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Abstract: The use of photocatalytic technology to degrade polyacrylamide in crude oil extrac-
tion wastewater is a promising approach, but there have been few reports so far. In this study,
ZnFe2O4/Ba0.7Sr0.3TiO3 heterogeneous composite materials of a spinel/perovskite type with differ-
ent proportions were synthesized. The composite materials with 31% ZnFe2O4 content exhibited a
maximum polyacrylamide degradation efficiency of 46.54%, which demonstrated the unique role of
the spinel/perovskite heterogeneous structure. When Ag nanoparticles were grown in situ on the
surface of ZnFe2O4/Ba0.7Sr0.3TiO3, the photocatalytic degradation efficiency reached 81.28%. The
main reason was that the introduction of Ag nanoparticles not only increased the active sites and
enhanced light absorption capacity but also accelerated the separation of photo-generated charges.
This work provides new ideas for the construction of spinel/perovskite heterogeneous composite
materials and has reference significance for the application of photocatalytic degradation in the
treatment of wastewater-containing polymers.

Keywords: zinc ferrite; strontium barium titanate; spinel/perovskite heterogeneous composite; in
situ growth of Ag nanoparticles; photocatalytic degradation of polyacrylamide

1. Introduction

In oil recovery techniques, polyacrylamide (PAM) can be dissolved in water in any
proportion. Due to its good thickening, flocculation, and rheological adjustment properties,
its aqueous solution can significantly improve the oil recovery rate and is widely used in
petroleum extraction. However, while PAM enhances the oil recovery rate, it also generates
high-viscosity wastewater-containing polymers, which can be harmful to the environment
when discharged. Through migration, adsorption in formations, and other processes, PAM
can pose long-term hazards to soil and water bodies. In addition, PAM can spontaneously
degrade into acrylamide, and the monomer acrylamide is toxic and harmful to the human
nervous system. Direct contact can cause symptoms such as eye inflammation, dizziness,
and headaches, and it can also affect lung function [1]. Therefore, the effective degradation
of PAM has important practical significance.

Currently, there are mainly physical degradation methods for the degradation of
PAM [2] (mechanical degradation [3], ultrasonic degradation [4–6], thermal degrada-
tion [7,8], photodegradation [9,10], laser pulse degradation [11], low-temperature plasma
degradation [12,13]) and chemical degradation methods (oxidative degradation [14], pho-
tocatalytic degradation [15]). Physical degradation methods often require the application
of energy such as light and heat, which increases energy consumption and does not fully
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degrade PAM. Chemical degradation methods include oxidative degradation and pho-
tocatalytic degradation. Oxidative degradation requires the addition of oxidants, which
can achieve complete degradation but may result in secondary pollution. Photocatalytic
degradation, on the other hand, is an environmentally friendly water treatment technology
that does not cause secondary pollution and can completely degrade pollutants such as
PAM [15]. However, there are fewer reports on this topic. For example, Zhu et al. [16]
synthesized Cu2O@ZnO using the immersion-reduction air oxidation method and pre-
pared rGO@Fe3O4/Cu2O@ZnO magnetic recyclable composite material via a hydrothermal
method with GO@Fe3O4 prepared using a chemical co-precipitation method. The compos-
ite of Cu2O and ZnO can improve the range of light response and solar energy utilization
and form a heterogeneous (p-n type) structure with ZnO, further promoting the separation
of light-induced charge carriers, thereby improving the catalytic performance. The high
conductivity of rGO further enhances the catalytic activity of Cu2O/ZnO. Rong et al. [17]
prepared an Ag-AgBr/TiO2-graphene (AATG) composite photocatalyst by modifying TiO2
with an Ag/AgBr semiconductor and graphene using the deposition–precipitation method.
The Ag-AgBr and graphene reduce the bandgap of AATG, thereby enhancing the visible
light utilization and widening the light-response range of the composite material. Simulta-
neously, the addition of graphene enhances the surface adsorption effect [18], as well as the
effective separation of photoelectrons and holes, leading to a significant enhancement of
the photocatalytic activity of TiO2.

As is well-known, the construction of heterogeneous junctions can effectively promote
the transfer of photo-generated charges and suppress the recombination of photo-generated
electrons and holes in photocatalytic reactions [19–21]. Currently, there are many reports
on the construction of noble metal/spinel heterojunctions [22] and noble metal/perovskite
heterojunctions. For example, Wang et al. [23] constructed noble metal/spinel heterojunc-
tions with Au and Co3O4, which have multiple bandgaps, expanding the light-response
range and exhibiting a clear surface plasmon resonance (SPR) peak. SPR generates addi-
tional photo-generated electrons, thereby hindering the recombination rate of electron–hole
pairs and improving photocatalytic performance. Cho et al. [24] synthesized the noble
metal/perovskite heterojunction of Rh and SrTiO3, reducing the consumption of CB elec-
trons by protons and other intermediate products, and improving the overall dual photo-
catalytic activity. However, there are few reports on spinel/perovskite heterojunctions.

In this study, we used zinc ferrite with a spinel structure and strontium barium titanate
with a perovskite structure to form heterojunctions. By regulating the ratio of the two
to form a good, solid solution structure, the efficiency of electron–hole separation was
enhanced, and the photocatalytic activity of PAM degradation was increased. Furthermore,
Ag nanoparticles with a better ability to transfer electrons were introduced on the surface
of the composite material. The loading of Ag nanoparticles improves the efficiency of
electron–hole separation, reduces the bandgap width, and the energy required for electron
transition reactions, and further enhances photocatalytic activity.

2. Results
2.1. Phase Structure Analysis of ZnFe2O4/Ba0.7Sr0.3TiO3

Figure 1 shows the XRD diffraction patterns of ZnFe2O4, Ba0.7Sr0.3TiO3, and ZnFe2O4/
Ba0.7Sr0.3TiO3 with different component contents (ZFO and BST are abbreviations for
ZnFe2O4 and Ba0.7Sr0.3TiO3, respectively). Characteristic diffraction peaks of Ba0.7Sr0.3TiO3
appear at 22.4◦, 31.9◦, 39.3◦, 45.6◦, 51.4◦, 56.7◦, 66.4◦, and 75.4◦, corresponding to crystal
planes (100), (110), (111), (200), (210), (211), (220), and (310), respectively. Characteristic
diffraction peaks of ZnFe2O4 were observed at 30◦, 35.2◦, 42.8◦, 56.7◦, and 62.2◦, cor-
responding to crystal planes of (220), (311), (400), (511), and (440), respectively. This
indicates the successful combination of ZnFe2O4 and Ba0.7Sr0.3TiO3. The characteristic
peaks of ZnFe2O4/Ba0.7Sr0.3TiO3 are obvious and no impurity peaks appear, and their
diffraction peaks are completely consistent with the standard XRD pattern in the standard
card (card numbers ZFO PDF # 22-1012, BST PDF # 44-0093), indicating that the synthe-
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sized ZnFe2O4/Ba0.7Sr0.3TiO3 composite material has high purity. As the proportion of
the ZnFe2O4 component increases, the positions and configurations of each diffraction
peak on the XRD spectrum are consistent, indicating that changes in the composition of
the composite material will not affect its crystal structure. Meanwhile, comparing the XRD
diffraction patterns of ZnFe2O4, Ba0.7Sr0.3TiO3, and ZnFe2O4/Ba0.7Sr0.3TiO3 samples, it
was found that the XRD diffraction peak widths of the samples after the composition with
Ba0.7Sr0.3TiO3 narrowed, indicating that the grain size of the samples after the compo-
sition was larger than before the composition. In addition, Figures S1 and S2 show the
physical and chemical properties of pure ZnFe2O4 and Ba0.7Sr0.3TiO3, respectively. From
Figure S1a, it can be observed that the morphology of the ZnFe2O4 sample exhibits an
irregular layered shape, with an unsmooth surface and particle sizes ranging from 10 to
30 µm, and Figure S1b further demonstrates the obvious pore structure inside the material,
which is conducive to the increase of active sites. The average grain size of pure-phase
ZnFe2O4 particles calculated by combining Figure S1c and Scheler’s formula is 19.9 nm,
with a lattice constant of 8.440 Å, which is slightly smaller than the standard 8.443 Å [25];
this is due to the redistribution of Zn2+ and Fe3+ at tetrahedral and octahedral positions
when the particle size decreases to the nanoscale. The infrared spectrum (Figure S1d)
shows that the absorption peaks at 3452.34 cm−1 and 1635.52 cm−1 belong to the O–H
stretching and bending vibration peaks in the surface water of ZnFe2O4, while 541.96 cm−1

and 420.45 cm−1 represent the stretching vibration of Zn–O bonds in tetrahedral positions
and Fe–O bonds in octahedral positions in ZnFe2O4 [25]. In addition, the photolumines-
cence spectrum (PL spectrum) of ZnFe2O4 was tested using an excitation wavelength of
259 nm (Figure S1e), and it was found that the emission center of the ZnFe2O4 sample
was concentrated around 468 nm, indicating a high PL intensity of ZnFe2O4, and the
electron–hole pair recombination efficiency of the ZnFe2O4 sample is high, which is not
conducive to the separation of electron–hole pairs. Figure S1f shows that the nitrogen
adsorption–desorption isotherm type of ZnFe2O4 is type IV, with an H3-type hysteresis
loop, originating from the mesoporous structure of material stacking [26]. Its pore size
is concentrated at 13.52 nm (Figure S1g), and its specific surface area is 17.97 m2·g−1.
From Figure S2a,b, it can be observed that the morphology of Ba0.7Sr0.3TiO3 consists of
spherical nanoparticles, with an obvious agglomeration phenomenon. Small grains easily
adhere to each other to form larger particles, which may affect photocatalytic activity.
The average grain size of pure-phase Ba0.7Sr0.3TiO3 particles was calculated to be 6.3 nm,
based on Figure S2c and Scheler’s formula. The infrared spectrum (Figure S2d) shows that
547.74 cm−1 and 435.88 cm−1 are the tensile vibrations of the Ti–O and Ba–O bonds [27],
respectively. The photoluminescence spectrum (Figure S2e) shows that the emission center
of the Ba0.7Sr0.3TiO3 sample is concentrated at around 470 nm. The Ba0.7Sr0.3TiO3 sample
exhibited a lower PL intensity compared with ZnFe2O4, indicating a lower recombination
efficiency of electron–hole pairs. This suggests that the separation of electron–hole pairs
will be facilitated in the Ba0.7Sr0.3TiO3 sample.

The ZnFe2O4/Ba0.7Sr0.3TiO3 composite material prepared by the sol–gel method was
analyzed for functional group changes before and after calcination at 1100 ◦C using in-
frared absorption spectroscopy, as shown in Figure 2. After the calcination treatment,
the C-H, C=O, and C–O–Ti bonds in the dried gel disappeared, indicating the decom-
position of carbonates after the heat treatment. Figure S3 shows the infrared spectra of
ZnFe2O4/Ba0.7Sr0.3TiO3 with different compositions of ZnFe2O4. By comparison, there
is no significant difference in the infrared spectra of ZnFe2O4/Ba0.7Sr0.3TiO3 with differ-
ent compositions. Figure S4 displays the TEM image of ZnFe2O4/Ba0.7Sr0.3TiO3 (ZFO
wt% = 31), where the interplanar spacing corresponding to the (220) crystal plane of
ZnFe2O4 is 0.168 nm, and the interplanar spacing corresponding to the (210) crystal plane
of Ba0.7Sr0.3TiO3 is 0.285 nm.
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Figure 3 shows the EDS spectra of ZnFe2O4/Ba0.7Sr0.3TiO3 (ZFO wt% = 31), indicating
the presence of Ti, Fe, Zn, Sr, Ba, and O elements in the sample. Ba has the highest elemental
concentration, followed by Fe and Ti elements, and the distribution of elements in the
grains is relatively uniform [28].

The heat treatment process of ZnFe2O4/Ba0.7Sr0.3TiO3 (ZFO wt% = 31) dry gel involves
the volatilization of crystal water, the combustion of organic matter, the decomposition of
chelates, the crystallization of perovskite-phase BST, and the growth of grains, which are
accompanied by endothermic and exothermic phenomena. In order to further investigate
the reaction mechanism of the ZnFe2O4/Ba0.7Sr0.3TiO3 composite material during the heat-
ing process, a TG-DSC analysis was conducted [29], as shown in Figure S5. The weight
loss of the dried gel can be divided into three stages in the temperature range from 90 ◦C
to 1100 ◦C. The first stage occurs before 200 ◦C and is mainly attributed to the volatiliza-
tion of absorbed water and ethanol solvents. An endothermic peak is observed around
192 ◦C on the DSC curve, with a weight loss of approximately 3.5%. The second stage
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takes place between 200 ◦C and 500 ◦C, during which the organic functional groups, such
as the butoxy groups in tetra-n-butyl titanate, undergo combustion, decomposition, and
hydrogen bond cleavage, resulting in the evaporation of H2O and CO2 gases from the
system. A significant exothermic peak occurs at around 270 ◦C on the DSC curve, with
a weight loss of approximately 6%. The third stage occurs from 500 ◦C to 900 ◦C. In this
stage, the weight of the material rapidly decreases due to the burning of organic residues in
the powder of the dried gel, as well as the reaction between SrCO3 and BaCO3 with TiO2,
leading to the formation of SrTiO3 and BaTiO3 and the release of CO2. The characteristics
of this stage are the endothermic peaks at around 771 ◦C and 842 ◦C on the DSC curve, as
well as the exothermic peak at around 860 ◦C, with a weight loss of approximately 7.5%.
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2.2. Composition Structure and Surface State of ZnFe2O4/Ba0.7Sr0.3TiO3

Qualitative and semi-quantitative analysis of the ZnFe2O4/Ba0.7Sr0.3TiO3 with dif-
ferent composition ratios was performed using X-ray fluorescence spectroscopy (XRF),
and the results are shown in Table S1. It can be observed that the composition ratios of
ZnFe2O4/Ba0.7Sr0.3TiO3 are close to the theoretical values, which is further confirmed by
X-ray diffraction (XRD) characterization, indicating the successful preparation of ZnFe2O4/
Ba0.7Sr0.3TiO3 with different composition ratios.

Elemental and valence state information of ZnFe2O4/Ba0.7Sr0.3TiO3 was analyzed
using X-ray photoelectron spectroscopy (XPS) [25,30]. As shown in Figure 4a, the high-
resolution spectrum of Ba 3d exhibits two peaks at 794.21 eV and 779.21 eV, corresponding to
the Ba 3d3/2 and Ba 3d5/2 electrons, respectively. In Figure 4b, the high-resolution spectrum
of Fe 2p shows peaks at binding energies of 725.21 eV and 711.21 eV, corresponding to the
Fe 2p1/2 and Fe 2p3/2 electrons, respectively. Additionally, a satellite peak of Fe 2p3/2 is
observed at 720.21 eV, indicating the presence of Fe3+. In Figure 4c, the O 1s spectrum of
ZnFe2O4/Ba0.7Sr0.3TiO3 consists of three oxygen components, with a peak at approximately
530.11 eV attributed to lattice oxygen, a peak at approximately 530.21 eV corresponding to
oxygen vacancies, and a peak at approximately 532.45 eV corresponding to adsorbed H2O.
In Figure 4d, the high-resolution spectrum of Sr 3d exhibits two peaks at 134.01 eV and
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132.11 eV, corresponding to Sr 3d3/2 and Sr 3d5/2 electrons, respectively. The Ti 2p spectrum
in Figure 4e consists of peaks from the Ti 2p1/2 and Ti 2p3/2 electrons, with binding energies
of 463.21 eV and 457.21 eV, respectively, which are close to the reported binding energies of
α-Ti in the BST perovskite structure, indicating the presence of a Ti4+ oxidation state. In
Figure 4f, the peaks of Zn 2p appear at 1044.21 eV and 1021.21 eV, corresponding to the Zn
2p1/2 and Zn 2p3/2 electrons, respectively. From Figure S6, it can be observed that the Zn,
Ba, Fe, Ti, Sr, and O elements are present, while the presence of carbon may be attributed to
equipment contamination during the measurement.
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SEM images of ZnFe2O4/Ba0.7Sr0.3TiO3 with ZFO wt% of 31 and 35 are shown in
Figure 5, with the magnification indicated at the bottom of each image. Figure 5a–d
represent the SEM images of ZnFe2O4/Ba0.7Sr0.3TiO3 with ZFO wt% of 31, and with ZFO
wt% of 35, respectively. It can be observed that the ZnFe2O4/Ba0.7Sr0.3TiO3 samples present
a flat and irregular particle shape, with a particle size ranging from 20 to 200 nm. The
particle size is uneven, and some particles show an agglomeration phenomenon. The
change in the proportion of ZnFe2O4 and Ba0.7Sr0.3TiO3 components has little effect on the
morphology of the ZnFe2O4/Ba0.7Sr0.3TiO3 samples.
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and (c,d) ZFO wt% = 35.

2.3. Analysis of Specific Surface Area of ZnFe2O4/Ba0.7Sr0.3TiO3

According to Table S2, the specific surface area of ZnFe2O4/Ba0.7Sr0.3TiO3 (ZFO
wt% = 31) is 1.85 m2·g−1, with an average pore size of 14.55 nm. In Figure S7a, based on the
IUPAC definition, the nitrogen adsorption–desorption isotherm of ZnFe2O4/Ba0.7Sr0.3TiO3
is of type IV, exhibiting a hysteresis loop of type H3, indicating that the material contains
a mesoporous structure. Figure S7b represents the pore-size distribution of the sample,
showing that the pore sizes mainly range from 9.45 nm to 26.72 nm, with the peak at
12.27 nm. The pore-size distribution of the sample is moderately uniform. Compared to
pure ZnFe2O4, the specific surface area of the ZnFe2O4/Ba0.7Sr0.3TiO3 composite sample is
reduced, primarily due to the higher sintering temperature, resulting in decreased surface
roughness, which has a certain influence on the transfer efficiency of the photo-generated
electron to the surface.

2.4. Analysis of Electron–Hole Pair Separation Efficiency in ZnFe2O4/Ba0.7Sr0.3TiO3

The photoluminescence (PL) spectra of ZnFe2O4/Ba0.7Sr0.3TiO3 samples can be used
to qualitatively analyze the photo-generated electron and hole recombination probabilities
in samples of different components [17], as shown in Figure 6. It is observed that the
emission centers of different component samples are concentrated around 390 nm. With
an increase in the ZFO component content, the peak of the PL spectra initially increases,
then decreases, and finally increases again. Therefore, the result within this range of ZFO
content is that, as the ZFO content increases, the recombination probability of electrons
and holes first increases, then decreases, and finally increases again. When the ZFO wt% is
31, the recombination probability of electrons and holes is the lowest, and the separation
efficiency is the highest, which is beneficial for improving photocatalytic performance. In
addition, the UV-visible absorption spectrum of ZnFe2O4/Ba0.7Sr0.3TiO3 (ZFO wt% = 31)
exhibits strong absorption in the visible light range [31], with the maximum absorbance
occurring at a wavelength of approximately 420 nm (Figure S8a). The bandgap width of
the sample is estimated to be 1.62 eV based on the Kubelka–Munk equation plot (αhv)2 -hv
curve shown in Figure S8b [32].
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2.5. Degradation Mechanism and Products of PAM

The degradation mechanism of PAM can be described as follows: •OH is the main ac-
tive species for oxidative degradation of PAM. Under light conditions, the photo-generated
electrons generated by ZFO-BST migrate to the surface, while Ag nanoparticles can accel-
erate their migration and leave photo-generated holes. This process is accompanied by
the formation of •O2

− and further forms •OH, which is then quickly transferred to the
PAM adsorbed on the catalyst surface and destroys its chain structure and decomposes
it into acrylic acid and acrylamide, which in turn degrade into CO2 and H2O [17]. The
degradation product process is shown in Figure S9, and the degradation mechanism is
similar to that reported in the literature [33].

3. Discussion
3.1. Study on the Photocatalytic Performance of ZnFe2O4/Ba0.7Sr0.3TiO3

ZFO exhibits a narrow bandgap (about 1.9 eV), more pores, and a larger specific surface
area, making it easily excited by visible light, and a large number of photo-generated elec-
trons and holes can be generated, while it also possesses good optical stability. However, its
valence band potential is low, resulting in a poor photoelectric conversion performance [34].
The built-in electric field generated by the spontaneous polarization of BST in composite
materials helps to promote the separation of photo-generated electron–hole pairs at the
interface and improve visible light catalytic performance, but particles are prone to ag-
gregation [35]. Therefore, when these two materials are used as photocatalysts alone, the
improvement in their photocatalytic performance is limited.

This is the equation for degradation efficiency:

Degradation efficiency = (C0 − Ct)/C0 × 100%, (1)

C0 and Ct are the initial concentration of PAM solution and the concentration after
irradiation time, respectively.

Figure S10 shows the degradation efficiencies of pure ZFO and pure BST in the pho-
tocatalytic degradation of PAM, which is 43.67% and 33.49%, respectively. Subsequently,
the degradation efficiency of ZnFe2O4/Ba0.7Sr0.3TiO3 was studied, as shown in Figure 7a.
When the proportion of ZFO in the ZnFe2O4/Ba0.7Sr0.3TiO3 composite catalyst is different,
the photocatalytic degradation performance of the PAM solution shows an initial increase,
followed by a decrease. The photocatalytic performance of ZnFe2O4/Ba0.7Sr0.3TiO3 is
best when the ZFO wt% is 31, with a degradation efficiency of 46.54% after 7 h of irradi-
ation (Figure 7b). After being reused five times, the PAM degradation efficiency of the
ZnFe2O4/Ba0.7Sr0.3TiO3 (ZFO wt% = 31) composite material can still be maintained at
around 46%, which means that the composite material has a good photocatalytic cycling
stability and can be reused multiple times, as shown in Figure S11. When the proportion
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of ZFO in the composite catalyst is low, the sample shows a slight inhibition in the pho-
tocatalytic degradation of the PAM solution. This may be due to the low ZFO content in
the sample, where BST plays the dominant role. However, BST is prone to aggregation,
which reduces the contact area and blocks the light source, leading to the inhibition of PAM
photocatalytic degradation. When the proportion of ZFO is too high, the electron–hole
recombination probability of the composite catalyst will increase, resulting in a decrease in
the separation efficiency and affecting the photocatalytic activity.
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3.2. Study on the Photocatalytic Performance of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag

It is well-known that Ag nanoparticles have excellent electron transfer abilities, facil-
itating the effective separation of electrons and holes and improving the absorption and
utilization of visible light by the catalyst [17,36]. Here, Ag nanoparticles are loaded onto the
surface of ZnFe2O4/Ba0.7Sr0.3TiO3 (ZFO wt% = 31) by a chemical reduction method. And
its crystal phase, microstructure, surface state, specific surface area, element distribution,
electron hole recombination probability, and light absorption performance were character-
ized (Figures S12–S17). The photocatalytic performance of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag
in the treatment of PAM wastewater was studied, and the influencing factors of pho-
tocatalytic degradation of PAM were explored. Figure S12 shows the XRD patterns of
ZnFe2O4/Ba0.7Sr0.3TiO3/Ag with different Ag content. The characteristic peaks of Ag
appear in all the samples, and the corresponding crystal plane is (008). Figure S13 shows
the TEM images of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag (Ag wt% = 4). The nanoparticles inside the
dashed line are Ag nanoparticles attached to the crystal surface. The interplanar spacing
corresponding to the (100) plane of Ba0.7Sr0.3TiO3 is 0.110 nm, and that of the (400) plane of
ZnFe2O4 is 0.222 nm. Figure S14 shows the XPS spectrum of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag,
where Figure S14a–g are similar to the XPS spectrum of ZnFe2O4/Ba0.7Sr0.3TiO3, and
Figure S14h is the high-resolution spectrum of Ag 3d, showing two peaks at 373.12 eV and
367.12 eV, respectively corresponding to Ag 3d3/2 and Ag 3d5/2 electrons. Table S3 shows
that the specific surface area of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag is 2.59 m2·g−1, and the average
pore size is 14.65 nm, which is higher than that before loading Ag, resulting in an increase
in the active sites of the composite material, which will help enhance photocatalytic activity.
Figure S15 shows the EDS spectrum of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag (Ag wt% = 4), confirming
the presence of Ag in the sample. As shown in Figure S16, the emission centers of different
component samples are concentrated around 470 nm. When the Ag content changes, the
efficiency of electron and hole separation will be inhibited if the Ag content is too low
or too high. However, when the Ag content is between 2% and 6%, the variation in Ag
content has little effect on the efficiency of electron and hole separation. Figure S17 shows
that the bandgap width of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag (Ag wt% = 4) is 1.60 eV, which is
narrower than that of ZnFe2O4/Ba0.7Sr0.3TiO3 (1.62 eV). This means that less energy is
required for electron transition, which will be beneficial for improving catalytic activity.
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By comparing Figures S17 and S18, it was found that the two catalysts mainly absorb light
with wavelengths above 350 nm, thereby achieving photocatalytic degradation.

Next, the photocatalytic performance of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag and influencing
factors were systematically studied. As shown in Figure 8a, the photocatalytic performance
of the catalysts first increases and then decreases with the increase of Ag content. When the
content of Ag is 4%, the highest degradation efficiency of photocatalytic degradation of
PAM can reach 76.67% (Figure 8b). This is because, when the Ag content is too high, the
excess Ag in the sample covers the active sites on the surface of ZnFe2O4/Ba0.7Sr0.3TiO3,
resulting in reducing photocatalytic activity. However, when the Ag content is too low, the
formation of heterojunctions between Ag and ZnFe2O4/Ba0.7Sr0.3TiO3 is limited, which
is not conducive to the transfer of electrons and the separation of electron–hole pairs,
resulting in low photocatalytic activity. In Figure 8c,d, the best photocatalytic degradation
performance is achieved when the catalyst dosage is 50 mg. This is because the increase of
the catalyst dosage accelerates the photocatalytic degradation efficiency, thereby improving
the photocatalytic efficiency. However, when the catalyst dosage is too high, the transmit-
tance of the solution decreases, leading to a decrease in photocatalytic efficiency. From
Figure 8e,f, it can be observed that the initial concentration of the reaction system has a
certain influence on the photocatalytic degradation performance. The best degradation
efficiency (80.97%) for the photocatalytic degradation of PAM is observed when the initial
mass concentration of the PAM solution is 75 mg/L. This may be due to the lower viscosity
of the solution at lower concentrations, which can cause some catalysts to precipitate and
weaken the degradation performance. On the other hand, when the initial concentration is
higher, the overall catalytic degradation capacity is limited, resulting in a less pronounced
photocatalytic degradation effect.

Figure 8g,h shows the degradation performance under different pH values. As the
pH value of the PAM solution increases from acidic to alkaline, the performance of the
catalyst in the photocatalytic degradation of PAM initially increases and then decreases.
The catalyst exhibits a better degradation performance under acidic and neutral conditions,
with optimal performance at pH 6. This is because when the pH value is low, protonation
occurs on the surface of the sample and positive charges are generated on its surface,
resulting in enhancing the transfer of photo-generated electrons to the sample surface.
When the solution is neutral, the water molecules react with photo-generated holes to
form •OH and protons. When the pH is high, OH− adsorbs on the surface of the sample
and forms a negative charge, thereby increasing the efficiency of hole transfer from the
inside of the particle to the surface of the particle [37]. Zete potential testing was con-
ducted on the catalysts, and the results showed that both ZnFe2O4/Ba0.7Sr0.3TiO3 and
ZnFe2O4/Ba0.7Sr0.3TiO3/Ag displayed negative surface charges, and their values were
−7.22 mV and −18.29 mV, respectively. In the reaction system with the solution pH value
of 6, PAM has a positive charge on its surface. Due to electrostatic attraction, PAM is more
conducive to being adsorbed on the catalyst surface and accelerating the catalytic reaction
process. Therefore, the optimal experimental conditions for the reaction are as follows:
selecting a catalyst sample with 4 wt% Ag content, taking 50 mg of the catalyst, preparing
a PAM solution with a mass concentration of 75 mg/L, and adjusting the solution pH
value to 6. Under these conditions, the photocatalytic degradation performance is the
best, with a degradation efficiency of 81.28%. The photocatalytic degradation scheme of
ZnFe2O4/Ba0.7Sr0.3TiO3/Ag is shown in Figure S19.
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Figure 8. (a) The photocatalytic degradation performance of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag catalyst
with different Ag contents for PAM and (b) comparison of corresponding degradation efficiencies.
(c) The photocatalytic degradation performance of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag under different
catalyst dosage for PAM and (d) comparison of corresponding degradation efficiencies. (e) The
photocatalytic degradation performance of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag catalyst under different
initial concentration of PAM and (f) comparison of corresponding degradation efficiencies. (g) The
photocatalytic degradation performance of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag catalyst under different pH
values and (h) comparison of corresponding degradation efficiencies.
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4. Materials and Methods
4.1. Preparation of ZnFe2O4

Reagent A was prepared by adding 3.15 g of citric acid to 100 mL of deionized water.
The solution was stirred with a magnetic stirrer until complete dissolution. Similarly,
reagent B was prepared by dissolving 4.04 g of iron nitrate dihydrate and 1.48 g of zinc
nitrate dihydrate in 100 mL of deionized water. The mixture was stirred with a magnetic
stirrer until complete dissolution. Subsequently, reagent B was added dropwise to reagent
A, with A serving as the complexing agent, while continuously stirring. The pH was then
adjusted to 8 by the addition of ammonia solution. Upon heating and stirring the solution,
it transformed into a viscous gel which was later removed from the drying oven after 12 h
of drying at 90 ◦C. The resulting gel was ground into a powder. Next, the solid powder
was calcined at 500 ◦C for 2 h, cooled to room temperature and ground to obtain ZnFe2O4
(ZFO) sample.

4.2. Preparation of Ba0.7Sr0.3TiO3

Dissolve 6.5 mL of hydrochloric acid and 150 mL of anhydrous ethanol in 30 mL of
deionized water with magnetic stirring to obtain a uniform solution, designated as reagent
A. Reagent B was comprised of 1.7 g of tetra-n-butyl titanate and 5 mL of anhydrous ethanol,
which were mixed evenly by stirring with a magnetic stirrer. A solution containing 0.7 g of
barium carbonate and 0.225 g of strontium carbonate was added to reagent B and stirred
with a magnetic stirrer until a uniform mixture was obtained. The resulting mixture was
subjected to 540 W ultrasonic treatment for 90 min. Reagent A was then added dropwise to
the well-sonicated reagent B and stirred until a sol was formed. The addition of reagent A
was stopped at this point. The sol was placed in a dark environment for 3 h to promote
aging and the formation of BST gel precursors. Remove the gel precursor from the drying
oven after drying at 70 ◦C for 9 h and grind it into a powder. Take out the sample from the
muffle furnace after calcining at 1100 ◦C for 3 h and cooling to room temperature and grind
the sample to obtain a solid powder sample of Ba0.7Sr0.3TiO3 (BST).

4.3. Preparation of ZnFe2O4/Ba0.7Sr0.3TiO3

As shown in Figure S20, the preparation process of ZnFe2O4/Ba0.7Sr0.3TiO3 composite
material is as follows: A certain proportion of barium carbonate, strontium carbonate,
and previously prepared different masses of zinc ferrite were added to reagent B. The
mixture was stirred with a magnetic stirrer until it was thoroughly mixed. It was then
subjected to 540 W ultrasonic treatment for 90 min. Reagent A was added dropwise to
the well-sonicated reagent B and stirred until a sol was formed. The addition of reagent
A was then stopped. The sol was placed in a dark environment for 3 h to promote aging
and the formation of BST gel precursors. Remove the gel precursor from the drying oven
after drying at 70 ◦C for 9 h and grind it into a powder. Take out the sample from the
muffle furnace after calcining at 1100 ◦C for 3 h and cooling to room temperature and grind
the sample to obtain solid powder samples of ZnFe2O4/Ba0.7Sr0.3TiO3 (ZFO-BST) with
different component content ratios.

4.4. Preparation of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag

Perform photocatalytic performance testing on the samples obtained in the previous
step to select the sample with the best photocatalytic performance, namely (ZFO wt% = 31),
and further carry out the loading of silver nanoparticles. The detailed steps are as follows:
A certain amount of ZnFe2O4/Ba0.7Sr0.3TiO3 sample was dispersed in deionized water
and subjected to ultrasonic treatment using 540 W for 30 min. It was then stirred with a
magnetic stirrer for 25 min. A certain amount of sodium borohydride was weighed and
added to deionized water. The mixture was then stirred with a magnetic stirrer until it
was completely dissolved to obtain a uniform solution. Polyvinylpyrrolidone (PVP), with
an average molecular weight of 1,300,000, was used as a dispersant. PVP was weighed
in a ratio of mPVP/mAgNO3 = 0.5 and added to the sample solution. The mixture was
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stirred until it was completely dissolved. Different masses of silver nitrate were weighed
and added to the sample solution, which was stirred until it was completely dissolved. The
prepared sodium borohydride solution was added dropwise, and the mixture was stirred
for 30 min to complete the reaction. The sample was washed three times with water using
a high-speed centrifuge, dried in a drying oven at 90 ◦C for 12 h, and ground to obtain a
solid powder sample of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag.

4.5. Performance Testing of Photocatalytic Degradation of PAM
4.5.1. Evaluation of Catalytic Performance of ZnFe2O4/Ba0.7Sr0.3TiO3

For the photocatalytic performance study of ZnFe2O4/Ba0.7Sr0.3TiO3 with different
component contents, use PAM as the target degradation substance. Prepare a 100 mg/L
PAM aqueous solution one day in advance to simulate aged wastewater. Take 50 mg of
ZnFe2O4/Ba0.7Sr0.3TiO3 samples with ZFO wt% of 15, 21, 27, 31, 35, and 39, and add them
to transparent crucibles containing the PAM aqueous solution, and label them accordingly.
Stir the sample solution in the dark for 30 min to mix the sample and PAM aqueous solution
uniformly and reach the adsorption–desorption equilibrium state. A 300 W xenon lamp was
used as the light source, and samples were taken at regular intervals of 1 h for absorbance
detection through centrifugation. The solution concentration was calculated using the
standard curve fitting formula, and the degradation efficiency was calculated based on the
difference in concentration before and after. The total duration of the experiment was set to
7 h.

4.5.2. Evaluation of Catalytic Performance of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag

The photodegradation performance of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag with PAM as the
target degradable substance was studied. A 100 mg/L PAM aqueous solution was prepared
one day in advance for simulated wastewater aging under dark conditions. Weigh 50 mg
(Ag wt% of 0.5, 2, 4, 6, 8, 10, 11) of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag sample and add to the
transparent crucible containing the PAM solution. The sample solution was stirred in the
dark for 30 min to achieve an adsorption–desorption equilibrium state. A 300 W xenon
lamp was used as the light source, and samples were taken and centrifuged every 1 h. The
absorbance was measured using the turbidity method, and the concentration values were
calculated using a fitted formula based on a standard curve. The degradation efficiency
was calculated based on the difference in concentration before and after treatment. The
total experimental duration was set to 7 h, and the results are shown in Figure 8a,b. Under
the same experimental conditions (100 mg/L PAM solution, Ag wt% = 4%), samples of
ZnFe2O4/Ba0.7Sr0.3TiO3/Ag with masses of 25 mg, 50 mg, 75 mg, and 100 mg were tested
as catalysts, and the results are shown in Figure 8c,d. Similarly, using PAM aqueous
solutions with mass concentrations of 25 mg/L, 50 mg/L, 75 mg/L, and 100 mg/L as
the target degradable substances, ZnFe2O4/Ba0.7Sr0.3TiO3/Ag samples with 50 mg Ag
wt% = 4% were tested as catalysts, and the results are shown in Figure 8e,f. A 75 mg/L
PAM aqueous solution was selected, and 50 mg of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag sample
with Ag wt% = 4 was used as the catalyst. Dilute hydrochloric acid and 0.1 mol/L sodium
hydroxide solution were used to adjust the pH value to 4, 5, 6, 7, 8, 9, and 10 for testing; the
results are shown in Figure 8g,h.

4.6. Sample Characterization

The characterization instruments of this article are as follows: The vertical X-ray
diffractometer model TD-3500 produced by Dandong Tongda Science Technology Co., Ltd.,
Dandong, China, the test current is 25 mA, the voltage is 35 kV, and the scanning angle
ranges from 10◦ to 90◦; model S8 TIGER X-ray fluorescence spectrometer produced by
Bruker Corporation, Bremen, Germany; the FTIR-8400S Fourier transform infrared spec-
trometer produced by SHIMADZU, Kyoto, Japan, tested using potassium bromide (KBr)
pressure plates in the wavelength range of 4000 to 400 cm−1, with a resolution of 0.85 cm−1,
a coaddition number of 16, and a detector of DLATGS; the fluorescence spectrophotome-
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ter model RF-5301PC produced by SHIMADZU, Kyoto, Japan; the SUPRA55 SAPPHIRE
model field-emission scanning electron microscope energy spectrometer produced by Carl
Zeiss AG using surface scanning, Shanghai, China; synchronous thermal analyzer with
the model of Setsy Evolution produced by Setaram, Caluire, France; KuboX1000 specific
surface area and pore size analyzer produced by Beijing Bi’aode Electronic Technology
Co., Ltd., Beijing, China; Thermo Fisher ESCALAB XI + X-ray photoelectron spectrometer
produced by Thermo Fisher Scientific, Waltham, MA, USA, the JEM2100F transmission
electron microscope produced by JEOL, Tokyo, Japan; Shimadzu 3600 model UV visible
spectrophotometer produced by SHIMADZU, Kyoto, Japan.

5. Conclusions

In this study, ZnFe2O4/Ba0.7Sr0.3TiO3 heterostructures composites with different ratios
were prepared using the sol–gel method, combined with a process of water bath heating,
drying, and calcination. The crystal structure, morphology, surface state, photoelectric prop-
erties, and photocatalytic degradation performance of this series of heterostructure compos-
ites were systematically characterized and evaluated. It was found that the specific surface
area of the ZnFe2O4/Ba0.7Sr0.3TiO3 composite material was relatively small, but it exhibited
a high efficiency in electron–hole separation, a narrow bandgap, and strong absorption of
visible light. When the content of ZnFe2O4 was 31%, the ZnFe2O4/Ba0.7Sr0.3TiO3 composite
exhibited the lowest efficiency in electron–hole recombination, the highest separation effi-
ciency, and achieved the highest degradation efficiency of PAM (46.54%). Subsequently, the
introduction of Ag nanoparticles onto the surface of the ZnFe2O4/Ba0.7Sr0.3TiO3 composite
increased the specific surface area of the sample. Subsequently, Ag was loaded onto the
surface of ZnFe2O4/Ba0.7Sr0.3TiO3 and improved the experimental conditions, resulting in
an increase in the specific surface area of the sample and an improvement in the efficiency
of photo-generated electron migration to the surface. This led to an increase in the efficiency
of electron–hole separation, a narrowing of the bandgap width, a stronger absorption of vis-
ible light, and an increase in photocatalytic activity to 81.28%. The main reason behind this
improvement is that the introduction of Ag nanoparticles not only increased the number
of active sites and enhanced light-absorption capacity, but also accelerated the separation
of photo-generated charges. This work provides a new approach for the construction of
spinel/perovskite heterogeneous composite materials and has reference significance for
the application of photocatalytic degradation in the treatment of wastewater-containing
polymers.
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wt% = 31), (b) corresponding Tauc plot curve of (a); Figure S9. Speculative pathways for photocat-
alytic degradation of PAM; Figure S10. Photodegradation of PAM aqueous solution by ZnFe2O4
(ZFO) and Ba0.7Sr0.3TiO3 (BST); Figure S11. The recycling performance of ZnFe2O4/Ba0.7Sr0.3TiO3
(ZFO wt% = 31); Figure S12. XRD patterns of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag with different Ag con-
tents; Figure S13. (a) TEM image and (b,c) HRTEM of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag (Ag wt% = 4);
Figure S14. XPS spectra of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag: (a) full spectrum, (b) Ba 3d, (c) O 1s, (d) Fe
2p, (e) Sr 3d, (f) Ti 2p, (g) Zn 2p and (h)Ag 3d; Figure S15. EDS spectra of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag
(Ag wt% = 4); Figure S16. (a) PL spectra of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag with different Ag content and
(b) Partial enlarged view of (a); Figure S17. (a) UV-visible absorption spectra of ZnFe2O4/Ba0.7Sr0.3TiO3
(ZFO-BST) and ZnFe2O4/Ba0.7Sr0.3TiO3/Ag (ZFO-BST-Ag, Ag wt% = 4), (b) Corresponding Tauc
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plot curves of (a); Figure S18. The irradiation spectrum of the xenon lamp; Figure S19. The photocat-
alytic degradation scheme of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag; Figure S20. Preparation process diagram
of ZnFe2O4/Ba0.7Sr0.3TiO3; Table S1. Comparison between XRF analysis results and theoretical
values of ZnFe2O4/Ba0.7Sr0.3TiO3; Table S2. Specific surface area, pore size, and pore volume of
ZnFe2O4/Ba0.7Sr0.3TiO3 (ZFO wt% = 31); Table S3. Specific surface area, pore size, and pore volume
of ZnFe2O4/Ba0.7Sr0.3TiO3/Ag (Ag wt% = 4).
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