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First-principles study of the effect of oxygen
vacancy and iridium doping on formaldehyde
adsorption on the La,03(001) surface
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Formaldehyde adsorption on intrinsic La,Os surface, four-fold coordinated oxygen vacancy (VO4), six-fold
coordinated oxygen vacancy (VOgc), and iridium-doped La,O3(001) surface was studied by the first-
principles method. The results show that formaldehyde adsorption on the Ir-doped La,O3(001) surface
with VOg, is the strongest because of the directional movement of electrons caused by the interaction
of the Ir-5d orbitals and internal oxygen vacancy, wherein the adsorption energy is 3.23 eV. This model
showed a significant increase in adsorption energy, indicating that Ir doping improves the formaldehyde
adsorption capacity of the La,0O3(001) surface. The energy band analysis shows that iridium doping
introduces impurity energy levels into the intrinsic La,Oz energy band, which enhances the interaction
between the La,03(001) surface and formaldehyde molecules. Density of state analysis indicated that the
adsorption of formaldehyde molecules on the La,0Oz(001) surface is mainly due to the interaction
between the O-2p, C-2p orbitals of formaldehyde and the Ir-5d orbital of iridium atoms. Furthermore,
the existence of VO4. and VOg. defects has no effect on the position and shape of the valence and
conduction bands. The effects of oxygen vacancy and iridium doping on the optical properties mainly
appeared in the low-energy infrared and visible regions, making the O-2p, C-2p orbitals of formaldehyde
and the Ir-5d, O-2p orbitals of the La,0O3(001) surface become hybridized near the Fermi level and the
electronic transition from the valence band to conduction band more likely to occur. The La,Oz material
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Introduction

Formaldehyde (HCOH) is a colorless, volatile, and pungent-
smelling toxic substance that may have a significant impact
on human health and the natural environment. Currently, the
International Agency for Research on Cancer (IARC) classifies
formaldehyde as a group I human carcinogen, and the U.S.
Environmental Protection Agency (EPA) lists it as a toxic and
harmful water pollutant."” Long-term exposure to low concen-
trations of formaldehyde can lead to chronic respiratory
diseases, and long-term exposure to high concentrations of
formaldehyde may cause severe lung diseases, which are
extremely detrimental to human life. Therefore, monitoring and
removing indoor formaldehyde is crucial.>* The development
of simple, fast, and effective methods to detect and remove
formaldehyde completely is attractive and urgent for environ-
mental protection and air purification.® Photocatalytic
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can be used as an ideal photocatalytic material for formaldehyde degradation.

technology involves the irradiation of a photocatalyst with
sunlight at room temperature for increased surface reduction-
oxidation ability to achieve pollutant purification, material
synthesis, and transformation. Through photocatalytic tech-
nology, formaldehyde can be oxidized and decomposed into
non-toxic carbon dioxide (CO,) and water (H,0).”® The photo-
catalyst is a critical factor in determining the photocatalytic
degradation of formaldehyde. Exploring and developing various
potential photocatalysts with high efficiency are important
research areas.”'* The photocatalysts reported thus far involve s-
block elements such as sodium (Na), potassium (K), and
strontium (Sr), p-block elements such as gallium (Ga), indium
(In), germanium (Ge), and bismuth (Bi), d-block elements such
as titanium (Ti), nickel (Ni), cobalt (Co), and zinc (Zn), and La-
series elements such as lanthanum (La), cerium (Ce), and
samarium (Sm). The photocatalytic degradation of formalde-
hyde begins from its adsorption and activation on the photo-
catalyst surface. Therefore, the theoretical study of the
adsorption process of formaldehyde can determine the
adsorption stability and bonding mechanism between formal-
dehyde and the substrate surface.** This can provide a foun-
dation for subsequent studies on the degradation mechanism
of formaldehyde. Wu et al** studied the mechanism of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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formaldehyde oxidation by manganese (Mn)-doped cerium
oxide (CeO,). They reported that the oxidation included form-
aldehyde adsorption, C-H bond breaking, formation and
desorption of H,O and CO, molecules, a decrease in coordi-
nated oxygen atoms on the surface of the catalyst, and more
oxygen vacancies. This lowered the potential barrier of C-H
bond breaking and was more conducive to the oxidation of
formaldehyde. Alvarado et al.*® studied the adsorption process
of formaldehyde on the surface of monolayer hydrogenated
gallium nitride (GaN). They reported that the adsorption of
formaldehyde molecules on the N atom and Ga atom sides of
the monolayer were physical and exothermic chemical adsorp-
tion processes, respectively. The hydrogen atoms adjacent to
the surface were captured, and stable methoxy (CH;0) was
formed, resulting in the appearance of a hydrogen vacancy on
the surface. Zhang et al'® reported that the adsorption of
formaldehyde molecules was easier on the bridging oxygen (O)
atoms and oxygen vacancies of the TiO,(110) surface at low
temperatures. Zhou et al.’” studied the adsorption of formal-
dehyde molecules on Al-doped single-walled carbon nanotubes
with vacancies. The interaction between the adsorbed formal-
dehyde molecules and carbon nanotubes was promoted by the
Al doping and the vacancies, resulting in increased adsorption
energy and significant charge transfer.

Lanthanum oxide (La,O3) has the advantages of a wide
bandgap, high dielectric constant, good thermal stability, and
low price. It is widely used in the fields of optical glass, catalysts,
ceramics, and thermoelectric materials. The wide bandgap
semiconductor materials enable the design of photocatalysts
with better performance by providing them with various
opportunities for modification and a larger space for electronic
structure regulation. Since the bandwidth of La,0O; is about
5.8 eV, only ultraviolet light can photogenerate the electron-
hole pairs.'® Therefore, the practical applications of La,O; as
a photocatalyst are limited due to the low utilization of light
energy. Thus, the bandwidth of La,O; should be reduced to
respond in infrared light and improve its light absorption effi-
ciency. Loading, doping, and compounding are usually used to
improve the photocatalytic activity of photocatalysts. Metal ion
doping effectively extends the absorption region of wide-
bandgap photocatalysts to the visible region.’** It has been
reported that the La,0; surface has good adsorption capacity
and activation performance.”* It has wide application prospects
as a photocatalyst for the degradation of indoor formaldehyde.
Studies on the formaldehyde degradation by La,O; photo-
catalysts and its mechanism have not been reported. With the
explosive growth in computer performance, computing power
and the continuous development of quantum mechanics
theory,”¢ a first-principles calculation based on density func-
tional theory (DFT) was used to study the modification of La,0;
due to formaldehyde adsorption and oxidation processes. Li
et al.”” theoretically studied the oxidative changes in La,053(001)
and (011) surfaces after La atoms were substituted by different
doped cations, such as Cu, Zn, Mg, Fe and Al. They reported that
the doping of cations reduced the vacancy-formation energy of
La,0; surfaces, effectively improving its catalytic performance.
Cong et al.”® studied the activity change on Sr-doped La,O; due
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to the catalytic oxidative coupling of methane. The result indi-
cated that Sr-doped La,O; clusters had higher thermodynamic
and kinetic activity due to the catalytic oxidative coupling of
methane, wherein the formed Sr-O bond had stronger reactivity
with methane and a lower energy barrier to overcome the
reaction with methane than the La-O bond. Bannikov et al.*
reported that the bonding of the doped elements had a signifi-
cant impact on the magnetic properties of La,0;. The nitrogen
(N)-doped La,O3; combined with six ligands had magnetic,
narrow-band semiconductor characteristics. In contrast, the N-
doped La,0; combined with four ligands had magnetic, semi-
metallic characteristics. At present, there are no relevant
reports on the adsorption of formaldehyde molecules on
different structures of the La,0O; surface. Relevant studies can
provide a theoretical basis for the application of La,O; as an
efficient photocatalyst in the removal of indoor formaldehyde
by photocatalysis technology.

It has been widely reported that La,0O; has increased activity
in chemical reactions. The adsorption behavior of formalde-
hyde molecules on the La,O; surface will help to understand the
fundamental principles of its increased activity. Herein, the
adsorption processes of formaldehyde molecules on the surface
of intrinsic La,03, La,0; with oxygen vacancy, and iridium-
doped La,0; were studied. The influence of the oxygen
vacancy and iridium doping on the adsorption process of
formaldehyde molecules was studied. The adsorption energy,
density of states, and optical properties of formaldehyde
molecules on La,0O; with different surface states were calcu-
lated, and the bonding characteristics and adsorption mecha-
nism of formaldehyde molecules on the La,O; surface were
studied.

Modeling and calculating methods
Modeling

La,0; has a hexagonal crystal structure with the space group of
P3m1. As shown in Fig. 1, the bulk phase structure of La,0; is
the superposition of two layers of (La0),”" and one layer of 0>~
The La atoms are seven coordinated and marked as La,.. The O
atoms, which are four- (2/3 share) and six-coordinated (1/3
share), are marked as O,. and Og., respectively.** The cell
parameters of La,O; are given as a = b = 3.939 A, ¢ = 6.136 A,
a = =90° and y = 120°. The cell parameters of La,03; were
optimized to verify the rationality of the pseudopotential atomic
calculations in La,O;.

The bulk La,O; is an indirect bandgap semiconductor,
wherein the valence band top is mainly composed of the 2p
orbital of the O atom and the conduction band is mainly
composed of the 5d orbital of the La atom. We validate the
effectiveness of the DFT method by calculating the error
between the theoretical and experimental values of the lattice
parameters. If the error is less than 5%, it indicates that the
theoretical simulation method is effective. The optimized cell
parameters are a = b =3.963 A, c = 6.179 A, « = § =90°, and y =
120°. The errors are less than 1% compared with the initial
values, indicating that the pseudopotential atomic calculations
and the selection of calculation parameters were reasonable.
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Fig. 1 Bulk phase structure, band structure and DOS of bulk La;Os.

In this paper, the most common and stable La,05(001)
surface was selected as the studied object.*** The inclusion of
more atomic layers in the calculation leads to higher accuracy.
However, including too many atomic layers in the analysis will
increase its cost and reduce its efficiency. In general, a model
will represent the properties of the bulk material when the
number of atomic layers exceeds 5. In this study, the number of
atomic layers was set as 6, and the procedure of the supercell
model of the La,0;(001) surface is as follows. First, the cell
model of La,0; was imported from the software model library.
Second, we cut the surface in the (001) direction through the
surfaces-cleave surface instruction of the Build menu. Third,
according to the symmetry-Supercell instruction in the Build
menu bar, we inputted 2 and 2 at the U and V positions,
respectively, and an expanded cell structure of the section plane
was formed. Four, in order to eliminate the impact of the
interaction between periodic units, the Crystals-Build Vacuum
Slab Crystal instruction in the Build menu was selected and the
value of 15 A was input in the vacuum layer thickness field.
Then, the build button was clicked, and a p(2 x 2 x 2) supercell
model of La,03(001) is finally obtained. The total number of
atoms in the surface model is forty, of which sixteen are La
atoms, sixteen are four-coordinated oxygen atoms, and eight are
six-coordinated oxygen atoms. After replacing one iridium atom
or removing one oxygen atom, the corresponding concentra-
tions are 6.25%, 6.25%, and 12.50%, respectively. In order to
make the established La,O; surface model consistent with the
actual situation, the bottom three atomic layers of the La,0O;
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surface model are constrained. They remain stationary during
the model optimization and performance simulation process,
and are regarded as La,O; bulk materials. The three upper
layers are not constrained and fully relaxed to simulate the
active atoms of the La,O; surface. There are two types of O
atoms in the La,O; surface model, corresponding to the two
modes of oxygen vacancies: four-fold coordinated oxygen
vacancy (VO,.) and six-fold coordinated oxygen vacancy (VOg.).
Consequently, as shown in Fig. 2, there are two models of Ir-
doped La,03(001) denoted as IrLa-VO,. and IrLa-VOsg,,
respectively.

In the adsorption modeling process of the formaldehyde
molecule on the La,05(001) surface of the (2 x 2 x 2) supercell,
the C and O atoms of the formaldehyde molecule bond with the
O and La atoms on the La,05(001) surface, respectively. The O
atom can bond with the La atom in three possible ways: adja-
cent adsorption bonding, diagonal adsorption bonding, and
single bond adsorption. In this study, the effects of Ir doping
and oxygen vacancies on the adsorption of formaldehyde
molecules were compared. There are six possible configurations
for formaldehyde molecule adsorption, which are as follows:
La,03(001) surface, La,03(001) surface containing VO,
La,03(001) surface containing VOg., Ir-doped La,05(001)
surface, Ir-doped La,03(001) surface containing VO,., Ir-doped
La,03(001) surface containing VOg,, Ir-doped La,O; contain-
ing VO,. and VOg. in turn. Additionally, the O atom of the
formaldehyde molecule can bond with either the La or Ir atom
on the Ir-doped La,05(001) surface, resulting in 33 adsorption

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 p(2 x 2) Ir-doped model of La,0+(001) with different oxygen vacancies.

Fig. 3 The adsorption configurations of the formaldehyde molecule on the La,O3(001) surface: (a) adjacent adsorption; (b) adjacent adsorption
bonding with the Ir atom; (c) adjacent adsorption bonding with the La atom; (d) diagonal adsorption; (e) diagonal adsorption bonding with the Ir
atom; (f) diagonal adsorption bonding with the La atom; (g) single bond adsorption; (h) single bond adsorption bonding with the Ir atom; (i) single
bond adsorption bonding with the La atom.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 21398-21410 | 21401
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configurations. The formaldehyde molecular adsorption
configurations are shown in Fig. 3. The distances of La-O, C-O
and C-H are set as 3.0 A, 3.0 A and 1.14 A, respectively. The
adsorption energy for each adsorption -configuration is
different, which impacts the adsorption process significantly.

Calculating methods

The calculations were performed by the CASTEP module of
Materials Studio 2019 software based on density functional
theory (DFT). The interaction between ions and valence elec-
trons was described by the projected additive wave (PAW)
method, and the exchange-correlation potential between elec-
trons was processed by the Perdew-Burke-Ernzerhof (PBE)
functional of generalized gradient approximation (GGA).>*3>33
Through testing, the plane wave truncation kinetic energy was
set as 600 eV, the force was distributed to each atom, and the
convergence value of the total system energy was less than 3.0 x
1072 eV nm ™' and 1.0 x 10> eV per atom, respectively. The
deviations of stress and displacement were less than 0.05 GPa
and 1.0 x 10~ * nm, respectively. The size of the k lattice point in
the Brillouin zone on the La,05(001) surface was set as 4 x 4 X
1.** The valence electron configurations of the La, O, Ir, and C
atoms are taken as La 5d* 6s%, O 2s> 2p*, Ir 4f"* 5d” 6s?, and C
2s> 2p?, respectively.

Results and discussions
Analysis of the adsorption energy calculation results

Adsorption energy (E,qs) is defined as the change in total energy
of the system before and after adsorption, indicating the
stability of the substance in the adsorption system. The sign
and calculated value of E,q indicate the possibility and tight-
ness of adsorption, respectively. The equation for E,q4s is given
as follows:**

EqqsaB) = E(cH,0/L4,04001) — EcH,0 — ELa,0,001) (1)

where the E(cn,0/1a,0,001))y Ecn,0, a0d Epa,0,(001) terms represent
the total energy of the system after the formaldehyde is adsor-
bed on the La,05(001) surface, the energy of the free formal-
dehyde molecule, and the energy of the La,0;(001) surface
before adsorption, respectively. The adsorption energy refers to
that generated during the adsorption process. As the movement
speed of the molecules changes from fast to slow in the
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adsorption process and finally stops on the substrate surface,
a part of the energy will be released due to the reduction of the
speed, which is the adsorption energy. It can be considered that
the larger the adsorption energy, the greater the bond cooper-
ation between the small molecule and substrate. The E.q;
indicates the strength of the adsorption effect of the formal-
dehyde molecule on the La,03(001) surface. The negative value
of E,qs indicates that the adsorption process is an exothermic
and stable reaction, which can proceed spontaneously. The
positive E,q4 indicates that the adsorption process is an endo-
thermic and unstable reaction that needs an external energy
transfer. Generally, the E,4s for physical and chemical adsorp-
tion processes are —0.62 eV < E,45 < 0 eV and E,qs < —0.62 eV,
respectively.>® The calculated E,qs values for the adsorption of
formaldehyde molecules on different La,0;(001) surface struc-
tures are shown in Table 1.

It can be seen that the E,4s of adjacent adsorption is the
largest, followed by the E,q4 of diagonal adsorption. The E,qs of
single bond adsorption is the smallest. Except for the configu-
ration of diagonal adsorption bonding with the Ir atom of the
La,03(001) surface with the VOg. vacancy, the E,q45 values of all
configurations of formaldehyde molecule adsorption on the
La,03(001) surface are negative, indicating that formaldehyde
molecules can be spontaneously adsorbed on different
La,03(001) surfaces. The E,qs of single bond adsorption
bonding with the Ir atom of the Ir-doped and Ir-doped
La,05(001) surfaces with VO,. vacancy is —0.52 eV and
—0.32 eV, respectively, indicating a physical adsorption process.
The E,qs of other adsorption configurations is less than
—0.62 eV, indicating a stable chemical adsorption process. The
E.qs of formaldehyde gas molecules on the La,03(001) surface is
affected by the type of oxygen vacancy, noble metal doping, and
the bonding mode of O atoms in formaldehyde molecules.
Because of the existence of VO,. in the La,O; bulk material, the
E,qs of different adsorption configurations of formaldehyde
molecules on the La,05(001) surface increases. For an intrinsic
La,03(001) surface with VOg, oxygen vacancy, the E,q4s of the
adjacent adsorption configuration decreases, whereas it
increases for the diagonal adsorption and single bond adsorp-
tion configurations. The E,qs for formaldehyde molecules on
different La,03(001) surfaces decreased after the bulk La,0O; is
doped with the Ir element, indicating that the Ir doping in
La,0; has an adverse effect on the formaldehyde molecule
adsorption. When the VO, or VO4. oxygen vacancy existed in

Table 1 The calculated E,qs values for the adsorption of formaldehyde molecules on different structures of the La,O<(001) surface

Adjacent (eV)

Diagonal (eV) Single bond (eV)

Adsorption configuration With La With Ir With La With Ir With La With Ir
Bulk -3.07 —-1.25 —-1.01

VO —-3.12 —2.12 —1.04

VO -1.98 —2.47 ~1.04

Ir-doped —-0.97 —1.63 —2.52 —1.25 —-1.11 —0.52
Ir-doped and VO, —1.03 —2.57 —1.22 —0.32 —-1.13 —0.99
Ir-doped and VOg, —2.54 —3.23 —2.21 0.46 -0.95 —2.02
Ir-doped, VO, and VOq, -1.16 —~1.83 ~1.78 ~1.01 —0.85 —0.95
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the Ir-doped La,03(001) surface, the E.qs for formaldehyde
molecules at the adjacent and single bond top sites increased,
and the E,q4 of the diagonal sites decreased, respectively. The
largest E,qs is the formaldehyde adsorption on the Ir-doped
La,03(001) surface with VOg, vacancy, which is —3.23 eV. The
E.qs is larger than that for formaldehyde molecules on the
La,05(001) surface containing an oxygen vacancy, indicating
that formaldehyde molecule adsorption benefits the most from
the existence of a VOg. oxygen vacancy in Ir-doped La,O; surface
structures. The E,4s for formaldehyde molecules on the Ir-
doped La,0;(001) surface with VO,. and VOg. vacancy is
smaller than that on the La,03(001) surface with VO, defects.

The mechanism of the photocatalytic technology of La,0;
semiconductor materials involves four stages. This paper
mainly focuses on the adsorption mechanism of formaldehyde
molecules on the surface of photocatalytic materials in the first
stage. The larger the adsorption energy is, the stronger the
adsorption of formaldehyde molecules, and the more conducive
to improving the efficiency of the photocatalytic oxidation of
formaldehyde molecules. The theoretical research of La,O;
mainly focuses on the surface properties of La,0j3, the oxidative
coupling of methane (OCM), and the adsorption and desorption
of the oxygen molecule. At present, studies on the degradation
of formaldehyde by La,O; photocatalysts and its mechanism
have not been reported. Compared with other types of catalyst

Energy/eV

Energy/cV
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materials, such as BN (2.14 eV)," ZnO (0.85 €eV),"> CeO, (0.86-
1.31 eV)," TiO, (1.66 eV),'* aluminum-doped carbon nanotubes
(0.65 eV),"” and others, the adsorption energy of formaldehyde
adsorbed on the surface of modified La,03(001) is calculated to
reach 3.23 eV. The adsorption energy has been greatly
improved, and it can be theoretically used as an ideal photo-
catalytic material for formaldehyde degradation.

Adsorption mechanism of formaldehyde molecules on the
La,03(001) surface

The energy band structure analysis. The energy band struc-
tures of the intrinsic and Ir-doped La,03(001) surfaces with
VOg. defect before and after formaldehyde molecule adsorption
along the high symmetry direction of the Brillouin region are
shown in Fig. 4. The Fermi energy level is selected at zero point
of energy in the process of drawing. It can be seen that the base
of the conduction band is near the Fermi level. From Fig. 4a, the
valence band maximum (VBM) and conduction band minimum
(CBM) are located at the highly symmetric K and M points,
respectively. Therefore, the intrinsic La,03(001) surface is an
indirect band gap semiconductor material. After doping the Ir
element in the La,05(001) surface with VOg. oxygen vacancy, the
band gap is obviously reduced and more energy levels are
increased in the valence band and conduction band (shown in

Encrgy/cV

Fig. 4 The band structure of different La,O3(001) surface structures and adsorbed formaldehyde molecule: (a) intrinsic La,O<(001) surface; (b)
Ir-doped La,03(001) surface with VOg. oxygen vacancy; (c) formaldehyde molecule adsorbed on the intrinsic La,O3(001) surface; (d) formal-
dehyde molecule adsorbed on the Ir-doped La,O3(001) surface with the VOg. 0xygen vacancy.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4b). Due to the 5d orbital effect of the Ir atom, the impurity
level appears in the band gap. In addition, an energy level line
appears not far above the top of the valence band. The energy
band structure after the adsorption of the formaldehyde mole-
cule in the intrinsic La,053(001) surface is shown in Fig. 4c. It
can be seen that the band gap is reduced, and the VB and CB
move towards the direction of low energy as a whole. Because of
the bonds between the La atom with the O atom, and the O,
atom with the C atom of the formaldehyde molecule, there are
many impurity levels appearing above the valence band. The
energy band structure of the Ir-doped La,05(001) surface with
the VOg. oxygen vacancy after adsorption of the formaldehyde
molecule is shown in Fig. 4d. Compared with the formaldehyde
molecule adsorbed on the intrinsic La,03(001) surface,
a impurity level appears above the valence band due to the
action of the Ir-5d orbital.

The effect of the oxygen vacancy and iridium doping on the
energy band structure before and after adsorption of formal-
dehyde molecules on the La,05(001) surface can be summa-
rized as follows. Compared with the intrinsic La,05(001)
surface, the new energy levels between the top of the valence
band and the bottom of the conduction band enhances the
electronic transition process because of the interaction of the 2p
orbital of the oxygen vacancy atoms and the 5d orbital of the Ir
atom, which acts as a bridge and is conducive to the electronic
transition process.

The density of states analysis. The density of states of the
intrinsic and the Ir-doped La,05(001) surface structures and
VOe. oxygen vacancy are shown in Fig. 5, where the Fermi
energy level is taken at zero energy. In Fig. 5a, the intrinsic
La,03(001) surface structure shows two peaks for the valence
band (VB) in the high energy range (—6.89 eV to —3.02 eV) and
different contributions of O atoms with different coordination
numbers. The peak in the high energy direction is mainly due to
the action of electrons on the VOg.-2p and La-5d orbitals. In
contrast, the peak in the low-energy direction is mainly due to
the action of electrons on the VO,.-2p and La-5d orbitals. The
peak in the low energy range (—21.68 eV to —15.19 €V) is due to
the action of electrons on the O-2s and La-5p orbitals. The
energy range corresponding to the conduction band (CB)
(—1.13 eV to 21.30 eV) is mainly due to the action of electrons on
the La-5d and O-2p orbitals and the action of a few electrons on
the La-6s and La-5p orbitals. The electronic energy state on top
of the valence band is mainly contributed by the Og.-2p orbital
in the lamella. In contrast, the lower electronic energy state is
contributed by the O,.-2p orbital of the surface. Therefore, it is
considered that the activity of the La,03(001) surface structure
is determined by the Og. Oxygen vacancy.

In Fig. 5b, the shapes of the peak and corresponding energy
intervals in the high-energy conduction band and low-energy
valence band agree with the density of states analysis. The Ir-
doped and VOg. oxygen vacancy do not have a significant
effect on the valence band. However, the density of state peak of
the O,.-2p orbital splits and broadens due to Ir doping, Ir atom
bonding with Oy, electron transfer from the Ir atom to Oy, and
interaction between the Ir-5d orbital and O,-2p orbital.
Furthermore, Ir doping and Og,. enable the La-5p orbital to play

21404 | RSC Adv, 2024, 14, 21398-21410

View Article Online

Pa per
! — total(s)
(@) 80 : total(p)
40 : — Total
|
~ 0 :

- \ — La-6s
% 5.04 1 — La-5p
% |
s 2.54 !
= LM
2 00 s
g : — 0,2
s 24 ! — O,-2p
b K I
B 1
= 1
2 I\ |

44 ' —— 0425
1 — O4-2p
1
21 |
1
1
0 T T I| T T
-20 -10 0 10 20
Energy/eV
80 1 — total(s)
(b) : total(p)
" ﬂf\z&
1
0 T
5.0 | — La-6s

'TA : — La-5p
> 2.5 1
14 1
§ 0.0 M
< .

% 7.0 , — Ir-6s
T\n/ ' — Ir-5p
5]
s 3.5 .
17 1
5 00 .
2 1 — 0,25
@ 24 : — 0,-2p
2 1
= LA |
, —— O42s
251 , — Og2p
A =
00 T T : T T
-20 -10 0 10 20
Energy/eV

Fig. 5 The density of states of different La,03(001) surface structures:
(a) intrinsic La,O3(001) surface; (b) Ir-doped La,O3(001) surface with
VOg. OXygen vacancy.

an important role near the Fermi level. Therefore, two new
peaks of the density of states emerge close to the conduction
and valence bands, which is conducive to the electronic tran-
sition process.

The density of states of free formaldehyde molecules,
intrinsic La,03(001) surface, and Ir-doped La,03(001) surface
with VOg. oxygen vacancy are shown in Fig. 6. As shown in
Fig. 6a, the peaks of the merged and orbital electron density of
states for free formaldehyde molecules are sharp and narrow
with high localization, which is consistent with the density of
states characteristics for general gaseous molecules. After the
formaldehyde molecules are adsorbed on the La,05(001)
surface, the orbitals broaden and merge, and the orbital elec-
trons show typical delocalization, which is due to interaction
between the formaldehyde molecules and surface atoms. As
shown in Fig. 6b, the density of states of the intrinsic La,05(001)
surface changes significantly after adsorption of formaldehyde

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The density of states for: (a) free formaldehyde; (b) formalde-
hyde adjacent adsorbed on the La,O3(001) surface; (c) formaldehyde
adjacent adsorbed on the Ir-doped La,Oz(001) surface with VOe,
oxygen vacancy.

molecules. The conduction band shifts to a high-energy direc-
tion, and two new isolated peaks of the density of states appear
between the valence and conduction bands of the intrinsic
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La,053(001) surface structure. The peak at the Fermi level is due
to the La-5p orbital. The peak in the low-energy direction is due
to hybridization of the O-2p and C-2p orbitals in formaldehyde
molecules. This indicates that there is a strong interaction
between a single formaldehyde molecule and the La,03(001)
surface. Upon adsorption of formaldehyde molecules, impurity
levels are generated between the conduction and valence bands.
These impurity levels hinder the charge transfer after subse-
quent adsorption of formaldehyde molecules, which results in
the unstable adsorption of more formaldehyde molecules.
Fig. 6¢ shows that the two isolated peaks for the density of states
between the conduction band and the valence band disappear.
For the Ir-doped La,05(001) surface structure containing VO,
defects, the peak for the density of states of the valence band
widens and extends to a position near the Fermi level. The top
of the valence band is due to the Ir-5d and O,.2p orbitals and
the O-2p and C-2p orbitals of the formaldehyde molecules. The
doping of Ir atoms in the La,05(001) surface structure causes
the hybridization of the O-2p and C-2p orbitals of formaldehyde
molecules and the Ir-5d and O,.-2p orbitals of the surface layer,
resulting in an easier transfer of the lone pair of electrons in the
formaldehyde molecules to the La,05(001) surface. Therefore,
the VOg,. defect and Ir doping reduce the gap between the
valence and conduction bands and enhance the interaction
between the formaldehyde molecules and La,05(001) surface by
promoting charge transfer. Consequently, the same La,03(001)
surface area adsorbs more formaldehyde molecules.
Electronic structures of different La,05(001) surfaces before
and after formaldehyde molecule adsorption. The density of
states of seven different La,03(001) surface structures before
and after formaldehyde molecules adsorption are shown in
Fig. 7. It can be seen that the existence of VO,. or VOg. Oxygen
vacancy has no effect on the position and shape of the valence
and conduction bands. The bottom of the conduction band is
located near the Fermi level. The bandgap of the intrinsic
La,05(001) surface is similar to that of the La,03(001) surface
with the VO,. oxygen vacancy, while the bandgap of the
La,03(001) surface with the VO, defect is significantly
increased. The charge transfer during the adsorption of the
formaldehyde molecules is hindered, and interaction between
formaldehyde molecules and the La,03(001) surface is weak-
ened. Consequently, the E,q45 of the formaldehyde molecules on
the La,0;(001) surface containing the VOg. oxygen vacancy is
dramatically smaller than that of the other two surface struc-
tures. The peak distribution of the density of states changes
after Ir doping of the La,03(001) surface. The peak shifts
towards the high-energy direction, and the top of the valence
band is located near the Fermi level. The Ir doping of the
La,0;(001) surface enables the Ir-5d orbital to contribute to the
formation of the top of the valence band of the La,05(001)
surface. The complete valence band extends a peak on the
density of states figure, thus providing more electronic orbitals
at the top of the valence band. However, compared with the
bandgaps of the Ir-doped La,03(001) surface, the Ir-doped
La,03(001) surface with the VO,. oxygen vacancy, and the Ir-
doped La,05(001) surface with the VO,. and VOg. oxygen
vacancies, it had no noticeable change before and after
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Fig. 7 The density of states of different La,O3(001) surface structures
before and after the adsorption of a formaldehyde molecule.

formaldehyde molecule adsorption. The bandgaps increased
compared with the surfaces of the adjacent adsorption, diag-
onal adsorption and single bond adsorption configuration,
which are opposite to the electronic transition. The increase of
the La and Ir atomic charges in the upper two layers is a result of
the downward movement of electrons, which is located in the
third atomic layer and far from the surface layer, making the
uneven charge distribution in the three upper atomic layers
more significant. These adsorption configurations will result in
materials with almost zero bandgaps, and lead to the electronic
transition proceeding more easily. Therefore, because of the
directional movement of electrons caused by the significant Ir-
5d orbital and internal oxygen vacancies, the formaldehyde
molecule adsorption on the Ir-doped La,03(001) surface with
VOg. Oxygen vacancy is most likely an adsorption configuration.

Therefore, based on the above research results, we summa-
rize the conclusion as follows. The physical nature of oxygen
vacancy and iridium doping on the electronic properties before
and after the adsorption of formaldehyde molecules on the
La,03(001) surface is the interaction of the 2p orbital of the
oxygen vacancy atoms and 5d orbital of the Ir atom, which
forms new energy levels between the top of the valence band
and the bottom of the conduction band. These energy levels
provide a bridge that facilitates the excited transition of valence
band electrons towards the conduction band. After the
adsorption of formaldehyde molecules on the La,O3(001)
surface, the transition electrons will react with the C-2p and O-
2p orbital electrons of the formaldehyde molecules. Subse-
quently, the oxidative degradation of formaldehyde molecules
occurs. Compared with the intrinsic La,03(001) surface, the Ir-
doped La,0;(001) surface with oxygen vacancy significantly
enhanced the adsorption of formaldehyde and interaction
between the orbital electrons, which is more conducive to the
process of formaldehyde oxidative degradation.
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Optical properties

The dielectric function ¢(w). Semiconductor materials can be
regarded as continuous media in the ultraviolet to visible
wavelength range. The corresponding macro-optical function
can be described using a complex dielectric function. As
expressed by eqn (2),>”*® the dielectric function &(w), which
reflects the relationship of the energy band, is a bridge between
the microphysical process of the interband transition and the
solid electronic structure:

() = &1(w) + iex(w) (2)

where w represents the frequency of the incident light, and ¢;(w)
and &,(w) represent the real and imaginary parts of the dielectric
function, respectively. The reflection spectrum and absorption
spectrum are determined by & (w) and &,(w) of the dielectric
function, respectively.

The first-principles method was used to calculate the optical
properties of different La,05(001) surface structures and the
formaldehyde molecules after adsorption. Furthermore, since
the calculated value of the bandgap was smaller than the
experimental value, the scissor operator was used for the
correction. A correction factor of 2.29 eV was used to convert the
calculated value of 2.51 eV to the experimental value of 5.8 eV.
The curves of the calculated values of the real and imaginary
parts of the dielectric function in the selected energy range of 0-
10 eV are shown in Fig. 8 and 9. Considering only the electronic
contribution to the dielectric constant, it can be seen from Fig. 8
that the static dielectric constants of different La,O3(001)
surfaces before formaldehyde molecule adsorption are 3.45,
17.14, 6.10, 3.46, 3.16, 2.99 and 3.86, and the corresponding
values after formaldehyde molecule adsorption are 3.09, 3.17,
4.74, 3.14, 3.50, 2.98 and 3.25, respectively. Except for the
configuration of the diagonal adsorption bonding with the Ir
atom of the La,03(001) surface with the VOg. 0oxygen vacancy,
the static permittivities of different La,03(001) surface config-
urations decrease after the formaldehyde molecules are

La,04 - = - La,0;-CH,0
La,0,+VO, - - - La,05+VO,-CH,0
La,05+VO, - - - La,0,+VO,-CH,0
IrLa - = - IrLa-CH,0
IrlLa+VO,+VO, = = - IrLa+VO,+VO-CH,0

=20 -

0.0 0.1 0.2 0.3 0.4 0.5
EnergyleV
T

0 2 4 6 8 10
Energy/eV

Fig. 8 The real part of the permittivity of different La,O3(001) surfaces
and adsorbing formaldehyde molecule.
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Fig. 9 The imaginary part of the permittivity of different La,O3(001)
surfaces and the adsorbing formaldehyde molecule.

adsorbed. In the low energy region (<2 eV), the real part &;(w) of
the dielectric function increases with an increase in energy and
peaks at about 2 eV. The density of states indicates that this is
mainly caused by the electronic transition from the La-5d or
doped Ir-5d orbital to the O-2p orbital on the La,05(001)
surface. As shown in Fig. 9, the peaks of &,(w) emerge in two
stages with the increase in photon energy. The peak of stage 1
(about 4.74 eV < e < 15.00 eV) is due to an electronic transition
from the top of the valence band to the bottom of the conduc-
tion band. In addition, the peak of stage 2 (15 eV < e < 40 €V) is
due to an electronic transition from the center and top of the
valence band to the bottom and center of the conduction band.

The absorption spectrum «(w). The absorption spectrum
a(w) can be calculated according to &;(w) and &,(w). The formula
for a(w) is shown as follows.*

a(w) = 2(0))[812(w) + 822(0)) _ €1(w)]1/2 3)

The calculated absorption spectrum of different La,05(001)
surfaces and adsorbing formaldehyde molecule is shown in
Fig. 10. It can be seen that the oxygen vacancy and Ir doping
have a significant impact on the absorption spectrum of
La,05(001) surfaces. Both VO,. and VOe. OXygen vacancies can
increase the absorption peak of the La,05(001) surface in the
visible region, and Ir doping obviously weakens the absorption
intensity in this region. The absorption peaks in the low-power
infrared and visible light region disappear when there is a single
type of oxygen vacancy or Ir doping on the La,03(001) surface.
However, they reappear when the VO,. oxygen vacancy, COg.
oxygen vacancy, and Ir doping exist at the same time. The
absorption peaks of adjacent adsorption configurations of
different La,0;3(001) surfaces are located at 3.34 eV (371 nm),
3.03 eV (409 nm), 3.07 eV (404 nm), 2.84 eV (437 nm), and 3.15
(394 nm), and the corresponding absorption edges are 1.68 eV,
0.77 eV, 1.11 eV, 1.32 eV, and 1.30 eV, respectively. This indi-
cates that the La,05(001) surface with the VO,. oxygen vacancy
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Fig. 10 The absorption spectra of different La,Os(001) surfaces and
adsorbed formaldehyde molecule.

has a stronger long-wave absorption capacity, and the absorp-
tion wavelength can extend to the infrared region (1610 nm).
The main reason is that the absorption spectrum is determined
by the imaginary part ¢,(w) of the dielectric function. Due to the
change in the electron distribution near the Fermi level of
different La,03(001) surfaces, the absorption band edge and
band gap are different. This eventually leads to various degrees
of difficulty, and the process of electronic transition from the
top of the valence band to the bottom of the conduction band.
After the adsorption of formaldehyde molecules on different
La,03(001) surfaces, the absorption peaks of other configura-
tions disappeared in the visible region. This is due to the
hybridization near the Fermi level between the O-2p, C-2p
orbitals of the formaldehyde molecule and the Ir-5d, O4.-2p
orbitals of the top atomic layer on the La,05(001) surfaces. The
gap between the valence band and conduction band is signifi-
cantly reduced to form approximately zero band gap materials,
such that electronic transitions from the valence band to the
conduction band can occur with almost no energy barriers.

The reflection spectrum R(w). The reflection spectrum R(w)
can be calculated from &(w) and &(w), as shown in the
following equation:*®

R(w) = Vel (w) +ig(w) — 1
Ver(w) +ig(w) +1

2

The R(w) is the macroscopic manifestation of a solid elec-
tronic interband transition under the perturbation of an optical
electromagnetic field, which is determined by the real part of
the dielectric function. Fig. 11 shows the calculated absorption
spectra of different La,03(001) surfaces and adsorbed formal-
dehyde molecule. It can be seen that the variation trends of the
reflection spectrum and absorption spectrum are similar.
Furthermore, the reflectivity increases with increasing photon
energy in the low-energy infrared and visible regions. Because of
the interaction between reflection and absorption, the
La,03(001) surface effectively reflects light in a certain range. It
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Fig. 11 The reflectance spectra of different La,O3(001) surfaces and
adsorbed formaldehyde molecule.

can also absorb light in the same wavelength range. There are
three reflection peaks on the adjacent adsorption configura-
tions of different La,05(001) surfaces, and the corresponding
energies are located at around 2.65 eV, 12.70 eV, and 26.45 eV,
respectively, whereas the reflection spectra of the La,0;3(001)
surfaces with the single oxygen vacancy (VO,. or VOg.) and Ir
doping only have two peaks at 12.70 eV and 26.45 eV. After
adsorption of formaldehyde molecules, the reflection peaks in
the low-energy infrared and visible regions near 2.65 eV disap-
pear, and the reflection spectrum contains two peaks near
12.70 eV and 26.45 eV.

The energy loss function L(w). The energy loss function
represents the absorption state of the photoelectron energy
when it passes through the interior of the homogeneous
dielectric, and the peak value represents the properties associ-
ated with the plasma resonance absorption. The energy loss
spectrum represents the outer electrons of the solid material
absorbing energy and then transitioning to a higher orbital.
Thus, the band gap and bond strength can be analyzed
according to the information from the spectrum, from which
the material type can be determined by the energy loss function.
In a homogeneous dielectric, the Coulomb field amplitude and
intensity of the incident photoelectron are screened to 1/¢ and
1/¢%, respectively. When a photoelectron passes through the
dielectric, the motion process is delayed, and the energy
attenuation is proportional to the field intensity ¢, which is the
imaginary part of the dielectric function. Therefore, the energy
loss function L(w) can be calculated by the following formula:**

&(w)

@l " () -

The loss functions of different La,03(001) surfaces and
adsorbed formaldehyde molecule are shown in Fig. 12. There
are three main peaks in the energy loss function spectrum. The
corresponding energy and change trend are basically consistent
with the reflection spectrum. Conversely, the change in the peak

) ©)

e} (w) — &*(w)

21408 | RSC Adv, 2024, 14, 21398-21410

View Article Online

Paper
3.5 — La,0;4
----- La,0,-CH,0
3.0 4 — La,0,+VO,
----- La,0,+VO,-CH,0 [
—— La,05+VOy
- 2540 La,05+VO,-CH,0
© — Lalr
‘g 04  f Lalr--CH,0
=
=
]
o 1.5+
—
1.0 4
0.5+
0.0 +—= T T T T T T
0 5 10 15 20 25 30 35

Energy/eV

Fig. 12 The loss functions of different La,O3(001) surfaces and

adsorbed formaldehyde molecule.

value is opposite to the high value of the reflection peak, which
corresponds to the low value of the peak in the energy loss
function spectrum. The peak position represents the frequency
of the excited electron and vibrational frequency of the parti-
cles. The peak of the energy loss function corresponds to the
sharp drop area of the reflection peak, and all of the peak values
are within the energy range of 1-50 eV.

Conclusions

The effects of the oxygen vacancy (VO,. and VOg.) and iridium
doping on formaldehyde adsorption on the La,03(001) surface
were studied by the first-principles method. From the view of
energy, the adjacent adsorption of the iridium-doped
La,03(001) surface containing the VOg. oxygen vacancy is the
most stable adsorption site for formaldehyde molecules. Due to
the significant doping of the Ir-5d orbital and internal VO,
oxygen vacancies, the effects of the oxygen vacancy and iridium
doping on the optical properties of the La,05(001) surface are
mainly shown in the low-energy infrared and visible regions.
Compared with the ZnO, CeO,, TiO,, and Al-doped carbon
nanotube catalyst materials, the E,qs of formaldehyde adsorbed
on the modified La,05(001) surface is 3.23 eV, which is a signifi-
cant improvement. The La,O; semiconductor material can be
used as an ideal photocatalytic material for formaldehyde
degradation and indoor detection of formaldehyde gas. In the
subsequent research process, we will start the technical study on
the noble metal iridium doping of La,O; by atomic layer depo-
sition technology and photocatalytic degradation of formalde-
hyde, and conduct an overall evaluation of the performance and
application prospect of the La,O; photocatalytic material.

Data availability

The data that support the findings of this study can be obtained
from the corresponding author. Hengjiao Gao, Email:
gaohengjiao@163.com.
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