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Abstract: P-n heterojunction-structured CuFe,O,/MgFe;O4 hollow spheres with a diameter of
250 nm were synthesized using a template-free solvothermal method, and time-dependent morpho-
logical studies were carried out to investigate the hollow formation mechanism. The CuFe,O,/MgFe;Oy
with a molar ratio of 1:2 (Cu:Mg) had the highest degradation efficiency with the model organic dye
Acid Orange 7, with a degradation rate of 91.96% over 60 min. The synthesized CuFe,O4/MgFe;O4
nanocomposites were characterized by XRD, TEM, HRTEM, UV-vis spectroscopy, Mott-Schottky, and
EIS. Due to the synthesis of the p-n heterojunction, CuFe;O4/MgFe;0O4 has efficient photogenerated
carriers, and the hollow structure has a higher specific surface area and stronger adsorption capacity,
which is significantly better than that of CuFe,O4 and MgFe,Oy in terms of photocatalytic perfor-
mance. The outstanding performance shows that the p-n heterostructure of CuFe,O4/MgFe;O4 has
potential for application in wastewater degradation.
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1. Introduction

In today’s world, many chemical organic pollutants (dyes) are released into water
bodies every year, which are difficult to degrade completely [1-5]. Advanced photocat-
alytic oxidation technology with a strong oxidizing ability and high efficiency is consid-
ered as a very promising means of wastewater treatment for the degradation of organic
pollutants [6-8]. Light-induced photocatalytic activity and magnetic separation have po-
tential as low-cost [9], high-efficiency [10-13], and high-stability [14,15] methods of water
remediation. The hollow microsphere structure is one of the areas of focus in the field of
catalysis at present, because the hollow microsphere structure has better structural proper-
ties than the solid sphere structure, according to the following considerations: (1) compared
with solid microspheres, the hollow microsphere structure has a larger specific surface
area and stronger adsorption capacity [16]; (2) the cavity structure can confine the catalytic
reaction to the reactants, improving the stability of the reaction and the efficiency of the
catalytic reaction [17,18]; (3) the photon can remain in the shell structure for a longer time,
with a higher utilization rate [17,18]; and (4) the shell structure can also be beneficial for the
diffusion of reactant molecules in the hollow microspheres and increase the contact area
between the reactant and the catalyst [16,18].

In order to further improve their photocatalytic degradation efficiency, researchers
have further promoted the separation of photogenerated carriers by designing a hetero-
junction structure, which improves the conversion efficiency of the solar energy [19,20].
Heterojunction photocatalysts are formed by coupling two semiconductor photocatalysts
with complementary properties, relative band positions, and differences in fermi levels [21].
This method facilitates the separation of the electron-hole pairs [19,22,23], expands the
absorbable spectral range [19], and enhances the redox capacity [20], thereby compensating
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for the shortcomings of a single semiconductor [23]. Yin et al. [15] prepared an all-solid-
state hybrid photocatalyst, Au@CdS/U-WOj3, with a unique sea urchin-like micro-nano
heterostructure, without adding additives by the continuous photo deposition of Au and
CdS on the WO3 supports, which significantly improved the photocatalytic hydrogen
evolution activity. Zhu et al. [13] successfully synthesized a series of MA3Bi; Brg—COFs
nanocomposites with a variety of B sites and different ratios of PNCs via a facile in situ
growth approach. The MA3Bi;Brg—COFs nanocomposites efficiently photocatalyzed the
polymerization of various functional monomers with the assistance of a large scope of
co-initiators via both electron and hole transfer mechanisms in both aqueous and organic
media, achieving a considerable conversion rate of up to 97.5%. Ferrites are one of the
most efficient solid metal oxide photocatalysts and are commonly used to synthesize
heterojunction-structured catalysts [24-27]. The homogeneous and heterogeneous ferrite
composites CaFe;O4/MgFey Oy [28] and ZnFepO4/MoS, [29] have been reported to exhibit
enhanced visible-light photocatalysis. Spinel ferrite CuFe;Oy is a structurally stable hetero-
geneous catalytic material, which has many advantages, such as good magnetic properties,
a small band gap, high chemical stability, low price, safety and environmentally protective
properties [30,31]. The cycle activity of Cu?*/Cu* is higher than that of Fe3* /Fe?*, and
it can catalyze the production of -OH from HyO,. Shen et al. [32] successfully prepared
CuFe;O4 microspheres with a particle size of 116 nm using a solvothermal method, which
exhibited good photocatalytic properties. Sharma et al. [33] experimentally verified that
CuFe;Oy4 has the best photocatalytic performance compared to the spinel ferrite MFe,Oy
(M = Cu, Zn, Ni, Co) nanoparticles. MgFe,O4 nanoparticles have attracted extensive at-
tention due to their chemical properties, reproducibility, and magnetic properties. Due
to these unique properties, they have a wide range of applications, including magnetic
technology and heterogeneous catalysts [26,34]. CuFe;O4 and MgFe;O4 have similar
crystalline features. However, they have different band structures. CuFe,Oy is a p-type
semiconductor with a narrow band gap (Eg) of 1.32~1.69 eV [32,35,36], while MgFe;Oy is
an n-type semiconductor with a wide band gap (Eg) of 1.9~2.56 eV [28,29,37]. Forming a
p-n heterojunction is an ideal method for preventing the recombination of charges, and
consequently enhancing the photocatalytic ability of materials [38—41]. Here, CuFe;O4 and
MgFe,O4 were chosen for the fabrication of photocatalysts with p—n heterojunctions to
enhance their photocatalytic activity.

Herein, the polyethylene glycol-20000 (PEG-20000)-assisted hydrothermal method
was successfully developed to prepare hollow spheres of the homo ferrite composite of
CuFe;O4/MgFeyO4. The physicochemical properties of the products were characterized,
and the photocatalytic activities were evaluated by degrading the model organic dye
Acid Orange 7 (AOy) under visible-light irradiation. In addition, the active species in the
photocatalytic process were discussed, and the possible mechanism was proposed.

2. Results and Discussion
2.1. Fabrication of Hollow CuFe,O4/MgFe,Oy4 and Its Structure

The TEM images of CuFe;O4/MgFe,;O4 with different Cu/Mg ratios in the precursors
are shown in Figure 1. It can be seen that all samples formed hollow spherical structures
with rough surfaces and wormholes between the fine grains. This kind of structure can
contribute to the higher surface area [42], more active sites, easier mass diffusion and
transport, lighter penetration and higher quantum efficiency of the photocatalytic reaction
in the application process [16]. The diameter of the microspheres was 200-300 nm and
the agglomeration of the hollow spherical structures can be attributed to the magnetic
characteristics of the particles [43]. The cavity size gradually increased with an increasing
Mg ratio, and when the ratio of CuFe;O4/MgFe, Oy reached 1:2, the cavity size no longer
varied and reached about 100 nm. It can be seen from Table S1 that the Cu/Mg molar
ratio in CuFe,O4/MgFe,O4 was close to the feeding ratio. Although the catalyst particle
size was different, as seen from the TEM images, it had little effect on the photo reaction
performance and reproducibility, as shown in Figure S2.
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Figure 1. TEM images of CuFe;O4/MgFe;O4: (a) Cu:Mg = 1:0.5; (b) Cu:Mg = 1:1; (c) Cu:Mg = 1:2;
(d) CuMg =1:3.

The structures of the hollow CuFe,O4/MgFe, O, at different preparation times are
shown in Figure 2a—c. A comparison of the different plots shows that the microstructure
of the CuFe,O4/MgFe,O4 composite gradually expanded from a smaller solid spherical
structure to a hollow spherical structure with a larger diameter, and the spherical surface
gradually became smooth with an increasing preparation time under the same preparation
conditions. However, when the reaction time reached 12 h, the smaller particles covered
the surface of the larger particles, resulting in the observed hollow structure becoming
blurred. Here, the introduction of PEG-20000 provided nucleation sites for the ferrite
growth, and the hollowing process was similar to Ostwald ripening [16]. Therefore, 8 h
of PEG-assisted hydrothermal synthesis was chosen as the time for the preparation of the
hollow and homogeneous ferrite composites. The high-resolution TEM (HRTEM) image
of CuFe,O4/MgFe,O4 (Figure 2d) clearly shows that CuFe,O4 had successfully formed
a heterojunction structure with MgFe,O4. Clear lattice fringes with lattice spacings of
0.25 and 0.17 nm can be observed in the (311) crystal plane of CuFe,O, and the (422)
crystallographic plane of MgFe, Oy, respectively [32,44,45]. It has also been observed that a
close relationship exists between CuFe,O4 and MgFe,O,4, which is expected to favor the
formation of heterojunctions between CuFe,O4 and MgFe; Oy, leading to a better interfacial
charge transfer [46]. From this, it can be inferred that p-n junctions are formed when p-type
CuFe,O4 and n-type MgFe,O; are in close contact. At the same time, an internal electric
field is established on their contact surfaces [47].
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Figure 2. TEM images of (1:2) CuFe;O4/MgFe;O4: (a) 4 h with PEG; (b) 8 h with PEG; (c) 12 h with
PEG; (d) HRTEM image; (e) schematic illustration (downward views) of the ripening process of the
hollow structures.

Based on the appearance of the hollow microspheres observed in the TEM images
at different times, a possible mechanism for the formation of CuFe,O4/MgFe;O4 hollow
nanospheres can be proposed, as shown in Figure 2e. In the present experiments, PEG-
20000 played a role in inducing the crystallization of metallic elements. In the early stage of
the reaction, as shown in Figure 2a, many smaller microcrystals were tightly packed in the
CuFe;O4/MgFeyO4 spheres, forming a solid microsphere structure of solid spheres with
a high external surface energy but minimal internal surface energy. As the reaction time
increased, the inner central region of the solid spheres started to dissolve and evacuate to the
outer surface, and the Ostwald ripening process occurred. The gradual dissolution of the
internal small crystals and the continuous external diffusion resulting in recrystallization
led to the formation of hollow cavities and the emergence of CuFe;O4/MgFe;O4 hollow
nanosphere structures. When the reaction time continued to increase, as shown in Figure 2b,
the surface energy of the outer surface of the hollow nanospheres gradually stabilized and
the cavity structure no longer became larger. At this time, the cavity diameter reached
about 100 nm; thus, 8 h should be identified as the optimal solvent heat time.

The XRD patterns of the complexes with different molar ratios of CuFe,O4 and
MgFe;O4 are shown in Figure 3. All samples had obvious characteristic peaks at 26
of 30.1°, 35.6°, 43.4°, 56.9° and 63.6°, ascribed to the (220), (311), (400), (551) and (440) lattice
planes of CuFe;O4 (JCPDS No. 25-0283) and MgFe,O,4 (JCPDS No. 88-1936). CuFep;O4
(Figure Sla) had a cube phase (Lattice parameters; &« = 119.559°, 3 = 119.557°, y = 90.763°)
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and MgFe;O4 (Figure S1b) had an orthorhombic phase (Lattice parameters; & = 120.114°,
B =119.940°, v = 89.953°) [28]. Due to the fact that the cell volume of MgFe;Oy4 (154.342 A3)
is larger than that of CuFe,Oy (153.730 A%), with the addition of the Mg content, the charac-
teristic diffraction peaks of the composite shifted to lower angles, which means that the
crystal spacing of the composites increased. Similar results have also been reported in
regard to the CaFe,O4/MgFe;O4 heterojunction [28].
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Figure 3. XRD patterns of all CuFe,O4/MgFe;O4 samples.

2.2. Optical Properties of the Hollow CuFe;O4/MgFe; Oy

The effect of the heterogeneous binding of n-MgFe,O4 and p-CuFe;O4 on the visi-
ble light capture ability was investigated by UV-vis diffuse reflectance spectroscopy, as
shown in Figure 4a. The absorption edges of MgFe,O,4 and CuFe;Oy in the visible light
absorption region were 471 nm and 486 nm, respectively. Moreover, the absorption edge of
CuFe;O4/MgFe;O4 had a significant red shift increase compared to MgFe,;O4, which indi-
cates that the p-n CuFe,O4/MgFe,O4 photocatalyst had a higher visible light absorption
ability. The band gaps of CuFe;O4/MgFe;O4 were obtained from Equation (8).

As shown in Figure 4b,c, the band gaps of n-MgFe,O, and p-CuFe,O4 were 1.48 eV
and 2.06 eV, respectively. However, for the CuFe,O4/MgFe,O4 composite, as illustrated in
Figure 4d, the band positions of both CuFe,O4 and MgFe,O4 were shifted to ensure Fermi
levels reached the new balanced state, respectively, which resulted in the final electronic
structure of the p-n heterojunction [48].

As shown in Figure 5a, the impedance of the CuFe;O4/MgFe,O4 heterojunction
structure was significantly lower than that of MgFe,O, and CuFe;Oy, indicating that the
synthesis of the p-n junctions accelerated the process of interfacial charge transfer. This
result indicates that the p-n junction structure promoted the separation and electron transfer
of photogenerated carriers. To determine the position of the energy band edges of the
obtained samples and to verify the p-n heterojunctions, Mott-Schottky measurements
were performed on CuFe,O,, MgFe;O4, and CuFe;,O4/MgFe;O4 samples. As shown in
Figure 5b—d, the Mott-Schottky plot of CuFe;O4 has a negative slope, corresponding to
a typical p-type with a flat-band voltage of 0.72 eV (vs. SCE). The Mott-Schottky plot of
MgFe;O4 has a positive slope and corresponds to a typical n-type with a flat-band voltage
of —0.49 eV (vs. SCE). As a characteristic of p-type semiconductors, the flat band potential
of CuFe,O4 can be attributed to the valence band maximum (VBM), while the associated
value of MgFe,Oy can be attributed to the conduction band minimum (CBM) [48].
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Figure 4. (a) UV-vis DRS of the pure CuFe;O4, MgFe,O4 and CuFe;O4/MgFe,O4 composites;
(b—d) plots of (othv)? versus photon energy (hv) for CuFe,O4, MgFe,O4 and CuFe;O4/MgFeyOy.
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The potential of the normal hydrogen electrode (NHE) of CuFe;O4/MgFe,O,4 was
calculated using Equation (9). The result was calculated as 0.961 eV for the VBM edge
position of CuFe;O4 and —0.249 eV for the CBM edge position of MgFe,O4 with respect to
the NHE. The Mott-Schottky plot of the CuFe,O4/MgFe;O4 composite (Figure 5d) shows
an inverted V-shape with two regions distinguished, which is characteristic of the p-n
junction formation between CuFe,O4 and MgFe;Oy4 [49]. Thus, the VBM of CuFe,O4 was
located at 0.971 eV (vs. NHE) and the CBM was —0.699 eV, while the CBM of MgFe,O,
was located at —0.219 eV (vs. NHE) and the VBM was 2.331 eV.

2.3. Photocatalytic Experiments of the CuFe,O4/MgFe,O4 Composites

The degradation rates of AO7 by the hollow composite photocatalysts with different
Cu:Mg ratios (1:0.5, 1:1, 1:2, 1:3) are shown in Figure 6a, and the maximum efficiency
in degrading the AO; over 60 min was 91.96% when the Cu:Mg ratio was 1:2, and the
degradation efficiency was better than that of the other photocatalysts, shown in Table S2,
over the same time. The degradation rate of 40% for the 1:2 Cu:Mg ratio under UV light
was only slightly higher than that of 28% in the dark, indicating that the visible light-
driven catalyzed AOy; degradation was the dominant reaction for CuFe;O4/MgFe;Oy4. The
decrease in the AO7 concentration under dark conditions was due to the specific adsorption
performance of the catalyst itself. As shown in Figure 6b,c, the light irradiation of AO;
in aqueous solution containing (Cu:Mg = 1:2) CuFe;O4/MgFe;O4 suspension caused the
absorbance, at 485 nm, to decrease with time and, finally, nearly disappear, indicating the
destruction of its chromophore structure, with an azo and hydrazone form. The absorbance
at 228 and 310 nm, attributed to the benzoic and naphthalene rings, respectively [50-52],
decreased simultaneously, and no new absorption bands appeared. These results indicated
the complete photocatalytic degradation of AO; during the reaction [53]. The linear
relationship curves of the CuFe,O,4/MgFe,O4 photocatalysts in the degradation of the AOy
concentration with the time and quasi primary reaction kinetics are shown in Figure 6d,
where Cy and C; are the initial concentration of AOy and the concentration of AO7 during
the reaction, respectively. The degradation rate of the CuFe,O4/MgFe,O4 photocatalyst in
the AOy solution reached 94%. The calculated rate constant k for the CuFe,O4/MgFe;Oy
photocatalyst was 0.0371 min~1.

a i '
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(1:0.5)CuFe,0/MgFe,O, +Vis | 77 1

(:1)CuFe,0/MgFe,0, +Vis [
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(1:2)CuFe,0/MgFe,0, in Dark [777777777)
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Figure 6. (a) Effects of different Cu:Mg ratios on the degradation of AOy; (b) time-dependent UV-vis
spectra of the AOy solution for (Cu:Mg = 1:2) CuFe,O4/MgFe;Oy; (¢) dark adsorption and pho-
todegradation curves of the AO7 solution and pseudo-first-order reaction kinetic linear relationship
curve (insert; catalyst 0.8 g/L, AO; = 0.10 mM); (d) reusability of (Cu:Mg = 1:2) CuFe;O4/MgFe, Oy
for 5 successive cycles.
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The stability and reusability of catalysts are important for their practical applications.
The (Cu:Mg = 1:2) CuFe;O4/MgFe;O4 was reused to catalyze the degradation of AO;
over five cycles. The catalyst was magnetically separated after the reaction and washed
with alcohol and dried at 60 °C for every cycle. An alcohol-water system proved to
be effective in the desorption of AOy in our prior work [54]. Figure 6d shows that the
degradation rates for five cycles were 91.96%, 87%, 88%, 82% and 79%, respectively. The
conversion rate decreased after the recycling due to the loss of the sample during the
recycling process. The value was 79% after five cycles, demonstrating the good recyclability
of the designed photocatalyst.

2.4. Mechanism of the Photocatalytic Reaction

The photocatalytic mechanism of the degradation of AO7 by the CuFe,O4/MgFe;Oy
was explained in detail using active species trapping experiments (Figure 7). After the
addition of O, [55] scavenger p-benzoquinone, h™ scavenger ammonium oxalate [56,57]
and OH [29,56,57] propanol, the degradation rates of AO; were 20.8%, 49.2% and 16.3%
respectively, implying that the photocatalytic mechanism was mainly controlled by the
‘O, radicals and holes (h*). In aqueous media, the redox potential of the dissolved oxy-
gen/superoxide couple (Oz(aq.)/O, ) was —0.16 eV (vs. NHE) and for the H,O/-OH cou-
ple was 2.2 eV [58]. Thus, the photogenerated electrons, which are required to form super-
oxide, must have a potential less than —0.16 eV and photogenerated holes, needed to form
-OH, must have had a potential greater than 2.2 eV. In the case of the CuFe,O4/MgFe,O4
composite, the CuFe,O4 had the more negative balance band edge (ECB = —0.699 eV (vs.
NHE) [59]) than Oy(aq.)/-O,~; thus, the reaction of e~ in the conduction band with the
oxygen in the aqueous solution to form -O,~ was thermodynamically favorable. In order to
verify the role of O, in the photocatalytic experiments, pure N, was continuously bubbled
into the reaction solution with a flow rate of 30 mL min~! in light or dark conditions.
This was followed by blowing nitrogen for 30 min in the dark to remove the O, from
the reaction unit. The degradation rate of AO; was reduced to 56.11% in the presence of
N,, which proves that O, is one of the main conditions required for this reaction to occur.
The photogenerated h* in the VB of MgFe,O, activated HyO to generate -OH, and e~
in the CB of MgFe,O4 reduced O; to -O;, ™ radicals. Holes were retained on the VB and
directly oxidative the pollutants as active species. The -OH had a minor contribution to the
oxidative degradation of AOy in the CuFe;O4/MgFe; Oy visible light system.

100 - No adding

80 / Isopropanol
T

60 | N, envirovnment

Ammonium oxalate
T

40 | /
p-Benzoquinone
20 /

Different active substance capture agents

Degradation (%)

.

Figure 7. Effects of different scavengers on the AO; degradation for (Cu:Mg = 1:2) CuFe, O, /MgFe; Oy
(catalyst 0.8 g/L, AO7 = 0.10 mM, scavenger 0.1 mM).
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The CB of CuFe,O4 was —0.699 eV (vs. NHE), and the calculated VB was 0.971 eV,
based on Figure 5b-d. In a similar manner, the VB and CB of MgFe,O4 were measured
as 2.331 eV and —0.219 eV, respectively. After absorbing the photons, the electrons of
CuFe;O4/MgFe;O4 in the composite were able to be excited to the conduction band and
leave holes in the valance band. The photogenerated e~ in the CB of CuFe,O, was easily
transferred to the CB of MgFe,O,4 with the assistance of the internal electric field. This made
the charge separation more effective and, hence, the electrons and holes migrated toward
the surface of the respective particles and participated in the redox reaction. Simultaneously,
plenty of holes gathered on the VB of CuFe, Oy participated in the photocatalytic reaction.

On the other hand, the dye molecules adsorbed on the photocatalyst surface could
be excited by visible light photons, and the excited AO7 had the oxidation potential of
—1.24 Vnug (AO7*/AO7%) [60], which was more negative than the potential of the con-
duction band of the catalyst. Thus, from a thermodynamic point of view, electrons can
be injected from the excited AO; to the conduction bands of catalyst. Here, the catalyst
plays the crucial role as the electron carrier for the separation of the injected electrons
and dye cation radicals. As a result, a high concentration of free electrons was formed
in the conduction band of MgFe;O4. These electrons reduced the dissolved oxygen into
superoxide radicals (-O,7), and the generated -O,~ could form H,O, and -OH under
acidic conditions (pH = 5.4) [61]. The oxidative species could react with the AO; molecules
and result in the degradation of the dyes. The mechanism of the degradation of AO; by
CuFe,04/MgFe;O4 under visible light is shown in Equations (1)—(5) and Figure 8.

CuFe;O4 + hv — CuFe;O4(h™ +e7) 1)
CuFe,O4 (e ) + MgFe,O4 — CuFe,O4 + MgFe,04 (e ™) )
MgFe,O4(e™) + O, — -O; + MgFe,O4 3)

O, +AO; — CO, + HyO + Product 4)

h* + AO; — CO, + H,O + Product 5)

8 h
veceee| 3

VB

Figure 8. Schematic presentation of the electron-hole transfer by the CuFe,O,/MgFe,O, photocatalyst.

3. Materials and Methods
3.1. Synthesis of CuFe;O4/MgFe;Oy

The CuFe,O4/MgFe,O4 composites were fabricated via a solvothermal method with
the surfactant of PEG-20000. Taking the synthesis of CuFe,O4/MgFe;O4 with the molar
ratio of Cu:Mg = 1:1 in the precursors as an example, stoichiometric amounts of FeCl3-6H,O
(5.0 mM), CuCl,-2H,0 (1.25 mM) and MgCl,-6H,O (1.25 mM) were dissolved in 40 mL
ethylene glycol under vigorous stirring. Under this condition, 1 g PEG-20000 and 3.6 g
sodium acetate were added and kept stirring for 30 min. Then the dark-green solution
was transferred into autoclaves and continued at 200 °C for 8 h. The products were
harvested by centrifugation, washed with distilled water and ethanol to remove unex-
pected ions, and dried at 60 °C in air. The thus-prepared composite was denoted as
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(Cu:Mg = 1:1) CuFe;O4/MgFe;O4. The different samples were prepared with varying
Cu:Mg ratios = 1:0.5, 1:1, 1:2 and 1:3, respectively, while keeping the total moles of cupric
chloride and magnesium chloride at 2.5 mM.

3.2. Catalyst Characterizations

X-ray diffraction (XRD) patterns were recorded with a powder diffraction system
using Cu K« radiation (A = 1.5406 A) in the 260 range of 10°-90°. Transmission electron
microscopy (TEM) images were collected on a FEI Techai 20 microscope (Hillsboro, OR,
USA). High-resolution transmission electron microscopy (HRTEM) images were collected
on a JEM-2100 microscope (JEOL, Tokyo, Japan) operating at an acceleration voltage of
200 kV. The diffusion reflectance spectra (DRS) were measured on an ultraviolet—visible
spectrophotometer (JASCO, Tokyo, Japan, V-530). Transient photocurrents and Mott—
Schottky plots were measured on an electrochemical workstation (CHI 760E, three-electrode
system in 0.5 mol/L NaySO4 aqueous solution as an electrolyte). The working electrode
was fabricated using a drop-casting method. A total of 5 mg of the photocatalysts was
dispersed in 1 mL ethanol containing 40 pL nafion solution (5%) by sonication for 30 min.
Then, the dispersive suspension was drop-cast onto a pretreated fluorine-doped tin oxide
(FTO) glass substrate, and dried at 60 °C in air for 2 h to improve the adhesion. The optical
properties were studied via diffuse reflectance spectroscopy in the wavelength range from
220 nm to 800 nm (DRS, Shimadzu UV-2600, Shimadzu, Kyoto, Japan).

3.3. Photocatalytic Experiments

The photocatalytic performances of the prepared ferrite composites were evaluated
by the degradation of AOy in aqueous solution at 25 °C under simulated visible-light
irradiation. A 150 W Xe lamp with 96,000 Lux was used as the light source. In a typical
experiment, 0.8 g/L of the ferrite composite was dispersed in 0.10 mM AO; aqueous
solution. Prior to irradiation, the suspension was magnetically stirred in the dark for 60 min
to ensure the adsorption—desorption equilibrium. Afterwards, the solution was exposed to
visible light with continuous aeration. At given time intervals, the solution was sampled
and the residual concentration of AO; was determined by a UV-vis spectroscopy (JASCO, V-
530) at 485 nm, and the degradation rate of AO; was determined by the following formula:

(Co—Cy)
0

Q= x 100% (6)
where Q; is the degradation rate at time t, and Cy and C; are the initial concentration and
concentration at time t, respectively.

The photocatalytic degradation reaction of AO7 can be described by the pseudo-first-
order kinetic, as shown in Equation (7) [62]:

ln<Ct) = —kt (7)

where the k is the apparent reaction rate constant.
The band gap can be estimated according to the energy dependence relation of [32]:

ahv = (hv — Eg)!/? 8)

where a and Eg are the absorption coefficient and the energy gap of the semiconductor,
respectively. Both the CuFe;O4 [32,36] and MgFe,;O4 [63] have direct band absorption.

The potential of the normal hydrogen electrode (NHE) can be converted from the
obtained data by using the energy Ernst Equation (9) [64]:

Enne = Esce +0.241 9)
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where ENpE corresponds to the potential of the normal hydrogen electrode after conversion,
and Egcg electrode indicates the collected value of the working electrode.

4. Conclusions

In summary, the magnetically recyclable CuFe;O4/MgFe,O4 heterojunction hollow
sphere photocatalysts were prepared using a solvothermal method. The photocatalytic ac-
tivity of (Cu:Mg = 1:2) CuFe,O4/MgFe;O4 was better than that of CuFe,O4 and MgFe;Oy,
which was due to the formation of the p-n heterojunction between CuFe,O, and MgFe;O4.
The synthesis of CuFe,O4/MgFe,O4 was demonstrated by XRD and XPS. The absorp-
tion edge of CuFe;O4/MgFe;O4 showed an obvious red shift increase following UV-Vis
DRS, showing that p-n CuFe;O4/MgFe;O4 had a higher visible light absorption abil-
ity. The impedance of the CuFe,O4/MgFe;O4 heterojunction structure was lower than
that of MgFe,O,4 and CuFepOy, showing that the p-n structure promotes the separation
of photogenerated carriers, and the CuFe;O4/MgFe,O,4 material had a better photo-
catalytic performance. The corresponding hollow formation mechanism is proposed:
‘O, and h* are the two main active radicals involved in the photodegradation of or-
ganic matter in the visible light CuFe,O4/MgFe;Oy4 system. Here, an efficient method
for constructing hollow heterojunction-structured nanomaterials is provided for efficient
photocatalytic degradation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal12080910/s1, Figure S1: (a). The cell structure diagram of CuFe;Oy,
(b). MgFe;Oy; Figure S2: (Cu:Mg =1:2) CuFe,O4/MgFe;O4 on the degradation of AO7; Table S1:
Element mole content table of CuFe,O,/MgFe, O, by XPS; Table S2: Comparison of different reported
photocatalysts for AO; degradation. References [65-70] are cited in the Supplementary Materials.
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