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ABSTRACT: In this paper, the methods of spin polarization
density functional theory and vasp software package are used to
simulate the adsorption of H2O molecules on the surface of
LaCoO3 and La2CoFeO6(001). It was found that when Fe was
doped at B-sites, the adsorption energy changed from −3.7493 eV
at CoO2 to −2.5397 eV at CoFeO4, which decreased by about 1/3.
Meanwhile, the change of electric charge and the amount of
electron transfer decreased overall. The results indicated that Fe
doping could inhibit the adsorption of H2O by perovskites and thus
hinder the next toxic reaction. Therefore, this paper will lay a certain theoretical foundation for the study of perovskite anti-poisoning
mechanism and provide a meaningful reference for further experimental research.

1. INTRODUCTION
Energy is the foundation and driving force for the progress of
human civilization.1 It is vital to national economy, people’s
livelihood, and national security and is crucial to promoting
economic and social development and improving people’s well-
being.2 Coal is the richest on the earth, the largest in the
distribution of fossil fuels, China is a country with much coal
and less oil, coal is in the absolute main position in our
country’s primary energy structure, accounting for more than
70%.3 However, the ventilation air methane in coal mines can
cause environmental pollution and global warming.4−6 With
the accelerated pace of the international community to cope
with climate change and the establishment of China’s double
carbon target,7,8 the utilization and treatment technology of
exhaust gas has become a hot topic of scientific and
technological workers.9−11 The main component of the gas
is methane, which can be burned at low temperatures to reduce
the production of pollutants at the source.12−14 At present, the
catalysts used for methane catalytic combustion are mainly
divided into non-precious metal catalysts and precious metal
catalysts.15,16 The non-precious metal catalysts are low in price,
easy to obtain, and have strong thermal stability,17 especially
the high catalytic activity and thermal stability of perovskites,
which has attracted wide attention.18−20 In recent years, the
LaCoO3 perovskite plays a very important role in surface
catalytic reactions and surface chemical reactions.21

However, poisoning of catalysts often occurs, which is
mainly due to the strong interaction between toxic substances
and active components and the destruction of the surface
properties and structure of catalysts, leading to the reduction of
their reactivity.22 As a product of gas-catalyzed combustion
reaction itself and an inevitable component in the actual

environment, water vapor has an inhibitory effect on the
catalytic process, but there is no clear theory. Generally, there
are two viewpoints as follows: (1) H2O will form competitive
adsorption with CH4. After occupying the active site, H2O will
easily form hydroxides and deactivate, but it will be
decomposed into the corresponding active oxide components
at high temperatures.23 (2) H2O is decomposed into the
hydroxyl group on the catalyst surface, and the accumulation of
a large amount of hydroxyl group on the catalyst surface
prevents the activation of methane and oxygen on the catalyst
surface.24 The kinetic rate equation of methane oxidation
measured by Li Xiansheng is as fo l lows: r =
k(CH4)0.7(O2)0.2(H2O)−0.9,25 while the reaction order of
water on the supported nano-palladium catalyst is 0.9−1.1.26

Burch et al. observed that the inhibitory effect of water
decreased with increasing temperature drop and was negligible
above 450 °C.27 Persson et al. investigated the methane
catalytic combustion activity of Pt−Pd/Al2O3 cocatalysts with
different Pt/Pd ratios at 500 °C and 5% H2O and found that
with the increase of Pt content, the inhibitory effect of H2O on
the catalytic activity decreased significantly. When the H2O
mixed in methane was removed, the activity of Pt−Pd/Al2O3
co-catalyst was higher than the initial activity, while the
catalytic activity of Pd/Al2O3 decreased significantly.28 Huang
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studied water in flue gas, so as to choose a new V2O5/AC
catalyst for catalytic reduction of NO effects and found water
to exhibit the competitive adsorption of reactants and, to a
certain extent, reduces the activity of the catalyst; the removal
of activated coke carrier minerals can slow the rate of catalyst
deactivation to a certain degree but cannot completely inhibit
water poisoning of the catalyst role.29 Li et al. investigated the
effect of adding H2O to the reaction gas on the activity of Mo-
based catalysts and found that adding water to the reaction gas
could cause irreversible inactivation of the Mo-based catalyst
supported by Al2O3, while adding C could protect the active
component MoS2 on the Mo-based catalyst and inhibit the
irreversible inactivation caused by water.30 The MxCe1−xOδ
/3DOM-mSiO2 catalyst prepared by Yu et al. shows good
catalytic combustion soot activity. Density functional theory
(DFT), X-ray diffraction (XRD), and Raman prove that the
catalyst poisoning is mainly due to the reaction of SO2
adsorbed by the catalyst with reactive oxygen species and
metal atoms to form sulfate species, leading to the reduction of
catalytic activity.31

The above-related experiments have proved that the
addition of iron to perovskites can reduce the effect of water
poisoning of the catalyst and improve the efficiency of catalytic
methane, but the relevant mechanism is still not mastered.
Therefore, this paper will use chemical simulation calculations
to obtain a La2CoFeO6 catalyst by doping Fe at the B position
of LaCoO3 through DFT and study the effect of the
mechanism of Fe doping on the physicochemical properties
of the catalyst and the mechanism of water poisoning in order
to provide effective theoretical supports for the design and
development of future perovskite catalysts.

2. COMPUTATIONAL METHODS AND MODELS
The calculations in this paper are based on DFT, mainly using
Vienna Ab-initio Simulation Package (VASP) version 5.4.4,32

supplemented by Materials studio software.33 The commuta-
tive correlation potential is calculated using the projector
augmented wave (PAW) pseudo-potential of the generalized
gradient approximation method (GGA) proposed by Perdew−
Burke−Ernzerhof (PBE), using a planar wave base group.34−37

Making sure the structure relaxes sufficiently to reach the
lowest energy value.
Parameter setting: truncation can take 520 eV, iterative

convergence accuracy: EDIFF = 1 × 10−5 eV and EDIFFG = 1
× 10−4 eV. For k-point meshes, the more numerous the more
accurate, but at the same time the amount of computation will
be increased, preferably selecting 7 × 7 × 7 as the k-point of
the bulk phase, while the k-point of the surface is set to 7 × 7 ×
1. Considering the effects of spin polarization, ISPIN = 2.
The sections were conducted according to the perovskite

LaCoO3 and La2CoFeO6
38 models established in previous

studies: the optimized unit cell is cut in the 001 direction, the
cell is expanded, the number of atomic layers established is 7
layers, and in order to eliminate the interference of the
interaction between the bottom layer and the top layer atoms,
the vacuum layer thickness is a 15 Å model and is optimized,
and the optimized structure of LaCoO3(001) and
La2CoFeO6(001) is shown in Figure 1.
The H2O molecule was placed in the same lattice as the LaO

terminal surface, with a truncation energy ENCUT = 520 eV, a
k point of 1, and a PAW potential for pseudopotential. The O
atom in H2O is sp3 hybridized, and the middle O forms two
single bonds with the H on both sides. At the same time, there

are two lone pair electrons left, and the lone pair electrons
repel each other so that the single bond gathers in the middle,
forming the V-shape. After optimization, the total energy of
H2O is −14.2067 eV, the bond length is 0.972 A, and the bond
angle is 104.626°. The optimized structure is shown in Figure
2.

3. RESULTS AND DISCUSSION
3.1. Adsorption Energy. H2O molecules in the initial

conformation, H down and O down, are on the LaO end
surface of LaCoO3 with two adsorption sites La and O and
CoO2 with two adsorption sites Co and O on the end surface
of LaCoO3. Adsorption of La and O is on the LaO terminal
surface of La2CoFeO6 and Co, Fe, and O on the terminal
surface of CoFeO4.
The calculation formula for adsorption energy is as follows

= +E E E Eabs (H O slab) H O slab2 2

Figure 1. Configuration after optimization of LaCoO3 and
La2CoFeO6 finales. (A) LaO finales of LaCoO3, (B) CoO2 finales
of LaCoO3, (C) LaO finales of La2CoFeO6, and (D) CoFeO4 finales
of La2CoFeO6.

Figure 2. Optimized H2O molecular model diagram.
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Among them: E(Hd2O+slab) is the energy of the system when
there is an adsorbent and EHd2O is the energy of the adsorbent.
Eslab is the energy of the surface when there is no adsorbent.
After H2O optimization, EHd2O = −14.2067 eV was calculated.
The total energies of the LaO termination surface and CoO2

termination surface of LaCoO3 and the LaO termination
surface and CoFeO4 termination surface of La2CoFeO6 are
shown in Table 1.

Adsorption of H2O on LaO(001) and CoO2(001)
termination surfaces of LaCoO3: the calculated adsorption
model is shown in Figure 3.

By observing the optimized adsorption model, it is found
that the three initial configurations of H2O adsorbed on the
LaO(001) surface of LaCoO3 are all optimized to be H
downward adsorbed on O on the surface, the hydrogen−
oxygen bond of H2O molecules is elongated, and the distance
between O in H2O and LaO surfaces is shortened. The initial
configuration for the H−O adsorption manner and hydroxyl
hydrogen bond fracture is completely free of hydrogen, and
free of hydrogen and oxygen combine to form on the surface of
the new hydroxyl, the cycle, a large number of hydroxyl groups
on the surface of the catalyst, accumulating prevented methane
and oxygen in the catalyst surface activation, which coincide
with water intoxication views 2. After optimization, the three
initial configurations of H2O attached to the CoO2(001)
surface of LaCoO3 are all O down and adsorbed to Co on the

surface. Compared with the adsorption on the LaO surface, the
hydrogen and oxygen bonds of H2O molecules on the CoO2
surface do not change significantly, and no hydroxyl group is
formed, indicating that O on the LaO surface is more active
and easier to adsorb H2O molecules.
The results of adsorption energy, bond lengths, and bond

angles of H2O on LaO(001) and CoO2(001) surfaces of
LaCoO3 are shown in Table 2.
where Eabs is the adsorption energy, the positive value is

endothermic, and the negative value is exothermic. The larger
the absolute value is, the more heat is released, the larger the
adsorption energy is, the more stable it is. Bond length refers to
the bond length of O−H1 in H2O molecules, where H1 refers
to the nearest H to the surface and bond angle refers to the
horizontal angle formed between H1 and the nearest metal
atom on the surface. d is the distance from the proximal end of
the H2O molecule to the surface.
By comparison of adsorption energies, it is found that the

adsorption energies of three adsorption configurations of H2O
on the LaO(001) surface are all greater than those on the
CoO2(001) surface, and H2O is more likely to adsorb on the
LaO surface. On the LaO surface, H2O adsorbed at the top
position of O with the initial configuration of H down has the
maximum adsorption energy, which is −5.1139 eV, which is
the most stable adsorption mode. On the contrary, H2O
adsorbed at the top position of La with H down has the lowest
adsorption energy of −3.8113 eV, which is prone to
desorption. However, the adsorption energy of H2O adsorbed
at the top position of La with O down is between the two. On
the CoO2 surface, H2O adsorbed at the top position of Co and
O in the initial configuration with H down and that adsorbed
at the top position of Co with O down. These three ways were
finally optimized to the top position of Co with O down. The
adsorption energy difference between those was small. The
maximum adsorption energy was 3.7493 eV, when H2O was
adsorbed at the top position of Co with O down, which proves
that the top site of Co is the best adsorption site. By comparing
the distance between H2O and the surface, it is found that the
distance between H2O and LaO(001) surfaces is closer than
that between the CoO2(001) surface, and the greater the
adsorption energy, the closer the distance to the surface is,
which proves that the distance between the H2O molecule and
the surface is inversely proportional to the adsorption energy.
Comparing the H−O bond lengths of H2O molecules, it is
found that the bond lengths of H2O molecules adsorbed on the
LaO surface are all greater than 1 A, while the bond lengths of
H2O molecules adsorbed on the CoO2 surface are all less than
1 A. Moreover, the larger the adsorption energy, the longer the
bond lengths, which proves that the H−O bond lengths of
H2O molecules are proportional to the size of the adsorption
energy. The larger the adsorption energy, the more easily the
H−O bond is elongated, and the more stable the O atoms
adsorbed on the LaO surface. However, the bond angle has no

Table 1. Total Energies of the LaO and CoO2 Surfaces of
LaCoO3 and the LaO and CoFeO4 Surfaces of La2CoFeO6

slab LaCoO3 La2CoFeO6

LaO-terminated
CoO2-

terminated LaO-terminated
CoFeO4-
terminated

E/eV −491.9469 −491.0587 −504.0109 −511.0606

Figure 3. Structures of H2O adsorption on LaO and CoO2
termination surfaces of LaCoO3. (A) H−La of LaO, (B) H−O of
LaO, (C) O−La of LaO, (D) H−Co of CoO2, (E) H−O of CoO2,
and (F) O−Co of CoO2.

Table 2. Adsorption Energy, Bond Length, and Bond Angle of H2O on LaO(001) and CoO2(001) Surfaces of LaCoO3

LaO-terminated CoO2-terminated

H−La H−O O−La H−Co H−O O−Co

Eabs/eV −3.8113 −5.1139 −4.7256 −3.5932 −3.6089 −3.7493
d/Å 1.242 0.908 1.374 2.144 2.074 1.888
length/Å 1.050 1.601 1.047 0.977 0.978 0.979
angle/deg 60.555 42.751 54.017 72.337 66.608 69.237
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obvious law and is independent of the adsorption structure. In
particular, when H2O adsorbed at the top position of O on the
LaO surface with a H down, the distance was the closest, which
was much smaller than that of other adsorption methods
(0.908 A), and the bond length at this time was the longest,
which was longer than 1/2 of the bond length in other
adsorption methods. This indicates that when H−O adsorbed,
the H−O bond of H2O was constantly stretched, and H of
H2O molecule was close to O on the LaO surface. Finally, the
H−O bond of H2O molecule near the surface is broken and
divided into the hydroxyl group and free hydrogen, which in
turn adsorbs with O on the surface to form a new hydroxyl
group, leading to the accumulation of hydroxyl group on the
LaO surface, occupying the adsorption site of methane and
oxygen and further hindering the methane catalytic combus-
tion reaction.
Adsorption of H2O on LaO(001) and CoFeO4(001)

surfaces of La2CoFeO6: the calculated adsorption model is
shown in Figure 4.

By observing the optimized adsorption model, it is found
that the three initial configurations of H2O adsorbed on the
LaO(001) surface of La2CoFeO6 are similar to the LaO(001)

surface of LaCoO3, which are optimized to be H down and O
adsorbed on the surface, and the H−O bond of H2O molecules
in the three initial adsorption configurations is stretched
longer. The H atom in H2O is closer to the O atom on the
LaO surface, and the H−O bond of H2O is completely broken
and the free hydrogen combines with the oxygen on the
surface to form a new hydroxyl group. The H−O adsorption is
more intense, which proves that Fe doping in LaCoO3 will
aggravate the poisoning on the LaO(001) surface. After
optimization, the five initial configurations of H2O attached to
the CoFeO4(001) surface of La2CoFeO6 changed to different
degrees. Among them, H2O molecules adsorbed with Co on
the surface in the H direction down to the O direction down.
The adsorption of Fe with H down on the surface changes to
O down on the surface. The adsorption configurations of Co
and Fe on the surface with O down were still the original ones.
However, the initial configuration adsorbed to O on the
surface with H down does not adsorb, which proves that the
stable adsorption configuration on the surface of CoFeO4(001)
is that H2O molecules adsorb to Co or Fe with O down.
Different from the LaO(001) surface, H−O does not adsorb
on the CoFeO4 surface, which proves that the activity of O on
these two surfaces is quite different when it adsorbs with the
H2O molecule.
The calculated results of adsorption energy, bond length,

and bond angle are shown in Table3.
By comparison of adsorption energies, it is found that the

adsorption energies of three adsorption configurations of H2O
on the LaO(001) surface are all greater than those on the
CoFeO4(001) surface. On the LaO surface, the adsorption
energy is between −6 and −5 eV. On the surface of CoFeO4,
the adsorption energy is between −3 and −1. On the LaO
surface, the adsorption energies of the three initial adsorption
structures do not change significantly, which is related to the
unified structure of H−O adsorption after optimization.
Among them, H2O adsorbed at the initial configuration of
La with O down and changed to H down adsorbed at the top
position of O with a maximum adsorption energy of −5.1139
eV, which is the most stable adsorption method. On the
surface of CoFeO4, the initial configuration of H2O adsorbed
on Fe with H down is optimized, and the maximum adsorption
energy is −2.5397 eV when H2O adsorbed on the top site of
Fe with O down after optimization, which proves that the top
site of Fe is the best adsorption site. Comparing the distance
between H2O and the surface, it is found that the distance
between H2O and the LaO(001) surface is about 0.5 A, while
the distance between H2O and the CoFeO4(001) surface is
more than 2 A, which further verifies that the distance between
the H2O molecule and the surface is inversely proportional to
the adsorption energy. Comparing the H−O bond lengths of
H2O molecules, it is found that the bond lengths of H2O
molecules adsorbed on the LaO surface are all longer than 1.5
A. The H−O bond of H2O molecules breaks and the free

Figure 4. Adsorption model of H2O on LaO and CoFeO4 surfaces of
La2CoFeO6. (A) H−O of LaO, (B) H−La of LaO, (C) O−La of
LaO, (D) H−Co of CoFeO4, (E) H−Fe of CoFeO4, (F) H−O of
CoFeO4, (G) O−Co of CoFeO4, and (H) O−Fe of CoFeO4.

Table 3. Adsorption Energy, Bond Length, and Bond Angle of H2O on LaO and CoFeO4 Surfaces of La2CoFeO6

LaO-terminated CoFeO4-terminated

H−O H−La O−La H−Co H−Fe H−O O−Co O−Fe

Eabs/eV −5.1874 −5.3334 −6.0760 −2.031 −2.5397 −2.0356 −1.4322 −2.3780
d/Å 0.576 0.524 0.506 2.170 2.145 2.780 2.1435 2.1682
length/Å 1.569 1.627 1.620 0.974 0.979 0.974 0.978 0.979
angle/deg 48.944 58.475 56.074 71.068 83.147 58.777 66.706 62.768
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hydrogen adsorbs with the O on the surface, forming a new
hydroxyl group. However, on the CoFeO4 surface, the bond
length of H2O molecules is less than 1A, which has little
change from the bond length of free water molecules without
adsorption (0.972 A). This proves that the H−O bond of H2O
molecules on the surface of CoFeO4(001) does not elongate or
break significantly, and no new hydroxyl group is formed when
the Fe element is doped with LaCoO3. Furthermore, the
accumulation of hydroxyl groups on the surface of CoFeO4 is
avoided, which prevents the further reaction of H2O molecules
on the surface. Therefore, Fe doping on the CoFeO4 surface
can effectively improve the water poisoning phenomenon in
the methane-catalyzed reaction.
By comparing Tables 2 and 3, it can be seen that the most

stable adsorption configuration of H2O on the LaO surface of
LaCoO3 is H−O adsorption with an adsorption energy of
−5.1139 eV, and the most stable adsorption configuration on
CoO2 is O−Co adsorption with an adsorption energy of
−3.7493 eV. However, the most stable adsorption config-
uration on the LaO surface is still H−O adsorption with an
adsorption energy of −6.0760 eV, which increases by about 1/
5. On the CoFeO4 surface, the most stable adsorption
configuration changes to O−Fe adsorption, and the best
adsorption site changes from Co to the top site of Fe, which
may be due to the fact that the magnetic properties of Fe are
greater than that of Co. Conducive to the adsorption of H2O
molecules. The adsorption energy is −2.5397 eV, which
decreases by about 1/3. However, the CoO2 surface was doped
with the Fe element before the calculation, while the LaO
surface was not processed, indicating that the adsorption
performance of the CoFeO4 surface was reduced after Fe
element doping, which made it difficult for H2O molecules to
adsorb on the CoFeO4 surface, thus inhibiting the next
chemical reaction. It is proved that Fe doping can effectively
improve the water-poisoning resistance of LaCoO3 catalyst.
3.2. Bader Charge and Deformation Charge Density.

In order to explain the electron transfer before and after
adsorption of H2O molecule and understand the change law of
electron transfer before and after LaCoO3-doped Fe, the H2O
molecule is adsorbed on the LaO(001) terminal surface of
LaCoO3 by the H−O binding mode and CoO2(001) terminal
surface by the O−Co binding mode. Moreover, the Bader
charge analysis was carried out for the four most stable
conditions, namely, the LaO(001) terminal surface adsorbed
on La2CoFeO6 by the H−O binding mode and CoFeO4(001)
terminal surface adsorbed on the O−Fe binding mode. The
electron-transfer size and direction were judged by the gain
and loss of atomic charges on the surface layer and the gain
and loss of H2O molecular charge. Moreover, by comparative
analysis, the Bader charge of LaO(001) terminal surface of
H2O molecule adsorbed on LaCoO3 and La2CoFeO6 by H−
O binding is shown in Table 4. The Bader charges on the
CoO2(001) surface of LaCoO3 adsorbed by O−Co binding
and CoFeO4(001) terminal surfaces of La2CoFeO6 adsorbed
by O−Fe binding is shown in Table 5.
A positive value in the Bader charge table indicates that

electrons are gained, and negative values indicate that electrons
are lost; in the differential charge density chart, blue indicates
the obtained electrons and yellow indicates the lost electrons.
In order to have a deeper understanding of the adsorption

mechanism and bonding situation, the differential charge
density map of these four adsorption methods is drawn, which
can visually see the adsorption sites of molecules and the flow

of electrons between H2O molecules and the surface. H2O
molecules adsorbed on the LaO(001) terminal surface of
LaCoO3 and La2CoFeO6 in a H−O binding manner. The
differential charge density diagrams of CoO2(001) surface
adsorbed on LaCoO3 by O−Co binding and CoFeO4(001)
terminal surface adsorbed on La2CoFeO6 by O−Fe binding are
shown in Figure 5.
Yellow represents areas where charge density increases and

blue represents areas where charge density decreases.
It can be seen from Table 4 and Figure 5 that, for the LaO-

terminated face of LaCoO3, after adsorption of H2O
molecules, the charges of La atoms on the surface are reduced
and electrons are lost, and the differential density map shows
blue regions around La atoms, where the charges of La atoms
closest to H2O molecules decrease the most. For O atoms on
the surface, the charge of O atoms on the LaO surface adsorb
H2O increases and electrons are obtained. Meanwhile, the
differential density map shows that the yellow region is around
O atoms, while the charge of O atoms on other surfaces
decreases and the blue region is around them, and the area of
yellow region is larger than that of the blue region. It is verified
that the electrons gained by O atoms adsorbing H2O
molecules on the LaO surface are larger than the electrons
lost by the other O atoms. The overall charge of H2O molecule
increases, in which the charge of O atoms and H atoms far
away from the surface increases, while the charge of H atom
adsorbed on the surface decreases. The differential charge
density diagram also shows that one of the two H atoms in
H2O is surrounded by yellow, and the other is surrounded by
blue. This indicates that when H2O molecules adsorb, the
charge on the LaO surface is transferred to H2O molecules.
For LaO-terminated faces of La2CoFeO6, similar to LaO-
terminated faces of LaCoO3, the La atomic charges on the
surface are reduced, and the surrounding areas are blue. For
the O atoms on the surface, the charges of other O atoms
increase except for the O atoms far away from the H2O
molecule, and the O atoms adsorbing H2O gain the most
electrons and have a large yellow area around them. In H2O
molecules, the direction of electron transfer of H and O atoms
is the same as in the LaO side of LaCoO3 and H2O molecules’
whole electron transfer is reduced, but every atom of H2O
charge change quantity increased, proving that after LaCoO3
doping with the Fe element, electron transfer increases,

Table 4. Bader Charge of LaO(001) Terminal Surface of
H2O Molecule Adsorbed on LaCoO3 and La2CoFeO6 by H−
O Binding

Bader LaCoO3 La2CoFeO6

LaO
LaO +
H2O Δ LaO

LaO +
H2O Δ

La 9.0263 8.9581 −0.0682 9.0074 8.9917 −0.0157
8.9720 8.9499 −0.0221 9.0119 8.9525 −0.0594
9.0199 8.9561 −0.0638 8.9931 8.9564 −0.0367
8.9681 8.9610 −0.0071 8.9911 8.9634 −0.0277

O 7.2461 7.2119 −0.0342 7.3191 7.3127 −0.0064
7.3514 7.3947 0.0433 7.3345 7.3480 0.0135
7.2989 7.2733 −0.0256 7.3395 7.4060 0.0665
7.2652 7.2649 −0.0003 7.2705 7.2887 0.0182

O′ 6.9711 7.3117 0.3406 6.9564 7.3462 0.3898
H 0.3965 0.4540 0.0575 0.3866 0.4062 0.0196

0.6324 0.3538 −0.2786 0.6570 0.3397 −0.3173
H2O 8 8.1195 0.1195 8 8.0921 0.0921
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surrounded by a yellow and blue area, which correspond to
adsorption increases. That is, the larger the adsorption energy,
the more charge transfer, and the easier it is to adsorb H2O
molecules.
It can be seen from Table 5 and Figure 5 that for the CoO2-

terminated face of LaCoO3, after adsorption of H2O molecules,
the Co atom charge on the surface increases and decreases, and
the surrounding areas are yellow and blue, in which the Co
atom that adsorbs H2O is the largest electron transfer,
surrounded by blue, the charge is reduced and electrons are
lost. At the same time, Co near H2O also loses electrons, while
Co far away from H2O has a little electron gain. For the O
atoms on the surface, except for the two O atoms far away
from H2O, which have a little electron loss, the other six O
atoms are all yellow, and the charge increases and the electrons
are gained. The charge of the O atom in the H2O molecule
decreases, and the yellow color around the two H atoms
increases, and the overall performance results in gaining
electrons from the CoO2 surface. For the CoFeO4-terminated
face of La2CoFeO6, the two Fe atoms are surrounded by blue,
with reduced charge, and the Co atoms are surrounded by
yellow, with increased charge, indicating that Fe is stronger in
electron removal than Co. The charge of O atom increases and
decreases, but the area of yellow and blue around it is smaller
than that of Fe and Co atoms, and the electron transfer is
smaller than that of Fe and Co atoms. The H2O molecule is
completely surrounded by blue, the charge amount of O and H
atoms decreases, and the charge-transfer amount of H atom is
greater than that of O, indicating that the electrons of H2O
molecule transfer to the surface of CoFeO4 when the H2O
molecule is adsorbed. By comparing the Bader charges on the
surface of CoO2 and CoFeO4, it is found that on the CoO2
surface, electrons are mainly transferred from Co atoms on the
surface to O in H2O. After Fe doping, the electron transfer is
changed from H and O in H2O and from Fe atom to Co atom
on the surface of CoFeO4. In addition, after LaCoO3 was
doped with the Fe element, the overall charge change and
electron transfer decreased, which also corresponded to the
decrease of adsorption energy, that is, the adsorption ability of
H2O molecule on the CoFeO4 surface was weakened after Fe

Figure 5. Differential charge density diagrams. (A) LaO of LaCoO3
adsorbed by H2O molecules in the H−O binding mode. (B) LaO of
La2CoFeO6 adsorbed by H2O molecules in the H−O binding mode.
(C) CoO2 of LaCoO3 adsorbed by H2O molecules in the H−O
binding mode. (D) CoFeO4 of La2CoFeO6 adsorbed by H2O
molecules in the H−O binding mode.

Table 5. Bader Charges on the CoO2(001) Surface of LaCoO3 Adsorbed by O−Co Binding and CoFeO4(001) Terminal
Surface of La2CoFeO6 Adsorbed by O−Fe Binding

Bader LaCoO3 Bader La2CoFeO6

CoO2 CoO2 + H2O Δ CoFeO4 CoFeO4 + H2O Δ
Co 7.5315 7.5520 0.0205 Fe 12.3573 12.2986 −0.0587

7.6697 7.4835 −0.1862 12.3583 12.2899 −0.0684
7.6997 7.6756 −0.0241 Co 7.5149 7.6101 0.0952
7.5430 7.5448 0.0018 7.5258 7.6582 0.1324

O 7.0758 7.0880 0.0122 O 7.0760 7.0694 −0.0066
7.1010 7.0875 −0.0135 7.1455 7.1357 −0.0098
7.0694 7.0660 −0.0034 7.1414 7.1530 0.0116
6.9751 6.9869 0.0118 7.1027 7.0895 −0.0132
7.0390 7.0684 0.0294 7.1451 7.1393 −0.0058
7.0045 7.0217 0.0172 7.0616 7.0698 0.0082
7.0439 7.0526 0.0087 7.0960 7.0847 −0.0113
6.8689 6.9263 0.0574 7.1298 7.1289 0.0009

O′ 7.1689 7.2361 0.0672 O′ 7.1938 7.1772 −0.0166
H 0.4245 0.3162 −0.1083 H 0.4009 0.3713 −0.0296

0.4066 0.3809 −0.0257 0.4053 0.3843 −0.0210
H2O 8 7.9332 −0.0668 H2O 8 7.9328 −0.0672
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doping, indicating that Fe doping could inhibit the electron
transfer between the surface and H2O molecule. Thus, the
further poisoning reaction between H2O and La2CoFeO6 is
hindered, which proves that Fe doping has a significant effect
on water poisoning resistance of perovskite catalyst.

4. CONCLUSIONS
The first-principles method based on DFT was used to
calculate the adsorption properties of LaCoO3 and
La2CoFeO6. Through calculation and analysis of adsorption
energy, Bader charge, and differential charge density, the
following conclusions are obtained:

1. The poisoning mechanism of H2O molecules in LaCoO3
is that the H−O bond of H2O is completely broken into
hydroxyl and free hydrogen, and the free hydrogen
combines with the surface oxygen to form a new
hydroxyl group. The cycle is repeated, and the
accumulation of a large number of hydroxyl groups on
the catalyst surface prevents the activation of methane
and oxygen on the catalyst surface.

2. When Fe is doped at the B-site, the H−O bond
elongation of H2O is weakened and the distance
between H2O and the surface is enlarged. The
adsorption energy changes from −3.7493 eV on CoO2
to −2.5397 eV on CoFeO4, decreasing by about 1/3,
indicating that Fe doping decreases the adsorption
performance of water on the CoFeO4 surface, making
H2O molecules not easily adsorbed on the CoFeO4
surface.

3. The essence of H2O adsorption on the surface is the
transfer of electrons, and the amount of electron transfer
is proportional to the adsorption energy. After doping
the Fe element, the change of Bader charge on the
surface of CoFeO4 is reduced, and the ability to gain and
lose electrons is weakened, which inhibits the adsorption
of H2O on the surface, and then inhibits the next toxic
reaction. Compared with LaCoO3, La2CoFeO6 has
significantly enhanced water poisoning resistance,
which provides a new idea for the research and design
of perovskite catalyst materials.
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