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Abstract

:

Metal Fe is one of the phases existing on iron-based catalysts for a high-temperature water gas shift reaction (WGSR), but research on the activity of metal Fe in WGSR is almost not reported. In this work, the density functional theory (DFT) method was used to systematically study the reaction activity and mechanisms of WGSR on metal Fe (110), including the dissociation of H2O, the transformation of CO and the formation of H2, as well as the analysis of surface electronic properties. The results show that (1) the direct dissociation of H2O occurs easily on Fe (110) and the energy barrier is less than 0.9 eV; (2) the generation of CO2 is difficult and its energy barrier is above 1.8 eV; (3) H migrates easily on the Fe surface and the formation of H2 also occurs with an energy barrier of 1.47 eV. Combined with the results of Fe3O4, it can be concluded that the active phase should be Fe3O4 with O vacancy defects, and the iron-rich region plays an important role in promoting the formation of H2 in WGSR.
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1. Introduction


WGSR is an important reaction for H2 preparation in the chemical industry, and can convert CO and H2O into H2 and CO2 [1,2,3]. It is also used to reduce CO concentration and increase the H2/CO ratio under certain environmental conditions. WGSR can be divided into low-temperature (190–250 °C) WGSR and high-temperature (300–450 °C) WGSR under different catalysts according to the temperature needed for the reaction [1]. The high-temperature WGSR catalyst is mainly ferric oxide, which is widely used in industry due to its low price and excellent catalytic performance [4,5,6]. Generally, the active phase of the iron oxide catalyst is supposed to be Fe3O4 [7,8]. However, in practice, there is a very complex phase transformation of the catalyst, which inevitably contains some metal Fe or even iron carbide (χ-Fe5C2, θ-Fe3C and so on) [9]. In addition, due to the magnetic properties of Fe-based catalysts, existing experimental characterization techniques can hardly make a detailed analysis of their structure and surface information [10]. As a result, the current understanding of high-temperature WGSR on an Fe-based catalyst is inadequate, including the activity of each phase and the main reaction mechanisms [11].



Experimentally, it has been confirmed that Fe3O4 is the active phase of WGSR through the use of offline and in-situ XRD, offline and in-situ Mossbauer spectroscopy, in situ XAS, in-situ XPS and other characterization methods [9,12]. These in-situ spectroscopic methods can be used to detect the dynamic change in composition of bulk phase catalysts. In-situ Mossbauer spectra [13] were used to observe the redistribution of tetrahedral and octahedral iron complexes in the medium caused by changing the temperature and pressure in the high-temperature WGSR. The researchers found that the activity of the WGSR was related to the Fe2+/Fe3+ ratio of the iron oxides. Although many experimental methods can well observe and track changes in the bulk phase catalyst, the means that could better detect the surface information are very scarce. In addition, the experimental technologies are very limited for studying the mechanisms of WGSR, because the experimental characterization is difficult to capture and it is difficult to observe the reactants’ transformation at the extreme-speed time scale [14].



Computational simulation has shown strong advantages in studying the surface structure and properties of materials and the mechanisms of chemical reactions. In particular, first-principle calculation can often obtain knowledge and understanding that cannot be obtained in experiments in the aspects of solid material structure simulation, property prediction and in-depth understanding of reaction mechanisms [15,16,17,18]. Most of the existing theoretical research on iron-based catalysts for WGSR are focused on Fe3O4 (111) [19,20,21,22] and (001) [23,24,25]. Among them, the work of the Diebold group [26,27,28] and Freund group [29,30,31] is the most systematic and representative, and they have performed a significant amount of systematic study on the surface stability of Fe3O4 and some small molecule (H2O, CO, etc.) adsorption on the surfaces including experimental and theoretical calculation. In addition, Chen [32] used DFT to study the WGSR on Fe3O4 (111)-Fetet1, investigated the redox mechanism and the combination mechanism, finding that the combination mechanism is more favorable and the rate-control step of the whole reaction is the formation of H2 on the surface. Huang et al. [33] systematically calculated the WGSR mechanism including the redox mechanism, the joint mechanism and the coupling mechanism, and obtained the potential energy surface of these reactions on the Fe3O4 (111)-Feoct2. They concluded that the most favorable route is the redox path, and the speed-control step of the whole reaction is the desorption of adsorbed CO2* with a barrier of 1.04 eV. In addition, there are many studies on the influence of additives on the WGSR reactivity of Fe3O4. For example, Rim et al. [34] studied the Au additive by DFT and found that Au addition provided favorable adsorption sites for CO, which significantly promote CO and OH co-adsorption and improve the activity of WGSR by association mechanism. Thus, although there is a great deal of existing research on iron-based catalysts of WGSR, it has rarely examined the influence of the metal Fe surface on WGSR activity. However, Fe-based catalysts experience complex phase changes, including metal Fe formation, in the reaction process. Therefore, studying the WGSR performance on metal Fe is necessary.



In this paper, the most commonly exposed α-Fe (110) crystal plane was selected as the research object, and the redox mechanism and combined mechanism of WGSR on α-Fe (110) were studied by DFT; these were compared with the elementary reaction on the Fe3O4 surface in order to understand the activity and possible reaction mechanisms of WGSR. This study is helpful for us to know and understand the real active sites and main reaction mechanisms of WGSR on iron-based catalysts.




2. Results and Discussion


2.1. The Processes of H2O Dissociation and CO2 Formation


Firstly, the processes of H2O adsorption and dissociation on Fe (110) were studied. The most stable adsorption structures and energy change during the adsorption and dissociation processes are shown in Figure 1. The most stable adsorption configuration of H2O is one in which the O atom is adsorbed on top of the surface Fe atom, and the two H atoms are horizontally parallel to the surface with an adsorption energy of −0.35 eV. Among them, the H atom on one side keeps approaching the surface Fe near it, and then dissociates into *OH and *O, which need to overcome the energy barrier of 0.67 eV and unleash 1.22 eV heat. The process of the adsorbed *OH further dissociating into the O atom and H atom requires overcoming an energy barrier of 0.90 eV and releasing heat of 0.56 eV. The energy barriers in the two-step dissociation process of H2O on Fe (110) are 0.67 eV and 0.90 eV. Therefore, H2O is prone to complete dissociation on Fe (110) and the products are *O and two *H.



Similarly, the reaction process of the dissociated OH* and *O reacting with CO to produce CO2 was systematically studied and analyzed. Two reaction mechanisms, the redox mechanism and combined mechanism, were investigated and the results are shown in Figure 2. For the redox mechanism, the reaction process of *O and *CO co-adsorbed on Fe (110) reacting to form *CO2 only needs to overcome a barrier of 1.82 eV and absorb the heat of 1.55 eV, indicating that it is difficult for the redox mechanism to occur. For the association mechanism, *CO interacting with *OH adsorbed on adjacent Fe sites overcomes an energy barrier of 2.08 eV to generate *COOH and absorbs heat of 1.26 eV, indicating that it is also difficult for the formation of *COOH on Fe (110) to happen. However, if *COOH is generated, the energy barrier for dehydrogenation to generate *CO2 is 1.03 eV and the reaction releases heat of 0.13 eV. Therefore, the effective energy barrier for the combined mechanism is 2.29 eV and the total reaction process absorbs heat of 1.13 eV, which is almost impossible to occur.



The potential energy surface of both the H2O dissociation and the *OH/*O reacting with *CO to CO2 generation by different mechanisms on Fe (110) is shown in Figure 3. It can be found that the dissociation of H2O occurs relatively easily, and the dissociated *OH can be successively converted into adsorbed *O and 2 *H. However, whether CO reacts with adsorbed *O to generate CO2 through the redox mechanism, or CO2 through synthesis of *COOH and dehydrogenation by the association mechanism, its effective energy barrier is above 1.80 eV, and the whole CO2 generation process requires absorbing heat of more than 0.90 eV. Therefore, H2O can easily dissociate and oxidize the Fe (110) surface, but the activity of WGSR is poor, mainly reflected in the fact that it is difficult for *O or *OH adsorbed on the surface to react with adsorbed *CO.



Combined with our previous published work [35,36] that studied in detail the reaction processes of WGSR on two Fe3O4 surfaces by three mechanisms, the energy barrier and the corresponding reaction heat for each elementary reaction involved in the reaction processes of H2O dissociation and CO2 generation of WGSR on Fe (110) and two Fe3O4 surfaces are listed and compared as shown in Table 1. For the dissociation of H2O, the dissociation of H2O into OH and H is very easy on both Fe3O4 and Fe (110) with an energy barrier of less than 0.8 eV, and especially for Fe3O4 surfaces with an energy barrier of less than 0.5 eV. The dissociation of adsorbed *OH is more difficult than that of H2O. The direct dissociation energy barrier of *OH on the Fe3O4 surface is about 1.20 eV, and it is endothermic. Meanwhile, the energy barrier is 0.90 eV and the process is exothermic on the surface of Fe. For the process of dissociated *OH and *O reacting with CO to form CO2, the energy barriers of the redox mechanism and association mechanism on both Fe3O4 surfaces are low, and the two mechanisms could coexist in practice. On Fe (110), both dissociated *OH and *O require quite high energy barriers to react with adsorbed *CO, with effective energy barriers of 2.08 eV and 1.82 eV, respectively. Therefore, Fe3O4 has better activity in the process of CO transforming into CO2 in the WGSR, while Fe (110) occurs with more difficulty.




2.2. Migration of H and H2 Formation on Fe (110)


The migration processes and energy change of adsorbed H on Fe (110) are shown in Figure 4. When the coverage of *H is not quite high, H is absorbed on the three coordination holes of surface Fe sites. *H migrates from one Fe hole site (Ha1) to another Fe hole site adjacent to it (Feb) with an energy barrier of 0.17 eV and reaction heat of 0.0 eV. Therefore, the migration of H on Fe (110) is very easy, and the free migration of H on the Fe surface can easily occur.



After calculating the migration capacity of H, the generation capacity of H2 on Fe (110) was also studied. Here, the most favorable H2 generation path on Fe (110), that is, the reaction process of H2 generation from two adjacent H atoms adsorbed on the surface, was calculated as shown in Figure 5. The H atom adsorbed from one Fe hole site migrates and attacks another *H adjacent to itself to generate adsorbed H2, which needs to overcome an energy barrier of 1.47 eV, and the reaction is endothermic with 1.43 eV. Therefore, when H and H2 interact with Fe (110), it is more favorable to H2 dissociation both thermally and dynamically. However, when the concentration of H on the surface is relatively high, it is also occurs for H2 generation.



Similarly, the energy barrier and the corresponding reaction heat of H2 formation on Fe (110) and Fe3O4 (111) and (001) are listed in Table 2 for comparative discussion. As can be seen from the table, the energy barriers of H2 formation on the two most frequently exposed Fe3O4 surfaces are relatively high, both close to 2.0 eV, and the reaction needs to absorb a small amount of heat. Thus, it is difficult to generate H2 on the intact Fe3O4 surface. On the surface of metal Fe, the energy barrier of H2 is lower than that of the regular Fe3O4 surface, and H2 especially is easily generated at high coverage. Therefore, for WGSR on an Fe-based catalyst, the orderly surface of the Fe3O4 phase is not the active surface for H2 formation, while the surface of Fe3O4 with some iron-rich defect regions may be the active region for H2 generation, and the adsorbed H migrates into these iron-rich or partially carbonized defect regions to form H2.




2.3. Electron Property Analysis of Adsorbed H on Fe (110)


By comparing the H2 generation capacity of Fe (110) with that of Fe3O4 (111)-Fetet1 and Fe3O4 (001)-B, it can be found that the energy barrier for H2 generation of H adsorbed on O atoms on the Fe3O4 surface is very high, while the energy barrier of H adsorbed on Fe is low. Therefore, we want to know whether the strength of the interaction between the H atom and different surface sites could lead to the difference in H2 generation ability. Therefore, the local electron densities of state (LDOSs) of adsorbed *H interacting with the adsorption sites of Fe (110) were calculated, and the results are shown in Figure 6a. Similarly, the LDOS results of H interacting with Fe3O4 surfaces are compared and analyzed in Figure 6b,c. It can be seen from the figure that when H is adsorbed with the O site of Fe3O4 (001)-B or (111)-Fetet1, the energy level of the H 1s orbital is close to that of the O 2s and 2p orbitals; thus, the energy of their bonding orbital interaction is very low, and H bonding to O has a strong covalent bonding component. When H is adsorbed with Fe sites of Fe (110), the energy matching between the H 1s and Fe 3d orbitals is poor. The electron interaction between H and Fe belongs to weak metal bond interaction and there is almost no strong covalent bond interaction, so it can be seen that the interaction between H and Fe is weak. Thus, the electron interaction between H and Fe belongs to weak metal bond interaction and there is almost no strong covalent bond interaction.



In addition, the Bader charge transfer between the adsorbed H atom and Fe (110) was calculated and compared with the results of Fe3O4 (111)-Fetet1 and Fe3O4 (001)-B, and the results are shown in Table 3. When H was adsorbed on the O site of Fe3O4, the H atom lost most of its electrons (about 0.65–0.67 e) and transferred them to the O atom. When H adsorbs to the Fe atom of the metal Fe, H will gain about 0.36 electrons from the Fe atom. Therefore, from Bader charge, it can also be concluded that H has strong interaction with O sites of Fe3O4, while the interaction with the Fe surface is relatively weak, which results in the fact that when H interacts with different sites of the surface, the O-H bond is the most difficult to break, and the Fe-H bond is easy to break, therefore the energy barrier to be overcome should be reduced in turn.





3. Calculation Method and Model


3.1. Methods


Vienna Ab-initio Simulation Package (VASP) software [37,38] was used to complete the calculations. The interaction between electrons and ion nuclei is described by the projection additive wave (PAW) [39] pseudo-potential method, and the cut-off energy is 400 eV. In order to accurately describe the magnetic properties of the system, spin polarization is considered, which is crucial to accurately describe the electronic properties of the system [40]. The exchange-correlation energy adopts the generalized gradient approximation (GGA) of PBE [41]. The self-consistent convergence standards of force and the electron are −0.02 eV/A and 10−5 eV, respectively. The Gaussian method is used for electron broadening with 0.05 eV. The pseudopotentials of all primitives adopt the standard pseudopotentials of each element. The G-point centered Monkhorst–Pack [42] method is adopted for k-point sampling in the Brillouin area, and the specific k-point value scheme is 3 × 3 × 1.



In this work, the CI-NEB [43,44] method is employed to seek the transition states, and each transition state is verified by frequency analysis. The reaction energy barrier is defined as Equation (1) below:


Ea = ETS − EIS



(1)







The reaction heat is defined as Equation (2).


Er = EFS − EIS



(2)




where EIS, ETS and EFS represent the total energy of the initial state, transition state and final state of an elementary reaction, respectively. Our previous study indicated that the zero-point energy correction has little effect on the adsorption energy and dissociation barrier of CO and H2O on the Fe surface [45]. Therefore, this work directly uses uncorrected energy values for analysis and discussion.



For plotting the reaction potential surface, the energy of slab (Eslab) plus the total energy of reactant molecules (H2O (EH2O) and CO (ECO)) in the gas phase was taken as the zero point of the potential surface. The energy of the initial, final and transition states in all reaction paths were the energy of the relative reference state.




3.2. Calculation Model


Fe (110) is the most stable surface of metal Fe and also the most easily exposed surface, so it was selected as the research object. The slab models are shown in Figure 7. In order to eliminate the reactants or product repulsion due to the close distribution between molecules, P (3 × 3) supercell expansion for Fe (110) was used. The slab keeps the top three atomic layers relaxed and the remaining two atomic layers fixed to represent the bulk phase in all the calculations.





4. Conclusions


The whole reaction paths of WGSR on Fe (110) were calculated in detail, and the difficulty degree of the redox mechanism and association mechanism were calculated and compared. WGSR includes three processes: (1) dissociation of H2O; (2) CO conversion to CO2; (3) formation of H2. The first H2O dissociation step can be carried out easily on both Fe3O4 and metal Fe (110), and the *OH dissociation on Fe (110) is easier than that of Fe3O4 surfaces. For the process of CO converting to CO2, the energy barrier of that on Fe (110) is more than 1.8 eV, so it is difficult for this to occur on Fe (110). The migration barrier of adsorbed H on Fe is very low, and the barrier of H2 generated by adjacent *H is about 1.4 eV. When the *H coverage increases, the barrier will decrease.



Combined with the previous calculation results of the Fe3O4 surface, it can be concluded that the real active phase of WGSR is Fe3O4, but the regular surfaces of Fe3O4 are not good active surfaces, and the really good active surface is the defect surface with the iron-rich area. In WGSR, the dissociation of H2O and the conversion of CO takes place normally in the surface region with both O and Fe atoms coexisting, and where the energy barrier for the dissociation of H2O and the conversion of CO is very low. However, it is difficult to form H2 in the oxygen-rich region, and the energy barrier for H2 formation of adsorbed H is low only in the Fe-enriched region. Through the analysis of the electronic properties of the interaction between H and the adsorption sites, it was found that the O-H interaction is the strongest, and the Fe-H bond is weak, which results in the O-H bond being quite difficult to break, and the Fe-H bond being easy to break. Therefore, in order to improve the H2 generation activity, we can increase surface defects to weaken the interaction between adsorbed *H and directly adsorbed sites and thus reduce the energy barrier of H2 generation.
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Figure 1. Structures and energies of H2O direct dissociation to O* + 2H*. 
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Figure 2. Structures and energies of CO2 formation process on Fe (110). 
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Figure 3. The comparison of CO2 formation potential energy surface on Fe (110). 
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Figure 4. Structures and energies of adsorbed *H transferring process on Fe (110). 
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Figure 5. The structures and corresponding energy changes of H2 formation on Fe (110). 
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Figure 6. Density of state of H interacting with different adsorption sites: (a) Fe sites of Fe (110); (b) O sites of Fe3O4 (111)-Fetet1 and (c) O sites of Fe3O4 (001)-B. 
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Figure 7. The computed slab model of Fe (110): (a) top view; (b) side view. 
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Table 1. Reaction energy and barrier comparison of H2O dissociation and CO2 formation on Fe (110) and Fe3O4 (111)-Fetet1 and (001)-B.
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Fe3O4

	
Fe-110




	
001

	
111




	
Ea

	
ΔE

	
Ea

	
ΔE

	
Ea

	
ΔE






	

	
H2O(g) + * → H2O*

	
-

	
−0.70

	
-

	
−0.86

	
-

	
−0.34




	
H2O* + * → HO* + H*

	
0.32

	
0.07

	
0.14

	
−0.20

	
0.68

	
−1.23




	
Red.

	
HO* + * → H* + O*

	
0.95

	
0.42

	
1.21

	
0.96

	
0.90

	
−0.55




	
CO(g) + * → CO*

	
-

	
−0.53

	
-

	
0.74

	
-

	
−1.94




	
CO* + O* → CO2**

	
0.22

	
−2.32

	
0.11

	
−1.77

	
1.82

	
1.55




	
CO2** → CO2 (g) + 2*

	
-

	
0.06

	
-

	
0.22

	
-

	
0.38




	
Ass.

	
HO* + CO* → COOH*+*

	
0.10

	
−0.47

	
0.46

	
−0.47

	
2.08

	
1.33




	
COOH* + *→ CO2* + H*

	
0.06

	
−0.86

	
0.14

	
−0.61

	
1.03

	
−0.13




	
CO2** → CO2 (g) + 2*

	
-

	
0.06

	
-

	
0.22

	
-

	
0.37




	
Reg.

	
CO + Os* ↔ CO2*

	
0.60

	
0.27

	
0.85

	
−0.80

	

	




	
CO2*→ CO2 (g) + *

	
-

	
0.10

	
-

	
0.04

	

	




	
H2O + Ov* ↔ H2O*

	
-

	
−0.66

	
-

	
−0.45

	

	




	
H2O + Ov* ↔ OH* + H*

	
0.10

	
−1.38

	
0.79

	
−0.64
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Table 2. The energy barrier and reaction heat (eV) of H2 formation on Fe (110) and Fe3O4 (111)-Fetet1 and (001)-B.
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Path

	

	
Fe3O4

	
Fe-110




	
(001)

	
(111)

	






	
2H ↔ H2*

	
ΔE (eV)

	
0.04

	
0.11

	
1.43




	
Ea (eV)

	
1.98

	
1.97

	
1.47
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Table 3. Bader charge transfer for H interacting on Fe (110) and Fe3O4 surfaces.
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Fe3O4 (111)

	
Fe3O4 (001)

	
Fe (110)






	
Δq (e)

	
H-1

	
H-2

	
H-1

	
H-2

	
H-1

	
H-2




	
−0.69

	
−0.67

	
−0.65

	
−0.64

	
0.36

	
0.36
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