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Abstract
In this paper, the conversion of oxygen atoms in Fischer–Tropsch synthesis of low 
carbon olefin (FTO) catalyzed by Co2C was investigated. Density functional theory 
(DFT) was used to investigate the surface reaction mechanism. The mechanism of 
H2O and CO2 formation was studied. Then the rate control steps for the generation 
of both were found. Research shows the key step in the formation of water is the 
hydrogenation of O to OH with an activation energy of 1.18 eV. The formation of 
COOH is the key step to the formation of CO2 with an activation energy of 1.78 eV. 
It is clear that the formation of H2O is kinetically dominant over that of CO2. The 
formation frequency of water and CO2 at different temperatures was investigated 
using the kinetic Monte Carlo (KMC) method, where the conversion frequency of 
H2O is about 1.6 times higher than that of CO2. The article indicates that O atoms 
are more readily converted to H2O than CO2 in the FTO process occurring over the 
Co2C catalyst.
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Introduction

Fischer–Tropsch synthesis of low carbon olefins (FTO) refers to a green synthetic 
route for the direct synthesis of olefins from syngas via biomass [1–4]. The distribu-
tion of conventional FTO products follows the Anderson-Schulz-Flory (ASF) dis-
tribution (Fig. 1) [5], with a maximum selectivity of about 57 wt% for C2-4 olefins. 
Sun et al. [6] reported that Co2C catalysts have a tangential effect and can effectively 
promote the formation of low carbon olefins compared to conventional iron-based 
catalysts [7, 8]. Especially the activation energy barrier and total reaction energy of 
ethylene generation at specific exposed crystal planes (020) and (101) of Co2C are 
low and can effectively inhibit the formation of methane. At a reaction pressure of 
523 K and 1 bar, the selectivity of the product hydrocarbons obtained from low car-
bon olefins was 60.8%, while the selectivity of CH4 was suppressed to 5%.

Researchers have studied the mechanism of Fischer–Tropsch synthesis on Co2C 
to generate methane, methanol and ethylene [9], and the activation mechanism of 
CO [10], but it is worth mentioning that the current DFT studies on Fischer–Tropsch 
synthesis on Co2C to low-carbon olefins are limited to ethylene, and there are few 
studies on propylene, butene, and by-products including CO2, but it cannot be 
ignored that although in the previous studies C2-4 low carbon olefins selectivity 
reached 32.0%, but the selectivity of CO2 was still as high as 47.3%.
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CO2 and another oxygenated byproduct, H2O, both of which are important desti-
nations for O species in the FTO reaction and are often considered to remove O spe-
cies from the system. When the FTO reaction feed ratio is a typical H2:CO = 2:1 [6], 
the molar fraction of oxygen atoms is 16.7% and the mass fraction is 50%, which is 
half of the reactant feed mass. For the target product low carbon olefins, oxygen-
containing by-products are undoubtedly not needed, but the form in which O species 
leave the system is still a key issue. For C and H atoms, the competition for oxygen 
atoms is a competitive relationship, and when the selectivity of CO2 is as high as 
30–50%, it accordingly means that 30–50% of oxygen leaves the system in the form 
of CO2, and this will disguisedly reduce olefin selectivity; On the contrary, if more 
oxygen leaves the system in the form of H2O, it can significantly reduce CO2 emis-
sions and significantly improve the efficiency of carbon atom utilization, while the 
source of H element is wide, and the raw hydrogen can come from wind power, 
solar power, hydroelectric power, etc. [11].

Therefore, the article aims to investigate the mechanism of surface generation of 
water and carbon dioxide clearly and provide basic information to find the method 
of regulating FTO products in the future. The competition between CO2 and H2O for 
oxygen on the exposed crystalline surface of Co2C(020) has been systematically and 
comprehensively investigated using density flooding theory calculations, and the 
preferential generation of H2O species has been elucidated from the molecular scale. 
The kinetic Monte Carlo method (KMC) was further used to investigate the species 
coverage and the conversion frequency of the catalyst surface reaction.

Computational models and methods

Density functional theory

Based on the characterization in the available literature and the related simula-
tion results, Co2C (020) is the exposed crystalline surface of nanoprismatic cobalt 

Fig. 1   FTO product distribu-
tion. W

n
 is the molar fraction of 

C
n
 , � is the probability of chain 

growth and n is the number of 
carbon atoms [5]
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carbide catalysts with high activity in FTO reactions [6]. Therefore, we developed 
a surface model of the Co2C (020) dense stack structure as shown in Fig.  2. A 
4-layer p (2 × 3) supercell with a 15-vacuum layer in the z-direction, two layers 
(two Co layers and the corresponding C) at the bottom of fixation, and two layers 
at the top of relaxation is used to periodically model the Co2C(020) planar model. 
The adsorption sites are as follows: hollow, top, and bridge.

This chapter investigates the mechanism of H2O and CO2 generation on Co2C 
(020) based on first-principles calculations of DFT, done using the VASP (Vienna 
ab initio Simulation Package) software package for ab initio quantum mechanics-
molecular dynamics calculations developed by Hafner’s group in Austria [12, 13]. 
The PAW method was used to describe the interactions between valence electrons 
and ions [14]. Since the system contains Co atoms with magnetic properties, the 
spin-polarization effect was considered. The Monkhorst–Pack grid was used to 
sample within the first Brillouin zone, setting k points to 2-2-1. The GGA-PBE 
generalization was used for structure optimization. The truncation energy was 
set to 400 eV, the energy convergence to 10−5 eV, and the force convergence to 
0.05 eV/Å, according to the convergence test and related literature. The flat plate 
model (slab) was used to calculate the adsorption energy of the species involved 
in the FTO reaction (Eads, Eq. 1), determine the stable adsorption configuration, 
calculate the heat of reaction of the primitive reaction (ΔE, Eq. 2), and use the 
NEB method [15] to search for the lowest energy reaction path, the Dimer method 
[16] to optimize the transition state structure, the convergence criterion is reached 
when the transition state structural force constant is less than 0.05 eV/Å, then the 
activation energy barrier (Ea, Eqs. 2, 3) of the primitive reaction is calculated and 
the transition state frequency is verified; The transition state is correct when there 
is only one imaginary frequency in the transition state frequency calculation and 
the vibration is in the direction of the final state structure.

Here Eadsorbate/slab, Eadsorbate and Eslab denote the total energy when adsorbed 
on the surface, the energy of the adsorbed species and the energy of the empty 
surface.

(1)Eads =Eadsorbate∕slab − Eadsorbate − Eslab.

Fig. 2   Top view of Co2C(020) 
catalyst and surface adsorption 
sites
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Here EFS is the final state energy and EIS is the initial state energy. ΔE > 0, the 
reaction absorbs heat, and ΔE < 0, the reaction exerts heat.

The zero-point-energy (ZPE) correction of the total energy was obtained by:

Here h is the Planck constant, v
i
 is the vibrational frequency. In the following, the 

activation energies are all results after the zero-point energy correction without any 
special remarks. The specific frequency information used for the zero-point energy 
correction is given in Table S3.

Kinetics Monte Carlo

Monte Carlo method (MC) is a traditional computer simulation tool whose basic 
idea is based on the probabilistic model of physical phenomena and random sam-
pling experiments based on the law of variation of random numbers to be sought, 
where the percentage of occurrence of an event will converge to the probability 
of occurrence of the event under a large number of experiments [17]. The kinetic 
Monte Carlo method (KMC), which combines the Monte Carlo method and the 
molecular dynamics method (MD), is to some extent a coarsening of MD, coarsen-
ing the focus from atoms to systems, coarsening the atomic trajectories to leaps in 
the system grouping, and correspondingly rising the time scale span to a scale of 
seconds [18].

The KMC method has an important role in studies on Fischer–Tropsch synthe-
sis, Tian et al. [19] studied the effect of reaction conditions on the Fischer–Tropsch 
synthesis reaction of iron-based catalysts. The reaction conditions directly change 
the site distribution of H*, CO* and vacancies, which have an effect on the macro-
scopic properties of iron catalysts. Lin et al. [20] studied the Fischer–Tropsch syn-
thesis on Pd(111) at different temperatures. The product generation was shown to be 
methanol only at 500 K. When the temperature was increased to 1000 K, the product 
had methanol, methane and water, but the main product was still methanol. In addi-
tion, this method has played an important role in the studies of carbon deposition 
by Fischer–Tropsch synthesis reaction on Co(0001) surface [21], CO dissociation 
on Fe(100) and Mn-modified Fe(100) surfaces [22, 23], low-carbon olefins by Fis-
cher–Tropsch synthesis on CoFe(100) surface [24], and the role of MnO in CO acti-
vation and O removal on Co(0001) surface [25].

The Kinetix program is used for the KMC simulations, and the lattice gas-model 
is the most commonly used model to describe the surface reaction system. Based on 
the kinetic parameters provided by the DFT calculations, the system was calculated 

(2)ΔE = EFS − EIS.

(3)Ea = ETS − EIS.

E
ZPE

=
∑

i

hv
i

2
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for a total of six temperatures from 423 to 673 K. The O reaction paths on the Co2C 
catalyst were further discussed in depth.

DFT study of oxygenated products

Activated dissociation of reactants

The FTO reaction is complex and the product distribution is complicated, includ-
ing a series of reactions to produce alkanes, olefins and alcohols and aldehydes, 
water–gas conversion reaction, carbon monoxide disproportionation reaction and 
methanation reaction. The specific reaction equations are listed below.

Primary reaction for the formation of alkanes:

The main reaction to produce olefins:

Reactions to produce oxygenated compounds, alcohols and aldehydes:

Water–gas shift reaction(WGS):

Carbon monoxide disproportionation reaction (Boudouard):

Methanation reaction:

The FTO reaction needs to be activated by the adsorption activation of CO and 
H2 species, and their presence and form of action on the surface of the catalyst 
Co2C(020) are studied in order to reveal the reaction mechanism of the step. The 
mechanism of H2 adsorption activation in the feedstock is relatively simple. The H2 
molecule is automatically dissociated at the bridge site after geometrical optimiza-
tion to generate two H atoms, which constitute a stable adsorption state, and thus it 
is judged that the activated adsorption of H2 is actually a spontaneous dissociation 

(2n + 1)H2 + nCO → C
n
H2n+2 + nH2O,

(n + 1)H2 + 2nCO → C
n
H2n+2 + nCO2.

2nH2 + nCO → C
n
H2n + nH2O,

nH2 + 2nCO → C
n
H2n + nCO2.

2nH2 + nCO → C
n
H2n+1OH + (n − 1)H2O,

(2n + 1)H2 + (n + 1)CO → C
n
H2n+1CHO + nH2O.

CO + H2O ⇄ CO2 + H2.

2CO → C + CO2.

3H2 + CO → CH4 + H2O.
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adsorption process, and the H2 molecule can quickly and spontaneously dissociate 
into the adsorbed H state when it is close to the catalyst surface, and the H is prefer-
entially adsorbed on the vacancy site with an adsorption energy of − 3.07 eV. There-
fore The adsorbed H is considered to be the main form of H2 on Co2C(020), and the 
above process can be expressed by the reaction equation H2(g) + 2* → H* + H*.

CO activation dissociation

CO dissociation pathways are direct dissociation, H-assisted dissociation via CHO, 
and H-assisted dissociation via COH [26]. CO preferentially adsorbs at the vacant 
site with an adsorption energy of − 2.23 eV. Compared to H, the adsorption energy 
of CO is lower, so CO is more easily dissociated by activation. The dissociation of 
CO leads to O, which has a higher adsorption energy of − 6.77 eV and preferentially 
adsorbs at the vacant site. The strong adsorption property of O makes it difficult to 
convert and is one of the reasons for the selectivity of the target olefins. CHO and 
COH preferentially adsorb at the bridge and vacant sites, with activation energies of 
− 4.46 eV and − 4.96 eV, and their conversion usually encounters some difficulties 
due to the high adsorption energy of COH. The strong adsorption of COH on the 
catalyst surface may therefore also hinder the Fischer–Tropsch reaction. CH prefer-
entially adsorbs at the vacant site with an adsorption energy of − 7.04 eV and can be 
stably adsorbed on the catalyst surface. OH has an adsorption energy of − 4.24 eV 
and preferentially adsorbs at the vacant site.

Figure 3 integrates the energy barrier curves for different CO activation energies, 
for CO direct dissociation. The direct dissociation of CO has only one step of the 
radical reaction. As seen in Fig. 4, in the initial state, the C atom of CO is located 
in the vacant position, the C–O bond length is gradually stretched and the CO direct 
dissociation reaction is activated. In the transition state, the C atom remains in the 
vacant position, while the O atom moves to the top position. The C and O atoms in 
the final state are each adsorbed in the vacant position. The activation energy barrier 

Fig. 3   Potential energy profiles 
for CO dissociation. Calcula-
tion Software: Vienna ab-initio 
Simulation Package (VASP), 
Models: Co2C(020) 4-layer p 
(2 × 3) supercell, Interaction: 
PAW, K points: 2-2-1, Structure 
optimization: GGA-PBE, Trun-
cation energy: 400 eV, Energy 
convergence: 10–5 eV, Force 
convergence: 0.05 eV/Å
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of this radical reaction is 2.30 eV and the heat absorption is 0.54 eV, which shows 
that the direct dissociation of CO is difficult to occur on Co2C(020).

CO dissociation via CHO. The H-assisted dissociation path of CO via CHO con-
sists of two radical reactions, hydrogenation on C of the adsorbed state CO to form 
CHO and then breaking the C-O bond to form CH and O. As shown in Fig. 4, in 
the reaction CO* + H* → CHO* + *, the initial state CO and H are adsorbed on the 
vacancy site, after which H moves toward the C atom and CO is deflected to the 
bridge site to form the transition state. The final state CHO adsorbs at the bridge 
site. The activation energy base of this radical reaction is 0.69  eV and the heat 
uptake is 0.46 eV, which is significantly lower and easier to occur compared to the 
direct dissociation of CO in CHO* + * → CH* + O*. The initial state CHO adsorbs 
at the bridge site, followed by the continued elongation of the C-O bond and the pas-
sage of the O atom through the top site to form the transition state. The final state 
CH and O are adsorbed in the vacancy site. The activation energy barrier of this 
radical reaction is 1.42 eV with an exotherm of 1.09 eV. More information is avail-
able in Table S1.

CO dissociation via COH. As shown in Fig. 4, the reaction mechanism of this 
pathway is to first hydrogenate the O of the adsorbed state CO to form a COH inter-
mediate, and then the C-O bond is broken to form C and OH. CO* + H* → COH* + * 
in which the initial state CO and H are adsorbed on the vacant site, after which H 
moves through the bridge site toward the O atom and CO is deflected toward the 
top site to form the transition state. The final state COH adsorbs to the vacancy. 
The activation energy base of this radical reaction is 1.49 eV with a heat uptake of 
0.60 eV. This reaction has a relatively high activation energy and occurs with diffi-
culty. COH* + * → C* + OH* reaction The initial state COH adsorbs at the vacancy 
site, followed by continued elongation of the C-O bond and OH passing through 

Fig. 4   Geometries of elementary reactions and reaction path involved in CO activation dissociation unit 
on Co2C(020). Structural optimization with Material studio, NEB method to search for the lowest energy 
reaction path, Dimer method to optimize the transition state structure



1923

1 3

Reaction Kinetics, Mechanisms and Catalysis (2023) 136:1915–1932	

the top site to form the transition state. The final states C and OH are adsorbed in 
vacancies. The activation energy barrier of this radical reaction is 1.34 eV with an 
exotherm of 0.82 eV.

Generation of H2O

H2O is generated from the dissociated O and H species via the OHx (x = 0–1) step-
wise hydrogenation mechanism and the OH disproportionation mechanism. The 
stepwise hydrogenation mechanism consists of a total of two steps of radical reac-
tions. In the O* + H* → OH* + * reaction, O, H and OH are adsorbed on the vacancy 
site. The activation energy base of this reaction is 1.18 eV and the heat of reaction 
is 0.39  eV. In the OH* + H* → H2O* + * reaction, the initial state OH and H are 
adsorbed at the vacant site. H and OH move to the top site simultaneously and form 
a transition state when H moves to the bridge site. The final state H2O adsorbs at the 
top site. The activation energy base of the reaction is 1.30 eV and the heat uptake is 
1.18 eV.

The OH disproportionation mechanism has two steps of radical reaction, the first 
step of hydrogenation has been discussed, OH* + OH* → H2O* + O* reaction in the 
initial state of the two OH adsorbed in the vacant position, after the O–H bond of 
OH-1 breaks, H moves to OH-2 and forms a transition state in the bridge position, 
the final state O and H2O adsorbed in the vacant and top positions. The activation 
energy base of the reaction is 0.64 eV and the heat uptake is 0.44 eV.

Generation of CO2

The generation of CO2 in the FTO process is usually considered as a water gas 
change reaction, CO + H2O → CO2 + H2, unlike the aforementioned H2 generation, 
there is a CO direct oxidation mechanism and a carboxylation mechanism as shown 
in Fig. 5 [26, 27]. 

The CO direct oxidation mechanism consists of a one-step radical reaction, i.e., 
CO* + O* → CO2* + *. The conformation of this reaction is shown in supplementary 
information. The initial state CO and O are adsorbed at the vacancy site after which 
O moves toward CO and forms a transition state at the bridge site. Finally, CO2 is 
adsorbed at the bridge site. The activation energy base of this reaction is 1.58 eV 
with a heat uptake of 1.35 eV.

The carboxyl pathway contains two steps of radical reactions, in 
CO* + OH* → COOH* + *, the initial state CO and OH are adsorbed at the 
vacancy site and both move towards each other and form a transition state at the 
bridge site. The final state COOH is adsorbed in the vacant site. In the second step 
COOH* + * → CO2* + H*, the initial state COOH adsorbs at the vacant position, 
and then the O–H bond breaks and H moves to the bridge position to form the tran-
sition state. Eventually, CO2 and H are adsorbed in the bridge and vacant positions. 
The activation energy base of this reaction is 0.24 eV with an exotherm of 1.05 eV.

In addition, the forward activation and reverse activation energy barriers of CO 
hydrogen-assisted dissociation over Fe catalysts are listed in Table 1. In agreement 
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with the literature, the H-assisted dissociation of CO via CHO is the dominant dis-
sociation path on both Fe (110) and Co (0001) surfaces, and on the other hand, the 
OH disproportionation path is also more dominant for water generation [28].

Discussion of DFT results

The potential energy curves of different CO activation dissociation paths on the 
surface of Co2C(020) were plotted on the basis of the kinetic parameters of the 
designed primitive reactions with different CO activation dissociation paths, as 
shown in Fig. 4.

It is clear that the activation energy barrier for direct CO dissociation is the 
highest, while the activation energy barriers for the primitive reactions in the 
two H-assisted dissociation paths are relatively low. Among them, the activation 
energy barrier of CHO decomposition is higher than that of the CHO generation 

Table 1   Activation energy of H-assisted dissociation, H2O generation, CO2 generation over Fe(110), 
Co(0001), Co2C(020); Ea,f: Forward activation energy barrier; Ea,r: Reverse activation energy barrier

Primitive Reactions Fe(110) Co(0001) Co2C(020)

Ea,f/eV Ea,r/eV Ea,f/eV Ea,r/eV Ea,f/eV Ea,r/eV

CO* + * ↔ C* + O* 1.96 1.70 3.80 1.19 2.30 2.84
CO* + H* ↔ CHO* + * 0.92 0.12 1.43 0.39 0.69 0.23
CHO* + * ↔ CH* + O* 0.79 0.73 0.95 0.85 1.42 2.51
CO* + H* ↔ COH* + * 1.62 1.91 1.30 1.87 1.49 0.89
COH* + * ↔ C* + OH* 1.63 1.05 3.26 0.10 1.44 2.26
O* + H* ↔ OH* + * 0.62 1.24 0.49 1.57 1.18 0.79
OH* + OH ↔ H2O* + O* 0.55 1.18 0.30 1.58 0.64 0.20
OH* + H* ↔ H2O* + * 0.73 1.67 0.64 2.12 1.30 0.12
CO* + O* ↔ CO2 + 2* 0.63 2.65 1.37 2.71 1.58 0.23

Fig. 5   Potential energy profiles 
for CO2 formation. Calcula-
tion Software: Vienna ab-initio 
Simulation Package (VASP), 
Models: Co2C(020) 4-layer p 
(2 × 3) supercell, Interaction: 
PAW, K points: 2-2-1, Structure 
optimization: GGA-PBE, Trun-
cation energy: 400 eV, Energy 
convergence: 10–5 eV, Force 
convergence: 0.05 eV/Å
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reaction, which is the rapid control step of the CHO-assisted dissociation path; 
the generation of COH in the COH path is the rapid control step.

In the potential energy curve, the difference between the highest value of tran-
sition state energy in each path and the energy at the beginning of the path is 
called the effective energy barrier, which can be used to determine the ease of 
occurrence of different paths. The effective energy barriers of the three paths are 
2.30 eV for direct dissociation, 1.88 eV for H-assisted dissociation via CHO, and 
2.04 eV for H-assisted dissociation via COH, so the H-assisted dissociation via 
CHO is the preferred activation dissociation path for CO.

In addition, the CO2 generation path potential energy curves were plotted in 
Fig. 5 on the basis of kinetic parameters for different CO2 generation path primi-
tive reactions.

Among the two H2O generation mechanisms, the effective energy barrier of the 
reaction path of the stepwise hydrogenation mechanism is 1.91 eV and that of the 
disproportionation mechanism is 1.18 eV, and it is obvious that the OH dispropor-
tionation mechanism is the more occupied mechanism in H2O generation. Further 
comparison, both of these two mechanisms are two-step reactions, the first step 
reaction O* + OH* → OH* is the same, the second step reaction, OHx (x = 0–1) 
stepwise hydrogenation mechanism second step reaction OH* + H* → H2O* acti-
vation energy barrier is 1.30 eV, OH disproportionation mechanism second part 
reaction OH* + OH* → H2O* + O* activation energy barrier is 0.64  eV, again 
The disproportionation mechanism also prevails. In addition, among the reaction 
paths corresponding to the disproportionation mechanism, O* + OH* → OH* has 
the highest activation energy and is the rate control step of the preferential H2O 
generation path.

The effective energy barrier of the direct CO oxidation mechanism is 2.45 eV, 
and that of the carboxyl mechanism is 2.38  eV, which is not much different 
between them. Considering the potential energy curve and the effective energy 
barrier together, it can be seen that among the different CO2 generation path-
ways on Co2C(020), the carboxyl mechanism is more advantageous, and the rate 
control step is CO* + OH* → COOH* + * with an activation energy barrier of 
1.78 eV.

KMC study of oxygenated products

KMC model

Based on the DFT study in the previous section for the reaction paths of oxygen 
atoms during Fischer–Tropsch synthesis, the primitive processes and the corre-
sponding forward activation energy barriers Ea,f, reverse activation energy barri-
ers Ea,r, forward pointing front factors υ0,f and reverse pointing front factors υ0,r are 
listed in Table S2, and the reaction paths are shown in Fig. 6.

The rate constant K for the surface reaction is calculated using the Arrhenius 
formula:
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Here v0 is the finger front factor, E
a
 is the activation energy barrier, R is the ideal 

gas constant, and T  is the temperature (K). The finger front factor is calculated using 
the following equation:

Here vIS
i

 is the vibrational frequency of the reaction initial state, vTS
i

 is the vibra-
tional frequency of the reaction transition state (excluding imaginary frequencies, 
and n is the atomic number of the reactants (or products) [29–31].

Discussion of KMC results

The reaction network of KMC simulation was constructed, including adsorption 
and desorption of reactants, product desorption, surface forward and reverse reac-
tions and surface diffusion, which involved the main species CO, H, O and OH, and 
focused on the diffusion effect of these four species.

In KMC simulations, the degree of activity of each primitive step in the reaction 
system is judged by the number of times it occurs in the KMC simulation results, 
which can also be called the reaction frequency.

When there are mutually reversible pairs of primitive reactions in the reaction 
system, the difference in their reaction frequencies can be regarded as the degree of 
activity of the reaction paths in which the pair of primitive reactions are carried out 
in the forward or reverse direction, which is called the net conversion frequency. The 
simulation results were analyzed using steady-state data, and the simulation time 

k = v0exp

(

−
E
a

RT

)

.

v0 =

∏3n

i=1
v
IS

i

∏3n−1

i=1
v
TS

i

.

Fig. 6   Generation pathways of H2O and CO2
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was long enough to reach a steady state, mainly for the species coverage and the net 
conversion frequency of the primitive processes.

The surface coverage of the four species CO, H, O and OH was analyzed and the 
results are shown in Table 2, where the variation of the surface coverage of CO and 
OH species was observed in focus and the results are shown in Figs. 7 and 8.

CO as the feed to the reaction has a high coverage on the surface at the beginning 
of the reaction, and the dissociation of CO is the first step of the Fischer–Tropsch 
reaction, so it can be seen in Fig. 8 that the surface coverage of CO is as high as 
28%, while the coverage of O and OH species generated after the dissociation of 
CO is much lower. For the two speed-controlled steps OH + OH → H2O + O and 
CO + OH → COOH in the generation pathways of H2O and CO2, the reaction rates 
are affected by the low coverage of OH species, and the apparent activation energy 
of the H2O-generating primitive reaction is known to be lower than that of the 

Table 2   Species’s surface 
coverage at different 
temperatures

Temperature/K Coverage

CO H O OH

423 0.2421 0.1182 0.0089 0.0693
473 0.2634 0.0926 0.0097 0.06
523 0.2728 0.0777 0.0111 0.0528
573 0.2803 0.0659 0.0101 0.0489
623 0.2793 0.06 0.011 0.0471
673 0.277 0.058 0.0117 0.0461

Fig. 7   Surface coverage of the reacting species on the catalyst surface at different temperatures. Calcula-
tion software: material studio, modules: kinetix, configuration size: 128 × 128, lattice type: hexagonal, 
symmetry: p 6 m m, lattice dimensions: 4.370 × 4.370, lattice angle: 60.0, simulation time: 0.01 s, simu-
lation temperature: a 423 K b 473 K c 523 K d 573 K e 623 K f 673 K
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CO2-generating primitive reaction in the DFT analysis. Also as listed in Table  3, 
conversion frequency of H2O is on average 1.62 times higher than CO2.

The conversion frequencies of the reactions related to the formation of H2O and 
CO2 at different reaction temperatures are given in Table 3, from which the Fig. 9 
is plotted. It can be clearly seen that the conversion frequencies of the systems all 
increase with increasing temperature, reaction rate increases with increasing tem-
perature. There is a strong similarity in the formation frequencies of water and car-
bon dioxide with increasing temperature form Table 3. The rate of increase of water 
production with temperature is slightly higher than that of carbon dioxide (in the 
temperature interval from 524 to 624 K). It can be seen from Fig. 9 that for both 
pathways of CO activation dissociation, the H-assisted dissociation pathway via 

Fig. 8   Left: variation of surface coverage of CO and OH with temperature; right: transient states on sim-
ulation adsorption sites of Co2C

Table 3   Net conversion 
frequency of elementary 
reactions involved in CO2 and 
H2O formation

Primitive response Net conversion frequency at different 
reaction temperatures/(site−1 s−1)

523.15 K 573.15 K 623.15 K

CO* + H* ↔ CHO* + * 1.03 × 10−1 1.14 × 10−1 1.50 × 10−1

CO* + H* ↔ COH* + * 3.73 × 10−2 4.57 × 10−2 5.42 × 10−2

CO* + * ↔ C* + O* 1.83 × 10−5 4.27 × 10−5 9.16 × 10−5

O* + H* ↔ OH* + * 2.02 × 10−2 2.60 × 10−2 2.89 × 10−2

OH* + OH ↔ H2O* + O* 7.12 × 10−3 8.45 × 10−3 9.13 × 10−3

OH* + H* ↔ H2O* + * 2.57 × 10−3 3.07 × 10−3 3.73 × 10−3

CO* + OH* ↔ COOH* + * 4.33 × 10−3 6.49 × 10−3 7.37 × 10−3

COOH* + * ↔ CO2* + H* 4.10 × 10−3 5.35 × 10−3 5.89 × 10−3

CO* + O* ↔ CO2* + * 4.05 × 10−3 4.69 × 10−3 5.57 × 10−3

CHO* + * ↔ CH* + O* 9.50 × 10−2 1.05 × 10−1 1.34 × 10−1
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COH is the most active at 573  K, and this result is consistent with the results of 
DFT simulations; in the reactions related to H2O generation, O* + H* → OH* + * 
conversion frequency is larger and OH species are easily generated, while the two 
conversion pathways of OH* are significantly different, and the OH disproportiona-
tion mechanism corresponding to OH* + OH* → H2O* + O* reaction is more active 
than OH* + H* → H2O* + *.

Therefore, H2O generation is more inclined to OH disproportionation. In the CO2 
generation reaction, the net conversion frequency value corresponding to the car-
boxyl mechanism is close to that of the CO direct oxidation mechanism, so both 
mechanisms generate CO2 in the reaction system studied here, with the carboxyl 
mechanism slightly dominating.

Conclusion

In this paper, density functional theory (DFT) and kinetic Monte Carlo KMC 
method were used to study the conversion path of oxygen atoms in the FTO process 
over Co2C catalyst. Conversion frequency was employed to evaluate the formation 
path of the two major oxygen-containing products H2O and CO2. The main conclu-
sions are as follows:

(1)	  The H-assisted path of CO through CHO is the dominant path, among three 
studied paths of CO in vivo dissociation on the surface of Co2C (020) with an 
effective energy barrier of 1.88 eV.

(2)	  The disproportionation mechanism of OH in the H2O formation pathway is 
dominant, the rate-controlling step is O* + H* → OH* + * with an effective 

Fig. 9   Net conversion frequency(per active site·per second) of each elementary reaction at 573 K, repre-
sents the number of times the primitive reaction occurs
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energy barrier of 1.18 eV; The carboxyl mechanism is more dominant in the 
formation of CO2, the rate control step is CO* + OH* → COOH* + * with an 
effective energy barrier of 1.78 eV. In contrast the formation of H2O is easier 
than that of CO2.

(3)	  CO species is the most adsorbed species on the surface, with a surface coverage 
of up to 28% at 573 K according to KMC results.

(4)	 The formation frequency of H2O is higher than that of CO2, and the formation 
frequency increases with the increase of temperature. Also the growth rate of 
water production is slightly higher than that of CO2.

(5)	 Based on calculated results of whole pathway of the O atoms FTO from the 
feedstock CO to the products H2O and CO2, conclusions can be drawl that the 
H2O generation reaction gain advantages in competition of the scramble for O 
atoms.
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