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Based on first-principles calculations, we investigated the hydrogen adsorption dissocia-

tion on the LaFeO3 (010) surface with an O vacancy. It was confirmed that H2 molecules

have four kinds of adsorption modes on LaFeO3 (010) surfaces with an O vacancy. First, H

atoms are adsorbed on O atoms to form an eOH group. Second, H atoms are adsorbed on Fe

atoms to form FeeH bonds. Third, two H atoms are adsorbed on the same O atom to form

H2O. Fourth, two H atoms are adsorbed on the same Fe atom and it is a new type of

adsorption, which does not exist in the ideal surface. The main channel of dissociative

adsorption is the fourth adsorption mode of eOH and FeeH, where the H atoms adsorbed

on the surface of Fe can be easily diffused into O atoms. Charge population analysis

showed that increasing the O vacancy enhanced the interaction between FeeH. In the

system containing O vacancies adsorbed H atoms in the top of Fe to diffuse to the top of O

need to overcome the energy barrier decreased from 0.968 eV to 0.794 eV. So the existence

of an O vacancy enhances the hydrogen absorption properties of Fe atoms in LaFeO3.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

With the rapid development of portable electronic products,

communication equipment, hybrid cars, and other high-tech

products, the electrochemical performance of NiMH batte-

ries requires higher capacity and lower cost, and therefore,

studies that explore and investigate new anode materials

having a high specific energy are one of the keys to achieve a
ry of Advanced Processi

ons LLC. Published by Els
high-energy nickel hydrogen battery [1]. The traditional

cathode materials for Ni/MH batteries are hydrogen storage

alloys, which have presented some problems in electrode

capacity, activation properties, kinetic properties, cycle life,

and material cost. Therefore, research on new anode mate-

rials has remained ongoing. ABO3 perovskite oxide can be

used as a new cathodematerial for Ni/MH batteries, because it

has good reaction activity, high discharge capacity, good

hydrogen storage, low cost, easy activation, and good
ng and Recycling of No-ferrous Metals, LanZhou University of

evier Ltd. All rights reserved.
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chemical stability. It has strong application value, which has

aroused widespread attention in related research fields. Chen

Yungui's research group [2e4], Liu Yongning's research group

[5,6], and Ibrahim AA [7] and Lim's team [8,9] conducted

groundbreaking studies on the electrochemical properties of

LaFeO3, LaNiO3, and LaCoO3 and their doped systems as

electrode materials.

Chen Yungui et al. [4] found that the maximum discharge

capacity of the LaFeO3 electrode reaches 625mAh/g at 80 �C, if
the electrode capacity is all contributed by the stored H atoms,

and the chemical composition of the oxide is ABO3H5～6 ac-

cording to Faraday's law. However, the hydrogen storage

mechanism proposed by Mandal et al. [10] showed that

hydrogen can be stored in the O atom of ABO3, when the

composition is ABO3H3. If the hydrogen can also be stored in

the O vacancy site, the composition of ABO3 becomes ABO3-

dH3þd. However, the results showed that the density of an O

vacancy is generally small to a certain extent (3-d�2.6 [11,12]),

and there is a contradiction between the hydrogen storage

capacity of LaFeO3 and the maximum discharge capacity (625

mAh/g) in the electrochemical reaction process. Related

studies also indicated that the existence of an O vacancy

greatly affects the physical and chemical properties of

perovskite materials [13e16]. By using the density functional

theory (DFT), Zhang et al. [17] found that an O vacancy in

LaAlO3 was easily formed on the surface of AlO2. Seo et al. [18]

suggested that the LaAlO3 structure was stable in its ther-

modynamics when the O vacancy existed on the surface of

LaAlO3(001). Zhu et al. [19] found that the presence of O va-

cancies could lead to an increase in the adsorption energy of H

and the charge localization of LaNiO3 to reduce its conduc-

tivity. Pavlenko et al. [20] and Lin et al. [21,22] found that an O

vacancy has a strong influence on the orbit restructuring of

SrTiO3. The O vacancy in the system should be regarded as a

magnetic medium, which can affect the magnetic properties

of the interface. The progress of the LaBO3 (B¼ Mn, Fe, Co, Ni)

catalytic reduction reaction in solid oxide fuel cells was

studied by Lee et al. [23] and Huang et al. [24] by using an ab

initio calculation method. They also calculated the formation

energies of O vacancies in LaBO3 (B¼Mn, Fe, Co, Ni). Rodriguez

et al. [25] revealed that the chemical properties of H2 adsorbed

on the NiO surface were affected by the O vacancy, and the

distribution of O vacancies in the surface and subsurface re-

gions could also be affected by the adsorbate. Sun et al. [26]

found that the existence of O vacancy and its occupancy can

affect the magnetic exchange between Co ions in Co-doped

TiO2. The experiments reported by Wang et al. [27] demon-

strated the density of the carriers is enhanced by the O va-

cancy by one order of magnitude compared with that of the

ideal heterojunction LaGaO3/SrTiO3. Given the results of these

investigations, studies on the effects of an O vacancy on

hydrogen storage in LaFeO3 are of considerable interest.

To further understand the effects of an O vacancy on the

hydrogen storage properties of LaFeO3 surfaces and the

hydrogen storage process and adsorption mechanism, this

paper, based on the density functional theory (DFT) method,

studies the characteristics of the LaFeO3 (010) surface with an

O vacancy and the dissociation and adsorption process of H2

molecules at the surface, and it also determines the possible

reaction path. It is hoped that this work can provide the
corresponding microscopic mechanism and theoretical data

for future experimental studies.
Computational methods and models

Calculation parameters

All calculations in this work were performed with the density

functional theory using the Cambridge Sequential Total En-

ergy Package (CASTEP) [28] module in Materials Studio (MS)

7.1. By using periodic boundary conditions, the crystal wave

function was expanded by the base plane [29]. The exchange-

correlation interaction was described by GGA-PBE, which

combines the generalized gradient approximation (GGA) and

PerdeweBurkeeErnzerhof functional (PBE) [30]. In addition,

the ultra-soft pseudopotential (USPP) [31] was used to describe

the interaction between electrons and ions.

The LaFeO3 crystal is an orthorhombic perovskite structure

with a space group of Pnma. In the previous study, we calcu-

lated the surface energy of the different surfaces of the LaFeO3

system. According to the surface energy calculation results,

the LaFeO3 (010) surface was identified as the most stable

adsorption surface [32]. The LaFeO3 (010) surface has two

models for the termination of FeO2 and LaO surfaces; how-

ever, from the energy point of view, LaO termination surface is

difficult to form [33]. In our previous study, it was found that

the adsorption and dissociation properties of H2 molecules on

the LaO termination surface were poor [33]; therefore, the

discussion in this paper was based on the termination of FeO2.

To ensure a balanced consideration of the computer calcula-

tion ability and calculation reliability, we used a (2 � 2)

supercell of 79 atoms to mimic the LaFeO3 (010) surface with

an O vacancy. In all cases, the plane-wave expansion was

limited to a cutoff energy of 410 eV, the Brillouin zone was

sampled with 4 � 4 � 1 k-point grids, the self-consistent field

converged to 2.0 � 10�5 eV with geometry optimization cal-

culations, and the vacuum thickness was about 20 �A. The

structure of the free H2 molecule and LaFeO3 crystal was

calculated using the above parameters: the HeH bond length

was 0.754 �A, which is in accordance with the experimental

value of 0.741�A [34] and others' calculated value of 0.750�A [35].

The optimized result showed that the lattice parameters of

the LaFeO3 were a ¼ 5.49295�A, b ¼ 7.75582�A, and c ¼ 5.5111�A.

They were close to the experimental values of a ¼ 5.55950 �A,

b ¼ 7.84980 �A, and c ¼ 5.55090 �A [36]. The results showed that

the model was reliable and the selected parameters met the

accuracy requirements.

The transition state of the process was also investigated,

i.e., the dissociation and adsorption of an H2 molecule on the

surface of LaFeO3 (010) with an O vacancy by using the Linear

Synergism Transformation (LST) and Quadratic Synergism

Transformation (QST) methods [37]. The optimum reaction

path and activation energy barrier were simultaneously

calculated.

Location of the O vacancy

The formation of surface energy with an O vacancy can pro-

vide a basis for the possibility of vacancy formation in a crystal

https://doi.org/10.1016/j.ijhydene.2018.09.097
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structure, and it is an important physical parameter for the

study of the structure of materials. The formulas are as fol-

lows [38].

Evf ¼ Evac � E0 þ 1 =

2

�
EO2

þ Dh0
O2

�
(1)

where Evac and E0 are the energies of the LaFeO3 (010) system

with O vacancy defects, and the total energy of the complete

lattice system, respectively. EO2
is the O2 molecular energy,

and Dh0
O2
is an energy correction value for the O2

molecule,Dh0
O2

¼ 1.36 eV/O2 [39].

Fig. 1(a) indicates the location of the O vacancy in different

atomic layers. To be clear and intuitive, only the atoms in the

part of the region near the adsorption site are shown, and the

other atoms are hidden for the structural diagram of this

paper. FromFig. 1(b), the formation energy for theO vacancy in

different atomic layers in the LaFeO3 crystal (the broken line

graph), and the O vacancy formation energy in the different

atomic layers in the surface structure of LaFeO3 (the columnar

graph) can be seen. The greater the value of vacancy formation

energy, the more difficult it is to form an O vacancy [40]. As

shown in the diagram, the surface formation energy of the

system is lower than that in the cell system, and the formation

of an O vacancy on the surface can be smaller than that in the

inner layer. Therefore, the surface of the LaFeO3 (010) system is

most likely to formanOvacancy. TheOvacancy on the surface

of the LaFeO3 (010) surface system was chosen for the study

calculations. The difference in the vacancy formation energy

of the crystal and the surface is calculated to be 1.862e2.300 eV,

which is consistentwith the results of the studies [18] and [38].
Results and discussion

Adsorption conditions

First, we calculated the adsorption energy [41] to obtain the

stable adsorption site for the H2 molecule on the LaFeO3 (010)

surface with an O vacancy, which is defined as:

Eads ¼ Eslab=H2
� �

Eclean þ EH2

�
(2)

where Eclean is the total surface energy before adsorption

and EH2 is the total energy of the H2 molecule. In addition,
Fig. 1 e LaFeO3 (010) surface with an O vacancy: (a) the vacancy

relationship; (c) initial adsorption site.
Eslab=H2
is the total surface energy after adsorption. In this sign

convention, negative adsorption energies correspond to the

exothermic reaction and the stable configurations. Further-

more, the smaller the adsorption energy, the more stable is

the adsorption system.

There are eight possible high-symmetry adsorption sites

for the LaFeO3 (010) surface with an O vacancy: O vacancies

sites (V), OeO long bridge sites (B1), FeeFe bridge sites (B2), Fee

O bridge sites (B3),OeO short bridge sites (B4), La top sites (T1),

and FeeO bridge. Because H2molecules are placed in the FeeO

bridge position, the problem of H2 molecular bond orientation

occurs; hence, two cases can be considered: H2 molecules

parallel to the FeeO bond placed at the O top sites(T2), and H2

molecules perpendicular to the FeeO bond placed at the O top

sites (T3). The results of the calculations, shown in Table 1,

represent the adsorption energies and the minimum distance

between the H atom and the surface atom after adsorption (rH-

H,rH-O,rH-Fe,rH-La). The results show that H2 molecules have

four kinds of adsorption modes on a LaFeO3 (010) surface with

an O vacancy. In the first mode, when the H2 molecule is

adsorbed on B4, the HeH bond length increases from 0.754 �A

to 3.131 �A and the H2 molecules are dissociated completely.

The dissociative H atoms are adsorbed on the surface of the

two O atoms, forming two eOH groups. The - 1.396 eV

adsorption energy is less than - 0.415 eV [42], which can be

characterized as chemical adsorption. In the second mode,

two H atoms are adsorbed on the same O atom to form H2O

when the H2 molecule is adsorbed on T3; the HeH bond length

is 1.640 �A, and the HeO bond length is 0.981 �A. This mecha-

nism is similar to the H2Omolecules’ geometric parameters of

1.545 �A and 0.978 �A [43]. The adsorption energy of the H2

molecule in this position is �0.671 eV, which is a stable

chemical adsorption. The results indicate that the adsorption

energy of the H2O molecule on the surface is only �0.250 eV,

which can be characterized as physical adsorption. The H2O

molecule is easier to separate from the surface, facilitating the

formation of O vacancy defects and resulting in the defect in

the crystal surface. In the third mode, H2 molecules are

dissociated and the HeH bond length changes to 2.398 �A and

2.483�Awhen theH2molecule is adsorbed on the B3 site and T2

site, respectively. The two H atoms are adsorbed on the top of

the O and Fe atoms, respectively, forming aneOH group and a

FeeH bond. In addition, the adsorption of the two initial
may be at these locations; (b) O vacancy formation energy

https://doi.org/10.1016/j.ijhydene.2018.09.097
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Table 1 e Energy and geometrical parameters after optimization of LaFeO3 (010)/H2 with an O vacancy and LaFeO3(010)/H2

system.

Initial position rH�H=�A rH�O=�A rH�Fe=�A rH�La=�A Eads

V O vacancy 0.816 2.405 1.921 2.850 �0.108

B1 O vacancy 0.757 2.345 2.683 3.400 �0.134

B2 O vacancy 0.758 2.334 2.664 3.566 �0.175

FeeH,eOH B3 O vacancy 2.398 0.982 1.487 3.503 �0.796

T2 O vacancy 2.483 0.981 1.476 3.446 �1.095

LaFeO3 [32] 2.305 0.978 1.482 3.159 �0.826

FeeH2 T1 O vacancy 0.808 2.227 1.692 4.393 �0.545

eOH(two) B4 O vacancy 3.131 0.978 2.476 3.089 �1.396

LaFeO3 [32] 3.294 0.978 2.542 3.131 �1.866

H2O T3 O vacancy 1.640 0.981 2.326 3.180 �0.671

LaFeO3 [32] 1.626 0.986 2.585 3.070 �1.056

Free H2 0.754

H2 [35] 0.750

H2O [43] 1.545 0.978
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positions is considered to be the same adsorption method.

The adsorption energy is less than - 0.415 eV, which can be

characterized as chemical adsorption. In the last mode, the

HeH bond length is elongated slightly but not broken, and the

two H atoms are adsorbed on the Fe atom when the H2

molecule is adsorbed on the T1 site. The adsorption energy is -

0.545 eV, which is between physical adsorption and chemical

adsorption. In Fig. 2, the schematic diagram for each of the

four main adsorption types after geometry optimization cal-

culations is shown. When the H2 molecule is adsorbed on the

vacancy and the hollowpoints (B1, B2, and V), clearly, the state

and bond length of H2 do not change after structural optimi-

zation, and the adsorption energy is lower than 0 and higher

than - 0.415 eV, which is physical adsorption.

In conclusion, there are four kinds of adsorption sites on

the LaFeO3 (010) surface with an O vacancy for the adsorption

of H atoms after the H2 dissociation. First, H atoms are

adsorbed on O atoms to form an eOH group. Second, H atoms

are adsorbed on Fe atoms to form FeeH bonds. Third, two H

atoms are adsorbed on the same O atom to form H2O. Fourth,

two H atoms are adsorbed on the same Fe atom and it is a new

type of adsorption, which does not exist in the ideal surface.
Fig. 2 e Four main adsorption positions shown in structura
Comparing the adsorption energy and rH-H of the four main

adsorption conditions with the defects and the ideal

LaFeO3(010)/H2 system, the adsorption energy of the LaFeO3

(010) surface with an O vacancy is obviously larger than the

ideal surface when the eOH and FeeH bonds are formed. In

addition, H2 molecules are adsorbed on the Fe top sites, which

can form aFe-H2 structure on the LaFeO3 (010) surface with an

O vacancy. Therefore, the presence of an O vacancy enhances

the adsorption ability of the Fe atom to H, and a surface con-

taining O vacancy defects promotes this adsorption. This

conclusion is consistent with the results of Zhu et al., whereby

“the presence of an O vacancy leads to an increase in the

adsorption energy of H” [19]. In the formation of two-OH

structure, the adsorption energy is less than �0.415 eV that

is a stable chemical adsorption, indicating that H2 molecules

can be a stable adsorption in the B4 position, H atoms and the

surface of the O atoms to form covalent bonds. In the ideal

surface, the adsorption energy at this position is �1.866 eV

[32], which are stronger than that on the defect surface. It can

be seen that strong covalent bond is formed between H and O

atoms. On the contrary, it is difficult to separate the H atoms

from the adsorbed surface, that is, it is not easy to release
l schematics after geometry optimization calculations.
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hydrogen. In this paper, the adsorption properties of H2 mol-

ecules on the surface of defect LaFeO3 (010) are studied, but

the rationality of hydrogen release in later studies is also

taken into account. Therefore, the LaFeO3 (010) surface system

with O vacancy is more suitable as a hydrogen storage mate-

rial than the ideal surface. If the O atom and Fe atom could

store hydrogen in the defect surface system, the relationship

between the hydrogen storage capacity and discharge capac-

ity of the LaFeO3 system could be explained [4].

Chemical processes of dissociation and adsorption of H2

To study the dissociation and adsorption process of H2 on the

LaFeO3 (010) surface with an O vacancy, the structure of the H2

molecule is placed on the surface of B4, T3, and T2 in the initial

state, and the optimized version is the final state. As shown in

Table 2, the transition state, activation energy barrier, and

reaction energy of the three chemical adsorption processes

can be calculated. It can be seen that the activation energy

barrier exists in the three kinds of adsorption and dissociation

processes, which means that the reaction experiences some

difficulty in spontaneous occurrence, and external conditions

are needed to stimulate these reactions. The activation energy

barrier of eOH and FeeH is the lowest, which indicates that

the reaction can easily occur. To simulate adsorption of the H

atoms on the surface, the most stable adsorption sites on the

surface of the H atoms were found to be the O top sites, and

the adsorption of the H atom at the top of the Fe to the O top

must overcome the energy barrier of 0.794 eV. Compared with

the diffusion energy barrier of H atoms diffused from Fe to O

atoms in the ideal surface (0.968 eV) [32], the defect surface is

more likely to diffuse the H atoms to the most stable adsorp-

tion sites, and also make the material easier to hydrogen. It is

concluded that there are two paths for H2 molecules to

dissociate and adsorb and diffuse to the most stable adsorp-

tion sites (O-top). The stepwise pathways are H2 molecules to

dissociate to form eOH and FeeH structures, and then the H

atoms adsorbed on Fe diffuse to the most stable adsorption

sites O, the total energy required for both processes is

1.377 eV; The direct path is that H2 molecules directly disso-

ciate and adsorb to form two-OH groups with a barrier of

4.591 eV. It can be seen that the energy barrier of the step path

is significantly smaller than the energy barrier of the direct

path. Therefore, the formation of the eOH and FeeH struc-

tures is considered to be the main adsorption mode for the H2

molecule, and there is no competition between the three

adsorption methods. To understand the adsorption mecha-

nism, the characteristics of charge transfer and bonding in the
Table 2 e Energy parameters for the three kinds of
chemical adsorption.

Barrier from
reactant/eV

Barrier from
product/eV

Energy of
reaction/eV

H2O 2.989 3.206 �0.217

FeeH,

eOH

0.583 1.386 �0.803

eOH 4.591 5.625 �1.034
main adsorption methods are further calculated and

analyzed.

Adsorption mechanism of H2

Charge population
The charge population can be used to quantitatively analyze

the bond strength between the atoms. The interaction be-

tween the H atoms and the surface atoms can be obtained

according to the charge distribution before and after

adsorption. Table 3 lists the Mulliken charge population

before and after adsorption. It can be seen that the s and p

orbital charge values of the atoms exhibit a larger difference

after adsorption; the H atoms connected with the O atoms

lose electrons (0.38 e), and the O atoms gain electrons (0.16 e).

The H atom connected with the Fe atom has an electron

(0.18e) [32], and in the ideal surface model without an O va-

cancy, the electron number of the H atom connected with Fe

is 0.16e, which shows that the presence of an O vacancy en-

hances the adsorption capacity of the Fe atom to H. Table 4

lists the bond population numbers and bond length of the

system before and after adsorption. The bond population

numbers between OeLa and OeFe is decreased and the bond

length is larger after adsorption, which indicates that the

interaction between OeLa and OeFe decreases. In the ideal

LaFeO3 surface adsorption model, the number of bonds be-

tween HeFe is 0.58 e [32], and the electron number of HeFe in

the defect model is 0.61 e. This phenomenon also indicates

that the adsorption of Fe atoms to H is enhanced by the

presence of O vacancies.

Electron localization function
The electron localization function (ELF) is a powerful tool to

investigate the charge transfer, which reflects the localiza-

tion of electrons in the crystal structure and the relative

chemical bond strength. It is often used to analyze the

bonding type between atoms in a system [44]. By observing

the function of the electron local value in the gap between

the atoms, bond types can be judged qualitatively. According

to the definition of ELF, which has a range of 0e1, when

0.75 < ELF�1, the electrons are highly localized and exhibit

strong covalent bonds; moreover, this is realized for a metal

bond when 0.5 � ELF�0.75. This area belongs to a weaker

electric area, which shows a strong ionic bond when

0 � ELF<0.5. Fig. 3 shows the distribution of the electron

density at the most stable adsorption position after optimi-

zation. The region between the H atom and O atom is red,

and the ELF value is close to 1, thus proving the typical

feature of a covalent bond. In contrast, the orange area

shown in Fig. 3 is the area between the H and Fe atoms, and

the ELF value is about 0.75, which demonstrates evidence of a

metallic bond.

Density of states
The density of states (DOS) for the system can show the

number of states in the unit energy interval. To study the

bonding interaction between the H atoms and the atoms at

the surface, we compared their DOS. The DOS of the H2

molecule adsorption on the most stable adsorption site

before and after adsorption (the energy zero position as the

https://doi.org/10.1016/j.ijhydene.2018.09.097
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Table 3 e Charge distribution variation in the most stable adsorption sites before and after adsorption.

Before adsorption/e After adsorption/e

s p d Charge s p d Charge

H1 1.0 0.62 0.38

H2 1.0 1.18 �0.18

O1 1.87 4.85 �0.72 1.87 4.84 �0.71

O2 1.88 4.76 �0.63 1.86 4.93 �0.79

Fe3 0.35 0.50 6.49 0.66 0.36 0.49 6.52 0.63

Fe12 0.36 0.52 6.51 0.61 0.39 0.42 6.58 0.62

La12 2.17 5.99 1.28 1.56 2.17 5.99 1.29 1.54

Table 4 e Bond population and bond length variation in
the most stable adsorption sites before and after
adsorption.

Bond Population/e Length/�A

Before ads. After ads. Before ads. After ads.

H1eO2 0.64 0.981

H2eFe12 0.61 1.476

O1eLa12 0.15 0.13 2.369 2.441

O2eFe3 0.45 �0.01 1.881 2.807

O2eFe12 0.60 0.34 1.806 1.882

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 4 ( 2 0 1 9 ) 5 3 7 4e5 3 8 1 5379
Fermi level) is shown in Fig. 4. The figure shows that the

highest occupied state of the crystal is in the energy range of

�7.4e3.7 eV, which shows contributions from the O 2p

orbital and Fe 3d orbital hybridization. In addition, the
Fig. 3 e Electron localization function graph of the

Fig. 4 e Density of states of the most stable adsorption site bef

adsorption.
highest occupied state moves to the deep level after

adsorption. Thus, the H atoms and the surface interactions

are very strong. The DOS of H splits after adsorption, which

indicates that the H2 molecules have been dissociated. In

addition, the interaction mainly occurs between the O atoms

and Fe atoms at the surface and the H atoms. The H 1s

orbital and the O 2p orbital are obviously split and broad-

ened. There are some obvious overlaps and resonance,

which indicates that the covalent bond between H and O is

formed. After the adsorption of H, the DOS of the Fe atom is

changed, and the main change occurs in the Fe 3d orbit. The

highest occupied state of the Fe 3d orbit is in the �8.0e3.2 eV

energy region after adsorption, which is higher than the

�7.2e3.0 eV energy region before adsorption. At the same

time, the peak value increases obviously, which indicates the

reaction between the H atom and the Fe atom. After the
most stable adsorption sites after adsorption.

ore and after adsorption: (a) before adsorption;(b) after
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adsorption of H atoms, the DOS of the La atoms exhibit no

significant changes.
Conclusion

1) In calculating the vacancy formation energy at the LaFeO3

(010) surface and cell, it was found that an O vacancy is

more easily formed on the surface.

2) It was confirmed that H2 molecules have four kinds of

adsorption modes on the LaFeO3 (010) surface with an O

vacancy. The first adsorption mode is that the H2 mole-

cules are completely dissociated and adsorbed onto two

different O atoms to form the twoeOH groups. Second, the

two H atoms are adsorbed onto an O atom, forming H2O.

Third, the H2 molecule is dissociated and an H atom is

adsorbed onto an O atom to form eOH, where HeO is a

covalent bond; another H atom is adsorbed onto a Fe atom

to form an FeeH metal bond, which is the main channel of

dissociation and adsorption. The fourth adsorption mode

is amechanism between physical adsorption and chemical

adsorption, and finally forms an FeH2 structure. A physical

adsorption reaction may also simultaneously occur.

3) With the presence of O vacancies, the hydrogen absorption

capacity of Fe atoms in LaFeO3 is improved, and the inter-

actionbetweenFeeH is enhanced. In the systemcontaining

O vacancies, adsorbed H atoms in the top of Fe to diffuse to

the top of O need to overcome the energy barrier decreased

from 0.968eV to 0.794eV, which also leads to an improve-

ment in the absorption performance of H.

4) When the H2 molecule is adsorbed to form H2O, the H2O

molecule can more easily break away from the defect sur-

face containing an O vacancy, thus forming an O vacancy

again, which leads to the defect on the crystal surface.
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