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Abstract: Unlike many studies on the preparation of Z-scheme heterojunctions by doping precious met-
als, in this paper we first prepared a core-shell material obtained by C doping in ZnO and then composite
with MnOj to form a heterojunction; that is, a low-cost and highly catalytic ternary composite catalyst
was prepared by a simple hydrothermal reaction. Meanwhile, a large amount of experimental data have
enabled the heterostructure type as well as the mechanism of photocatalytic performance to be fully
demonstrated. It is proven that C as an intermediate medium achieves electron transport while making
up the deficiency of ZnO, and constitutes an all-solid state Z-scheme heterojunction, which enables the
rapid transfer of photogenerated electron pairs and visible light irradiation to the stream to improve
the photocatalytic performance of the composite photocatalyst. In terms of examination of degradation
performance, this catalyst showed a high photodegradation rate of tetracycline hydrochloride (TC) of
92.6% within 60 min, and the surface ZnO-C/MnO, catalysts also showed good degradation effect on
practical petrochemical wastewater in CODcr degradation experiments.

Keywords: ZnO-C/MnQO,; Z-scheme heterojunction; wastewater purification; mechanism exploring

1. Introduction

Lots of research indicates that more and more antibiotics frequently found in the surface
water and urban sewage treatment have become new water pollutants with harmful ecological
effects [1-4]. In the past few decades, as serious environmental and energy-related problems
have increased around the world, heterogeneous photocatalysis based on semiconductors been
seen as one of the most promising solutions to these crises [5-8]. At present, photocatalysis
has been widely applied to the field of environmental governance. The key point of efficient
photocatalysis is the design and preparation of highly active semiconductors, in which ZnO
has the advantages of suitable band gap, non-toxicity, environmental sustainability, low cost,
and abundant resources. Nevertheless, there are limitations in practical application owing to
its shortcomings, such as the fast recombination speed of light-induced electron hole pairs
and the optical instability in aqueous solution [9,10].

Experiments show that the above defects can be effectively surmounted by modifying
the surface of ZnO [11,12], such as the separation and light absorption characteristics
of ZnO can be adjusted by internal defects and external impurities [13-15]. The reason
why non-metallic doping is considered the most effective strategy is that doping can not
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only increase the electron density of Fermi level and introduce vacancy states in the band
gap [7,16,17], but also change the effective mass of charge carriers and have an important
impact on charge transfer, transfer, and separation [6,18]. In addition to doping nonmetals
to improve the catalytic efficiency, the semiconductor composite is also a common method
to study the ZnO-TiO; and ZnO-5nO, semiconductor composite systems; a series of
nano-TiO,/ZnO composite mesoporous materials were synthesized by homogeneous
precipitation method [19].

In addition, manganese dioxide, a natural resource-rich, low-cost material, is environ-
mentally friendly and has a high theoretical specific capacitance (1370 F/g), it is widely used
in the capacitor, electrochemistry, photocatalysis, biosensor, and other fields [20-22]. There
are mainly four crystallographic forms of MnO,, namely o-, 3-, y-, and 5-MnO,, which has
a unique tunnel structure or interlayer, in which 6-MnO; has the best performance [23].
The principle of MnO, photocatalysis is the use of light to stimulate MnO, semiconductor
through the photoelectrons and holes generated by the oxidation-reduction reaction, for
the photocatalytic degradation of organic compounds, most of the MnO;, nanomaterials
also have some defects, such as a single type of dye degradation, low degradation effi-
ciency, or adding oxidant (such as H,O5) to promote photocatalytic reaction [24]. Although
the utilization of visible light is high, the band gap is too narrow and the recombination
speed of photocarriers is very fast. Therefore, the combination of manganese dioxide
and band-gap semiconductor photocatalytic materials can not only improve the absorp-
tion of visible light, but also rapidly separate photoelectrons and holes by constructing
heterojunctions to improve the catalytic activity [25-27]. In the discussion of the forma-
tion and configuration of the heterojunction, the ZnO-C/MnO, heterojunction is more
Z-scheme, especially in an all-solid-state. For now, many all-solid-state Z-scheme semicon-
ductor photocatalysis systems have been reported and have shown good performance in
various photocatalytic applications, for example, CdS/Au/Bi;MoQg [28], a-Fe;O3/CdS/ g-
C3N4 [29], g-C3N4/ZI‘IO/Bi405BI'2 [30], Ta3N5/Bi/CaTaOzN [31], and BiOCIl-Au-CdS [32].
Table 1 shows a comparison of catalytic degradation related to ZnO and MnO,, including
comparison of heterojunction type, pollutant type, and degradation effect.

Table 1. The comparison of catalytic degradation related to ZnO and MnO,.

Catalyst Composition Type Il,\; ?E:izfl DEe ff;:ic:zgn References
SDS/ZnO Type-11 TC 49% [33]
a-MnO, TC 51.55% [34]
C/Zn0O/BiOl Type-11 carbaryl 62.9% [35]
5-MnO, /h-MoO3 Type-11 MO 80.55% [36]
ZnFe;O4/C/MnO;, Type-11 MO 91% [37]
Biy,Mo0QOg/ZnSnO3/ZnO Type-Z TC 90% [38]
F8304 /C/MHOZ /C3N4 Type-Z MO 94.11% [39]
ZnO/g-C3Ny Type-Z MB 95.4% [40]

The catalyst synthesized in this paper is different from the traditional Z-scheme
semiconductor. C is used as the intermediate medium as the electron transmission channel,
rather than the three-way catalyst composed of precious metals such as the intermediate,
which reduces the cost to a certain extent. At the same time, with the support of many
characterization experiments, it can be proved that the C-link extends the light response
range of the catalyst through the plasma resonance effect. Through multiple control tests,
it is proved that ZnO-C/MnQO;, as a new semiconductor catalyst of Z-scheme, has a high
degradation effect, and has a certain interpretation effect on actual wastewater.
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2. Results and Discussion
2.1. Representational Analysis

Figure 1 is the X-ray diffraction (XRD) pattern of ZnO-C nanospheres, MnO, nanowires,
and ZnO-C/MnQO; heterojunction. Determine the crystal form of powder material according
to Joint Committee on Powder Diffraction Standards (JCPDS). It can be seen that ZnO-C has
three main characteristic diffraction peaks at 31.8°, 34.4°, and 36.3°, which correspond to the
(100), (002), and (101) crystal plane, respectively. MnO, at 26 = 28°, 37°, 42°, 56°, and 72° have
obvious characteristic peaks, and the diffraction peaks are sharp, consistent with the standard
card (JCPDS 81-2261) 3-MnQO5. The intensity of MnO, peak in the complex decreases, which
may be due to the strong characteristic peak of ZnO, which masks the peak of MnO, and
leads to the weakening of MnO, diffraction intensity [41]. XRD patterns indicate that we
successfully synthesized ZnO-C/MnO; composites with relatively good crystallinity.
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Figure 1. XRD patterns of ZnO-C, MnO,, and ZnO-C/MnO,.

The ZnO-C nanospheres, MnO; nanowires, and ZnO-C/MnQO, composites are char-
acterized by high-power scanning electron microscopy (SEM) and transmission electron
microscope (TEM) in Figure 2. The ZnO shown in Figure 2a is spherical. There is a certain
gap between the nano-spheres, which is conducive to the insertion and adhesion of the
MnO, nanowires. Figure 3b shows a large number of MnO, nanowires interwoven together,
and lines have many gaps, facilitating the ZnO-C connection. Figure 2c clearly shows many
MnO; nanowires attached to ZnO-C nanospheres, the original smooth nanospheres become
rough, indicating that ZnO-C provides a good adhesion point for MnO,. In Figure 2d, the
lattice spacing between the inner and outer sides is 0.259 nm and 0.304 nm, respectively.
The lattice spacing between the inner and outer sides is different. Figure 2e shows that the
lattice spacing of MnO; is about 0.218 nm. Figure 2f contains two kinds of lattice spacing,
and the ZnO-C nanospheres are connected with the MnO; nanowires. This indicates that
the composite is successful, combined with the energy dispersive spectroscopy (EDS) dia-
gram of the composite in Figure 3. It can be seen that the elements contained are completely
and evenly distributed.
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Figure 3. Total spectrum of ZnO-C/MnO, distribution map (a), EDS layered image of
ZnO-C/MnO; (b), Element distribution image of C, O, Zn, Mn (c-f).

Figure 4 shows the ultraviolet visible diffuse reflectance spectroscopy (UV-vis) (a,b)
and Mott-Schottky curves (c,d) of ZnO-C nanospheres, MnO, nanowires, and their com-
posites. As can be seen from Figure 4a, ZnO-C has strong light absorption ability before
380 nm, MnO; has strong and stable light absorption strength, and ZnO-C/MnO, compos-
ite has strong light absorption ability before 450 nm. The energy gap of the photocatalyst is
calculated by the following formula (Equation (1)) [42]:

Ahv =A(hv — Eg)n/2 @D

where «, H, v, Eg, and A represent the absorption coefficient, optical efficiency, Planck
constant, band-gap energy, and proportional constant, respectively. The curve of Figure 4b
is formed through the above formula, which can be obtained because the band gap of
ZnO-C is 3.06 eV, MnO;, is 1.38 eV, and ZnO-C/MnOQO; is 2.7 eV. It can be found that C
doping makes the band gap of ZnO wider, and the ternary composites have successfully
widened the band gap. From the slope of the straight line in Figure 4c, it can be concluded
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that ZnO-C and MnQO; are p-type semiconductors [43], however, as a conventional n-type
semiconductor [44], ZnO is shown to be p-type because the semiconductor is modified
by a large number of impurities, and it is proved from the side that C is successfully
doped in ZnO nanospheres. According to the intersection of tangent and x-axis, the flat
band potential is 0.73 eV and —0.31 eV, respectively. Figure 4d is the M-S curve of the
composite, showing an inverted V shape. Again, ZnO-C nanospheres and MnO, nanowires
are successfully compounded together.
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Figure 4. UV-vis spectra of ZnO-C nanospheres (a), MnO, nanowires and ZnO-C/MnO; heterojunc-
tion (b) and M-S of ZnO-C nanospheres, MnO, nanowires (c) and ZnO-C/MnO, (d).

To further prove the success of the ZnO-C/MnO; composite, the ZnO-C nanospheres,
MnO, nanowires, and ZnO-C/MnO, composites were analyzed by X-ray photoelectron
spectroscopy (XPS). Figure 5 shows the full XPS spectra and the narrow spectra of Zn
2p, Mn 2p, O 1s, and C 1s orbitals for the three materials. As can be seen from Figure 5a,
the main elements of ZnO-C/MnO, nanocomposites are C, O, Zn, and Mn. From the
high-resolution diagram d of C 1 s, it can be seen that ZnO-C is in the C 1s peak at 283.98 eV,
MnO; is in the C 1s peak at 286.4 eV, and ZnO-C/MnO; is in the C 1s peak at 286.3 eV.
Comparing the positions of the composite peaks, it can be seen that the C 1s orbitals in
ZnO-C have electrons, loss of electrons in C 1s orbitals in MnO;. It can be seen from the
high-resolution diagram e of O 1s that ZnO-C is in the O 1s peak at 530.08 eV, 530.68 eV and
531.88 eV, MnO; is in the O 1s peak at 529.58 eV, 530.08 eV, 531.58 eV, and ZnO-C/MnO; is
in the Oy~ [45] at 529.58 eV, 531.18 eV, and 532.28 eV. Figure 5b is a high resolution XPS
map of Zn 2p. The binding energies of ZnO-C at 1021.28 eV and 1044.58 eV are attributed
to Zn 2p3/2 and Zn 2p1/2, respectively. This indicates that Zn exists mainly as Zn?* in the
Zn0O-C/MnO; heterostructure, Zn 2p3/2 and Zn 2p1/2 have a difference of 23.3 eV, which
is consistent with the energy splitting of ZnO [46]. Figure 5c is a high resolution XPS map
of Mn2p. The binding energies at 642.4 eV and 654 eV are attributed to Mn 2p3/2 and Mn
2p1/2, respectively. It is further proved that Mn in ZnO-C/MnO; is in the +4 Valence State,
by comparing the peak shift of the composites, we can see that Zn loses an electron in 2p
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orbit and Mn obtains electron in 2p orbit, which shows that ZnO-C and MnO; have been
successfully combined, and C is used as the intermediate to realize the electron transfer.

Generally speaking, the thermodynamics of the band position of the sample de-
termines the formation and consumption of photogenerated carriers. The positions of
the conduction band (Ecp) and valence band (Eyg) are estimated by empirical formulas
(Equations (2) and (3)) [47]:

Eyp=x — Ee+ 0.5 Eg (Ee=4.5¢V) )

Ecg = Evp — Eg 3)

where ¥ is the geometric mean of the absolute electronegativity of the constituent atoms;
for ZnO-C and MnO,, X is 5.75 eV, and 5.96 eV, respectively. Ee is a constant (approximately
4.5 eV) corresponding to the energy of free electrons on the hydrogen scale, Eg is the
band-gap energy obtained by UV-vis spectra. Therefore, Ecg and Eyp are —0.08 and
2.98 (eV vs. NHE) for ZnO-C, and 0.77 and 2.15 (eV vs. NHE) for MnO,.

However, in order to determine the energy band position of semiconductors in depth,
valence band XPS spectroscopy was carried out. As shown in Figure 5f, the Eyp.xps of
ZnO-C and MnO; are 2.39 and 0.52 eV. Owing to the existence of the contact potential
difference, the VB potential should be revised by the following formula (Equation (4)) [48]:

EVB-NHE =@+ EVB-XpS —4.44 (4)

where Eyp.NHE represents the VB potential (eV vs. NHE), the ¢ is the work function of
Zn0O (4.82 eV) and MnO, (4.19 eV) [49,50]. Therefore, the Eyg of ZnO-C and MnO, are
2.77 V and 0.27 (eV vs. NHE), respectively. The Ecg of ZnO-C and MnO, are —0.29 and
—1.1 (eV vs. NHE), respectively.

The photoluminescence (PL) intensity of a semiconductor can be determined by
the recombination of photoinduced carriers. Generally, higher PL intensity means faster
recombination of photoelectrons and holes [19]; separation of photocarriers before and
after ZnO-C and MnO, nanowire recombination. Figure 6a shows the PL spectra of ZnO-C
nanospheres and MnO, nanowires and ZnO-C/MnQO, composites at 370 nm excitation
light source. The emission peak at 522 nm is attributed to the single ionized oxygen vacancy.
Compared with single ZnO-C and MnQO,, the luminescent intensity of ZnO-C/MnO,
composites decreased, which indicates that heterostructure can effectively decrease the
recombination efficiency of photoelectron-hole pairs, which would be beneficial to the
enhancement of photocatalytic activity. Figure 6b is the photocurrent response diagram
of ZnO-C, MnO,, and ZnO-C/MnO,. It is obvious that the photocurrent intensity of
ZnO-C/MnO, composites is higher than that of single ZnO-C and MnO,. The higher
the photocurrent intensity is, the higher the efficiency of hole-electron pair separation
is. Figure 6¢ is the EIS of ZnO-C nanospheres [51], MnO, nanowires, and composite
materials. The arc radius of ZnO-C/MnO; is smaller than that of single ZnO-C and MnO,
because the relative size of the arc on the Nyquist diagram corresponds to the size of the
charge transfer resistance and the separation efficiency of the photoelectron-hole pair, the
separation efficiency of ZnO-C/MnO; is better than that of the single photocatalyst [52].

2.2. Photocatalytic Performances
2.2.1. Degradation of Antibiotic Wastewater Simulated by TC

The degradation rate of TC in antibiotic wastewater by adding the same catalyst was
studied under the same light intensity. The influence of different light conditions on the
degradation rate of pollutants was determined with a spectrophotometer and compared
with the proportion of catalysts with the highest catalytic efficiency. The results of Figure 7a
show that the ratio of ZnO-C to MnO; is 1:1, and the degradation rate is 92.6%. The ZnO-
C/MnO; material has been found to have high degradation efficiency and dependence
after a lot of experiments, and it has a better degradation effect than the ternary or binary
composite materials related to ZnO in other research [53].
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Figure 5. XPS spectra of survey spectra (a), Zn2p spectra (b), Mn2p spectra (c), C 1s spectra (d), O 1s
spectra (e), VB-XPS of ZnO-C/MnO; (f).
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Figure 6. PL spectra of ZnO-C, MnO,, and ZnO-C/MnO, under 370 nm excitation (a); transient
photocurrent responses of ZnO-C, MnO;, and ZnO-C/MnO, under xenon lamp irradiation (b);
electrochemical impedance spectroscopy of ZnO-C, MnO,, and ZnO-C/MnO; (c).

Figure 7b shows the absorbance analysis of the catalyst at the optimum ratio of
1:1. At the wavelength of 356 nm, it can be seen that the UV spectrophotometry of TC
decreases with time, and finally tends to a straight line. The unique deconstructed catalyst
is an excellent candidate for high-performance photocatalysts. Studies have shown that
nanocrystalline subunits provide high specific surface area and porous structure, and have
a variety of active photocatalysis sites [54].

Figure 7c,d reflect the photocatalytic activity of the composite catalyst under different
catalyst dosage and pollutant concentrations. Aeration plays an important role in pho-
tocatalysis, which promotes the full contact between catalyst and pollutants. When the
amount of catalyst is 20 mg/L, the catalytic effect is the best. With the increase in catalyst
dosage, the improvement of TC degradation efficiency may be due to the increase in the
number of active sites and the more effective interaction with TC. Under the irradiation of
simulated sunlight, the photocatalyst is positively correlated with the rate of free radical
production, which leads to an increase in the rate of photocatalytic degradation of TC.
However, a high catalyst dose can inhibit the efficiency of photocatalytic degradation of TC.
This may be due to the enhanced dispersion of light at higher catalyst dosages and the in-
creased susceptibility of deposition and agglomeration of high-dose nanomaterials [55]. In
addition, at higher catalyst loads, the accumulation and precipitation of the supported cata-
lyst result in a decrease in the surface area of the available catalyst for photon absorption,
thus reducing the degradation rate [56]. TiO, nano-material was used as a photocatalyst
to degrade TC by Safari [57] et al. It was found that the dose of the photocatalyst was
positively related to the degradation efficiency of TC.

When the catalyst dosage was higher than 100 mg/L, the photocatalytic degradation
efficiency of TiO, on TC decreased. When the concentration of the pollutant is 20 mg/L,
the composite catalyst has the best degradation effect on TC. The increase in the initial
concentration of TC leads to the decrease in the degradation efficiency of TC, which may
be due to the transition from low concentration to the mass transfer limitation of low
concentration. Moreover, at higher concentrations, the hydroxyl group becomes a limiting
reactant as the concentration of the intermediate increases, so the degradation rate and
constant decrease [58]. In addition, with the increase in the initial concentration of TC,
more TC molecules are adsorbed on the catalyst surface. A large amount of adsorbed
TC leads to the inhibition of TC molecules on photopores or hydroxyl radicals. This can
result from the increase in internal optical density, and the solution cannot pass through
ultraviolet light [59]. In addition, the increased concentration of TC results in the absorption
of light by TC molecules, which makes it difficult for photons to reach the surface of the
photocatalyst and reduces the efficiency of photocatalysis removal [60]. These results are
similar to those obtained by Chen et al. [61] and Ahmadi et al. [62]. The results showed that
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the photocatalytic removal efficiency of TC decreased with increasing initial concentration
of TC under visible light irradiation.
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Figure 7. Selection of the best composition proportion (a); the absorbance curve of 1:1 optimum ratio
catalyst at 350 nm wavelength (b); effect of different catalyst dosage on performance (c); effect of
different concentration of TC on performance (d); degradation of CODcr in practical wastewater by
catalyst (e); comparison of degradation rate of catalysts under different conditions (f).

Figure 7a,c,d show the photocatalytic activities of the materials under different reac-
tion conditions. It can be seen that the main decrease in TC concentration occurred in the
first 30 min of dark reaction and was due to the strong adsorption of the ZnO-C/MnO,
catalyst. In order to explore the differences in the adsorption amounts of catalysts under
different conditions in dark reaction, in this paper, comparative experiments are employed.
As shown in Figure S1, comparing the conditions under different conditions without light
effect, the same aeration amount, catalyst mass, and TC concentration when the mass ratio
of catalyst ZnO-C and MnO;, is 1:1, with too much catalyst mass or TC concentration and
aeration affects the adsorption of TC by the catalyst, among which 20 mg ZnO-C/MnO,
and 20 mg/L TC have the maximum adsorption. After 60 min, the TC concentration re-
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mained almost unchanged under different conditions, which indicates that the adsorption
equilibrium was reached. The adsorption alone did not achieve the post-photocatalytic
degradation effect for the degradation of TC concentration, indicating that the photocat-
alytic part played a crucial role in the degradation of TC by ZnO-C/MnO; catalysts.

2.2.2. Degradation of Actual Petrochemical Wastewater

The practical degradation effect of the ZnO-C/MnQO; catalyst with the optimum
ratio of 1:1:1 was tested by degrading actual petrochemical wastewater with unknown
and complicated components. Figure 7e shows the CODcr value before and after the
petrochemical wastewater degradation measured by the national standard method of
CODacr. It can be found from the graph that ZnO-C/MnO; catalytic material has a good
degradation effect on the actual wastewater, which the minimum CODcr of 100 mg catalyst
for actual petrochemical wastewater can be reduced to 59. Although the composition
of petrochemical wastewater is complex and the CODcr measurement error is large, the
comparison between the simulated wastewater and the actual wastewater degradation rate
in Figure 7f shows that the material has certain practical applications.

2.3. Exploration of TC Transformation Pathway

To further explore the degradation mechanism of the ZnO-C/MnO, degradation TC
process, the degradation products of the ZnO-C/MnO, photocatalytic process under the
optimal conditions were determined by HPLC-MS analysis, and the TC mass spectra at
different reaction times (0 min, 30 min, and 60 min) are shown in Figure 8. There were five
main degradation products of TC (in Table 2), and their possible translational degradation
pathways were speculated to be shown in Figure 9. M/Z = 445 of TC, after attack by *OH
radicals, firstly decomposed into the products at M/Z = 388, M/Z = 372 and M/Z = 330,
and then decomposed into the products at M/Z = 279 by demethylation and carbon—carbon
single-bond cleavage reactions, finally changing into CO, and H,O.

2.4. Photocatalysis Mechanism
2.4.1. Analysis of Heterostructure

To explore the configuration of heterostructures, XPS diagrams have been used to
analyze the heterostructures. Zn loses electrons in the 2P orbit, Mn obtains electrons in the
2P orbit, and C acts as the intermediate for auxiliary electron transfer. It can be inferred
that the type of heterojunction may be type-II, type-Z, or type-S.

For the purpose of further exploring the types of heterojunction, the free radical
trapping experiments were carried out on ZnO-C/MnO; catalyst to explore the electron
transfer mechanism. In this experiment, 5,5-dimethyl-1-pyrrolidine nitrogen oxide (DMPO)
was used as spin trapping agent for EPR analysis. In Figure 10a, in the absence of light,
the signal of *O,~ was not detected, but a quadruple signal of 1:1:1 was observed after the
sample was irradiated by simulated sunlight. A similar phenomenon can be observed for
*OH (Figure 10b), and the gradually enhanced 1:2:2:1 characteristic signals were detected
when the light was on. The results of trapping experiment and EPR experiment suggest that
*O,~ and *OH radicals produced by ZnO-C/MnO, composites under light are the main
active components in the process of photocatalytic degradation. Significantly, if the charge
transfer in the composite follows the traditional type-II heterojunction mechanism, and due
to the requirements of S-type reduction potential and oxidation potential being higher, *O, ™~
free radicals cannot be generated so it cannot be an S-type heterojunction. It is obvious that
the heterojunction mechanism of Z-scheme can better explain the enhancement mechanism
of photocatalytic degradation activity of ZnO-C/MnQO; composite photocatalyst. Because
ZnO-C/MnO is a ternary composite and C acts as a two-sided mediator for electron transfer,
the heterojunction type of the catalyst can be defined as all-solid Z-scheme heterojunction.
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Table 2. Intermediate determined in the degradation of TC by ZnO-C/MnO,.

Compound [M+H]* Molecular Formula Molecular Structural Formula

CH;  CH;
-

TC 445 CarHpsOsN,

1 388 CooHa0Os
2 372 CyoHy1OgN
3 330 C19Hy,05

OH o OH

CH;
CH;

Cweme OO

Ol 0 OH

NH,

5 279 Ci5Hy O4N
OH

OH )] OH
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Figure 10. EPR spectra of ZnO-C/MnO, under dark and simulated solar light: DMPO *O,~ (a) in
methanol dispersions and DMPO *OH; (b) in aqueous dispersions.

It is well-known that the direction of electron transfer at a heterogeneous interface
correlates with the work function of a semiconductor [63,64]. Figure 11 shows the mechanism
of carrier transport between ZnO, C, and MnO,. In Figure 11a, since the work function of
ZnO (W7) is larger than that of MnO, (W), when ZnO and MnO; come into contact, the
electrons spontaneously transfer from MnO, to ZnO at the two-phase interface, resulting
in a positive charge on one side of MnO;, a negative charge on the other side of ZnO, and
a balance at last; thus, an internal electric field is formed as shown in Figure 12b. Then, as
shown in Figure 11c, the valence electrons of ZnO and MnO; are excited into the conduction
band under illumination. Under the action of the built-in electric field, the photoelectrons in
the ZnO conduction band and the photoholes in MnO, compound at the interface, forming a
direct Z-scheme heterostructure, facilitates efficient separation of photocarriers [65]. When C
and MnQO; are in contact and equilibrium on ZnO surface, they form heterojunction. Under
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illumination, the electron excitation transitions to the conduction band C of MnO, and the
heterojunction prevents the electron from reentering MnO,, thus effectively facilitating the
photocarrier separation. Finally, as shown in Figure 12d, when ZnO-C/MnQO,; is excited by
light, C becomes the composite center of the conduction band electron of MnO, and the
valence band hole of ZnO, forming a typical Z-scheme carrier transport mechanism, which is
beneficial to the photocarrier separation in the catalytic system.

2.4.2. Analysis of Photocatalysis Mechanism

Based on the above results, the photocatalytic mechanism of ZnO-C/MnO, nanocom-
posites prepared in this experiment is shown in Figure 12. When ZnO-C absorbs ultraviolet
radiation under simulated solar radiation, electrons are excited to jump from the valence
band to the conduction band, and leave the same number of holes in the valence band. The
visible light which cannot be absorbed by ZnO can reach the surface of MnO,. Due to the
narrow bandgap of MnQO,, the visible light can be absorbed and the photoelectron-hole
pair can be formed inside the MnO,. In this way, ZnO-C/MnO; composite nano-materials
can extend the light utilization range from the ultraviolet region to the visible region, and
improve the utilization ratio of sunlight. The CB (less reductive) electrons of ZnO and
the VB (less oxidizing) holes of MnO, were transferred to C and rapidly compounded. In
contrast, the VB holes in ZnO (strong oxidation ability) and the electrons on the CB of MnO,
(strong reduction ability) remained. In this way;, it is possible to separate the electrons with
a strong oxidation-reduction ability from the holes. On the one hand, the electrons on
the CB of ZnO combine with O, adsorbed on the surface of the catalyst to produce *O,~,
and further combine with the protons to form *OH, *O,~ and *OH, which are the active
species for the oxidative degradation of TC. On the other hand, the strong oxidation hole
(h™) on the VB of MnO, can degrade TC directly. Therefore, for ZnO-C/MnO; catalyst, the
co-action of ZnO and surface plasma C greatly accelerated the degradation of TC under
visible light irradiation. The photoelectrons react with O, and water molecules adsorbed
on the surface to form *O,~ and *OH radicals. Moreover, the holes in the ZnO valence
band can react with the *OH in the solution to form the highly oxidized *OH. The *OH
reacts with TC and oxidizes it to inorganic small molecules such as H,O and COs,.
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Figure 11. ZnO, MnO, band structure (a); ZnO and MnO; charge distribution on contact (b); ZnO
and MnO; carrier transport mechanism (c); ZnO-C/MnO, heterojunction Z-scheme carrier transport
mechanism (d).
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Figure 12. Photocatalytic mechanism of ZnO-C/MnO, all-solid Z heterojunction.

3. Experimental
3.1. Materials

Ethanol, ethylene glycol, zinc acetate dihydrate, manganese sulfate, potassium per-
manganate were all purchased by Aladdin. Pure water with resistivity greater than
18.25 M()/cm was used in all experiments, and all chemical reagents were classified and
used according to standards.

3.2. Preparation of ZnO-C

Mix 5 mL ethylene glycol and 75 mL ethanol and stir for 30 min, and then add 0.654 g
zinc acetate dihydrate to the mixture. After stirring for 30 min, the transparent solution
was transferred into a 100 mL Teflon lined stainless steel autoclave and heated at 180 °C
for 12 h. Sediments are separated by centrifugation, washed with anhydrous ethanol and
dried at 60 °C for 12 h. Finally, the samples were annealed at 400 °C for 1 h with a heating
rate of 5 °C /min.

3.3. Preparation of MnO,

Add 0.442 g manganese sulfate and 0.354 g potassium permanganate to 15 mL deion-
ized water, stir well for 30 min. The transparent solution was transferred into a 100 mL
Teflon lined stainless steel autoclave and heated at 160 °C for 6 h. The precipitate was
separated by centrifugation, washed with absolute ethanol and dried at 60 °C for 12 h.

3.4. Preparation of ZnO-C/MnO,

As shown in Figure 13, MnO, prepared and ZnO-C dried at 60 °C for 6 h are ground
evenly according to a certain mass ratio, and annealed at 400 °C for 1 h at a heating rate
of 5 °C/min.

3.5. Photocatalytic Tests

The catalyst was first weighed at 20 mg and prepared 20 mol/L tetracycline hydrochlo-
ride (TC) solution, then the catalyst was placed in 100 mL TC solution, the solution was
dark treated with aeration for 30 min, and the solution was sampled before and after
30 min. After light treatment with halogen lamp (340 nm-800 nm), samples were taken
every 10 min and observed for 1 h. Measuring spectrophotometric curve.



Catalysts 2022, 12, 1250

16 of 20

C,H;OH + (CH,0H), MnSO, + KMnO,

-~ o-’[ C4H6O4Zn'2H20

1
|
¢

Autoclave heating
Solid-liquid separation

\

L\k ‘m<—

/' Abrasive mixing

Tubular furnace

D -
V High-temperature burnin

Figure 13. Flow chart of material preparation.

3.6. Characterizations

X-ray diffraction (XRD, Bruker, D8, Karlsruhe, Germany) patterns were recorded in X
Pert-Pro MPD/max-yOn a X-ray diffractometer, cukx radiation is adopted (A = 0.154 nm).
The lattice spacing was measured using a high-resolution transmission electron micro-
scope (TEM, FEI Talos F200x, Thermo Fischer Scientific, Waltham, MA, USA). The surface
morphology and elemental analysis were analyzed by field emission scanning electron
microscopy (SEM, ZEISS Gemini 300, ZEISS, Oberkochen, Germany) and energy disper-
sive spectroscopy (EDS). X-ray photoelectron spectroscopy (XPS, Thermo Fisher Nexsa)
uses Mono AlKa (hv = 1200 eV). The current density time curve (I-T) was measured in
a self-made three electrode battery at CHI660E electrochemical station of Chenhua com-
pany in Shanghai, China. Ultraviolet visible diffuse reflectance spectroscopy (UV-Vis DRS,
Shimadzu UV-3600, Shimadzu Corp., Kyoto, Japan) and Mott Schottky (M-S) measure
the type, current density and flat band potential of semiconductors. Combined with ul-
traviolet visible diffuse reflectance spectroscopy, the conduction band and valence band
position of semiconductors can also be calculated. The photoluminescence (PL) spectrum
of the sample was measured using a fluorescence spectrometer (Hitachi F-7000, Hitachi
Ltd., Chiyoda, Japan) with an excitation wavelength of 370 nm. Electron paramagnetic
resonance (EPR, Bruker EMX plus, Bruker, Billerica, MA, USA) analysis was performed
using 5,5-dimethyl-1-pyrrolidine nitrogen oxide (DMPO) as spin trapping agent, with a
central field of 3502.00 G.

4. Conclusions

To sum up, the ternary composite catalyst ZnO-C/MnO, was successfully prepared by
hydrothermal synthesis in this study, and the composition and photocatalytic mechanism of
all-solid Z-scheme heterojunction were demonstrated by XPS, SEM, and other experiments.
Compared with the common Z-scheme heterojunction, the catalyst in this paper uses
doping technology, using common element C rather than precious metals such as electron
transport media, thus improving the photocatalytic efficiency of the catalyst. It can be seen
from many comparative experiments that besides the advantages of low cost and simple
preparation, ZnO-C/MnQO; catalyst can degrade both simulated antibiotic wastewater and
actual petrochemical wastewater considerably. At present, with all kinds of catalysts in
full bloom, the preparation of simple, low-cost, and high-performance catalysts such as
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ZnO-C/MnO, will become the first choice for the degradation of pollutants. In addition,
the combination of doping technology, core shell structure, and heterojunction provides
more possibilities for the composition of catalysts.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12101250/s1, Figure S1: Adsorption of TC by ZnO-C/MnO,
Catalyst under Different Conditions in Dark Reaction.
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