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Abstract: Metal ion doping is the most widely used means to improve the photocatalytic performance
of semiconductor materials, which can adjust the band gap, broaden the range of optical response
and construct impurity levels. The high efficiency modified NaTaO3 perovskite catalyst with good
structural and catalytic properties was synthesized by a simple hydrothermal reaction method. A
variety of analysis and testing techniques, such as XRD, SEM, DRS, XPS and EPR, were used to
analyze the structure properties of the prepared materials. The results show that the influence
mechanism of different metal introduction on the structure and properties of the NaTaO3 perovskite
was different. Metal doping promoted the bond angle of Ta-O-Ta close to 180◦, which restrains
the recombination of the photogenerated electron-holes in the crystal. As Ce is introduced into the
perovskite, the CeO2 forms and agglomerates around the perovskite, which improves the electron
transport performance. With the narrower band gap, the Ce-modified perovskite shows that the
degradation rate of ARS is 84% after 180 min of photoreaction. The species of h+, O2− and ·OH play
different roles in improving the performance of the photocatalytic degradation process.

Keywords: perovskite; photocatalytic degradation; modification; organic dyes

1. Introduction

Water pollution is a serious threat to human survival and health. However, with the
rapid development of the social economy, more and more wastewater containing organic
pollutants has been produced. The dye-organic matter has aroused great concern due to
its high toxicity [1,2]. At present, the main methods of dealing with dye wastewater in-
clude the physical method [3], chemical method [4], biological method [5], electrochemical
method [6] and emerging photocatalytic degradation method [7]. Among them, photocat-
alytic technology has attracted much attention because of its green and high efficiency [8,9].
It is worth noting that high efficiency and application in visible range are the requirements
of the development of photocatalysis technology. The development of efficient and stable
catalysts is key to realizing the breakthrough of photocatalysis technology.

At present, a variety of materials such as metal oxides [10], metal sulfides [11],
perovskite-type oxides [12], carbon nitride polymers [13] and so on are used for the photo-
catalytic process, especially for the photocatalytic degradation of dye wastewater. However,
these materials still have some problems, such as narrow light harvesting, a short lifetime
of photoinduced charges, and low efficiency and stability [14]. It is well known that the
properties of the catalytic material itself, such as the band gap width and absorptivity, are
related to photocatalytic activity. Moreover, the oxygen vacancy defect and the electron
cloud density around active sites also affect the performance of the catalysts [15]. Thus,
it is an important way to obtain excellent photocatalysts to improve the photocatalytic
performance of materials with good band-gap properties by regulating oxygen vacancy

Catalysts 2023, 13, 1250. https://doi.org/10.3390/catal13091250 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal13091250
https://doi.org/10.3390/catal13091250
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0001-5879-7583
https://doi.org/10.3390/catal13091250
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13091250?type=check_update&version=1


Catalysts 2023, 13, 1250 2 of 15

defects and electron cloud density by different means. The perovskite is a kind of hot spot
material in the photocatalytic field due to its unique structure and photoelectric properties.
NaTaO3 is considered a promising member in the perovskite family for photocatalytic
degradation due to its good structure and high charge separation efficiency. However, the
narrow light response range restricts its development and application. In order to further
improve the photocatalytic activity of NaTaO3, several investigations have been carried out,
such as ion doping, noble metal loading and heterojunctions structure building. Among
them, ion doping has been considered as a simple and effective modification method. The
NaNbxTa1−xO3 shows high photocatalytic activity since Nb doping improves the specific
surface area and narrowed band gaps compared with NaTaO3 [16]. La-doped NaTaO3
shows an improvement in both the crystalline structure and quantum yield, which en-
hances photocatalytic activity [17]. Introducing Mg2+, Ca2+ and Sr2+ can reduce the band
gap for NaTaO3, which is beneficial to photocatalytic degradation [18]. Significantly, the
properties of doping elements and their atomic radius are very important to the structure
and properties of NaTaO3, given the constraints of the perovskite material structure toler-
ance factor [19]. Therefore, Ce, Bi, Mn, Fe and Ni were selected as dopants for NaTaO3 in
this study. The atomic radius sequence is Na (1.91 Å) > Ce(1.82 Å) > Bi(1.70 Å)> Ta(1.48 Å)
> Mn(1.32 Å) > Fe(1.27 Å) > Ni(1.24 Å) > O(0.66 Å) for all involved elements.

Herein, we introduce these elements into the NaTaO3 perovskite structure in order
to investigate the influences of the dopants for the structure properties and widen the
optical response range, improve the ability of photogenic electron-hole separation, and
finally enhance the photocatalytic performance for the prepared catalysts. The prepared
doped NaTaO3 materials were denoted as Bi-NTO, Fe-NTO, Ce-NTO, Ni-NTO and Mn-
NTO, respectively. The photocatalytic activity of the doped-NaTaO3 was investigated by
degrading methylene blue (MB) and alizarin red S (ARS) under visible light. The detail
structure and optical properties were discussed, and the mechanism of photocatalytic
degradation reaction was also described.

2. Results and Discussion
2.1. Characterization of Catalyst
2.1.1. XRD Analysis of Catalysts

The XRD results (Figure 1a) show that the NaTaO3 perovskite structure is the main
crystalline phase for all the samples. Except for the sample with Bi doping, no impurity
peak appeared in other samples. This indicates that the crystal phase of the perovskite
structure can be stably maintained with metal element doping [20]. The crystal plane
has different degrees of deviation to the direction of the low angle in the enlarged image
(Figure 1b), resulting in an increase in crystal plane spacing d for the samples with Fe,
Ce, Ni and Mn doping. The phase of metal Bi can be observed in the XRD pattern, and
the strongest diffraction peak shifts to the high angle direction for the Bi-NTO sample. It
indicates the low solid solubility of Bi for the NaTaO3 perovskite structure, which may
also be the reason for the weak diffraction peak strength of NaTaO3 [21]. Commonly,
substitution is more likely to occur in the perovskite structure between elements with
a similar ionic radius [20]. Thus, in our catalysts system, Fe, Ni and Mn tend to take
the place of Ta while Ce and Bi might partially replace Na in the NaTaO3 perovskite
structure (rNa+ = 1.39 Å, rTa5+ = 0.64 Å, rFe3+ = 0.64 Å, rCe3+ = 1.14 Å, rNi3+ = 0.69 Å,
rMn3+ = 0.58 Å, rBi3+ = 1.03 Å).

Table 1 shows the analysis and calculation of catalyst cell parameters and cell volume
based on XRD parameters, showing that NaTaO3 and M-NaTaO3 (M = Fe, Ce, Ni, Mn, Bi)
are monoclinic crystalline perovskites (a = 3.90627 Å, b = 3.90789 Å, c = 3.90251 Å, and
M-NaTaO3. PDF#74-2479), the intrinsic cell volume of NaTaO3 is 58.85 [A3], and after Fe,
Ce, Ni and Mn doping, the cell volume decreases, and the cell system becomes more stable.
After the introduction of metal Bi, the grain size and cell volume increase.
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Figure 1. (a) The XRD patterns of the prepared samples; (b) the enlarged image of the strongest peak.

Table 1. Crystal parameters of NaTaO3 and M-NaTaO3 (M = Fe, Ce, Ni, Mn, Bi) by XRD.

Samples NTO Fe-NTO Ce-NTO Ni-NTO Mn-NTO Bi-NTO

a [Å] 3.8811 3.8925 3.8839 3.9048 3.8714 3.8782
b [Å] 3.8870 3.8936 3.8881 3.8651 3.8765 3.8902
c [Å] 3.9095 3.8886 3.8892 3.8957 3.9135 3.9062
Vol [Å3] 58.85 58.83 58.73 58.79 58.73 58.94

2.1.2. FT-IR Analysis of Catalysts

Figure 2 shows the FT-IR spectra of the catalysts, from which the functional groups
of NaTaO3 did not change significantly after the introduction of different metals. The
absorption peaks at the 3684 cm−1 and 1060 cm−1 wave number are the hydroxyl peaks
adsorbed on the surface of the sample [22]. The signal in the range of 500–700 cm−1

belongs to the Ta-O-Ta stretching vibration [23]. From Figure 2b, it can be seen that with
the doping of different metals, the Ta-O-Ta absorption peaks are shifted to different degrees
in the direction of a high wave number, indicating that different metal doping will have
a certain effect on the absorption peak position. The Ta-O-Ta bond angle in NaTaO3 is
163◦, and with the metals doping, this value moves closer to 180◦. It should be noted that
the larger bond angle leads to a lower photo-generated electron-hole recombination rate
inside the crystal, which indicates the introduction of metal to reduce the compounding
of the electron-hole [24]. Meanwhile, the characteristic absorption peaks of the stretching
vibrations of metals, such as Fe-O, Ce-O, Ni-O, Mn-O and Bi-O, were not found in the
spectra. It is probably due to the coincidence of the metal–oxygen bond with the Ta-O bond
at the range of 500–700 cm−1.

2.1.3. XPS Analysis of Catalysts

Figure 3a shows the full spectrum of the prepared catalysts, which shows that the
catalyst contains Na, Ta, O and the doped metals Fe, Ce, Ni, Mn and Bi. Further fitting the
XPS spectrum, Na 1s is located at 1070~1080 eV binding energy, Ta 4f is located at 22~32 eV
binding energy and O 1s is located at 526~538 eV binding energy (the detailed information
of O 1s profiles was presented in Figure S1). Figure 3b shows the high-resolution XPS
spectra of Ta 4f, and the dual energy state of Ta 4f is consistent with the oxidation state of
Ta5+ [25], mainly in the form of NaTaO3. The peaks were mainly concentrated in Ta 4f7/2
at 25.37 eV binding energy and Ta 4f5/2 at 27.27 eV binding energy. It can be seen that
the Ta 4f diffraction peak has an obvious displacement change after metal doping. The
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introduction of metal Fe, Ni and Mn led to the shift to a lower binding energy direction of
Ta 4f. This phenomenon indicates that Fe, Ni and Mn mainly occupy the Ta position in the
NaTaO3 perovskite. After the introduction of metals Ce and Bi, the binding energy of the
Ta 4f diffraction peak moves to a higher direction, which indicates that the introduction of
metals Ce and Bi mainly occupies the Na site.
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image of Ta-O vibration.
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The species and content of surface oxygen might have a strong influence on catalyst
activity. The surface oxygen species for the samples were analyzed and the results are
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shown in Figure 3 and Table 2. The oxygen species on the prepared catalyst surface mainly
include lattice oxygen (O2−) near 529 eV, adsorbed oxygen (O−/O2

−) near 530 eV and
adsorbed water near 533 eV [26]. Table 2 shows the percentage content of each oxygen
species on the catalyst surface. The content of lattice oxygen increased for the doped
sample except for Mn-NTO, and the Ce-doped sample increased the most, compared with
NTO. Fe2+/Fe3+, Ce3+/Ce4+, Ni2+/Ni3+, Mn2+/Mn4+, Bi3+ and metallic Bi were found
in Figure S2, which is consistent with the literature [27,28]. The lowest O2− and highest
O−/O2

− for Mn-NTO aligned with the closest radius for Mn and Ta [28].

Table 2. Percent oxygen content of O1s elements in NaTaO3 and M-NaTaO3 (M = Fe, Ce, Ni, Mn, Bi).

Samples NTO Fe-NTO Ce-NTO Ni-NTO Mn-NTO Bi-NTO

O2− (%) 67.07 76.93 82.75 77.44 57.68 79.70
O−/O2

− (%) 26.79 10.09 8.19 13.83 30.39 17.28
Absorbed water (%) 6.14 12.98 9.06 8.73 11.93 3.02

2.1.4. SEM Analysis of Catalysts

The morphology of the catalyst was investigated by SEM, and Figure 4a,c show SEM
images of the neat NaTaO3 at different scales. It can be seen from the figures that the
neat NaTaO3 has a typical nanocubic structure with highly smooth, regular and ordered
surfaces stacked on top of each other. Figure 4d,e show SEM images of Ce-NTO at different
scales, and it can be seen that the nanocubic structure was kept for Ce-NTO. The particle
size distribution of neat NaTaO3 is located at the range of 200–400 nm, with an average
particle size of 273.61 nm after measurement. The average particle size of Ce-NTO is
248.6 nm within the same range. This means that metal doping leads to particle size
reduction. Particle size is an important factor affecting the photocatalytic activity for the
materials, and the smaller the particle size, the shorter the migration distance during the
migration of photogenerated electrons and holes on the photocatalyst surface, which may
be more favorable to the photocatalytic performance [29]. Therefore, as the particle size
decreases after metal doping, the electrons and holes might react with the dye molecules
more efficiently, which may lead to higher photocatalytic degradation activity. The EDS
pattern of the Ce-NTO sample has shown the existence of Na, Ta, O and Ce, indicating the
successful doping of Ce.

2.1.5. TEM Analysis of Catalysts

The surface of neat NaTaO3 is regular and orderly in the TEM image (Figure 5a), and
both the (100) and (110) crystal planes are the main exposed crystal faces (Figure 5d). The
rod and particle agglomeration morphologies can be observed around the perovskite for
the Ce-NTO sample. The phenomenon might contribute to the compactness electronic
transmission. Moreover, the (111) crystalline plane of CeO2 also exists in the Ce-NTO
sample, and the lattice spacing of NTO becomes larger because of the larger ionic radius
of Ce, which is consistent with the XRD results (Figure 5f). The larger lattice spacing of
the (100) crystal plane for the NaTaO3 of Fe-NTO and Ni-NTO can be found due to the
substitution of Ni3+ and Fe3+ for Ta5+ with the large ionic radii in the perovskite structure.
The (004) crystal plane of MnO2 with interlocking lattice stripes can be observed together
with the (110) crystal plane of NTO for the Mn-NTO sample, demonstrating the presence
of some of the Mn in the form of oxides. The lattice spacing for the (100) crystalline plane
of NaTaO3 diminishes with Bi doping, which is consistent with the XRD results.

Combined with the TEM and XRD results, it is speculated that the crystalline structure
of the catalysts has been changed with the metal elements doping. The Fe3+, Ni3+ and Mn4+

elements with larger ionic radii have replaced some of the Ta elements in NaTaO3, and Ce3+

and Bi3+ have replaced some of the Na elements in NaTaO3 during the preparation process.
As a result, the catalyst contains a variety of different M-O metal–oxygen bonds. During
the process of crystal integration, the metal–oxygen bonds rearrange and combine to form
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the perovskite structure due to the different bond lengths, resulting in the distortion of the
crystal surface structure and the formation of crystal defects.
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2.1.6. Catalyst UV-Vis-DRS Analysis

The UV-Vis diffuse reflectance spectra (DRS) provide a visual representation of the
range and extent of the light response of the materials. As can be seen from Figure 6a,
the pure phase of NaTaO3 only has a light absorption response in the UV region, with the
absorption edge at 308 nm. The absorption edges of the five groups of elements doped
showed different degrees of redshift. The light response of Fe- and Mn-doped NaTaO3 is
expanded from the original pure ultraviolet light response to the visible light region. The
analysis results suggested that the introduction of metal can effectively reduce the band gap
value of NaTaO3 (Figure 6b), and the narrow band gap is beneficial to improving the light
absorption ability of the material and producing more photogenerated electron-hole pairs
under visible light irradiation, which increases the photocatalytic activity of the material.

Figure 6c,d show the VB-XPS spectra of NaTaO3 and Ce-NaTaO3, and according
to the equation ECB = EVB − Eg(2-1), the CB of the catalysts were −1.23 eV, −0.49 eV,
−1.42 eV, −1.88 eV, −0.44 eV, −0.67 eV. and −1.42 eV for the catalysts, compared to
the intrinsic NaTaO3 (4.02 eV). The VB XPS spectrum of all catalysts was presented in
Figure S3. Moreover, the band gap of the catalyst Ce-NaTaO3 is narrowed, and the narrow
band gap improves the light absorption. It can be summarized that the valence band
increased with Ce doping, which might increase the migration rate of photogenerated
carriers, reduce the compounding efficiency of photogenerated charges and holes, and
enhance the photoactivity.

2.1.7. Photoluminescence (PL)

Figure 7 shows the PL spectra of all prepared materials at a 370 nm photoexcitation
wavelength. All materials exhibit different degrees of photoluminescence properties at
420–550 nm. It can be seen that the emission intensity of the metal-doped perovskites
decreases significantly compared with the neat NaTaO3 except for Bi-NTO, which indicates
the lower photogenerated electron-hole recombination rate of the doped materials. The
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sharp decrease in the emission intensity for the Fe, Ni and Mn doped samples indicates
that the substitution of Ta5+ distorts the lattice structure and reduces the band gap of the
material. This leads to higher photogenerated carrier mobility and a reduced complexa-
tion of photogenerated electrons and holes. Moreover, lower energy is required for the
photocatalytic process, which is in agreement with the results for solid UV.
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2.2. Photocatalytic Degradation Performance

In order to investigate the activity of the prepared catalysts in photocatalytic degra-
dation, methylene blue and alizarin red were selected as substrates for photocatalytic
degradation evaluation. From Figure 8a, it can be seen that the adsorption amounts of
all the samples on methylene blue were basically the same in the first 30 min, indicating
that the doping of metals did not change the surface charge and surface morphology of
NTO. Under visible light, the photocatalytic activity of the catalysts showed the pattern
of Ce-NTO > Ni-NTO > Fe-NTO > Bi-NTO > NTO > Mn-NTO, which is consistent with
the change pattern of lattice oxygen from the analysis of XPS. Figure 8c depicts the photo-
catalytic activity of the catalyst for the degradation of ARS in visible light. It can be seen
that the metal doped samples present better photocatalytic degradation performance on
the whole, which indicates the effect of metal doping on photocatalytic degradation perfor-
mance improvement. The Ce-doped catalyst showed the best photocatalytic degradation
performance for both MB and ARS.
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Figure 8. (a,b) Shows the photocatalytic degradation MB curves and primary kinetics; (c) shows the
photocatalytic degradation ARS curves.

To understand the reaction kinetic behavior of each catalyst for pollutant degradation,
the MB and ARS degradation data were further fitted by pseudo primary kinetics. As
shown in Figure 8b, the reaction between ln(C/C0) and light time conforms to quasi-first-
order kinetics: ln(C/C0) = kt, k is the apparent reaction rate constant. The histogram shows
that the photodegradation rate constant of metal-doped NaTaO3 is higher than that of the
pure phase NaTaO3. For the photocatalytic degradation of ARS, the samples show the
different kinetics. The Ce-NTO and Ni-NTO sample present the linear fit within just 60 min
(as shown in Figure S4).

The results show that the introduction of metal can effectively reduce the band gap
value of NaTaO3, and a narrow band gap is beneficial to improving the light absorption
capacity of the material. Among them, the optical response of Fe-, Ce-, Ni-, Mn- and
Bi-doped NaTaO3 is broadened from the original NaTaO3 pure ultraviolet light response
to the visible light region. The presence of CeO2 after metal Ce doping increases the
absorption strength of the material, which is consistent with the literature reports [30].
More photogenerated electron-hole pairs are generated under visible light irradiation, thus
improving the photocatalytic activity of the material. The Mn-doped catalysts showed
outstanding advantages in visible light expansion and photoelectron excitation energy, but
the photocatalytic degradation experiments of ARS and MB (the photocatalytic degradation
rate of the sample Mn-NTO was lower than that of the sample NaTaO3) showed that while
the narrow band gap is conducive to improving light absorption capacity, it does not
necessarily lead to better or worse photocatalytic activity. It tends to a certain limit.
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In order to investigate the stability of the catalyst, the cyclic photocatalytic degradation
of ARS under visible light irradiation was investigated by cycling the photocatalyst Ce-NTO.
The degradation rate of the catalyst decreased after four consecutive cycles of degrading
ARS (Figure 9a), but still reached 78%. The decrease in the degradation rate may be due to
the adsorption of some pollutant molecules on the catalyst surface, causing pore blockage.
However, the photocatalyst still had a high stability. In addition, the XRD patterns of the
fresh and used Ce-NTO samples after recycling were displayed in Figure 9b. The results
mean that the perovskite structure keeps stable after cycle use, although the diffraction
peak intensity decreased slightly.
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2.3. Photocatalytic Degradation Mechanism

Figure 10a shows the effects of different scavengers on the degradation rate of ARS
within 180 min. It can be seen that the addition of scavengers can inhibit the degradation
rate of ARS, and the inhibition sequence is EDTA-2Na > IPA > BQ. The h+, ·O2

− and ·OH
play a different role in the process of degradation. The h+ is the main active substance for
pollutant degradation. Figure 10b shows the signal of the spin capture reagent TEMPO. The
signal intensity is weakened after light when TEMPO (2,2,6,6-Tetramethylpiperidinooxy) is
combined with h+ to form TEMPO+.

The excited electrons jump from the valence band to the conduction band, leaving the
active h+ in the valence band for Ce-NTO during the photocatalytic process. As shown
in Figure 10c,d, almost no O2

− and ·OH signals fluctuate in the dark. The DMPO-·O2
−

(5,5-Dimethyl-1-pyrrolidine N-oxide) and DMPO-OH show obvious characteristics of four
lines for the EPR signal after visible light irradiation, which displays the production of
·O2
− and ·OH in the process of degradation. It can be concluded from the results of a free

radical experiment and EPR (electron paramagnetic resonance) test that the h+, ·O2
−, and

·OH species play different roles in the process of photocatalytic degradation, and that h+

and ·O2
− are the main active substances.

Based on the results and analysis above, a possible mechanism for the photocatalytic
degradation of pollutants is proposed to illustrate the excellent photocatalytic activity of
Ce-NTO (Figure 11). According to the TEM results, it can be clearly seen that the lattice
expansion and increase in cell volume and impurity defects were caused by Ce doping in
the structure. These produce more oxygen vacancies and reduce carrier recombination.
Thus, as the composite is irradiated by visible light, the excited electrons jumped from
O 1s to the Ta5d orbital to form the ·O2

−. The holes on the valence band can form ·OH
with water molecules, which are adsorbed on the catalysts’ surface. Therefore, the holes
play a crucial role in the photocatalytic process, which can decompose the dye into small
molecules. The addition of metals effectively inhibits the photoelectron-hole recombination
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and improves the photocatalytic performance of the materials. The reaction process is
as follows:

Ce-NTO +hv→ e− + h+

e− + O2→·O2
−

h+ + OH−→·OH
h+ + ·O2

− + ·OH + ARS→CO2 + H2O + Inorganic molecules.
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3. Conclusions

The series NaTaO3 perovskite modified with five different metal elements were pre-
pared with the hydrothermal method and applied for photocatalytic degradation. The
structural test results indicate that Na+ was partially replaced by Bi and Ce in the A-position
of the perovskite. In addition, Fe, Ni and Mn partially replace Ta5+ doped into the B-position
of NaTaO3. The metal doping forms an intermediate energy band, which reduces the band
gap of NTO and decreases the photogenerated electron-hole recombination rate. The
Ce-NTO sample showed the best photocatalytic degradation performance with a narrower
band gap, high migration rate of photogenerated carriers and weak recombination of pho-
togenerated charges and holes. The holes play a crucial role in the photocatalytic process,
which can decompose the dye into small molecules.

4. Materials and Methods
4.1. Preparation of Photocatalysts

Referring to the traditional hydrothermal method with sodium hydroxide and tanta-
lum pentoxide as raw materials, according to the ratio Ta:M (M = Fe, Ce, Ni, Mn, Bi) = 9:1
indicating the amount of material to add, a certain amount of nitric acid substances (iron
nitrate, cerium nitrate, nickel nitrate, manganese nitrate, bismuth nitrate) was dissolved
in deionized water, and the mixed solution was placed in a stainless steel reactor liner at
140 ◦C for 12 h. Then, the metal-doped NaTaO3 product is obtained by thoroughly washing
until neutral and removing impurities. The aimed materials were dried in an oven at 80 ◦C
for 12 h and further calcined at 700 ◦C for 4 h in a muffle furnace.

4.2. Characterization of Photocatalysts

The crystal structure and microcrystal size of the materials were recorded by XRD
patterns to investigate the effect of doping on the crystalline structure of the catalyst.
The test instrument was a D8 ADVANCE A25 X-ray diffraction from Bruker AXS GmbH,
Karlsruhe, Germany. The test parameters were Cu Kα-rays with an incident wavelength of
λ = 0.15418 nm, a test voltage of 60 kV, a test current of 80 mA and a range of 10–85◦.

The infrared spectroscopy instrument is a PerkinElmer Fourier transform infrared
spectrometer, model Spectrum Two, Waltham, MA, USA.

The catalyst surface oxygen species as well as the dopant elements were examined
by XPS results for species, content, and valence state. The XPS test instrument was a
Thermo Scientific K-Alpha X-ray photoelectron spectrometer, Waltham, MA, USA, with
an X-ray source: 12 kV, 6 mA current, 400 µm beam spot diameter, 100 eV flux energy,
16 kV operating voltage and 14.9 mA current. The charge calibration was performed with
C1s = 284.8 eV.

The diffuse reflectance spectra of the samples were obtained using a UV-Vis dif-
fuse reflectance spectrometer (Shimadzu UV-2700, Kyoto, Japan) with a test range of
200 nm–800 nm.

The surface morphology, shape, size and distribution of the sample particles were
studied by SEM. The SEM test model was a ZEISS Sigma 300 SEM from Oberkochen,
Germany. The acceleration voltage was 3 kV for the morphology shot, 15 kV for the energy
spectrum mapping shot, and the detector was a SE2 secondary electron detector. The
morphology of the material was photographed by transmission electron microscopy (TEM)
with high resolution. The model used was JEOL JEM-F200, Kyoto, Japan, the accelerating
voltage was 200 kV, and the energy spectrum model was JED-2300T, Kyoto, Japan.

A fluorescence emission spectrometer (PL Edinburgh FLS1000, Edinburgh, UK) was
used to analyze the photoexcited electron-hole recombination rate and photoelectron
conduction efficiency of the catalyst materials. The excitation wavelength used was 385 nm.

The EPR signals of the catalysts in both dark and light conditions were detected using
the EPR 200M instrument of the GOKI Quantum, Hefei, China.

The transient surface photocurrent was used to characterize the surface photocurrent
intensity of the material and thus analyze the photoelectron transport.
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4.3. Photocatalytic Degradation
4.3.1. Photocatalytic Activity Test

A full-wavelength 300 W xenon lamp was used as the light source, and a solution
with a concentration of 20 mg/L was prepared by dissolving 20 mg of dye in 1 L of
water and stirring the solution vigorously to ensure complete dissolution. The 20 mg of
catalyst was first dispersed in a configured 50 mL of contaminant solution, and then the
contaminant solution was placed on a magnetic stirrer used to make the solution uniformly
dispersed and stirred in the dark for 30 min to reach adsorption equilibrium. During
the photocatalytic process, 3 mL of supernatant was aspirated every 15 min at specified
time intervals, and the solution was filtered using a 0.22 µm microporous filter tip to
filter the catalyst, before the solution was analyzed by UV-vis spectrophotometer. Alizarin
red wavelength maximum absorption λ = 263, and methylene blue maximum absorption
wavelength λ = 664.

η =
C0 −C

C0
× 100% (1)

C0-initial concentration of the solution (mg/L); C-concentration of the solution at the
time of reaction (mg/L).

4.3.2. Catalyst Kinetics Study

In photocatalysis, degradation kinetics have been extensively studied and most kinetic
models are based on the Langmuir-Hinshelwood equation, as follows:

ln
C0

C
= kt (2)

C0 is the initial concentration of the pollutant after adsorption equilibrium (mg/L); C
is the concentration at time t of the photocatalytic reaction (mg/L); and k is the first-order
reaction rate constant (min−1).
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//www.mdpi.com/article/10.3390/catal13091250/s1, Figure S1. O 1s profiles of (a–f) NaTaO3 and
M-NaTaO3 (M=Fe, Ce, Ni, Mn, Bi) series catalysts; Figure S2. High-resolution XPS patterns of Fe 2p,
Ce 3d, Ni 2p, Mn 2p, Bi 4f of catalysts; Figure S3. (a–f) VB XPS spectrum of the catalysts; Figure S4.
Photocatalytic degradation ARS kinetics. (a) all sample within 120 min, (b) Ce-NTO and Ni-NTO
within 60 min.
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