iron-Cobalt Catalysts 

 

 

As both iron and cobalt catalysts have some advantages and disadvantages in CO2 

hydrogenation into hydrocarbon products, bimetallic Fe-Co catalysts have received 

considerable attention in the literature for enhancing their catalytic performance, leading 

to the development of high-performance catalysts for both CO and CO2 conversion. Due 

to the presence of the synergistic effect, which arises from the combination of multiple 

metals resulting in a combine effect beyond their individual contributions, iron and cobalt 

metals can form an alloy phase. Additionally, various phases including monometallic 

phases may be presence on the bimetallic nanoparticle, which can influence and alter the 

catalytic performance. 

In bimetallic Fe-Co catalysts, strong interaction between Co and Fe affect the 

adsorption of main intermediate, namely CO, and reducibility of metals. Fe catalysts 

appear to exhibit a bcc crystal phase, while Co catalysts appear to have hcp or fcc phases. 

However, the active crystal phase of bimetallic Fe-Co catalysts depends on the 

concentration of Fe and Co metals. At higher Fe contents, the lattice of the bimetallic 
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catalyst becomes Fe rich and switches to a more compact the bcc phase, whereas with 

low Fe concentration, the bimetallic catalyst is typically found in the hcp or fcc phases 

[48]. This effect of Fe concentration on lattice has also been observed in Ni-Fe catalysts 

[36]. 

In recent studies, the catalytic performance of bimetallic FeCo catalysts and the 

effect of each metals have been a subject of ongoing discussion. In the context of the CO 

and CO2 hydrogenation, the experimental and computational investigations have revealed 

that bimetallic FeCo catalysts can yield a range of products. Some studies revealed that 

bimetallic Fe-Co catalyst produce higher proportion of gasoline and olefin and a lower 

proportion of methane and wax in the product distribution compared to the monometallic 

Co and/or Fe catalysts [49,50], while others suggest that bimetallic Fe-Co catalysts 

exhibit low selectivity towards long-chain hydrocarbons [51]. Hence, further research is 

essential to gain a comprehensive understanding of the effects and potential of bimetallic 

FeCo catalysts. 

 

 

1.8. Computational Quantum Chemistry and Catalyst Design 

 

 

The substantial economic impact of the chemical industry has improved the 

importance of enhancing the efficiency of catalysts. From the nanoscale to macroscale 

investigations, different techniques are required for each scale, which means that there is 

no single technique for this area. While kinetic data is experimentally collected for 

reactions at the macroscale, computations of system properties at the atomic scale are 

conducted to gain insight into reactions at the nanoscale. The design of a catalyst often 

involves a trial-and-error process in experimental approaches. Under experimental 

reaction conditions, the identification of the active phases of catalysts is a promising 

approach for developing and synthesizing catalysts that exhibit higher selectivity for the 

desired products. Nevertheless, computational methods play a cruical role in the design 

and development of suitable catalysts, owing to the increase in advanced computing 

power over the last two decades. As the catalyst design through computational methods 

has various dominant advantages compared to experimental methods, the utilization of 

computational methods remains challenging. Modeling of complex real catalysts and the 
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effect of the support on realistic nanoparticles can be considered as significant challenges 

of this approach. 

 

 

 

Figure 11. Illustration of the bottom-up steps for multiscale catalysis, from computational 

modeling to reactor-scape applications [52]. 

 

 

The design of high-performance catalysts with multiscale models consists of 

several steps, as shown in Figure 11. Additionally, the design of catalyst consists of three 

interdependent properties, namely catalytic properties, chemical-physical characteristic 

and mechanical properties of the catalyst. These three properties are so-called “triangular 

concept”, which is proposed by Anderson and adapted to this reaction by Ferrauto and 

Bartholomew in 1997 [12].  

 

 

 

Figure 12. The triangular consept of the catalyst design [37]. 
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To enhance the selectivity for desired products, it is essential to have a 

comprehensive understanding of the reaction mechanisms responsible for the formation 

of products. In both conventional and CO2-based FTS reactions, the mechanism involving 

the scission of C-O bond and the formation of C-C coupling are essential to understand 

the behaviour of the reaction.  

Consequently, computational methods are recognized as a cornerstone of the 

modern catalysis and surface science, and their importance has been growing, paralleling 

the increasing expansion of their application areas.  

 

 

1.8.1. Basics of Computational Quantum Chemistry 

 

 

The Nobel Prize for the discovery of new productive forms of atomic theory was 

awarded to Erwin Schrödinger and Paul Dirac in 1933, and this discovery is based on the 

famous Schrödinger equation as described in Equation 1.11. 

 

 

iℏ 
𝜕

 𝜕𝑡
ψ =  �̂�ψ                    (1.11) 

 

 

where  �̂� is Hamiltonian operator, ψ is the wave function. The Hamiltonian is an operator 

whose properties are determined by the physical system being described. A Hamiltonian 

that accounts for the interaction of numerous electrons with multiple nuclei and with each 

other is required to represent the chemistry that governs heterogeneous catalysis, or 

chemistry in general. 

The time-independent Schrödinger equation (Equation 1.12) is the simplified 

version of the Schrödinger equation that describes systems with energy levels and 

stationary states,  where the wave function does not vary with time due to the time-

independent Hamiltonian. 

 

 

                                                                 �̂�ψ = Eψ             (1.12) 
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where E is the total energy of the system. As this equation seems more basic than that of 

original version of it, it is still complex and difficult to solve. The wave function of a 

system contains all information about that system, including details about the ground state 

energy and the probability distribution of its electrons. The time-independent Schrödinger 

equation (TISE) can be analytically solved for relatively simplest system such as atomic 

hydrogen, however, more complicated systems cannot be solved analytically due to the 

intricate interactions arising from the many-body electron-electron interactions.  

The Schrödinger equation for a single (for particle i) describing a non-interacting 

electrons of a system is given in Equation 1.13. 

 

 

(−
ℏ2

2𝑚
 ∇2 +  �̂� +  �̂�𝐻 + �̂�𝑋𝐶  ) 𝜑𝑖 = 𝜀𝑖𝜑𝑖      (1.13) 

 

 

which 𝜑𝑖 and 𝜀𝑖 represents the wave function and energy for each non-interacting 

electron, respectively. 

This method provides an approach to obtain information about the system such as 

energy, structure, and properties of molecules and atoms by introducing a system to 

resemble the real many-body system. It accomplishes this by creating an approximation 

that divides the problem into an effective potential and a non-interacting electron model. 

 

 

1.8.2. Density Functional Theory  

 

 

As an alternative method for solving Schrödinger equation for complex systems 

including many-body electron-electron interactions, Density Functional Theory (DFT) is 

performed as a powerful quantum chemical method [52]. This method utilizes the 

electron density of the system to provide us the properties of the ground states [53]. This 

method presents several opportunities, including the ability to conduct atomic-level 

examinations of the catalyst structure, model surface species that may or may not have 

been observed experimentally, and predict the energy of reactions that align with 

experimental findings based on the chosen functionals. 
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The number of computational studies on DFT and its importance in various 

scientific subjects is growing rapidly by the year. These studies encompass the design of 

catalytic processes, drug design, and many other issues in science and technology [53]. 

Due to the large number of atoms in a heterogeneous catalyst system, the computational 

cost of modeling the catalyst increases significantly.  

 

 

1.8.3. Kohn-Sham Method 

 

 

Kohn-Sham method is a basic framework for quantum mechanics that is used to 

compute the electronic structure of the system consisting of atoms and molecules. It was 

developed by Kohn and Sham in 1965 [54]. Since then, computational chemistry has 

heavily relied on this approach. As suggested by Kohn and Sham, the ground state energy 

of the system can be represented as a function of the charge density, as follows: 

 

 

G[n] =Ts[n] + Exc[n]       (1.14) 

 

 

where Ts[n] is the kinetic energy of the sistem with the electron density n(r). This method 

define Exc as the exchange and correlation energy.  

After the derivations, the final form of the equation is as follows: 

 

 

E= ∑ 𝜖𝑁
1 −  

1

2
 ∬

𝑛(𝑟)𝑛(𝑟′)

|𝑟−𝑟′|
drdr’ + Exc[n] -∫ 𝑣𝑥𝑐 (𝑟)𝑛(𝑟)𝑑𝑟  (1.1.5) 

 

 

The only limititon that hinders to the direct application of this method is that the 

Exc[n] and 𝑣𝑥𝑐 are not known. There is no DFT theory that offers an exact exchange 

corelation functional, however, various approximations have been employed. 
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1.8.4. Born-Oppenheimer Approximation 

 

 

The ground state energy is the result of combining several contributions. One 

approach to partitioning it is to factor in energy contributions from both the atomic nuclei 

and the electrons. 

 

Etot = Eelec + Enucl            (1.16) 

 

 

Equation 1.16 represents the total energy (Etot) which is the sum of energy of 

electrons (Eelec) and nuclei (Enucl). Nuclei are significantly more massive than the 

electrons orbiting around them. Therefore approximating the electrons as moving while 

the nuclei remain fixed is a reasonable assumption. With this approximation, the total 

energy calculations also account for the energy contribution from the nuclei [55]. 

 

 

1.8.5. Exchange-Correlation Functional  

 

 

Due to the approximate treatment of the exchange-correlation term in the Kohn-

Sham method, this method cannot be used for the exact solution of the many-body 

Schrödinger equation. It can be determined the same ground state density by mapping the 

fully interacting system to the auxiliary non-interacting system. Therefore, exchange-

correlation functional which is given in Equation 1.17 should be used [56]. 

 

 

𝐸𝑥𝑐[n(𝑟)] = Δ𝐸𝑒𝑒[𝑛2(𝑞,⃗⃗⃗ ⃗ 𝑟)] + Δ𝐸𝑇[ψ(𝑟1 ⃗⃗⃗⃗⃗, … , 𝑟𝑁 ⃗⃗⃗⃗⃗⃗ )]     (1.17) 

 

 

where 𝐸𝑒𝑒  is Pauli-repulsion, and 𝐸𝑇 is kinetic energy of the non-interaction Kohn-Sham 

orbitals. The last piece of energy functional is the exchange-correlation energy. While it 

is technically a consequence of the Kohn-Sham orbitals, it's evident that optimizing it in 
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relation to the Kohn-Sham orbitals is synonymous with optimizing it with respect to the 

density. 

The success of DFT is based on the exchange-correlation functional that describes 

the complex many-body effects within single particle and utilizes the electron density 

formalism. With the choice of appropriate exchange-correlation functional for DFT 

calculations, the outputs can be highly accurate and consistent with experimental results. 

 

 

1.8.6. Pseudopotentials  

 

 

Computing of electronic properties of the system contains many electrons requires 

a significant amount of computational power. As the number of electrons in the system 

increases, the power and time required for calculations will gradually increase. To prevent 

this, Helmann developed a pseudopotential to consider the influence of valence electrons 

on the properties of the system [57]. 

Although this method may have lower accuracy, it is surprisingly effective in the 

simulating the results of all electron calculations. It also has significantly reduced the 

computational costs associated with the heavy atoms or molecules. 

 

 

1.8.7. Climbing Image Nudged Elastic Band (CI-NEB) Method 

 

 

Based on the initial and final states of the elementary reaction, the highest energy 

of these two states which is called transition state (TS) or a saddle point in the energy 

landspace can be found using nudged elastic band (NEB) method [58]. As can be 

understood form the name of the method, this method is like an imaginary elastic band 

that you gently move along a pathway connecting two states (initial and final) of a system. 

This allows the system to relax and investigation the energetically favourable route 

referred to as the minimum energy pathway. This method involves minimizing an elastic 

band, during which the perpendicular component of the spring force and the parallel 

component of the true force are extracted or projected out. 
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By the Henkelman et al., the NEB method was improved with additions that allow 

the obtain more accurate determination of saddle points with fewer images than the 

original NEB method. This improved method is called climbing image nudged elastic 

band (CI-NEB) method [58]. 

 

 

1.8.8. Vibrational Frequency Analysis 

 

 

To clarify the transition state of each elementary reactions, the convergence of the 

CI-NEB calculations are not enough in computational calculations. The aim of the CI-

NEB is the find a point close to the transition state but it should be determined that after 

CI-NEB calculations the found point is a TS or not. Therefore, it is essential to conduct 

the vibrational frequency analysis to validate that all vibrational frequencies are real-

valued numbers, meaning they correspond to a positive force constants. Nevertheless, 

there should be single imaginary frequency, meaning it corresponds to a negative force 

constant, which aligns with the direction of the reaction coordinate for the saddle point of 

the elementary reaction. 

 

 

1.9. Surface Science Approaches in Quantum Chemical Modeling of 

Catalytic Systems 

 

 

Due to the excesive number of atoms on the realistic catalyst nanoparticles, the 

calculations are performed on systems with limited number of atoms. To limit the number 

of atoms, two basic type of methods are used: Cluster and slab methods. 

The cluster model involves selecting a small cluster of atoms to represent the active 

site of the surface or the system of interest. This cluster contains the atoms that directly 

participate in the reaction or adsorption process. In contrast, the slab model represents the 

entire surface is represented as a periodic slab with a repeating unit cell structure in the 

slab approach. Within the surface of this unit cell, there are many layers of atoms. Slab 

model is particularly suitable for represent the surfaces. 
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Cobalt can exist in two different crystallographic structures, face-centered cubic 

(fcc) and hexagonal closed packed (hcp) phases, in FTS operating conditions. As shown 

in Figure 13, hcp and fcc Co phases offer six and four different facets, respectively. These 

phases offer different facets and activities for catalytic reactions. 

 

 

 
Figure 13. The Wulff equilibrium shape of hcp cobalt (left) and fcc cobalt (right) as 

determined through DFT calculations by Liu et al [59]. 

 

 

1.10. Objectives of the Study 

 

 

The objectives of the study are summarized in two key points as follows: 

  To investigate the activity, selectivity and stability of the Fe-doped Co(111) 

[FeCo(111)] surface in comparison to the pure Co(111) surface for CO2-based FTS, 

  To investigate the structure-activity relationship for Fe-Co bimetallic catalysts and 

gain a comprehensive understanding of the catalytic cycle on Fe-Co bimetallic 

catalysts. 

The modeling of the Fe-doped Co(111) metallic surface is of high importance, 

given that numerous experimental and theoretical studies have observed and confirmed 

the significant role of the catalyst surface in influencing catalyst selectivity. 

To achieve these objectives, the first step is the computational design of stable and 

realistic surface models for both monometallic Co and bimetallic FeCo surfaces, based 

on the literature. Then, investigation of all elementary steps on both pure and Fe-doped 
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cobalt surfaces to gain insight on the bimetallic catalyst at the atomic-scale with DFT 

calculations. 

Through this comparative study, it becomes possible to gain a clearer understanding 

of the reactions occurring on the same surface, the electronic structure of the surface, and 

the alterations in the interaction of adsorbates with the surface resulting from the addition 

of iron in the cobalt surface.  
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CHAPTER 2 

 

 

LITERATURE SURVEY 

 

 

2.1. Active Phases and Surface Structures of Bimetallic Fe-Co Catalysts  

 

 

FTS is acknowledged as structure-sensitive reaction, indicating that the structure of 

catalyst nanoparticles has a significant impact on the catalytic performance. It is widely 

accepted that the formation of chain growth through C-C bond formation, which 

represents a crucial step in the production of desired long-chain products, is structure-

sensitive [44]. The differences in catalytic activities on various crystal surfaces can be 

attributed to variations in the coordination numbers of the surface atoms. Specifically, 

significant changes in the binding energy or strength of an adsorbate when it is situated 

at surface sites with lower coordination, like step and kink sites on the surface. 

The surface structure of the bimetallic catalysts has been extensively studied, both 

experimentally and theoretically, and various surfaces have been proposed and 

characterized under various reaction and synthesis conditions [60–62]. In this 

computational study, the selection of the bimetallic catalyst surface model is crucial and 

was developed with reference to previous studies in the literature. Therefore, in this 

section, the bimetallic Fe-Co surfaces characterized in previous studies are discussed in 

detail. 

On the catalyst surface, various active phases can coexist and participate in catalytic 

reactions, collectively contributing to the catalytic performance of the catalyst. Therefore, 

determining the active phases on the catalyst surface and understanding their effects in 

catalytic cycle are crucial for designing high-performance catalysts. For both Co- and Fe-

based catalysts, their structure is relatively well-understood due to the extensive research 

efforts. However, the structure of the bimetallic catalysts, particularly FeCo catalysts, are 

more complex due to the distinct properties of metals and their interactions between 

themselves in the bimetallic nanoparticle. For instance, Gnanamani et al. revealed a 

comprehensive relationship between structure and product selectivity of unsupported Co, 
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Fe and Fe-Co bimetallic catalysts with various metal ratios in CO2-based FTS conditions, 

specifically at 10 bar and within the temperature range of 220-270oC [51]. As shown in 

Figure 14, various phases, including x-Fe5C2, metallic FeCo, Fe3O4 and CoFe2O4, were 

identified on the catalyst surface using high-resolution transmission electron microscopy 

(HRTEM) technique, while monometallic cobalt catalysts were mainly consist of metallic 

fcc Co phase.  

 

 

 

Figure 14. HRTEM images of pure Fe, pure Co and Fe-Co bimetallic catalysts. 

 

 

The distribution of Fe and Co metal atoms in the synthesized bimetallic FeCo 

catalyst was demonstrated through high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) with elemental mappings of Fe and Co by 

Sandupatla et al [63]. As shown in Figure 15, their findings confirmed the formation of 

an alloy phase, which plays a role in facilitating methane formation and decreasing CO 

formation on the bimetallic catalyst compared to the monometallic Co and Fe catalysts, 

while reducibility of the Co catalyst was enhanced by the presence of Fe atoms. 
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Figure 15. HAADF-STEM image of alumina supported FeCo bimetallic catalyst (a), 

elemental mapping of cobalt (b) and iron (c) catalysts [63]. 

 

 

In another study, bimetallic FeCo nanoparticles on a support material were 

synthesized and investigated under FTS conditions by Ismail et al. [64]. They observed 

that these miscible metals were homogeneously mixed during the synthesis of catalyst. 

After the reduction of the catalyst, CNT supported bimetallic FeCo catalysts were 

performed at LTFT (1 bar and 220oC) and HTFT (1 bar and 350oC) conditions. As shown 

in Figure 16, the characteristic peaks of the phases on the nanoparticles were observed, 

indicating that the metallic CoFe phase is the dominant phase after LTFT. Furthermore, 

after the reduction, the structure of the bimetallic catalyst shifted from homogeneous 

structure to core-shell structure. The core was composed of the FeCo alloy, whereas the 

shell was primarily comprised of the iron oxide phase. It is evident that the presence of 

Fe enrichment bimetallic FeCo surfaces. Furthermore, the oxidic iron phase on the shell 

was attributed to the contact with air during the TEM analysis. 
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Figure 16. XRD image of CNT supported FeCo catalyst after LTFT and HTFT [64]. 

 

 

The similar core-shell model of bimetallic Fe-Co nanoparticle was observed under 

FTS conditions by Calderone et al [48]. As can be seen in Figure 17, which is a HRTEM 

image of this bimetallic nanoparticle, it is evident that the cobalt concentration in the shell 

is greater than that in the core, while the iron is found in the core on the bimetallic 

nanoparticles. Furthermore, it was proposed that Fe segregated to the topmost layers of 

the cobalt surface, and that leading electronic modification was the likely cause of 

differences in selectivity in FeCo catalysts compared to cobalt catalysts. Similarly, the 

synthesis of bimetallic FeCo nanoparticles involved the thermal decomposition of 

organometallic complexes, as described by Mourdikoudis [60].  The composition of these 

nanoparticles, featuring an FeCo alloy core and an oxidic FeCo phase (CoFe2O4), was 

confirmed through HRTEM and XRD techniques. They did not find any evidence of the 

existence of monometallic metal phases in the bimetallic iron-cobalt nanoparticles. 

However, they observed an increase in the oxidized layer of bimetallic FeCo 

nanoparticles after exposure to air, and further increases in the oxidized layers were 

observed with extended the storage in the air. This led to the degradation of magnetic 

properties of the bimetallic FeCo catalyst. 
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Figure 17. The inner structure of a core-shell structure of bimetallic Fe-Co nanoparticle, 

as obtained using HRTEM [48]. 

 

 

To overcome the experimental challenges, DFT calculations are extensively 

employed to establish relationship between catalytic activity and the structures of metal 

surfaces. In the case of bimetallic FeCo catalysts, distinct active phases can be obtained 

through variations in metal concentrations, catalyst preparation methods, and activation 

conditions of the catalysts. As a computational study, the alloy of Fe and Co was 

investigated using DFT calculations with Perdew-Wang 91 (PW91) functional by 

Rochana and Wilcox [66]. They utilized both body-centered cubic (bcc) and FeCo(100)-

Co, which represents the Co atoms comprising the top layer, and FeCo(100)-Fe, which 

represents the Fe atoms comprising the top layer of the catalyst. They found that 

FeCo(100)-Fe surface is more stable than FeCo(100)-Co at the zero temperature and 

pressure conditions. Additionally, they demonstrated that the formation of bimetallic 

FeCo alloy phase occurred with bulk atomic Fe concentrations ranging from 25 to 75% 

at temperatures of 200-350oC. They demonstrated bimetallic FeCo nanoparticles adopt 

the fcc phase of cobalt that for low iron concentrations. 

The effect of metal ratio on activity and selectivity of carbon nanotube (CNT) 

supported bimetallic FeCo catalysts in FTS was investigated by Tavasoli et al [67]. Their 

study revealed the formation of Fe-Co alloys within the carbon nanotubes and the 

reduction ability of small amounts of iron in bimetallic catalyst. The preparation and 

reduction procedures of catalysts have a significant impact on both the bulk and the 

surface properties [68]. Furthermore, several experimental studies indicate that the 
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structure of the catalyst highly depends on the gas mixture used in the activation process 

[60,69].  

The diverse conditions lead to the formation of different phases on the catalyst and, 

in turn, varying yields of products. This has been extensively investigated with a range of 

parameters in previous studies. For instance, Numpilai et al. revealed that the calcination 

temperature had an substantial effect on the catalyst structure and its product selectivity 

in CO2 hydrogenation [44]. Furthermore, a calcination temperature of 400oC was 

determined to yield of high CO2 conversion (49%), a substantial yield of CH4 (23%) and 

light olefins (18.1%), and a low yield of CO (9.4%) when compared to higher calcination 

temperatures. These outcomes were attributed to the formation of small metal oxide 

nanoparticles and the enhanced reducibility of iron oxides. Consequently, this led to the 

formation of shorter activation periods due to a higher formation of the iron carbide phase. 

 

 

2.2. Catalytic Performance of Fe-Co Catalysts in CO- and CO2-based 

FTS 

 

 

In catalysis, the catalytic performance of a catalyst can be characterized by several 

key properties of the catalyst, including activity, selectivity and stability. The catalytic 

behaviour of monometallic Co- and Fe-based catalyst in CO and CO2 hydrogenation have 

been extensively studied in the literature. For instance, Riedel and Schaub investigated 

the catalytic performance of K-promoted Fe catalyst in CO2 hydrogenation [39]. Based 

on their results, paraffin and olefin products were obtained in the range of 300-360oC. 

They also demonstrated that CO2 hydrogenation occured through two steps: CO2 

reduction to CO and hydrocarbon production from CO on the iron catalysts. 

In some studies, researchers have observed that bimetallic FeCo catalsyts display 

high activity and high selectivity towards valueable products. For instance, Toncón-Leal 

et al. conducted research on mesoporous silica (SBA-15) supported FeCo bimetallic 

catalysts and found that they enhanced catalytic activity under FTS conditions [49]. This 

was accompained by a decrase in methane selectivity and an increase in the production 

of gasoline and C10+ hydrocarbons in comparison to monometallic iron and cobalt 

catalysts, while lowering the formation of coke. In another study, Zhang et al. investigated 



37 
 

the catalytic performance of Na-promoted CoFe alloy catalysts in CO2 hydrogenation 

[34]. They found that when the Na concentration reached to 0.81%, the highest selectivity 

toward jet-fuel was achieved at 64.2%, while methane selectivity decreased. They also 

demonstrated that as increase in the space velocity of feed gas, the selectivity towards C8+ 

and CO2 conversion were substantially enhanced, as shown in Figure 18a. Concerning 

the variation in reaction temperature during CO2 hydrogenation, it was observed that the 

catalytic activity decreased with a reduction in reaction temperature. In contrast, the 

selectivity towards C8+ increased, reaching a high selectivity at 240oC and 3 MPa. They 

also suggested that CoFe alloy phase was responsible for the formation of C2+ products 

from CO, through both experimental and computational results. 

 

 

 
Figure 18. The catalytic performance of bimetallic FeCo catalaysts for CO2 

hydrogenation varies with space velocity (a) and reaction temperature (b), 

affecting conversion, selectivity and hydrogen distribution. Adapted from 

[34].  

 

 

In another study, Satthawong et al. conducted an investigation on alumina 

supported bimetallic FeCo catalysts with different metal ratios for CO2 hydrogenation, 

utilizing a CO2:H2 ratio of 1:3 at 573 K and 1.1 MPa [70]. They noted that an increase in 

the Co content within bimetallic FeCo catalysts led to an enhanced CO2 conversion and 

methane yield, while decreasing the yields of CO and C2+ products. Furthermore, it was 

observed that the utilization of K as a promoter in bimetallic catalysts resulted in 

enhanced CO2 conversion, increased yields of C2+ products, and reduced yields of 

methane and CO products. This was observed in comparison to the unpromoted bimetallic 

catalysts with the same metal ratio in the same study. In another study, same authors 
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demonstrated that the addition of potassium led to a decrease in the adsorption strength 

of hydrogen while enhancing the strength of CO2 adsorption on bimetallic FeCo catalyst 

surface [71]. This led to improved CO2 conversion and an increased yield of light olefins. 

Due to the distinct catalytic properties of phases on the bimetallic catalysts, 

Gnanamani et al. demonstrated that the ratio of the metals significantly affected catalyst 

performance, inducing varied effects on the reaction kinetics [51]. With the addition of 

10% Fe to cobalt-based catalysts, there was a notable increase in paraffin (C2-C5) 

selectivity, rising from 4% to 20%. However, when 50% Fe was added, selectivities for 

CO and oxygenates increased, while methane selectivity decreased. They also observed 

that when Fe ratio exceeded 50%, the positive impact on product selectivity decreased. 

This indicated a shift in selectivity from relatively heavy hydrocarbons toward lighter 

hydrocarbons. Therefore, they suggested that the optimal composition for the bimetallic 

Fe-Co catalyst was 50% Co and 50% Fe. 

Bimetallic FeCo nanoparticles including high iron contents are commonly 

represented by iron oxide or carbide phases. Therefore, the effect of cobalt doping on iron 

catalysts was investigated both experimentally and computationally by Wang et al [65]. 

They proposed that Co-doping on K-promoted Fe-based catalysts modify the catalytic 

performance by increasing activity and selectivity towards CH4, olefins, and C5+ 

hydrocarbons. The authors also investigated the adsorption energies of key intermediates, 

including CO2, CO and H2, on both pure and Co-doped Fe and K-promoted Fe 

oxide/carbide surfaces by DFT modeling in the same study. These surface phases have 

commonly been considered for bimetallic FeCo catalysts with a substantial iron 

concentration in the literature. They found that binding strength of CO2 and CO was 

increased with cobalt doping on iron surface, while decreased the binding of H2 on iron 

oxide surfaces. In the context of the iron carbide phase, Co-doping resulted in an increase 

in the adsorption strength of H2 in contrast to the iron oxide phase. They demonstrated 

the hydrogen dissociation is increased by the addition of Co. However, the main effect 

contributing to the enhanced C5+ hydrocarbon selectivity was attributed to the presence 

of K as a promoter. This effect was achieved by increasing surface basicity and promoting 

the formation carbide and oxide phases of iron. In another computational study, Wong et 

al. suggested that predominance of C-C coupling over CO formation was responsible for 

the initiation of carbon graphitization on fcc Co(111) surface [17]. 

In another study, Sandupatla et al. demonstrated that 10% Fe-doped cobalt catalysts 

supported on alumina increased yield of methane while reducing CO yield at 250oC and 
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1 bar pressure [63]. According to the XRD and TPR results, the addition of Fe on Co 

enhanced the reducibility of cobalt oxides to metallic phase of cobalt. They also 

conducted DFT calculations for the direct dissociation of CO2. The presence of 0.11 ML 

Fe on Co(111) surface resulted in a 13 kJ.mol-1 increase in activation energy, shifting it 

from 34 kJ.mol-1 to 47 kJ.mol-1, as determined through DFT calculations. In another 

experimental study, Ischenko et al. investigated the effect of iron on cobalt catalysts in 

the CO2 methanation. They found that Fe-doping resulted in a decrease in catalytic 

activity, while shifting the product selectivity from methane into CO on the bimetallic 

surface. Furthermore, Wang et al. suggested that the fcc Fe facets played significant role 

in the formation of key intermediates and in changing the reaction pathways for the 

conversion of carbon dioxide. This finding showed that the equilibrium of co-adsorption 

of carbon dioxide and hydrogen was crucial for activation of reactants. In the same study, 

(111) and (211) facets of monometallic Fe nanoparticle were found as more suitable 

surfaces for CO2 adsorption. 

Until recently, the effect of Fe on Co surface in terms of selectivity has been a topic 

of controversy. Experimental studies demonstrate that various product selectivities can 

be obtained in CO2-based FTS with FeCo bimetallic catalysts. However, experimental 

determination of the specific facets responsible for the observed product selectivity, as 

well as the identification of facets prone to yield the desired target products, remains 

unsolved. Since these bimetallic catalysts have different facets, morphology and phases 

exhibit different activity, stability and selectivity due to the different electronic structures 

of the catalyst surface. In the literature, XRD techniques are used to gain insight into the 

phases of the catalyst nanoparticles. This reveales that bimetallic FeCo catalysts can exist 

within FeCo alloy, metallic phase, oxidic phase, and carbide phases of the metals under 

reaction conditions. As mentioned, several experimental studies have reported enriched 

selectivity to different products on bimetallic iron-cobalt (FeCo) catalysts for CO2 

hydrogenation [39,65,70]. However, the selectivity behavior observed in different studies 

contradicts each other, and the structure of catalytically active phases and surface 

structures are poorly understood. In line with this scientific need, the aim of this study is 

to identify the relationships between the structure of bimetallic FeCo catalysts at the 

atomic scale and their selectivity behavior. 
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CHAPTER 3 

 

 

COMPUTATIONAL METHODOLOGY 

 

 

3.1. Overview of the Methodology 

 

 

All quantum chemical calculations were performed using periodic spin-polarized 

density functional theory (DFT) calculations with the projector-augment wave (PAW) 

method, using the Vienna Ab-Initio Simulation Package (VASP) [56,72]. The exchange-

correlation energy was calculated with the revised Perdew-Burke-Ernzerhof functional 

(revPBE) including the non-local van der Waals density functional (vdW-DF) correlation 

[73]. The usage of vdW-DF allowed for the accurate calculation of the adsorption energy 

of CO2 and also enabled the prediction the experimentally observed adsorption site and 

energy for adsorbed CO on the cobalt surface [74]. The kinetic energy cutoff for the plane 

wave basis set was established at 500 eV. A Monkhorst-Pack mesh k-points of (3x3x1) 

was used for the fcc surface slabs [75]. To prevent dipole-dipole interactions between the 

supercells in the z-direction on Co(111) and FeCo(111) surface slabs, calculations were 

carried out mirrored over the xy-directions. Therefore, a 15 Å vacuum region was place 

above the slabs. 

The fcc phase which has been experimentally observed in Co particles which 

dimensions less than 100 nm was selected [76].  The lattice parameter of the optimized 

bulk surfaces, obtained using the vdW-DF functional, was found to be 3.56 Å, in 

agreement with the experimental value of 3.55 Å and the computationally derived value 

of 3.56 Å, which was optimized using vdW-DF functional. The terrace (111) plane, which 

represents the predominant plane within the p(3x3) fcc was adopted as a catalyst model 

[45].  

In terms of the bimetallic surface model, cobalt-rich bimetallic FeCo catalysts were 

modeled using an fcc lattice. This choise is based on the literature survey, which indicates 

that cobalt-rich bimetallic FeCo catalysts preserve the crystalline structure of cobalt 

catalysts. Since it has been proven by characterization methods in experimental studies 
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that bimetallic FeCo catalysts containing low Fe content have a Fe-enrichment surface, a 

model was created in the bimetallic surface model, including the top layer Fe atoms, as 

will be detailed in the following sections [48,60,64]. The catalytic effects of the bimetallic 

surface were examined in detail by changing the Fe coverage in this study. Moreover, the 

four-layer Co(111) and 1 ML Fe Co(111) surface models were chosen, which have been 

demonstrated to be reasonable for investigating the adsorption and reaction mechanisms. 

Zero point energies (ZPE) were not included in the activation and reaction energies, as 

their impact was found to be negligible. 

 

 

 
Figure 19. Four steps for computational modeling of catalyst systems. 

 

 

For computational calculations of catalyst systems, the process begins with the 

computational preparation and optimization of the bulk catalyst. Subsequently, a catalyst 

surface is extracted from the bulk metal catalyst and further optimized using a specific 

DFT functional. On the optimized surface, the adsorption of species is modeled. Then, 

transition states for each elementary reaction are identified using initial and final state 

geometries. Vibrational frequency analysis is then conducted for each transition state 
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geometry to identify a single imaginary frequency, signifying the formation or breaking 

of a chemical bond. The general procedure steps for the calculations of the catalyst 

systems are summarized in Figure 19.  

 

 

3.2. Preparation and Optimization of the Bulk Structure 
 

 

The fcc cobalt crystal bulk structure with a lattice parameter of 3.56 Å (a=b =c) was 

used for the preparation of monometallic and bimetallic surfaces. From this bulk system, 

surface models can be constructed for conducting DFT calculations. Figure 20 illustrates 

the fcc cobalt phase as a representative image. 

 

 

 
Figure 20. Representative image of bulk fcc cobalt. 

 

 

3.3. Preparation and Optimization of the Slabs 
 

 

The periodic slab models are good approximations for large metal nanoparticles 

that are higher than almost 5 nm [52]. These models are the mainstay for the model of 

heterogeneous catalysts. 

In computational studies in the literature, generally 4 or 5 catalysts layers are used 

to form the metal catalyst surface model [77,78]. The optimization of the number of 

atomic layers was conducted based on the adsorption energy of carbon monoxide on the 

(111) facet of the cobalt catalyst. Therefore, Co(111) and FeCo(111) surfaces with four 

atomic layers were modeled in this study.  
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The view of unit cell of FeCo(111) slab in three dimensions is given in Figure 21. 

A vacuum region was employed to inhibit interactions between repeated unit cells in the 

z-direction. In all DFT calculations conducted in this study, the bottom two layers of the 

slab were held fixed, while the other layers (top two layers) were allowed to relax.  

 

 

 

Figure 21. A 3x3 FeCo(111) unit cell view from the x-direction (a), y-direction (b), and 

z-direction (c) and the view of gas phase CO molecule in vacuum (d). 

 

 

3.4. Calculation of the Adsorption Energies and the Kinetic Parameters 

of Elementary Reactions  

 

 

Adsorption is the process in which molecules or atoms from a gas or liquid adhere 

to the solid surface. The interaction between adsorbate and adsorbent can be either 

physical or chemical, depending on the strength of the bonds involved. Coadsorption 

occurs when two or more adsorbates are located on the catalytic surface. 

In this study, the adsorption energy (Ead) and the coadsorption energy (Eco-ad) was 

calculated using Equation 3.1 and 3.2. The adsorption and coadsorption energies are 

defined as following: 
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Ead = EA-M – EM – EA     (3.1) 

Eco-ad = EA/B-M – EM – EA – EB   (3.2) 

 

 

where EA-M, EA/B-M, EM, EA, and EB were calculated energies of the individual adsorption 

of species on the slab, the coadsorption of species on the slab, the energy of the pure slab, 

and the energy of adsorbate in the gas phase, respectively. 

In catalysis, the reaction energy (ΔE) and the activation energy (Ea) on the catalyst 

surface can be calculated using Equation 3.3 and 3.4, respectively.  

The reaction and activation energies are defined as following: 

 

 

ΔE = EFS – EIS    (3.3) 

Ea = ETS – EIS     (3.4) 

 

 

where ΔE, EIS, ETS, and EFS represent the reaction energy, the energies of the initial state, 

transition state, and final state, respectively. Specifically, the initial state corresponds to 

the presence of reactants on the surface, the transition state represents the minimum 

energy point during the reaction between surface species, and the final state corresponds 

to the state of the reactants. 

Transition state (TS) calculations were performed using the climbing nudged elastic 

band (CI-NEB) method as implemented in VASP by Henkelman et al. [41]. The 

convergence criteria was set to be less than 0.1 eV/Å. All transition states are 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. 

 

 
  



45 
 

CHAPTER 4 

 

 

RESULTS & DISCUSSION 

 

 

In this study, the conversion of CO2 into C1 products was investigated on Co(111) 

and FeCo(111) surfaces based on DFT modeling. Single carbon products are not only 

clean fuels (e.g. methanol and formic acid) but also building blocks to generate heavy 

hydrocarbon products. In this perspective, the reactions of the formation of C1 products 

that are CO, methane, formic acid, and methanol were examined in this computational 

study.  

 

 

4.1.  The Selection of the Catalyst Surface Model  

 

 

The choice of realistic catalyst model has an significant importance to obtain 

experimentally observable results. The model should accurately represent a surface that 

either exists or can be feasibly produced under experimental conditions.  

To explore the effect of Fe coverage on the surface, 0 ML, 0.11 ML, 0.33 ML and 

1 ML Fe covered surfaces were examined. As presented in Figure 22, these surfaces 

contain 0, 1, 3, and 9 iron atoms on the topmost layer of the slab, respectively.  

 

 

 
Figure 22. The side and top views of various FeCo(111) surfaces. 
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On these catalysts models, the adsorption strength of major adsorbates (i.e. CO, H, 

C, and O) and the change in the electronic charge of the surfaces were examined as a 

function of Fe coverage to determine an optimum surface model for bimetallic FeCo 

catalyst. Details about these are explained in the following sections. 

 

 

4.1.1 Effect of Iron Coverage in the Electronic Charge of the Bare 

FeCo(111) Surface 

 

 

The surface charge of Fe or Co atoms on the surface plays an important role in the 

selectivity and activity of the catalyst. Therefore, Bader charge analysis was performed 

to investigate the electronic properties of adsorbates and adsorbents [43–45]. Moreover, 

the total Bader charges of pure Co(111) and Fe doped with 0.11 ML, 0.33 ML and 1 ML 

Co(111) surfaces were calculated to understand the how charge distribution changes with 

varying Fe coverage on the cobalt catalyst surface. 

The surfaces presented in Figure 23 exhibit different electronic charge on the slab 

surface due to variability in the electronic properties of iron atoms. As can be seen Figure 

23, the electronic charge on individual iron atoms changed with the variation in iron 

coverage. 

 

 

 
Figure 23. The electronic charge of the individual iron atoms on the various iron covered 

cobalt surfaces and the charges of the topmost two layers specified within 

parantheses. 
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Due to the relatively high electronegativity of Co, Fe atoms donated their electrons 

to Co, in other words, Co atoms attracted valence electrons from Fe atoms. Therefore, the 

alteration in the charge of the surfaces was occured in the bimetallic FeCo surfaces, as 

seen in Figure 23. This figure also demonstrates that the electronic charge of individual 

Fe atoms on Fe-doped cobalt surfaces is shown with different Fe ratios. It was found that 

the Fe atoms became positively charged on the Co surface, and the charge value of the 

individual Fe atoms increased as the Fe coverage on the surface increased. Furthermore, 

the total charge of the topmost two layers of the catalyst slab, which interact almost 

completely with the adsorbates and determine their charges, increased with an increase in 

the Fe coverage, from 0 ML to 1 ML. 

 

  

4.1.2. Effect of Iron Coverage on the Adsorption Strength of Surface 

Species on the FeCo(111) Surface 

 

 

The alteration in the charge density of the slab influences the adsorption strength 

(or adsorption energy) during catalysis. Therefore, the change in the adsorption energies 

of major intermediates such as CO, H, O, and C was calculated on bimetallic surfaces 

with different Fe ratios. The adsorption energies of these species on bimetallic surfaces 

were collected in Table 1. It was observed that as the iron coverage increased from 0 ML 

to 1 ML, the adsorption energy of H and O also gradually increased. Although the same 

behavior in adsorption energy was observed for C and CO, it showed a decrease on the 

0.11 ML Fe-doped Co(111) surface. Thus, the highest adsorption energies of these 

species were obtained on the 1 ML Fe-doped Co(111) surface, which has the highest 

number of electron-donating Fe atoms. These results clearly show that there is a 

relationship between surface coverage and adsorption energy. In particular, an increase 

in the adsorption strength of CO on Fe atoms leads to an increase in the adsorption of CO 

molecules on the bimetallic FeCo(111) surface compared to the monometallic Co(111) 

surface. With the increase in the surface CO coverage, CO molecules enhance the surface 

segregation of Fe atoms on the cobalt catalyst. 
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Table 1. The change in adsorption energies (kJ.mol-1) of key adsorbates (H, O, C, and 

CO) with the change in iron coverage of the surface.  

 

Adsorbates 

Ead on Fe-doped Co(111) Surfaces 

0 ML 0.11 ML 0.33 ML 1 ML 

H -277 -280 -290 -303 

O -564 -568 -607 -622 

C -617 -595 -622 -675 

CO -132 -123 -135 -173 

 

 

Consequently, bimetallic FeCo surface model was optimized by exploring various 

ratios of iron covered surfaces and investigating the connection between adsorption 

energy of key species and surface coverage of iron. Based on these results, the surface 

model containing 1 ML Fe surface coverage for the Co-rich bimetallic FeCo catalyst was 

determined in this study. 

 

 

4.2. Adsorption Energies of Surface Species Involved in CO2 

Hydrogenation to C1 Products on the 1 ML Fe-Doped Co(111) 

Surface 

 

 

The catalytic performance and active sites of the catalyst are affected by surface 

species on the surface of catalyst. Therefore, the adsorption energies of the intermediates 

formed during the reactions mentioned in the next section were calculated on the selected 

model, the 1 ML Fe-doped Co(111) surface. These examined intermediates are H, C, O, 

OH, CO, CO2,  H2O, CH, CH2, CH3, CH4, HCO, COOH, HCOO, H2CO, H3CO, and 

H3COH. To model elementary reactions, the first step is to identify the most stable 

adsorption sites for these intermediates on both Co(111) and FeCo(111) surfaces. On the 

(111) surface, there are four possible adsorption sites: top, fcc, hcp, and bridge sites, as 

shown in Figure 24. A bridge site is also available on the (111) facet. However, the bridge 

site was not found to be stable for intermediates investigated in this study. 
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Figure 24. The adsorption sites investigated on Co(111) and FeCo(111) surfaces. 

 

 

Adsorption energies of the surface species were computed at all four possible sites 

to determine the most stable site for each species. Figure 25 illustrates the relationship 

between the adsorption site and adsorption energy based on the stable site. Among all the 

surface species, H, C, O, OH, and CO are considered key species as they constitute the 

building blocks of all other species involved in the elementary reactions of CO2 

hydrogenation. 

 

 

 
Figure 25. Relative adsorption energies of H, C, O, OH, and CO on top, fcc, and hcp sites 

of FeCo(111) with respect to their most stable site. 

 

 

Due to its stability on the sites, atomic hydrogen was favored to adsorb on hollow 

sites, namely the hcp and fcc sites on the FeCo(111) surface. The migration of atomic 

hydrogen from a hollow site to the less stable top site required an energy of 58 kJ.mol-1. 

Regarding the adsorption of atomic carbon, the migration of the atom from a more stable 

hollow site to the less stable top site required an energy of 157 kJ.mol-1. For the adsorption 

of atomic oxygen and hydroxyl, the top site was not favored because it is highly unstable 

compared to the hollow sites. In terms of the adsorption of carbon monoxide, the fcc site 

required an energy of 14 kJ.mol-1, while the hcp site required an energy of 15 kJ.mol-1 for 
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migration from the stable top site. The most stable sites for the key intermediates were 

found to be consistent both on the Co surface and the bimetallic surface, as shown in 

Table 2. 

Moreover, the most stable adsorption site or geometries may also change in some 

intermediates, namely CH and HCO, due to the change in the charge of the bimetallic 

catalyst slab. Figure 26b shows that the atoms of the HCO molecule tended in different 

directions on bimetallic FeCo surface compared to the monometallic Co surface. 

 

 

a)

 

b) 

 
Figure 26. Example of the difference in adsorption sites and geometry of CH (a) and HCO 

(b) intermediates on Co(111) and FeCo(111) surfaces. 

 

 

As shown in Table 2, the introduction of 1 ML Fe on the Co(111) surface resulted 

in increased adsorption energies of all the chemisorbed and physisorbed surface species, 

except the adsorption energy of physisorbed H2. The difference in Ead for physisorbed 

species (≤ 40 kJ.mol-1), such as H2 was found to be lower than that of chemisorbed 

species. For instance, CH4 was physically adsorbed at the identical adsorption site on the 

FeCo(111) surface with the equivalent adsorption energy to that observed on the Co(111) 

surface. 
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Table 2. Calculated adsorption energies (kJ.mol-1) with adsorption sites of all 

intermediates in CO2 hydrogenation on Co(111) and FeCo(111) surfaces. 

Species Co(111) FeCo(111) ΔE(%) 

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 

 

 

In the context of the adsorption energies for H, C, and O, the difference in 

adsorption energies of monoatomic intermediates between Co(111) and FeCo(111) was 

found to be insignificant, increasing by 9%, 9% and 13%, respectively. The adsorption 

energy for CH on Co(111) and FeCo(111) was calculated to be -561 and -615 kJ.mol-1, 

respectively, representing a change of 10%. In terms of the adsorption of the CO 

molecule, which is one of the key surface species, a 31% increase was calculated with the 

presence of iron on cobalt. The highest increase in adsorption energy was observed for 

H2CO intermediate, where the adsorption energy with a 116% increase for the FeCo(111) 

compared to Co(111). For HCO, COOH, and HCOO, the adsorption energies increased 

by 36, 22, and 17%, respectively. The increase in the adsorption energy of CO2 by 53% 

on FeCo(111) showed that the addition of iron on the cobalt surface increased the strength 

of the adsorption of the feed gas. Regarding the adsorption strength of H2O, a relatively 

high increase was observed by 68% with the addition of Fe on Co(111) surface. These 

results indicate that the binding strength of oxygenated intermediates, such as CO2 and 

H2O, is increased with the additive Fe on the catalyst surface. On the other hand, 
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hydrogenated species such as OH and CHx exhibit a relatively modest increase in the 

adsorption energy on the bimetallic catalyst, ranging from 10% to 19%. 

Both top and side images of the adsorption geometries corresponding to the adsorption 

energies calculated for Co(111) and FeCo(111) surfaces in Table 2 are given in Figures 

27 and 28, respectively. 

 

 

 
Figure 27. The most stable adsorption configurations of species on the Co(111) surface. 

Gray, red, white, blue, and dark red spheres represent C, O, H, Co, and Fe 

atoms, respectively. 
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Figure 28. The most stable adsorption configurations of species on the FeCo(111) surface. 

Gray, red, white, blue, and dark red spheres represent C, O, H, Co, and Fe 

atoms, respectively. 

 

 

As physisorption is the weak interaction between the surface and adsorbate, it can 

be easily seen from the side images of the Figure 27 and 28 that the distance between the 

surface and the physisorbed species, such as methane, water and methanol,  was higher 

than other chemisorbed species.  

For OH intermediate, the hcp and fcc sites were found the most stable sites on 

Co(111) and FeCo(111) surfaces, respectively. The adsorbed CO preferred to adsorb on 

top site for both surfaces. Similarly, CO2 was adsorbed on both catalyst surfaces, with C 

atom occupying the bridge and two O atoms occupying the top sites. A stable CH 

configuration was found at the hcp site on Co(111) surface, while the most stable site of 

CH was found at the fcc site on FeCo(111) surface. Adsorbed CH2 intermediates were 

observed on fcc sites for both Co(111) and FeCo(111) surfaces, while H2O intermediates 

adsorbed on top sites. The adsorption site of CH3 intermediate shifted from hcp to fcc as 
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the surface changed from pure surface to the Fe doped surface. For the physisorbed 

intermediates, namely CH4 and H2, the stable adsorption site was found to be the top site. 

In the case of the adsorption position of the HCO on the FeCo surface, O was positioned 

on the hcp site while O was positioned on the bridge site on the pure surface. For H3CO 

intermediate, the stable site shifted from hcp to fcc as the surface changed from pure 

surface to the Fe doped surface. In contrast, the stable adsorption sites of COOH, HCOO, 

H2CO and H3COH intermediates remained unchanged with the alteration of the catalyst 

surface. As previously mentioned, the low energy difference between the hollow sites 

suggested that, in general, the addition of Fe on the Co surface did not alter the adsorption 

sites of the intermediates. Nevertheless, the adsorption energies changed considerably 

with the addition of Fe to the pure Co(111) surface. 

These results demonstrate that the surface coverage of CO2 and CO would increase 

on the FeCo(111) surface, while the surface coverage of hydrogen and other 

hydrogenated species would decrease. As surface H and CO coverage depend on each 

other, an increase in the adsorption energy for CO results in an increase in the CO/H 

concentration on the catalyst surface. 

 

 

4.3. Elementary Reactions of CO2-FTS on Co(111) and FeCo(111) 

Surfaces 

 

 

The addition of Fe on Co is anticipated to alter the kinetics of the elementary 

reactions on the bimetallic catalyst. In this computational study, the mechanism of CO2-

based FTS was examined, encompassing 24 elementary reactions, to investigate the 

formation of C1 products. This mechanism involves the dissociation of reactants (carbon 

dioxide and hydrogen), formation of single carbon products (methane, methanol, 

formaldehyde and carbon monoxide) and formation of water.  

Each elementary reaction was examined on both pure and Fe-doped cobalt surfaces, 

and the results were compared in terms of activation energy and reaction energy to 

understand the effect of iron on cobalt catalyst. The activation energies and reaction 

energies for CO2-based FTS into C1 products on Co(111) and FeCo(111) surfaces are 

given in Table 3. The details of these reactions are provided in the following sections.  
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Table 3. The activation and reaction energies (kJ.mol-1) of examined elementary reactions 

on Co(111) and FeCo(111) surfaces. 

No Elementary Reaction 
Ea ΔE 

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 

 

 

4.3.1. H2 Dissociation  

 

 

The dissociation of H2 on cobalt surfaces occurs through two sequential elementary 

reactions. In the first elementary reaction, the far-physisorbed state of H2 molecule must 

migrate to a close-physisorbed state on the catalyst surface. In the second elementary 

reaction, the close-physorbed H2 dissociates to two hydrogen atoms. These two steps are 

given in the Equation 4.1 and 4.2, respectively. 

 

 

H2 (far) → H2 (close)    (4.1) 
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H2 (close) → H + H    (4.2) 

 

 

The calculated activation energies for the first step on Co(111) and FeCo(111) 

surface were found as 26 kJ.mol-1 and 14 kJ.mol-1, respectively. This suggested that the 

addition of Fe led to a reduction in Ea for this elementary reaction. Futhermore, this 

endothermic reaction (13 kJ.mol-1) became an exothermic reaction (-9 kJ.mol-1) with the 

addition of Fe on cobalt. Regarding the second elementary reaction of H2 dissociation, 

the activation energy on FeCo(111) was calculated to be 8 kJ.mol-1, which was 20 kJ.mol-

1 lower than that on the Co(111) surface, leading to an increase in the exothermicity of 

the reaction by 30 kJ.mol-1. These Ea and ΔE values are provided in Table 3 and the 

potential energy diagram (PED) for H2 dissociation are given for Co(111) and FeCo(111) 

surfaces in Figure 29. 

 

 

 

Figure 29. Potential energy diagram for H2 dissociation on Co(111) and FeCo(111) 

surfaces. 

 

 

The initial state (IS), transition state (TS) and final state (FS) geometries of these 

elementary reactions on both Co(111) and FeCo(111) surfaces are provided in Figure 30 

and 31, respectively. 
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Figure 30. IS, TS and FS for the first step of H2 dissociation on Co(111) and FeCo(111) 

surfaces. 

 

 

 
Figure 31. IS, TS and FS for the second step of H2 dissociation on Co(111) and FeCo(111) 

surfaces. 

 

 

These results indicate that H2 dissociation occured on Fe-doping on Co(111) via the 

same configurations and mechanims as on Co(111) surface. For this reason, a significant 
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decrease in the activation energy for H2 dissociation can be explained by the strong 

adsorption of hydrogen on bimetallic surface, leading to a increase in exothermicity of 

these reactions. Consequently, due to the alteration in the activation energies, H2 

dissociation was promoted by FeCo(111) surface. It is important to note that the 

dissociation of H2 and its surface coverage is highly depend on the surface coverage of 

CO on the surface [79,80]. Hence, in this study, the surface ratio of CO/H is an important 

parameter to comprehend the influence of iron on cobalt catalyst during the catalytic 

reaction. 

 

 

4.3.2. CO2 Dissociation 

 

 

In the CO2–based FTS, the primary and crucial step is the dissociation of CO2, 

which must occur before it can be converted into hydrocarbons. Carbon dioxide, which 

is the main reactant and carbon source of this reaction, can be dissociated via direct and 

H-assisted dissociation mechanisms on cobalt surface [81,82]. The reaction mechanisms 

and the results of the calculations conducted on these two surfaces are elaborated upon in 

the subsequent sections. 

 

 

4.3.2.1. CO2 Dissociation via Direct Mechanism  

 

 

In the direct CO2 dissociation mechanism, the first step involves the dissociation of 

CO2 to CO molecule and atomic O, as given in Equation 4.3. This mechanism is also 

referred as the redox mechanism in the literature. 

 

 

CO2 → CO + O    (4.3) 
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Energy profiles for the direct mechanism of CO2 dissociation on Co(111) and 

FeCo(111) surfaces are shown in Figure 32. On the Co(111) surface, this mechanism 

proceeded with an activation energy of 61 kJ.mol-1 and a reaction energy of -77 kJ.mol-1. 

On the FeCo(111) surface, the activation energy decreased to 17 kJ.mol-1, while the 

exothermicity of the reaction increased to -154 kJ.mol-1. These results demonstrated that 

Fe-doping on Co(111) surface promoted the dissociation of CO2 via the direct 

mechanism. 

 

 

 
Figure 32.  Potential energy diagram for CO2 dissociation via the direct mechanism on 

Co(111) and FeCo(111) surfaces. 

 

 

The IS, TS, and FS geometries of the direct mechanism of CO2 dissociation on 

Co(111) and FeCo(111) are provided in Figure 33. 
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Figure 33. IS, TS and FS for the CO2 dissociation via direct mechanism on Co(111) and 

FeCo(111) surfaces. 

 

 

4.3.2.2. CO2 Dissociation via H-assisted Mechanism 
 

 

H-assisted mechanism involves carboxylate mechanism and formate mechanism. 

These reaction mechanisms and corresponding results on those surfaces are provided 

below. 

The reaction equations of carboxylate mechanism including COOH formation an 

its dissociation are provided in Equation 4.4 and 4.5, respectively. 

 

 

CO2 + H → COOH     (4.4) 

COOH → CO + OH     (4.5) 

 

 

Figure 34 shows that the activation energy for COOH formation increased from 94 

kJ/mol for Co(111) to 149 kJ/mol for FeCo(111). The increase in the activation energy 

was also consistent with the change in reaction energy from -18 kJ/mol (exothermic) for 

Co(111) to 41 kJ/mol (endothermic) for FeCo(111). These results suggest that the rate of 

the carboxylate mechanism on the FeCo(111) surface is expected to be significantly lower 
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than the redox mechanism. Furthermore, the implementation of the redox mechanism is 

expected to be more prominent on the FeCo(111) surface when compared to the Co(111) 

surface. Due to the high activation energy for COOH formation on the bimetallic surface, 

this elementary reaction is not expected to take place within the temperature range of 210-

240oC which is typically used for CO2 hydrogenation on cobalt catalysts. 

The COOH intermediate is expected to dissociate into CO and OH molecules on 

the catalyst surface. On the Co(111) surface, this mechanism proceeded with an activation 

energy of 53 kJ.mol-1 and a reaction energy -112 kJ.mol-1. On the FeCo(111) surface, the 

activation energy increased to 74 kJ.mol-1, while the exothermicity of the reaction 

increased to -142 kJ.mol-1. Thus, with the addition of iron on cobalt catalyst, the activation 

energy increased, and the reaction became more exothermic. 

 

 

 

Figure 34. Potential energy diagram for CO2 dissociation via carboxylate mechanism on 

Co(111) and FeCo(111) surfaces. 

 

 

The corresponding IS, TS, and FS geometries of CO2 dissociation via carboxylate 

mechanism and the dissociation of COOH into CO and OH on Co(111) and FeCo(111) 

surfaces are provided in Figure 35. 
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Figure 35. IS, TS and FS for the CO2 dissociation via carboxylate mechanism on Co(111) 

and FeCo(111) surfaces. 

 

 

Within the format mechanism including HCOO formation and its dissociation to 

HCO and O, the CO2 dissociation takes place as described in Equation 4.6 and 4.7.  
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CO2 + H → HCOO     (4.6) 

HCOO → HCO + O     (4.7) 

 

 

Figure 36 shows that the activation energy for HCOO formation decreased from 71 

kJ.mol-1 for Co(111) to 51 kJ.mol-1 for FeCo(111), while increasing the reaction energy 

from -74 kJ.mol-1  to -55 kJ.mol-1. These results indicate that the rate of the formate 

mechanism on the FeCo(111) surface will be significantly increased than the redox 

mechanism. 

 

 

 

Figure 36.  Potential energy diagram for CO2 dissociation via formate mechanism on 

Co(111) and FeCo(111) surfaces. 

 

 

The HCOO intermediate is expected to dissociate into HCO molecule and atomic 

O on the catalyst surface. On the Co(111) surface, this mechanism proceeded with an 

activation energy of 107 kJ.mol-1 and a reaction energy 52 kJ.mol-1. On the FeCo(111) 

surface, the activation energy increased to 101 kJ.mol-1, while the exothermicity of the 

reaction increased to 6 kJ.mol-1. It demonstrated that the Fe-doping on cobalt resulted in 

a slight reduction in the activation energy of this reaction, making the reaction more 
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exothermic with the addition of iron on cobalt catalyst. This results indicate that formate 

mechanism is expected to be kinetically less favourable compared to the redox 

mechanism on both the FeCo(111) and Co(111) surfaces. 

 

 

 
Figure 37. IS, TS and FS for the CO2 dissociation via formate mechanism on Co(111) 

and FeCo(111) surfaces. 
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The corresponding IS, TS, and FS geometries of CO2 dissociation via formate 

mechanism and the dissociation of HCOO into HCO and O on Co(111) and FeCo(111) 

surfaces are provided in Figure 37. It demonstrates that adsorbed CO2 on FeCo(111) 

surface was located closer to the catalyst surface than that on Co(111) surface, leading to 

reduced activation energy for both redox and formate mechanisms.  

As given in this section, three different reaction pathways for carbon dioxide 

dissociation were investigated and their reaction and activation energies were calculated 

on both pure and iron doped cobalt (111) surfaces. To determine which reaction pathway 

is more kinetically favorable, Figure 38 provides a comparative analysis of the reaction 

pathways and their activation energies comparatively on two distinct surfaces. As can be 

seen in the same figure, the direct mechanism for CO2 dissociation was found to be more 

kinetically favorable on both Co(111) and Fe Co(111) surfaces when compared to the 

carboxylate and formate mechanisms. In the context of the carboxylate and formate 

mechanisms, the activation energy for the carboxylate mechanism increased with the 

addition of iron to the cobalt surface, while the activation energy for formate mechanism 

decreased. In line with a computational study that employed the Co(0001) surface as a 

model in the DRM [81], it is anticipated that the formate mechanism is expected to occur 

on Co(111) surface due to its manageable energy requirement and the high hydrogen 

coverage on the surface. The formate mechanism can also be preferred on the FeCo(111) 

surface due to its reasonable activation energy on this surface. However, it is important 

to note that the CO2 dissociation is expected to be perform dominantly via redox 

mechanism on bimetallic surface due to an increase in the energy difference between the 

formate and redox mechanisms on Co(111) and FeCo(111) surfaces from 10 kJ.mol-1 to 

34 kJ.mol-1.  

 

 

 
Figure 38. Calculated activation energies for reaction pathways of CO2 dissociation on 

two surfaces. 
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4.3.3. CO Dissociation 
 

 

CO dissociation on the catalyst surface occurs through two pathways, namely direct 

and H-assisted mechanisms. The reaction mechanisms and corresponding results for these 

two mechanisms on both surfaces are provided below. 

 

 

4.3.3.1. CO Dissociation via Direct Mechanism 
 

 

The direct mechanism of CO dissociation takes place as described in Equation 4.8. 

Carbon monoxide should be decomposed into both atomic C and O in this pathway. 

 

 

CO → C + O     (4.8) 

 

 

Energy profiles for CO dissociation on the Co(111) vs FeCo(111) is shown in 

Figure 39. As seen in Figure 39, the direct dissociation of CO on the FeCo(111) surface 

was more exothermic than on the Co(111) surface, with a significant decrease in the 

activation energy from 267 kJ/mol to 173 kJ/mol. Due to an increase in the atomic C and 

O adsorption energies, it is an expected result that CO dissociation became more 

exothermic. These results indicate that this reaction is not feasible under low temperature 

conditions for CO2 hydrogenation on both Co(111) and FeCo(111) surfaces. Furthermore, 

the corresponding IS, TS, and FS geometries of direct CO dissociation on Co(111) and 

FeCo(111) surfaces are provided in Figure 40. 
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Figure 39.  Potential energy diagram for CO dissociation via direct mechanism on Co(111) 

and FeCo(111) surfaces. 

 

 

 
Figure 40. IS, TS and FS for the CO dissociation via direct mechanism on Co(111) and 

FeCo(111) surfaces. 
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4.3.3.2. CO Dissociation via H-assisted Mechanism 
 

 

The H-assisted dissociation of CO takes place as described in Equation 4.9 and 

4.10. The dissociation of HCO would produce CH and O intermediates. The resulting CH 

intermediate could react with H to form CH2 and the formed atomic O reacts with atomic 

H to form OH intermediate. 

 

 

CO + H → HCO    (4.9) 

HCO → CH + O             (4.10) 

 

 

The activation energy for HCO formation through the hydrogenation of CO, via the 

H-assisted pathway, on the FeCo(111) was found to be slightly higher (3 kJ.mol-1) than 

that of the Co(111) surface. The reaction energies for the formation of HCO were 

calculated on the Co(111) and FeCo(111) surfaces, resulting in values of 96 kJ.mol-1 and 

97 kJ.mol-1, respectively. This result indicates that the addition of Fe resulted in a slight 

decrease in the rate of H-assisted CO dissociation. 

Figure 41 shows that HCO formation on the FeCo(111) surface can occur with a 

slight increase in activation energy compared to the Co(111) surface. Fe-doping on 

Co(111) resulted in a 30 kJ/mol decrease in the activation energy for the dissociation of 

the HCO intermediate. These results show that the CO dissociation on FeCo(111) will 

occur by the H-assisted mechanism. Moreover, the relevant IS, TS, and FS geometries 

for the CO dissociation via H-assisted mechanism on Co(111) and FeCo(111) surfaces 

are presented in Figure 42. 
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Figure 41. Potential energy diagram for CO2 dissociation via H-assisted mechanism on 

Co(111) and FeCo(111) surfaces. 

 

 

 
Figure 42. IS, TS and FS for the CO dissociation via H-assisted mechanism on Co(111) 

and FeCo(111) surfaces. 

 

 

To determine which reaction pathway is more kinetically favorable among two 

reaction mechanisms for CO dissociation, a comparative analysis of the reaction 

pathways and their activation energies on Co(111) and FeCo(111) surfaces is summarized 

in Figure 43.  Due to the relatively high energy of direct CO dissociation, the CO 
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dissociation via the H-assisted pathway was found to be more kinetically favorable on 

both Co(111) and Fe Co(111) surfaces compared to the direct dissociation mechanism.  

 

 

 

Figure 43. Calculated activation energies for reaction pathways of CO dissociation on 

two surfaces. 

 

 

In terms of the CO2 and CO hydrogenation, Fe-doping resulted in the slowdown of 

the hydrogenation of both CO2 and CO molecules. Furthermore, as CO formation via 

CO2 dissociation was promoted by bimetallic surface, the surface CO coverage is 

expected to highly dominant on the FeCo(111) than on Co(111) surface. Due to the higher 

activation energy for HCO formation and the lower activation energy of HCO 

dissociation into CH and O, the surface HCO coverage is expected to be decrease on the 

bimetallic surface as a consequence of the Fe-doping on cobalt catalyst. 

Overall, these results demonstrate that surface modification via Fe-doping on 

Co(111) promoted the surface CO coverage and kinetics of CO2 and CO dissociation, 

while the surface H coverage was relatively low. Furthermore, Fe-doping resulted in an 

increase in the activation energy for rate-limiting step, HCO formation, leading to a 

decrease in the overall activity for CO2 hydrogenation. Moreover, the comparison 

between CO adsortion energy and the activation energy for its dissociation via H-assisted 

mechanism indicates that the Fe-doping inhibited the desorption of CO from the surface. 

For this reason, it is unlikely that CO can be produced as product on the FeCo(111) 

surface. This suggests that the FeCo(111) surface may not be the primary contributor to 

the observed CO selectivity in experimental studies [51]. 
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4.3.4. CH4 Formation 

 

 

Methane would be formed through the sequential hydrogenation of atomic C which 

could be formed via dissociation of CO on the catalyst surface. Then the C atom can 

undergo sequential hydrogenation to form methane. In these hydrogenation reactions, 

CH, CH2, CH3, and CH4 species are formed via Equation 4.11, 4.12, 4.13 and 4.14, 

respectively. The reaction mechanisms and corresponding results on both surfaces are 

provided below. The pathways for formation of CH4 on Co(111) and FeCo(111) were 

modeled as well as the geometries of the IS, TS, and FS are shown in Figure 45. 

 

 

C + H → CH              (4.11) 

CH + H → CH2               (4.12) 

CH2 + H → CH3        (4.13) 

CH3 + H → CH4             (4.14) 

 

 

As can be seen in Figure 44, the formation of CH intermediate on the Co(111) 

surface proceeded with an activation energy of 68 kJ.mol-1, and a reaction energy of -49 

kJ.mol-1. On the FeCo(111) surface, this reaction proceeded with an activation energy of 

86 kJ.mol-1, and a reaction energy of -11 kJ.mol-1. The activation energy for the formation 

of CH intermediate on Co(111) was found to be 18 kJ.mol-1 lower than that on Fe-doped 

Co(111), suggesting that the incorporation of Fe into the Co made the formation of CH 

intermediate more challenging. In the context of the hydrogenation of CH, the activation 

energy and reaction energy of CH2 formation on Co(111) were determined to be 48 and 

12 kJ.mol-1, respectively, whereas on the FeCo(111) surface, these values were 67 and 48 

kJ.mol-1, respectively.  The activation energy in the second step (Equation 4.12) of CH4 

formation was increased by 19 kJ.mol-1 on FeCo(111) compared to that in corresponding 

step on pure Co(111). The formation of CH3 on the Co(111) surface proceeded with an 

activation energy of 45 kJ.mol-1 and a reaction energy of -39 kJ.mol-1, whereas on the 

FeCo(111) surface, these values were found as 65 kJ.mol-1 and 2 kJ.mol-1, respectively. 

The activation energies for both CH3 and CH4 formation were increased by 20 kJ.mol-1 
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on FeCo(111) compared to that in corresponding steps on pure Co(111). In the context of 

the formation of CH4, the reaction on Co(111) surface proceeded with an activation 

energy of 90 kJ.mol-1 and a reaction energy of -52 kJ.mol-1, whereas on the FeCo(111) 

surface, these values were found as 110 kJ.mol-1 and 0 kJ.mol-1, respectively. Based on 

these results, the change in the activation energies of methane formation on those surfaces 

was in the range of 18-20 kJ.mol-1. Consequently, the activation energies for CHx (x=1-

4) formation follow the order of CH4 > CH > CH2 > CH3 on both Co(111) and FeCo(111) 

surfaces. The corresponding reaction geometries including IS, TS and FS of these 

elementary reactions are given in Figure 45. 

 

 

 

Figure 44. Potential energy diagram for CH4 formation on Co(111) and FeCo(111) 

surfaces. 

 

 

These results indicate that hydrogenation of C and CHx species are slowed down 

by the Fe-doping on cobalt catalyst. Consequently, Fe-doping resulted in a decrease in 

the hydrogenation ability of the catalyst surface. The activation energy for rate-limiting 

step in methane formation, which is the CH3 hydrogenation, was feasible on both pure 

and Fe-doped cobalt surfaces. This led to the production of methane as C1 product on the 

FeCo(111) surface. However, the presence of iron atoms on the cobalt surface resulted in 

a reduction in the formation of methane. As consistent with the results of this study, an 

experimental study conducted by Gnanamani et al. demonstrated that the addition of iron 

on cobalt led to a reduction in methane selectivity and H2 consumption [51]. 
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In terms of the removal of atomic carbon from the surface, which is the important 

issue for the coke formation, Fe-doping resulted in a decrease in the rate of carbon build-

up on the surface, due to an increase in the activation energy for the rate-limiting step. 

Based on the results of this study, atomic C on the surface can be removal from the surface 

via the formation of methane. Since coke formation on the surface involves a complex 

mechanism and is significantly influenced by temperature and structure, our findings do 

not precisely indicate the effect of Fe on coke formation. Further reasearch is needed to 

gain a better understanding of coke formation using modeling of surface and subsurface 

reactions for the formation of C-C bonds using DFT calculation and microkinetic 

modeling. 

 

 

 
Figure 45.  IS, TS and FS for the CH4 formation on Co(111) and FeCo(111) surfaces. 
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4.3.5. CH3OH Formation 
 

 

Methanol is produced through the sequential hydrogenation of HCO, which could 

be formed through various pathways including the dissociation of CO via H-assisted path 

to form H2CO, H3CO, or H3COH intermediates or the oxygenation of CH2 and CH3, and 

coupling of CH3 and OH to form H2CO, H3CO, and H3COH intermediates, respectively.  

The hydrogenation of HCO intermediate leads to the formation of H2CO intermediate. In 

the subsequent reaction (Equation 4.18), H2CO reacts with H to form H3CO intermediate. 

Finally, H3CO intermediate is hydrogenated to form H3COH intermediate. The reaction 

mechanisms and corresponding results on both surfaces are provided below.  

 

 

HCO + H → H2CO        (4.15) 

CH2 + O → H2CO             (4.16) 

H2CO → CH2 + O             (4.17) 

H2CO + H → H3CO          (4.18) 

CH3 + O → H3CO            (4.19) 

H3CO + H → H3COH    (4.20) 

CH3 + OH → H3COH                     (4.21) 

 

 

H2CO intermediate which is required to produce methanol could be obtained from 

the reaction of CH2 and O (Equation 4.16). Both CH2 and O species were formed on the 

catalyst surface through the dissociation of CO and CO2, as well as CHx hydrogenation. 

In addition, Figure 47 shows that the optimized reaction geometries for the formation of 

H2CO intermediate is formed via hydrogenation of HCO intermediate.  

As can be observed in the PED shown in Figure 46, the activation energy for H2CO 

formation through the hydrogenation of HCO on FeCo(111) was significantly higher (28 

kJ.mol-1) compared to that on the Co(111) surface. In the context of the formation of 

H3CO intermediate, this reaction proceeded on the FeCo(111) surface with an activation 

energy of 51 kJ.mol-1 and a reaction energy of -50 kJ.mol-1. Conversely, on the Co(111) 

surface, these values were determined as 42 kJ.mol-1 and -83 kJ.mol-1, respectively. The 

activation energy of 177 kJ/mol on the FeCo(111) surface slowed down the further 
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hydrogenation of H3CO to form H3COH, with a reaction energy of 94 kJ.mol-1. In 

contrast, this reaction occured on the Co(111) surface with a lower activation energy of 

160 kJ.mol-1 and a reaction energy of 56 kJ.mol-1. These findings suggest that methanol 

formation is not favorable on both Co(111) and FeCo(111) surfaces.  

Although the activation energy for H3CO formation via H2CO hydrogenation is 

feasible, methanol cannot be produced due to its high activation energies on both Co(111) 

and FeCo(111) surfaces. These findings are consistent with a DFT study related on 

methanol steam reforming on Co(0001) surface [83] and a experimental study on CO2 

hydrogenation on cobalt catalyst [25].  

 

 

 

Figure 46. Potential energy diagram for H3COH formation on Co(111) and FeCo(111) 

surfaces. 
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Figure 47.  IS, TS and FS for the H2CO formation on Co(111) and FeCo(111) surfaces. 
 

 

 
Figure 48. IS, TS and FS for the H3CO formation on Co(111) and FeCo(111) surfaces. 
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Figure 49. IS, TS and FS for the H3COH formation on Co(111) and FeCo(111) surfaces. 

 

 

In the context of the oxidation of CHx species, the H2CO formation through the 

coupling of CH2 and O on Co(111) and FeCo(111) surfaces was associated with notably 

higher activation energy of 124 kJ.mol-1 and 150 kJ.mol-1, respectively. It demonstrated 

that the dissociation of H2CO into CH2 and O was found to be slightly promoted by the 

FeCo(111) surface compared to the Co(111) surface. 

 

 

 
Figure 50. Potential energy diagram for formation and dissociation of H2CO intermediate 

on Co(111) and FeCo(111) surfaces. 
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Figure 51. IS, TS and FS for the H2CO dissociation on Co(111) and FeCo(111) surfaces. 

 

 

 
Figure 52. Potential energy diagram for H2CO (a) and H3CO (b) formation via CHx 

oxidation on Co(111) and FeCo(111) surfaces. 

 

 

The formation of H3CO intermediate through the coupling of CH3 and O on 

FeCo(111) surface proceeded with an activation energy of 166 kJ.mol-1 and a reaction 
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energy 49 kJ.mol-1, whereas on the Co(111) surace, these values were found as 141 

kJ.mol-1 and -4 kJ.mol-1, respectively. Furthermore, the coupling of CH3 and OH on those 

surfaces exhibited significantly high activation energies of 196 and 238 kJ.mol-1, 

respectively. These results indicate that the formed CH2 and CH3 species do not readily 

react with O or OH species on pure Co and Fe- doped Co surfaces due to their impractical 

activation energies at low-temperature reaction conditions for CO2 hydrogenation. 

 

 

4.3.6. H2O Formation 

 

 

Water can be formed through the reaction of surface intermediates such as O, H, 

and OH as a by-product in hydrogenation of CO2 or CO. In this study, the formation of 

water is investigated with two distinct pathways, specifically the hydrogenation of atomic 

oxygen and OH coupling mechanisms. The reaction mechanisms and corresponding 

results on both surfaces are provided below.  

The pathways for formation of H2O via hydrogenation of atomic O mechanism and 

OH coupling mechanism on Co(111) and FeCo(111) were modeled as well as the 

geometries of the initial state (IS), transition state (TS), and final state (FS) are shown in 

Figure 54 and 56, respectively. 

 

 

4.3.6.1. H2O Formation via Hydrogenation of Atomic Oxygen 
 

 

The formation of water through the atomic O hydrogenation mechanism is shown 

in Equation 4.22 and 4.23. 

 

 

O + H → OH     (4.22) 

OH + H → H2O    (4.23) 
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The formation of OH on the Co(111) surface proceeded with an activation energy 

of 124 kJ.mol-1 and a reaction energy of 6 kJ.mol-1, whereas on the FeCo(111) surface, 

there values were found as 168 kJ.mol-1 and 50 kJ.mol-1, respectively. The activation 

energy for OH formation was consistent with a study in the literature that found as the 

activation energy for OH formation on Co(0001) surface [85]. These findings indicate 

that OH formation on FeCo(111) was inhibited by its sizeable activation energy.  

 

 

 

Figure 53. Potential energy diagram for H2O formation via the hydrogenation of atomic 

O on Co(111) and FeCo(111) surfaces.  

 

 

It is important to note that the surface oxygen cannot be removed as water from 

these surfaces. The inhibition of oxygen removal may lead to the accumulation of oxygen 

or the formation of oxygenated products. However, as discussed in the previous section, 

the formation of oxygenated compounds is hindered by both Co(111) and FeCo(111) 

surfaces.  
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Figure 54. IS, TS and FS for the H2O formation via hydrogenation of atomic oygen on 

Co(111) and FeCo(111) surfaces. 

 

 

4.3.6.2. H2O Formation via OH Coupling Mechanism 
 

 

The formation of water by the OH coupling mechanism is shown in Equation 4.24. 

 

 

OH + OH → H2O + O        (4.24) 

 

 

PED for OH coupling, as presented in Figure 55, demonstrates that the activation 

energy for OH coupling on FeCo(111) decreased by 8 kJ.mol-1 compared to the Co(111) 

surface, while the reaction energy became more endothermic by 4 kJ.mol-1. Even though 

the activation energies for OH coupling on both Co(111) and FeCo(111) werw 

determined to be 40 kJ.mol-1 and 48 kJ.mol-1, respectively, which are feasible under low-

temperature CO2 hydrogenation conditions, this reaction was hindered due to the 

inhibition of OH formation. However, it is also reported that H2O formation proceeded 

via OH coupling instead of OH hydrogenation on cobalt surface when OH groups are 

formed on the surface in the literature [85]. 
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Figure 55. Potential energy diagram for formation H2O via OH coupling on Co(111) and 

FeCo(111) surfaces. 

 

 

 

Figure 56. IS, TS and FS for the H2O formation via OH coupling on Co(111) and 

FeCo(111) surfaces. 
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All elementary reactions investigated in this study are collected in Figure 57, along 

with the activation energies for Co(111) and FeCo(111) surfaces. 

 

  

 
Figure 57. All the modeled reactions and their activation energies for both pure and Fe-

doped Co(111) surfaces with emphasis on the dominant pathway illustrated by 

purple arrow. 

 

 

Overall, the catalytic performance of the Fe-doped Co(111) surface has been 

examined in terms of the activity, selectivity and stability in this detail for the first time 

in the literature. Regarding the activity, bimetallic FeCo(111) surface exhibited lower 

overall catalytic activity compared to the monometallic Co(111) surface due to an 

increase in the activation energy of rate-limiting step. In terms of the selectivity, methane 

formation is expected to increase on the bimetallic surface among the C1 products. 

However, due to the increase in the activation energy for methane formation of FeCo(111) 

and the lower surface H coverages compared to the monometallic Co(111) surface, an 

increase in the selectivity for unsaturated hydrocarbons are expected on the bimetallic 

FeCo(111) surface. Concerning the stability of the catalyst, the inhibition of the surface 

oxygen is expected to result in change in the catalyst.  
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4.4. Bader Charge Analysis 

 

 

To unveil the electronic structure of the adsorbates and adorbents, the Bader charge 

analysis was carried out in this study. The formation of a bimetallic catalyst from two 

different metals changes the electronic properties of the catalyst surface. The change in 

the electronic properties of the surface affects the adsorption energies of the adsorbates, 

leading to a modification in the catalytic activity. The total Bader charges of adsorbates 

on Co(111) and FeCo(111) were collected in Table 4.  

As can be seen in the Table 4, all intermediates are negatively charged, indicating 

that the adsorbed species withdraw electrons from the catalyst surface. These results on 

the Co(111) surface are in line with the findings of Jeske and Kizilkaya et al. [79], Santos-

Carballal et al. [86] and Liu et al. [87] demonstrated that certain intermediates, such as 

adsorbed CO and H, withdraw the electron density from the pure Co(111) surface. As the 

catalyst surface was a Fe-doped Co surface, the addition of Fe resulted in additional 

electronic charge accumulation on all intermediates examined in this study, except 

H3COH. It indicates that the addition of Fe increased the electron density of the 

adsorbates, signifying a transfer from the electrons of iron atoms to the adsorbates. The 

presence of iron on the cobalt surface resulted in the formation of distinct charges on the 

surface species. The Bader charges of CO2, H2, and CO on FeCo(111) surface were -0.85, 

-0.01, and -0.49, respectively, while the Bader charges of CO2, H2, and CO on Co(111) 

surface were -0.65, -0.01, and -0.39 respectively. Both CO and CO2 became slightly less 

negative by 0.10 and 0.20 e- on the FeCo(111) surface than that on Co(111) surface. These 

results indicate that the charge on the main reactants of CO2 hydrogenation increased with 

the incorporation of Fe on the Co(111) surface. However, there was no change in the 

Bader charge of H2 on either Co(111) or FeCo(111) surfaces. The Bader charge for 

methane increased by 50% with the doping of Fe on the cobalt surface. The highest 

increase in total Bader charge was calculated for H2O with a 1400% increase in 

FeCo(111) surface. In contrast, the charge of H3COH decreased by 25% on the Fe doped 

Co(111) surface compared to the pure Co(111) surface. It shows that the presence of Fe 

on the surface slighly withdrew the electrons from the adsorbed methanol.  

The observed increase in the adsorption energy of the species on the FeCo(111) 

surface is in line with the corresponding increase in the charge on the adsorbates. This 
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result can be attributed to the presence of Fe atoms which donated electron to adsorbates 

on the surface. The ability of the absorbates to interact with and withdraw electrons from 

the Fe atom on the 1 ML FeCo(111) surface contributed to the adsorption process on the 

surface. As can be seen in Table 5, the sum of total charges of adsorbates on the surfaces 

and the top two layers were almost zero. This finding implies that the electronic charges 

play a substantial role on both surfaces, predominantly involving the first two layers. This 

insight provides valuable information about the relationship between electrostatic 

interaction of the surface and the adsorption energies of the species. 

 

 

Table 4. Total Bader charges (q) on adsorbates on Co(111) and FeCo(111) surfaces, along 

with the calculated difference (Δq). 

Adsorbate q on Co(111) (e-

) 

q on FeCo(111) (e-

) 

Δq 

(%) 

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 
*Negative charge values indicate that charge transfer occurs from surface to the adsorbate. 

 

 

On the FeCo(111) surface, Fe acted as an electron donor for both the adsorbate and 

the other cobalt layers of the slab. As illustrated in Table 58, the first layer composed of 

Fe atoms on FeCo(111) catalyst surface exhibited 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 were compared 

with the charges of adsorbates. Moreover, the Fe atoms on the FeCo(111) surface charged 
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both the adsorbate and other layers on the catalyst, in contrast to Co(111) surface. These 

findings indicate that Fe played a distinct role as an electron donor on the FeCo(111) 

surface, exhibiting unique charge distribution characteristics in comparison to the 

Co(111) surface.  

The electronic charges of surfaces without adsorbates derived from DFT 

calculations were utilized to visualize the electronic charge distribution of the iron 

additive cobalt catalyst surface in comparison to pure cobalt catalyst surface, as illustrated 

in Figure 58. These figures were generated using Visualisation of Electronic Structural 

Analysis (VESTA) software [88]. The yellow color indicates charge accumulation, and 

the cyan color indicates charge depletion. Based on the pure cobalt surface, Figure 58 

shows the charge formed between Fe and Co atoms in the first two layers of Fe addition. 

It indicated that charge depletion occurred between Fe and Co atoms on the bimetallic 

FeCo(111) surface when there was no adsorbate on the surface. 

 

 

 

Figure 58. The electronic charge distribution of clean and iron doped (1 ML) cobalt 

surfaces without adsorbate.  

 

 

Similarly, the electronic charge distribution for CO adsorbed Co(111) and 

FeCo(111) surfaces are provided in Figure 59, facilitating an examination of the 

calculated charge distribution and highlighting the distinctions between pure and iron-

doped cobalt surfaces.  
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Figure 59 demonstrates the charge accumulation occured for CO induced on both 

Co(111) and FeCo(111) surfaces. This figure illustrates that the CO molecule adsorbed 

on FeCo(111) surface possessed higher electron density compared to the pure cobalt 

surface. It demonstrated that the introduction of Fe on Co resulted in an increased 

accumulation of charge on the CO molecule, as Fe atoms donated its own electrons. 

 

 

 

Figure 59. The electronic charge distribution of clean and 1 ML iron-doped cobalt 

surfaces with adsorbed CO molecule. 

 

 

The electron donation from Fe atoms to both Co atoms in the second layer and 

adsorbed species was attributed to Lewis basic character of Fe. To further deepen the 

understanding of changes in the electronic charge during catalysis, the analysis of 

electronic charge transfer from Fe atoms to adjacent Co atoms and adsorbates was 

performed, and these results were presented in Table 5.  
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Table 5. Electronic charges on Co(111) vs FeCo(111) surfaces under adsorbate 

coverages. 

 Charge (e-) on Co(111) Charge (e-) on FeCo(111) 

 Adsorbate Co Adsorbate Co Fe 

H -0.41 0.43 -0.49 -0.46 0.93 

C -0.90 0.90 -1.10 -0.43 1.51 

O -1.05 1.06 -1.14 -0.43 1.55 

CO -0.39 0.40 -0.49 -0.48 0.94 

CO2 -0.65 0.66 -0.85 -0.45 1.27 

H2 -0.01 0.02 -0.01 -0.44 0.43 

OH -0.64 0.65 -0.70 -0.43 1.11 

CH -0.74 0.73 -0.92 -0.46 1.35 

CH2 -0.63 0.63 -0.77 -0.47 1.22 

CH3 -0.43 0.45 -0.50 -0.46 0.94 

CH4 -0.02 0.04 -0.03 -0.44 0.44 

H2O -0.02 0.03 -0.30 -0.43 0.71 

HCO -0.76 0.77 -0.97 -0.45 1.40 

COOH -1.02 1.04 -1.30 -0.48 1.75 

HCOO -0.57 0.58 -0.74 -0.44 1.16 

H2CO -0.69 0.70 -0.80 -0.46 1.24 

H3CO -0.63 0.63 -0.68 -0.43 1.09 

H3COH -0.04 0.05 -0.03 -0.43 0.44 
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CHAPTER 5 

 

 

CONCLUSIONS 

 

 

A comprehensive investigation of FeCo bimetallic catalysts for CO2 hydrogenation 

was conducted using periodic DFT calculations in this study. The aim of the study is to 

examine the effect of Fe doping on cobalt surfaces and its catalytic performance in the 

conversion of CO2 into C1 products, specifically CH4, CO, H2CO, CH3OH, and H2O. 

Based on the experimental literature and our calculations, which are based on enhanced 

CO adsorption energies, bimetallic FeCo(111) surface is utilized as the bimetallic FeCo 

catalyst model in DFT calculations to understand its structure-activity relationship for 

CO2 hydrogenation. This model represents Fe atoms segregated onto the monometallic 

cobalt surface in bimetallic FeCo catalysts. In this study, the results on this surface were 

compared with those on Co(111) surface to perform a comparative analysis. 

Based on the results of DFT calculations, Fe doping enhanced the adsorption 

strength of all surface species. Due to the relatively high adsorption energy of COx 

species, it can be expected that the ratio of adsorbed COx/H species on the bimetallic 

surface will be higher compared to the Co(111) surface. Although the FeCo(111) surface 

results in decreased activation energies for direct CO2 dissociation, leading in increased 

CO and O coverages on the surface, a slight increase in the activation energy for the rate-

limiting step could be expected to decrease the overall catalytic activity.  

In the context of product selectivity, the FeCo(111) surface slows down the 

production of hydrogenated products due to their relatively high activation energies and 

low atomic H coverages. This behaviour is attributed to the high electron-donating ability 

of Fe atoms to both cobalt atoms and adsorbates. This finding indicates that the electronic 

charge of the catalyst can be adjusted to obtain a balance between activity of CO2 and the 

activation energies for hydrogenation reactions. The enhanced adsorption strength of CO 

intermediate and high activation energies for CH4 and H3COH slow down their 

selectivities on the bimetallic FeCo(111) surface. Even though these products are 

experimentally observed in the literature, the results of this study indicate that the (111) 

facet of FeCo catalysts may not be responsible for their production. Moreover, the 

inhibition of oxygen removal from the catalyst surface is the main effect of the Fe-doping 
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on the Co(111) surface during CO2 hydrogenation. In conclusion, the structural 

evaluation of bimetallic FeCo surfaces towards iron oxide and mixed iron-cobalt oxide 

phases can be expected, resulting in a various selectivity characteristic of bimetallic FeCo 

nanoparticles. 

Overall, this thesis provides the first atomic-level insights for the effect of Fe 

doping on the cobalt surface in terms of the relationship between the structure and activity 

of the catalyst. These findings are expected to aid in development of high-performance 

bimetallic catalysts for conversion of CO2. 

The content of this thesis was published under the title “Atomic-Scale Insights into 

Carbon Dioxide Hydrogenation over Bimetallic Iron–Cobalt Catalysts: A Density 

Functional Theory Study” in Catalysts (10.3390/catal13111390). 
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APPENDIX A  
 

 

GAS PHASE ENERGIES 
 

 

Table 6. Gas phase energies for various adsorption species. 

Species Bare Energy (eV) 

CO2 -17.14 

CO -11.35 

H2 -7.06 

H2O -12.20 

CH4 -22.59 

H3COH -26.60 

COOH -18.61 

HCOO -18.32 

HCO -13.53 
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APPENDIX B  

 

 

COMPARISON OF ADSORPTION ENERGIES ON 

COBALT SURFACES 

 

 

Table 7. Comparison of the adsorption energies (kJ.mol-1) of the adsorbates examined on 

the surface of the Co(111) catalyst in the literature. 

Adsorbate Co(111)a Co(111)b Co(0001)c 

H -278 (fcc) -270 (fcc) -288 (fcc) 

C -633 (hcp) -614 (hcp) -705 (hcp) 

O -556 (hcp) -539 (hcp) -602 (hcp) 

CO -132 (top) -130 (top) -184 (hcp) 

CO2 -19 (bridge via C) -16 -2 

H2 -6 (top) NA -45 (top) 

OH -329 (hcp) -327 (hcp) -354 (hcp) 

CH -561 (hcp) -597 (hcp) -665 (hcp) 

CH2 -362 (fcc) -385 (hcp) -421 (hcp) 

CH3 -166 (hcp) -211 (hcp) -228 (hcp) 

CH4 -13.5 (top) NA -6 (top) 

H2O -28 (top) -30 (top) -42 (top) 

HCO -187 (hcp via O and 

C) 

-174 (fcc) -243 (hcp via O and 

C) 

COOH -211 (bridge via C) NA -223 (bridge via C) 

HCOO -311 (bridge via C) NA -252 (bridge via C) 

H2CO -58 (fcc via O) -35 (top via O) -96 (hcp via O) 

H3CO -284 (hcp) NA -303 (hcp) 

H3COH -39 (top via O) NA -35 (top via O) 
a This study. 
b  [89] 

c  [90] 
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APPENDIX C  

 

 

COMPARISON OF ACTIVATION AND REACTION 

ENERGIES ON COBALT SURFACES 

 

 

Table 8. Comparison of the activation energies and reaction energies (kJ.mol-1) of the 

reactions examined on the surface of the Co(111) catalyst in the literature. 

 

Co(111)
a

Co(111)
b

Co(111)
c

Co(111)
a

Co(111)
b

Co(111)
c

H2 → H2 26 NA NA 13 NA NA

H2 → H + H 28 NA NA -59 NA NA

CO2 → CO + O 61 20
 f

50
e -77 -111

f
-90

e

CO2 + H → COOH 94 NA 136
e -18 NA 24

e

COOH → CO + OH NA NA 58
e NA NA -110

e

CO2 + H → HCOO 71 NA 82
e -74 NA -40

e

HCOO → HCO + O NA NA 112
e NA NA 58

e

CO → C + O 276 235 238 100 NA 106

CO + H → HCO 111 143 (125
f
) 91 (125

e
) 96 (111

f
) 80 (109

e
)

HCO → CH + O 75 58 87 (71
e
) -43 NA -35 (-58

e
)

O + H → OH 124 121 (131
f
) 99

d 6 (20
f
) 10

d

OH + H → H2O 153 147 (146
f
) 114

d 44 (57
f
) 30

d

OH + OH → H2O 48 75 (30
f
) 27

d 2 (-11
f
) -17

d

C + H → CH 68 NA 84
e -49 NA -39

e

CH + H → CH2 48 NA 60
e 12 NA 23

e

CH2 + H → CH3 45 NA 53
e -39 NA -36

e

CH3 + H → CH4 90 NA 92
e -52 NA -25

e

HCO + H → H2CO 44 45 (46
f
) 25 (42

e
) 2 (24

 f
) 5 (8

e
) 

CH2 + O → H2CO 124 NA 197 (124
e
) 48 NA 55 (43

e
)

H2CO → CH2 + O 76 41 142 -48 NA -55

H2CO + H → H3CO 42 (37
 f
) NA -83 (-56

f
) NA

CH3 + O → H3CO 141 NA 156
e -4 NA 8

e

H3CO + H → H3COH 160 140
f

164
e 56 57

f
62

e

CH3 + OH → H3COH 196 NA 212
e 42 NA 65

e

Elementary Reaction

Ea ΔE


