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Abstract: In this study, to investigate how oxygen vacancy impacts the photocatalytic performance
of LaNiO3, undoped and Sr-doped LaNiOj_ ; nanoparticles are successfully prepared by the sol-
gel method. The X-ray diffractometer (XRD) results show both two samples belong to the R-3¢
space group of the rhombohedral system. According to the conservation of valence and the X-ray
photoelectron spectroscopy (XPS) results, it is demonstrated that Sr-doping can introduce more
oxygen vacancy into LaNiO3;_. According to photocatalytic experiments of the degradation of
methyl orange (MO) solution, Lag g755r.125NiO3_  shows higher photocatalytic performance than
undoped LaNiO;_. First-principle calculation results show that the introduction of oxygen vacancy
and Sr-doping can lead to the narrowing of the band gap width of LaNiOs.

Keywords: perovskite; photocatalyst; oxygen vacancy; first-principle

1. Introduction

Since Fujishima A. [1] observed the decomposition of water on the TiO; electrode, the
semiconductor photocatalysts have received more attention. In recent years, more and more
semiconductors have been used as photocatalysts, which have shown an excellent photocat-
alytic effect. Novel photocatalytic technology is gradually applied to energy shortage and
environmental pollution problems [2]. At present, perovskite semiconductors have been
used in the field of photocatalytic energy conversion, which has good metal ground state,
electrochemical performance, high discharge capacity, electrical conductivity, and other
physical properties. Perovskite oxides have the general formula ABO3, where A (usually
in the +3 state) is likely to be rare earth or alkaline earth metal cations, and B (usually in
the +3 state) is likely to be transition metal cations. In addition, perovskite oxides have
been utilized in CO, reduction [3-7], H, production of water decomposition [8-12], solid
oxide fuel cells [13-16], and photocatalytic degradation of organic pollutants [17,18]. Many
internal factors impact photocatalysts, such as band structure, quantum efficiency, specific
surface area, and lattice defects. Many methods are used to improve perovskite oxide
photocatalysts, such as doping [4,13,19], noble metal modification [20,21], semiconductor
recombination [22,23], and so on.

Perovskites with well-defined crystal structures exhibit specific chemical and physical
properties, which provide a favorable substrate for chemical substitutions at the A and
B sites. LaNiOj3; belongs to such ABO; perovskite class and possesses a thombohedral
structure with space group R-3c [24]. LaNiOj3 has attained much attention as a photocatalyst
due to its high photocatalytic performance, chemical and thermal stability, and economic
and ecofriendly nature. LaNiOs3 perovskite oxide is widely utilized in various applications
with promising optical, electrical, and magnetic properties [25]. The low-temperature
nanometer preparation method of chemically assisted electrodeposition (CAED) has proved
the application of LaNiOj electrocatalyst as cathode material of solid oxide fuel cell (SOFC)
for the first time. Compared with the sintering method or self-assembly method, CAED
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is a better method for producing LaNiO3;/GDC composite cathode of SOFCs, which can
improve the material properties [26]. Reactive oxygen species (O~ or O,2~) exist not only
on the surface of perovskite oxides but also on a large number of other oxides. In addition,
the synergistic effect of transition metal ions with high oxidation states and random-
dispersed oxygen vacancy are crucial factors determining the photocatalytic performance
of perovskite oxides [27]. Oxygen vacancy content o of (Srg y7¢Lag 204)4Fe30109-5 (SLF4310,
number of perovskite layers n = 3) was studied by iodine titration and thermogravimetric
analysis. The equilibrium constant of the reduction reaction of SLF4310 was estimated
according to the temperature dependence of oxygen vacancy content 6 [28]. The electronic
structure and optical properties of perfect and unperfect LaNiO; are also presented in ab
initio methods [29,30]. A series of cellular perovskite oxide Laj_4SryNiO3_5 composites
were successfully prepared by a simple and extensible sol-gel method combining annealing
and Sr-doping with different content [31]. It has been verified that oxygen vacancy can
enhance the visible response and improve the photocatalytic performance for a series of
materials, such as WOj5 [32], TiO, [33,34], C3N4 [35-37], LaFeOj3 [38,39].

Figure 1 shows the proposed photocatalytic mechanism in the photocatalytic process.
The surface of the photocatalyst is exposed to enough light intensity and generates electron-
hole pairs. When the photocatalyst contacts the pollutant receptor, the holes (h*) on the
surface of the photocatalyst would undergo oxidation-reduction reactions with organic
pollutants. Moreover, strong oxidizing substances such as holes and hydroxyls produced
by photocatalysts can degrade organic pollutants into CO, and H,O. On the one hand, the
content of holes is high, which plays the main role in oxidative degradation. On the other
hand, hydroxyl has strong oxidation, but its content is low, which plays an auxiliary role
in oxidation.

Co,

&>

H,O+'=+OH + H”

O0,+e=0;,

HO
Figure 1. The photocatalytic mechanism for photocatalysts under simulated solar irradiation.

The photocatalytic process can be expressed as the following reaction:

O+e =0,7, €))

H,O +h* = ¢OH + HY, )
O,” +2H* + e~ =2e0H, ©)]
Org +h* — CO, + H,O, 4)
Org + «OH — CO, + H,O, 5)

where e~ is the electron, h* is the hole, ¢OH and Org are the hydroxyl and the organic
compounds, respectively. Under simulated solar radiation, the excited electrons were
captured by oxygen vacancy on the surface of undoped and Sr-doped LaNiO3_, and
reacted with O, to produce O, . Moreover, O, will react with H" and e~ to ¢OH, and
the photogenerated holes (h*) from the valence band will react with H,O to produce «OH
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radicals. Finally, h* and eOH react together with organic compounds to produce CO, and
H,O. The photocatalytic process occurs when organic compounds are adsorbed on the
surface of photocatalysts. Oxygen vacancy can act as an electron or hole capture center,
which is beneficial to inhibit the coincidence of the photogenerated electron-hole pairs and,
thus, improve the photocatalytic performance of the photocatalyst.

The defect-mediated synthesis of materials usually involves annealing in a reducing
atmosphere or under a high vacuum at high temperatures (150 °C) [40,41]. These meth-
ods usually suffer from some drawbacks, such as requiring high energy consumption or
complicated facilities. In a previous study, because of the metal transition element on the B
site or the synthesis condition, LaNiOj3 is a non-stoichiometric compound and might have
oxygen vacancy in nature [42,43]. However, there are few reports about introducing more
oxygen vacancy into LaNiO3. Therefore, the challenge remains in finding a simple and
convenient method to prepare LaNiO3; with more oxygen vacancy.

As for LaNiO3_ s and SrNiOs_ g, the lack of lattice oxygen has a great influence on
the physical properties and material properties of perovskite oxides. Based on these two
kinds of perovskite metal oxides, the La element is +3 state, and the Sr element is +2 state,
so Ni belongs to the +3 state in LaNiO3_ 5 and +4 state in StTNiO3_. It is indicated that the
valence state of the Ni element in perovskite oxide would vary with other changes as the A
site element changes. Therefore, according to the nature of the transition metal element, Ni
has three states, such as +2, +3, and +4, and then doping Sr element in A site of LaNiOs3
might cause extreme instability of the valence state of Ni element, and thus introduce more
oxygen vacancy.

The main work of this paper is to prepare undoped and Sr-doped LaNiO3_ ; by the
sol-gel method and explore the effect of Sr-doping on the oxygen vacancy with the lower
valence element doping at the A site. The LaNiO;_4 and Laj_4SrxNiO;_ perovskite
powder samples will be characterized by XRD, SEM, and XPS to study the crystal phase,
microscopic appearance, and valance states of elements, respectively. In addition, the
analysis results of the photocatalytic degradation experiment are detected by UV-Vis spec-
trophotometer to study the photocatalytic performance of LaNiOs_ s and Laj_4SrxNiOs_ .
As a pH indicator, methyl orange (Figure 2) has been widely utilized in laboratory and
industrial production and can also be used for halogen content detection and biological
staining. Therefore, methyl orange was used as the degradation pollutant in this study.
First principle calculations are used to study how Sr-doping and the oxygen vacancy
impact the band structure and density of states of LaNiO3_ and La;_4SrxNiOsz_g. In
conclusion, according to the conservation of valence, a method of improving photocatalytic
performance by introducing more oxygen vacancy is investigated.
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Figure 2. Chemical structure of methyl orange.

2. Results and Discussion
2.1. Morphology
2.1.1. X-ray Diffractometer

The crystal phases of undoped and Sr-doped LaNiO3_; are characterized by an X-ray
diffractometer (XRD). As shown in Figure 3a, it is observed that the crystal phases of both
photocatalysts are related to JCPDS card No. 34-1028, which belongs to the R-3c space
group of the rhombohedral system. The peaks located at 23.3°, 32.9°, 40.7°, 41.3°, 47 .4°,
53.3°,58.7°, and 68.9° can be readily indexed to (101), (110), (021), (003), (202), (211), (122),
(220) planes of rhombohedral LaNiO3 (JCPDS card No. 34-1028). The 37.2° and 43.3° peaks
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of NiO are too low, so the content of NiO is very small, which has little influence on the
subsequent photocatalytic experiments.

LaNiO;_
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Figure 3. XRD spectrum of undoped and Sr-doped LaNiOs3_ . (a) Full spectrum; (b) range 28°-38°;
(c) range 54°-64°.

Sr-doping could cause changes in the lattice parameters due to different iron radii. As
shown in Figure 3b, it is observed that the diffraction peak of Sr-doped LaNiO;_; at about
32.77° shifted to a higher angle than that of undoped LaNiO3_, indicating that Sr-doping
led to a decrease in the lattice parameters of LaNiO3_.

However, as shown in Figure 3c, the diffraction peak of Sr-doped LaNiO;_ at about
58.57° shifted to a lower angle than that of undoped LaNiOs_ 4, indicating that Sr-doping
also led to an increase in the lattice parameters of LaNiO;_ . It means Sr-doping will not
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necessarily cause global changes in lattice parameters. Since the ionic radius of Sr** ion
(0.113 nm) is larger than that of La®* ion (0.106 nm), the Sr-doping in the substitutional
sites will lead to an increase in some of the lattice parameters. In the meanwhile, Sr-doping
would lead to more transitions of Ni®* ion to Ni** ion, and the ion radius of Ni** (0.048 nm)
is smaller than that of Ni** (0.062 nm), which will lead to a decrease in the other of the
lattice parameters. It is indicated that the Sr element is successfully doped in the A site of
LaNiOs3_ s with no crystal phase transition.

2.1.2. Scanning Electron Microscopy

The Scanning electron microscopy (SEM) results of undoped and Sr-doped LaNiO3_
are shown in Figure 4a,b, respectively, magnified by 50 k times. In addition, Figure 4c,d are
the SEM images of undoped and Sr-doped LaNiO;_ ; magnified by 100 k times, respectively.
It can be observed that the undoped and Sr-doped LaNiO;_, powder crystallized well
under the predetermined experimental conditions, and the powder particles have formed
agglomerates partially. The particle size distribution is in the range of 80-150 nm. Due to
the small particle size and Van Der Waals force, the powder particles would interact with
each other to form agglomerates.
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Figure 4. SEM image of 50 k and 100 k magnification times of (a,c) undoped LaNiO;_ s and (b,d) Sr-
doped LaNiO3_.

2.2. X-ray Photoelectron Spectroscopy

The surface chemical states were studied by X-ray photoelectron spectroscopy (XPS),
which is used to characterize the elemental composition through qualitative analysis and
elemental valence analysis on the powder sample surface. As shown in Figure 5a, the
XPS spectrum was scanned extensively in the range of 0-1000 eV. The full scan spectrum
of Sr-doped LaNiO;_ has a more Sr-3d signal peak than that of undoped LaNiO3_g;,
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Intensity (a.u.)

in which all peaks belong to elements labeled as La, Sr, Ni, O, and C, and there are no
additional peaks corresponding to impurities. The peaks in 600-800 eV attribute to the
Auger effect peaks of Ni, including Ni-LM2, Ni-LM5, and Ni-LM8. The peak of 974 eV
belongs to the Auger effect peak of O, which is attributed to O-LK1. As shown in Figure 5b,
the emerged C-1s peaks at 284.8 eV and 289.5 eV are attributed to the carbon supporting
film on the grid [41], which is used to calibrate other binding energy in the spectrum.
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Figure 5. XPS spectrum of undoped and Sr-doped LaNiO3_ . (a) Full scan; (b) C-1s scan; (c) La-3d &
Ni-2p scan.

The La-3d and Ni-2p core-level spectrum is shown in Figure 5c; both undoped and
Sr-doped LaNiO3_; almost have the same signal peaks. On account of the coupling of
spin-orbit splitting and multi-splitting, both La-3d and Ni-2p core-level spectra show very
complicated multi-component structures. It is observed that La-3ds5,, and La-3d3,, peaks
both appear with the satellite peak, while the Ni-2p3 /, peak is strongly overlapped with the
La-3d3,, satellite peak [44]; therefore, it is too difficult to calculate the ratio of Ni?*/Ni®* in
this La-dominated region.

Ni-3p core-level spectrums could be used to distinguish Ni** and Ni**, which are
shown in Figure 6a,b for undoped and Sr-doped LaNiOs;_, respectively. Shirley back-
ground and Lorentzian-Gaussian mixed function were used to ensure the quality of the
peak fitting. It is consistent with the previous research that the peaks at 66.08 eV and
71.08 eV could be attributed to Ni** 3p3,, and Ni>* 3pj 5, respectively. The ratio of Ni?*:
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Ni%* can be calculated, which are 84.83:15.17 and 89.86:10.14 for undoped and Sr-doped
LaNiOs_g, respectively. In these samples, La belongs to +3 valance and Sr belongs to
+2 valance; therefore, the oxygen vacancy content o can be calculated, and the results
are shown in Table 1. To sum up, the exact chemical formulas are respectively LaNiO; 5g
(o0 =0.42) and Lag g7551r0.125NiO7 49 (0 = 0.51), which indicates that Sr-doping can introduce
more oxygen vacancy into LaNiOs3.
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Figure 6. XPS spectrum of undoped and Sr-doped LaNiOs_ . (a,b) Ni-3p scan; (c,d) O-1s scan.

Table 1. Calculation results of the ratio of Ni?*:Ni3* and oxygen vacancy content .

Sample Ni2*:Ni3* Sr Percentage (%) o
LaNiO3_ & 84.83:15.17 0 0.42
La0,875Sr0‘125NiO3, o 89.86:10.14 12.5 0.51

The spectrums of O-1s are shown in Figure 6¢,d. In the O-1s region, there are three
wide symmetric peaks, which are 528.78 eV, 529.58 eV, and 531.48 eV, respectively. The
528.78 eV peak is attributed to the O?~ ion on the thombohedral LaNiOj array perovskite
structure, and the Ni atom is completely supplemented by the nearest O?~ ion. Therefore,
the peak O-1s spectrum at 528.78 eV can be attributed to lattice oxygen. In the meanwhile,
the higher binding energy is assigned to chemisorbed oxygen at 529.58 eV, and the highest
binding energy is assigned to physically-adsorbed oxygen at 531.48 eV [45-47].
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In Figure 6d, it can be observed that, compared with undoped LaNiO;_, the lattice
oxygen content of Sr-doped is reduced, and the chemisorbed oxygen content on the sample
surface is increased. Therefore, Sr-doping can introduce more oxygen vacancy into per-
ovskite and significantly improve the adsorption of oxygen molecules on the surface of
Sr-doped LaNiO;_, enhancing the photocatalytic performance of LaNiOs3_.

2.3. Photocatalytic Performance

The photocatalytic properties of the undoped and Sr-doped LaNiOs_ ; samples were
investigated by simulating the photodegradation of methyl orange (MO) solution under so-
lar irradiation. In addition, the MO adsorption (%) on the undoped and Sr-doped LaNiO;_
samples was investigated by radicals trapping experiments under a dark environment.

As shown in Figure 7a, A{/ Ay is the ratio of MO concentration under the dark en-
vironment with no photocatalytic reaction. After stirring for 25 min, the adsorption and
desorption on the undoped and Sr-doped LaNiO;_ are balanced. MO adsorption percent-
age of undoped LaNiO;_ is 3.2%, which is much lower than that of Sr-doped LaNiO;_
(26.1%). Figure 7b shows that C;/Cj is the ratio of MO concentration under the simulated
solar irradiation, while photocatalyst is added into the reaction solution under the simu-
lated solar irradiation. The photocatalytic degradation rates of the undoped and Sr-doped
LaNiO;_ s samples to MO are different. After irradiation for 80 min, the fraction of de-
graded MO solution was 92% and 100% for undoped and Sr-doped LaNiO;_, respectively.

It is obvious that Sr-doped LaNiO3 has higher photocatalytic performance than un-
doped LaNiOj;_ . Figure 7c shows the apparent reaction rate constants (k) for the degrada-
tion of MO. According to the fitted kinetic constant, the degradation rate constants of MO
catalyzed by undoped and Sr-doped LaNiO;_, are —0.03245 min~! and —0.05217 min~!,
respectively. One of the reasons is that the more oxygen vacancy on the surface, the more
active sites provided by the exposed surface, and oxygen vacancy can inhibit the photogen-
erated electron-hole pair recombination. Another reason is band gap width of the energy
band structure of LaNiO;_ ; becomes narrower, which would change the light response
range wider. Therefore, oxygen vacancy of LaNiO;_; can be introduced more by doping
lower valance element at A site to improve the photocatalytic performance of LaNiO3_.

2.4. First-Principle Calculations

To investigate how oxygen vacancy has impacts on the band structure and density
of states, four different kinds of supercell are built in Material Studio, including LaNiO3,
LaN103_ o La0_8755r0_125NiO3 ’ and La0.87551‘0.125NiO3_0—. LaNiO3 and La0_8755r0.125NiO3 mean
that there is no vacancy in the supercell. On the contrary, LaNiO3_ and Lag 75510 125NiO3_
mean there is oxygen vacancy in the supercell.

According to the XRD results of the prepared LaNiOj, the crystal phase of LaNiO3
is R-3c rhombohedral space group, as shown in Figure 8a, and the unit cell contains
10 calculated atoms, so all the first-principle calculations are based on this structure. A
model of LaNiO3 was built, whichisa 2 x 2 x 1 supercell of the R-3c space group, as shown
in Figure 8b, while the periodical extra Ni atoms were removed. Meanwhile, Figure 8c is
the top view of the LaNiO3 2 x 2 x 1 supercell containing 40 atoms. Based on the LaNiO3
2 x 2 x 1 supercell, the La atom on the 1-position was substituted by the Sr atom, and the
O atom on the 2-position was removed, so Lag 87551y 125NiO3_ 5 2 X 2 supercell s built as
shown in Figure 8d, while LaNiO;_ s and Lag g7551¢.125NiO3 are also built but not shown.

2.4.1. Band Structure

As shown in Figure 9, according to First-principle, the calculation results of the four
kinds of supercells show that the band gap width is 2.975 eV, 2.599 eV, 2.284 eV, and
2.074 eV for LaNiO3, LaNiO;_ s, Lag g75510.125NiO3, and Lag 75510 125NiO3_ o, respectively.
It can be observed that compared with LaNiOj3, the conduction band level of LaNiOs_
decreases, which leads to a narrower band gap width. The same situation occurs in
Lag g75510.125NiO3, whose band gap width is even smaller than that of LaNiO3_ ;. Moreover,
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Lag g75510.125NiO3_ 5 obtained the smallest band gap width among the four supercell
crystals under the combined action of oxygen vacancy and Sr element. The introduction
of oxygen vacancy and Sr-doping will lead to the narrowing of the band gap width of
LaNiOs so as to obtain a wider light response range. The simulated band gap width of
complete LaNiOg is 2.975 eV, which is quite close to the experimental result of 3.010 eV by
Aamir Ghafoor et al. [24].
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—*— Lag g75519,125Ni0;

1.00

095

0.90

AdA

0.85

0.80

0.75

0.70 1 1 1 1 1 Il 1

Time(min)

(@)
= LaNiO,

—a— LaNiO, i
iy Lag g75519 155sNiO5

—o— Lay 75519 12sNiO;

k=—0.03245min""

k=—0.05217min""

—4 F

40 60 80 0 20 40 60 80

Time(min) Time(min)

(b) (c)

Figure 7. Adsorption curves (a) under a dark environment; degradation curves (b) and kinetic curves
(c) of MO catalyzed by undoped and Sr-doped LaNiOj3_ ; under the simulated solar irradiation.

Compared with LaNiO3, as shown in Figure 9a, new energy levels appear in the band
structure of the other three supercells nearby the Fermi level, which might be caused by
Sr-doping or oxygen vacancy. The density of states is necessarily calculated to explore
the main reason for the band structure changes. As shown in Figure 9b—d, there are three
energy levels in the band gap, which is not intensive in the band structure. Oxygen vacancy
and Sr-doping could lead to the generation of the three sparse and new energy levels,
which would not be regarded as conduction bands or valance bands [41].
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(b)

(c) (d)

Figure 8. (a) LaNiO3 primitive unit cell; (b) LaNiO3 2 x 2 x 1 supercell; (c) LaNiO3 2 x 2 x 1
supercell top view; (d) Lag g755r0.125NiO3_ 2 X 2 x 1 supercell top view; 1: substitution position, 2:
oxygen vacancy position.

2.4.2. Density of States

The calculation of the density of states is helpful in analyzing the composition of
conduction and valence bands in the band structure of the supercells. Figure 10a shows
the density of states (DOS) and partial density of state (PDOS) of the complete LaNiO3
supercell in the range of —10~20 eV. It can be observed that the conduction band of LaNiO3
is mainly composed of d orbitals in the range of —8~0 eV, and the valence band is composed
of p orbits and d orbits in the range of 0~10 eV, while there is too high energy level in
s orbits.

As shown in Figure 10b, the density of states of the four supercells can indicate the
changes in the band structure. Compared with LaNiOj3, the density of states of LaNiO3_
globally shifts to the direction of the lower energy level. The same situation occurs in
the group of Laggy5510.125NiO3 and Lag g755r0.125NiO3_ . It can be observed that the
appearance of oxygen vacancy will lead the spectrum shifts to the direction of the lower
energy level globally, and new energy levels are generated near the Fermi level. Moreover,
according to the comparison of LaNiO3; and Lag g755r 125NiO3, Sr-doping can also cause
the generation of new energy levels near the Fermi level. In addition, the DOS of the new
energy levels is too small to be attributed to the conduction band or valance band [41].
In general, oxygen vacancy and Sr-doping could lead to the narrowing of the band gap
width of LaNiO3, which is consistent with the calculation results of the band structure. In
addition, both oxygen vacancy and Sr-doping can lead to the generation of new energy
levels near the Fermi level.
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Figure 9. Band structure near the Fermi level. (a) LaNiOs; (b) LaNiOs_; (¢) Lag gy551(.125NiO3;
(d) Lag.g755r0.125NiO3_ 5.

The results of the partial density of states are shown in Figure 11. It is observed that
the valance band in the range of —8~0 eV is mainly composed of O-2p and Ni-3d orbits,
while the conduction band in the range of 0~10 eV is mainly composed of Ni-3d and La-3d
orbits. Moreover, the introduction of oxygen vacancy causes the O-2p and Ni-3d orbitals
to generate new energy levels near the Fermi level and all PDOS to shift globally toward
lower energy levels. As shown in Figure 11d, the Sr-3d orbit didn’t generate new energy
levels near the Fermi levels. However, Sr-doping promotes O-2p and Ni-3d to generate
new energy levels near the Fermi level, which is also the reason why the band gap width of
Lag g7551r0.125NiO3 supercell becomes narrower.
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3. Materials and Methods
3.1. Materials

Lanthanum nitrate hexahydrate (La(NO3)3;-6H,0, CAS: 10277-43-7), Strontium acetate
(Sr(CH,COQOH),, CAS: 543-94-2), Nickel acetate tetrahydrate (Ni(CH,COOH),-4H,0O, CAS:
6018-89-9), Citric acid (C¢HgOy, CAS: 77-92-9) and Methyl orange (C14H14N3503Na, CAS:
547-58-0) were purchased from Macklin (Shanghai, China). All chemicals were reagent
grade and used as received.

3.2. Preparation and Characterization

LaNiO3_ s and Laj_4SrxNiO;3_ 4 (x = 0.125) were prepared by the sol-gel method [48].
La(NO3)3-6H20, Ni(CH,COOH),-4H,0, and citric acid were dissolved in deionized water
and stirred according to the stoichiometric ratio of 1:1:1.5 to prepare undoped LaNiOs_ .
After the raw material was completely dissolved, ammonia water was added to adjust the
pH value of the solution to 8.0. Then the solution was placed in a water bath at 80 °C for 3 h,
and the clear solution gradually turned into a viscous gel. The gel was put into a thermo-
static drying oven at 150 °C for 24 h to obtain the dry gel. The dry gel was put into a crucible
and calcined in a muffle furnace at 700 °C for 4 h. The calcined products were ground into
a powder with an agate mortar. La(NO3)3:6H,0O, Sr(CH,COOH),, Ni(CH,COOH),-4H,0,
and citric acid were dissolved in deionized water for stirring according to the stoichiomet-
ric ratio of 1—x:x:1:1.5 to prepare Lag 75510, 125NiO3_ o, followed by the same steps as the
former preparation.

X-ray diffractometer (Bruker, Billerica, MA, USA) was used to characterize the crys-
tal structure of the powder sample, using Bruker D8 Advance model, Cu Ka radiation
(A = 154056 A) and 20 scanning range from 20° to 80°.

Field emission scanning electron microscopy (Zeiss, Oberkochen, Germany) is used
to characterize the microscopic appearance of the prepared samples using the Merlin
SU8200 model.

X-ray photoelectron spectroscopy (Kratos, Manchester, UK) is used to characterize the
elemental composition qualitative analysis and elemental valence analysis on the sample
surface, using Axis Ultra DLD type.

3.3. Photocatalytic Performance Test

The photocatalytic performance of the samples was studied by photocatalytic degra-
dation of methyl orange. Firstly, a sample of 100 mL methyl orange solution with a
concentration of 10 mg/L was taken as Cy, and then a 250 mg photocatalyst sample was
added. Then, a long arc xenon lamp (GXZ500) was used as the simulated solar illumination.
The solution system was photocatalyzed under this condition, and samples were taken
every 10 min. The degraded solution was analyzed by Shimadzu UV-2700 UV-visible
spectrophotometer (Shimadzu, Kyoto, Japan), and the concentration of methyl orange after
degradation was detected at a wavelength of 463 nm.

MO adsorption (%) on the undoped and Sr-doped LaNiOs_ ; were studied by radicals
trapping experiments under a dark environment. A sample of 100 mL methyl orange
solution with a concentration of 10 mg/L was taken as A, and then a 250 mg photocatalyst
sample was added. After stirring for 25 min, the equilibrium of adsorption and desorption
between dye and photocatalyst was achieved.

3.4. First-Principle Calculations

All first-principle calculations are studied by the Cambridge Serial Total Energy Pack-
age (CASTEP) module [49] in Material Studio. According to first-principle calculations
and generalized gradient approximation of Perdew Burke Ernzerhof exchange-correlation
functional (GGA-PBE) [50], the ultra-soft pseudopotential (USPP) system [51] was used
to describe the interaction between electrons and ions accurately. The calculation results
of the models include band structure and density of states of the LaNiO3; rhombohedral
perovskite (R-3c). All calculations are based on the truncation energy of 520 eV and the grid
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distribution of K points of 2 x 2 x 1 in Brillouin space [52]. The parameters of structural
optimization are set as follows: the convergence accuracy of energy is 5.0 x 1075 eV/Atom,
the convergence accuracy of atomic force is 0.1 eV /A, and the convergence accuracy of
atomic displacement is 0.005 A.

4. Conclusions

In this study, LaNiOs_ s and Lag g755r0 125NiO3_  were successfully prepared by the
sol-gel method, and the crystal phases were R-3c space group of the rhombohedral system
shown by XRD results. It can be observed that the undoped and Sr-doped LaNiO;_
powders crystallized well under the predetermined experimental conditions, and the
powder particles have formed agglomerates partially in the SEM images. XPS analysis
results confirmed that the Sr-doping method could introduce more oxygen vacancy in
LaNiOj3_ s, which is consistent with the design idea of the experiment. In addition, oxygen
vacancy contents o are 0.42 and 0.51 for LaNiO3_ ; and Lag g7551 125NiO3_ ¢, respectively.
Radicals trapping experiments under a dark environment show that the MO adsorption
percentage of Sr-doped LaNiO3_  (26.1%) is much larger than that of undoped LaNiO;_
(3.2%) after stirring for 25 min. According to MO degradation curves and kinetic curves,
the MO degradation rate of Sr-doped LaNiO3_ (100%) is larger than that of undoped
LaNiO3_ s (92%) for a degradation time of 80 min. First-principle calculation results show
that the valance band in the range of -8~0 eV is mainly composed of O-2p and Ni-3d
orbits, while the conduction band in the range of 0~10 eV is mainly composed of Ni-3d and
La-3d orbits. In addition, oxygen vacancy and Sr-doping can lead to the generation of new
energy levels near the Fermi level and the narrowing of the band gap of LaNiOs. These
results verify that LaNiO3_ ; with more oxygen vacancy can be successfully prepared by
the Sr-doping method according to the conservation of valance so that the photocatalytic
performance of LaNiOj_ ; can be improved.
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