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Abstract: The development of novel, noble metal-free semiconductor catalysts with high efficiency is
of great importance for the degradation of organic compounds. Among them, amorphous materials
have been extensively studied for their unique and commercially useful properties. Here, a completely
amorphous, noble metal-free photocatalyst C3N4ZnyxOy (x, y = 0.32-1.10) was successfully synthesized
from urea and ZnO by a simple high-temperature polymerization method. As the Zn content increased,
the short-range ordered structures of the amorphous samples were still retained, as revealed by XPS,
FTIR, and ssNMR. Meanwhile, the -CNj structures were observed to be gradually destroyed, which
may make the amorphous state more favorable for photocatalytic reactions. Compared with g-C3Ny,
the amorphous samples showed significantly reduced intensities in the photoluminescence spectra,
indicating that the recombination rate of the photo-generated charge carriers was greatly reduced. It
was confirmed that the optimized sample (C3N4Zng 6100 61) achieved a photocatalytic efficiency of
86.1% in the degradation of tetracycline hydrochloride under visible light irradiation within 1 h. This
is about 2 times higher than that of both g-C3Ny and ZnO. This study emphasizes the importance
of the amorphous structure in photocatalytic reactions, and this synthetic strategy may provide an
effective model for designing other novel catalysts.
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1. Introduction

The discovery and application of antibiotics is a revolution in human history. Due to the prominent
antibacterial and bactericidal effects, antibiotics have a high consumption rate in humans and livestock
medicines. Tetracycline (TC), one of the most widely used antibiotics in the world, plays an important
role in the medical industry due to its broad-spectrum antimicrobial effect on a variety of diseases [1,2].
However, the large amount of antibiotic residues discharged into wastewater poses a serious threat
to ecosystems [3-5]. The most appropriate and effective method to effectively eliminate antibiotics
from the environment has become a public issue in the international community. At present, several
techniques have been developed to remove antibiotic residues such as activated carbon adsorption,
UV/H;,0O, processes, ozone oxidation, biodegradation, and electrolysis [6-9]. Recently, photocatalytic
degradation based on semiconductors has been considered one of the most promising approaches,
owing to the green byproduct and high efficiency compared with other traditional techniques [10,11].

Over the past few years, while most photocatalysts are based on crystalline compounds,
a growing class of amorphous materials has shown higher efficiency than their crystalline counterparts.
Amorphous materials have attracted much attention due to their unique isotropic and high concentration
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of coordinatively unsaturated sites. The long-range disorder but short-range order in these structures
provide more active and selective sites that exhibit excellent activity and selectivity in photocatalytic
reactions [12-19]. Moreover, the amorphous nanostructures not only improve the adsorption capacity
of the catalyst but also increase the contact area between the adsorbate and the catalyst. It is reported
that amorphous metal sulfides (e.g., MoSy and CoSx) exhibit excellent performance in the hydrogen
evolution reaction (HER) [16,17,20], while amorphous metal oxides (e.g., MOy, M = Fe, Co, and
Ni) are highly efficient in the oxygen evolution reaction (OER) [21-25]. Recent studies also showed
that amorphous TiO; and amorphous g-C3N4 exhibit enhanced photocatalytic activities in hydrogen
generation [26-30] and pollution degradation [31]. Although some progress has been made in studying
the catalytic properties of photocatalysts, it is still necessary to design novel materials and gain a deep
understanding of their catalytic mechanisms.

Herein, a completely amorphous material, which is denoted as C3N42r1XOy (x, y = 0.32-1.10),
was successfully fabricated by a simple one-step thermal polymerization method. As the Zn content
increased, the regions of crystallization were destroyed and became amorphous. *C ssNMR spectra
revealed that the heptazine carbon (-CNj3) functional group in the sample gradually disappeared. The
increase in the Zn element leads to an increase in the band gap and a decrease in the specific surface
area, but the C3N4ZnyOy samples show enhanced photocatalytic activity compared to g-C3Ny and
ZnO. The optimized sample (C3N4Zng 4100 61) achieved a photocatalytic efficiency of 86.1% in the
degradation of tetracycline hydrochloride (TC-HCI) under visible light irradiation (0.6 W/cm?) within
1 h, which was about 2 times higher than that of both pure g-C3N, and ZnO.

2. Results and Discussion

2.1. Element Analysis

Table 1 shows the H, C, N, and O elemental analysis results of the as-prepared samples, and the
percentage of the Zn element was calculated based on the total mass proportion. The C/N atomic ratio
of g-C3Ny is 2.7:4, which is close to 3:4. As for the other four samples, the C/N ratio did not change
significantly from 2.7:4. For simplicity, the samples were designated C3N4ZnxOy (x, y = 0.32-1.52),
where x and y represent the number of Zn and O atoms relative to the N atom, respectively. It is worth
noting that a small amount of oxygen resided in g-C3N4 which is attributed to the oxygenated carbon
(C=0) because of the incomplete polymerization during the formation of g-C3Ny4. The addition of
Zn caused a change in the oxygen content, which may be due to changes in the configurations of the
oxygen combination binding sites. The specific surface areas of g-C3Ny and C3N4ZnxOy samples
were measured by monitoring nitrogen adsorption—desorption isotherms, as shown in Figure S1. The
g-C3Ny and ZnO samples possessed a specific surface area of 89.8 and 29.9 m? g™, respectively, while
the specific surface areas of the C3N4ZnxOy samples were between the above two. The higher the Zn
content, the smaller the specific surface area.

Table 1. FElemental analysis and specific surface areas of g-C3Ng and C3NiZniOy (x, y =
0.32-1.52) samples.

Sample H C N (0] Zn Atom Ratio Specific Surface
(wt %) (wt %) (wt %) (wt %) (wt %) (C:N:0:Zn) Area (mz/g)
g-C3Ny 1.94 34.60 59.86 423 0 2.70:4:0.25:0.00 89.8
C3N4Zng 300051 1.35 27.41 16.82 6.83 1760  2.73:4:0.51:0.32 75.5
C3N4Zng 610061 0.98 2321 40.24 7.06 2852  2.69:4:0.61:0.61 45.9
C3N4Zn; 1001 02 0.80 17.69 31.72 9.28 4052 2.60:4:1.02:1.10 127
C3N4Zn; 5001 30 0.55 16.07 26.53 9.86 47.00  2.83:4:1.30:1.52 415

2.2. X-Ray Diffraction

The phase structures of the as-prepared catalysts were examined by X-ray diffraction (XRD). As
shown in Figure 1a, pure g-C3Ny exhibited two diffraction peaks at 12.9° and 27.3°, representing
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the (100) and (002) crystal faces, respectively. The peak at 12.9° represents the in-plane repeating
tri-s-triazine ring structure, and the peak at 27.3° originates from the interlayer stacking of the
m-conjugated aromatic system. As the Zn content increased, the peaks at both sites gradually weakened
and slowly disappeared. The scattering curves show a large broad baseline with no obvious peak,
indicating an amorphous structure. When the mass ratio of urea/ZnO is in the range of 25-100,
a completely amorphous sample C3N4ZnyOy (x, y = 0.32-1.10) can be obtained. The disappearance of
the diffraction peaks also demonstrates that the arrangement of the repeating unit structures of g-C3Ny
may be damaged to a short-range order. When the Zn content continuously increases, peaks gradually
arise at 32°, 34.6°, 36.4°, 47.7°, 56.7°, 63° and 68.1° of the C3N4Zn; 5,01 39 sample, which correspond to
the ZnO diffraction peaks.
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Figure 1. (a) XRD patterns, (b) Thermogravimetric analysis (TGA) curves, and (c) DTG curves of
g-C3Ny, C3N4ZnyOy, and ZnO samples. (d) Fourier transform infrared spectra (FTIR) of (a) g-C3Ny,
(b) C3N4Zng 320051, (€) C3N4Znge10p61, (d) C3NgZng 100100, () C3NyZny 5013 and (f) ZnO.
Recorded in transmission mode.

2.3. Thermogravimetric Analysis

To better understand the effect of the raw material ratio on the decomposition of the final product
produced by the pyrolysis process, thermogravimetric analysis (TGA) was performed on g-C3Ny,
C3N4ZnyOy, and ZnO samples, as shown in Figure 1b. We also conducted the first derivative curve
DTG in Figure 1c. From the TG and DTG curves, it can be found that ZnO maintains its mass during
the heating process due to the high boiling point (2360 °C). The g-C3Ny and C3N4ZnxOy samples are
stable below 500 °C, and the mass gradually decreases in the range of 500-750 °C. It can be speculated
that the C and N elements in these samples react with O, and volatilize. The most rapid mass loss
occurs at about 700 °C, indicating the most intensive oxidation reaction at this temperature. It should
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be noted that a second decrease appears at about 810 °C in the C3N4Zng 41061, C3N1Zn; 100102,
and C3N4Zn; 5,01 30 samples. This indicates that partial C and N elements may have formed strong
covalent bonds in these samples, such as C=N or Zn-N, therefore a higher temperature may be needed
to cause the formation of CO,, NO, etc. It is assumed that the formation of new strong covalent bonds
leads to the destruction of the long-range ordered structure, thus no diffraction peaks can be seen in
the XRD spectra of the C3N4ZnyOy samples.

2.4. FTIR Spectra

In the FTIR spectrum (Figure 1d) of ZnO, the peaks around 500 cm ™! correspond to the characteristic
Zn-O stretching vibration modes. The FTIR spectrum of g-C3N4 shows the apparent aromatic CN
heterocycle stretching mode at 1200-1700 cm~!. The bands appearing at 1248 cm™!, 1326 cm™!, and

Land

1415 cm™! are assigned to the aromatic C-N vibrations in the structure. The peaks at 1571 cm™
1636 cm™! correspond to C=N stretching modes of the aromatic ring in the g-C3Ny structure. The
band near 815 cm™! is attributed to the out of plane bending modes of C-N heterocycles, which can be
considered as the main peak reflecting the existence of the g-C3Ny structure. As for the C3N4ZnyOy
samples, all of the FTIR spectra are similar with a sharp band at 802 cm~! and stretching bands around
1200-1700 cm™!, indicating that the C—N heterocycles are maintained and the short-range order of
g-C3Ny remains unchanged. It should be noted that the band at 815 cm™! was slightly shifted to
802 cm~!, which may due to the transfer of interfacial charge and the formation of new chemical
bonds [32]. The peak at 2185 cm™!, which can be assigned to C=N triple bonds [33,34], only appeared
in the C3N4ZnxOy, samples. The peak intensity increased with the ZnO content, indicating that some
triazine rings were broken and the sp?> C-N bonds were transformed into C=N triple bonds. The above
behaviors exist in the g-C3N4/ZnO composite, indicating that the C3N4ZnxOy samples have a lot of
similarities with the g-C3N4/ZnO composite. In addition, this is well in line with the DTG results.

2.5. SEM Images

The morphologies of g-C3Ny, C3N4ZnyOy, and ZnO samples were assessed by SEM images
(Figure 2), revealing differences in their structure. Pure g-C3Ny exhibited a wrinkled and folded
thin-sheet morphology (Figure S2). As the Zn content increased, the C3N4ZnyOy samples gradually
became a denser layered structure and finally transformed into a large lamellar structure. The
corresponding EDS mapping revealed that the Zn and O elements were dispersed uniformly in
C3N4Zny 1001.02- The EDS mapping of the other samples is shown in Figure S3.

Figure 2. SEM images of (a) C3N4ZI’10.3200.51, (b) C3N4Zl’10.6100.61, (C) C3N4Zn1_1001_02 and
(d) C3N4Zny 5,01 30; (¢) EDS mapping of C3N4Zny 1901 g
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2.6. Optical Band Gap Measurement

The optical properties of the as-prepared samples were characterized by UV-Vis diffuse reflectance
spectroscopy. As shown in Figure 3a, pure g-C3Ny displayed an absorption band below 450 nm,
whereas the C3N3ZnxOy samples exhibited an onset of absorbance farther out in the visible region
and below 600 nm. The band gaps of the samples were obtained based on the Tauc plot, as shown in
Figure 3b. Compared with g-C3Ny, the band gaps of the C3N4ZnxOy samples first decreased upon
introducing small quantities of ZnO into urea, and then, rose to near the band gap of ZnO upon
increasing the ZnO content. The conduction bands of these photocatalysts were estimated using the
valence band X-ray photoelectron spectra (VBXPS), as shown in Figure S4. The relative positions of
valence and conduction band energies are depicted in Figure S5.
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Figure 3. (a) UV-Vis absorption spectra of g-C3Ny, C3N3ZnyOy, and ZnO samples. (b) Tauc plot
of g-C3Ny, C3N43ZnyOy, and ZnO samples, appropriate for evaluating optical band gap energies of
indirectly allowed transitions. (c) Photoluminescence emission spectra of g-C3Ny, C3N4ZnxOy, and
Zn0 at the excitation wavelength of 325 nm. (d) Transient photocurrent generation from C3NyZnyOy
electrodes at 0.6 V versus Ag/AgCl in 0.2 M NaySO; plus 10 vol% triethanolamine (TEOA) under a
300 W xenon lamp full spectrum irradiation (320-780 nm, 0.8 W/cm?).

2.7. Photoluminescence and Photocurrent Measurements

The room temperature photoluminescence (PL) spectra of g-C3Ny, C3N4ZnkOy, and ZnO
photocatalysts are plotted in Figure 3c. Each spectrum consists of one broad band around 470 nm in the
visible region. Compared to g-C3Ny, the PL intensities of the C3N4ZnxOy samples all decreased, which
indicates that the photo-generated electron-hole recombination is much more inhibited. The lowest PL
intensity of C3N4Znj 1901 02 indicates the lowest recombination rate among the C3N4ZnyOy samples.

Transient photocurrent responses of the C3N4ZnyOy samples were investigated at a constant
voltage of 0.6V versus Ag/AgCl, with several on—off cycles of intermittent full wavelength irradiation
(320-780 nm, 0.8 W/cm?). As shown in Figure 3d, all samples exhibit stable and high-speed current
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swings during the illumination cycle, thus demonstrating rapid and steady photoelectrochemical
efficiency. The C3N4Zng 410 61 sample exhibits a significantly higher photocurrent intensity than the
other three samples.

2.8. X-Ray Photoelectron Spectroscopy (XPS)

To further investigate the surface composition of C3N4ZnxOy and the change in the chemical
states of the C, N, O, and Zn elements, XPS analysis was carried out. Figure 4 shows the XPS spectra
arising from the C 1s, N 1s, O 1s, and Zn 2p photoelectrons obtained from the samples of g-C3Ny,
C3N4ZnyOy, and ZnO. Two peaks were observed in the XPS spectra of C 1s for g-C3Ny; the peak with
a binding energy of 288.7 eV corresponds to the N-C=N repeat unit of g-C3Ny4, while the second C
peak at 284.6 eV originates from sp2 orbitals in C=C bonds [35]. For the C3N;ZnxOy samples, the
existence of the peak at 288.7 eV indicates that the N-C=N functional group remains. The N 1s XPS
spectrum for g-C3N, exhibits three peaks at 399.18 eV, 400.43 eV, and 401.62 eV, which are assigned to
the C-N=C repeat unit, N-(C); and NHy groups, respectively (Figure 4 N 1s) [35]. The N 1s spectra
from C3N4ZnyOy samples exhibit some differences based on ZnO content. With the increase in the Zn
constituent, the peaks at 401.62 eV disappear, indicating the absence of the NHy group. It is speculated
that the N atom of the NHy group may be connected to the Zn atom instead.
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Figure 4. XPS spectra of g-C3Ny, C3N3ZnkOy, and ZnO samples. Frame A: C 1s photoelectron
energies; Frame B: N 1s photoelectron energies; Frame C: O 1s photoelectron energies; Frame D: Zn 2p
photoelectron energies.
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The O 1s spectra for ZnO display two peaks at 530.68 eV and 532.55 eV (Figure 4 O 1s). The peak
at 530.32 eV represents the electron binding energy in the Zn-O bond, corresponding to the O ions
that are surrounded by Zn?* ions. The peak at 532.55 eV derives from Zn-OH or loosely bound oxygen,
such as -CO;3, -OH, adsorbed H,O, and O, [36-40]. The XPS spectra of O 1s from the C3N4Zn,Oy
samples all show only one peak at 532.55 eV. It is suspected that the O element exists in the form of
Zn—OH in the C3N4ZnyOy, samples. With the decrease in the Zn and O content, the peak at 532.55 eV
slightly shifted to higher binding energy, which may due to the change in the migration of electrons
and causes the formation of N-Zn—O covalent bonds [41]. The XPS spectra of Zn 2p for ZnO show two
symmetry peaks at 1044.98 eV and 1021.88 eV (Figure 4 Zn 2p). These are attributed to the Zn 2py,
and Zn 2ps, orbitals, respectively, indicating that the Zn element exists in the form of Zn?* [36,37,39]
The XPS spectra of Zn 2p for the C3N4ZnxOy samples exhibit no significant change with increasing
ZnO content except for a small shift, which can be attributed to the formation of N-Zn bonds [42]. The
slight peak shifts in O 1s and Zn 2p spectra exist in the g-C3N4/ZnO composite, which demonstrates
that the C3N4ZnyOy samples and the g-C3N,;/ZnO composite have a lot in common.

2.9. 'H and 13C NMR Spectra

In addition to XPS, solid-state NMR is an important method for structural characterization. As
shown in Figure 5, two peaks were observed in the 'H spectrum of g-C3Ny, which are assigned to
the edge-NH, groups (8.7 ppm) and water (3.8 ppm), respectively [43]. As the Zn content increases,
the peak at 8.7 ppm gradually disappears, which demonstrates that the edge-NH; groups vanish
in C3N4ZnyOy samples. At the same time, a new peak at 0.7 ppm gradually increases. We assign
this peak to the Zn-OH group. The 3C spectrum of g-C3Ny also exhibits two peaks at 156.8 and
164.9 ppm that represent the C atoms in melem-CN3 and the C atoms connected to the edge -NHj
group (-CNp—-NHy) [43]. The peak at 156.8 ppm gradually disappears with an increase in the Zn
content, indicating the -CNj structure gradually disintegrates. The full width at half maxima (FWHM)
of the peak at 164.9 ppm becomes broader, which may be related to the changes in the edge -NH, group.
An appropriate explanation is that the edge N is connected to Zn to form a -CN»—N-Zn structure. This
is well in line with the observations in the XPS experiments.
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Figure 5. 'H and '3C NMR spectra of g-C3Ny, C3Ny4ZnyOy, and ZnO samples. The spectra were
obtained at a MAS spinning rate of 8 kHz and the symbol * represents the spinning sidebands. The
chemical shifts of the spectra were calibrated according to adamantane ('H 1.46 ppm, 3C 38.56 ppm).
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2.10. Photodegradation of Tetracycline

Tetracycline represents a major fraction of the current antibiotic market worldwide, and tetracycline
hydrochloride (TC-HCI) was selected as a representative pollutant-toxin to evaluate the photocatalytic
performance of the C3N4ZnxOy in detoxification. Figure 6a shows the UV-Vis absorption spectra of
TC-HCl at different irradiation times by using C3N4Zng ¢1Op 61 as the photocatalyst. It can be found that
the maximum absorption peak of the TC-HCl solution is at 365 nm. After 0.5 h absorption in the dark,
the peak shifts to 372 nm. When the visible light (A > 420 nm) is on, the TC-HCI degrades rapidly in
the first hour, after which the rate slows down. Figure 6b shows the photocatalytic activities of g-C3Ny,
C3N4ZnXOy, and ZnO samples in the degradation of TC-HCI under constantly visible light irradiation.
The blank sample represents the direct photolysis of TC-HCI in the absence of the photocatalyst and
under visible light irradiation for 2 h. TC-HCI was only slightly degraded under such conditions,
demonstrating that TC-HCl is stable under visible light irradiation when there is no photocatalyst
involved. Pure g-C3N, and ZnO showed good performance in the degradation of TC-HCI, and pure
g-C3Ny exhibited a relatively higher degradation rate than ZnO because it has a better absorption to
visible light. Significantly, the C3N4ZnyOy (x, y = 0.32-1.52) photocatalysts samples exhibited much
higher activities for photodegrading TC-HCI than either pure g-C3Ny4 or ZnO. With the addition of
the Zn and O element in the composites, the photocatalytic activity of C3N4ZnxOy (x, y = 0.32-1.52)
increased remarkably. The C3NsZng 100 61 sample exhibited the highest photocatalytic activity, which
can degrade TC-HCl by 86.1% in 1 h, and 92.7% in 2 h. It should be noticed that the degradation curve
of C3N4Zn( 30051 had a very fast response, especially in the first 0.5 h, but the final degradation rate
was lower than C3N4Zng¢10g¢1 within 2 h. After 0.5 h, the concentration of the TC-HCI solution
was basically unchanged. This may due to the competition between TC-HCl and the intermediate
degradation products; it is related to the reactive oxygen species (ROS) formed by the catalyst [44].
As far as we know, the ROS includes singlet oxygen (1O,), hydroxyl radicals (¢OH), superoxide
anions (¢0?%), etc., [45]. Previous researchers have reported that ¢OH or/and ¢O?" radicals play
important roles in the photodegradation of tetracycline by the g-C3N4/ZnO composite [46,47]. Since
the C3N4Zn,Oy samples have many similarities with g-C3N,/Zn0, it is suspected that ¢OH or/and
*O”" radicals induced by light irradiation of the C3N4Zn,Oy samples also control the degradation rate
of TC-HCL. As the degradation reaction proceeds, the concentration of the intermediates gradually
increases. The further reaction of the intermediates would cause the ¢OH and ¢O? radicals to be
consumed. Therefore, the degradation rate of TC-HCI will be reduced. In general, the results indicate
that the C3N4ZnxOy photocatalysts have a better performance in the photodegradation of organic
pollutants than either the pristine g-C3Ny or ZnO under the same conditions, especially the completely
amorphous C3N4ZnyOy (x, y = 0.32-1.10) samples.
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Figure 6. (a) The absorption spectra of TC-HCl solution (10 mg/L) at different irradiation times under
visible light, using C3N4Zng 1O 61 as the photocatalyst. (b) Photocatalytic degradation efficiencies
of TC-HCl using g-C3Ny, C3N4ZnyOy, and ZnO as the photocatalysts under visible light irradiation
(420-780 nm, 0.6 W/cm?).
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The reusability of the C3N4Zng ¢1Op 41 sample was further studied. The sample powders were
collected by filtration after photocatalytic reactions and reused in the photocatalytic reaction for 3 times
under the same conditions. As shown in Figure 7, the C3N4Zng 10y 61 sample displays good stability
and maintains a high photocatalytic performance during three reaction cycles. The gradual decrease in
the photocatalytic performance may be due to the mass loss during the sampling, transferring, and
filtration processes. A 50 mg sample was used in the first reaction cycle. The final powder catalyst was
filtered and dried after three reaction cycles, and only about 10 mg of the sample was obtained. This
indicates that the powder lost a lot when conducting the next reaction cycle. Similar results have been
reported previously [48].

1.0
0.84

5 0.6-

C/

0.4

0.24

0.0

]
]
]
2 3

0 1
Irradiation time (h)

Figure 7. Recycling properties of the C3N4Zn 41O 61 photocatalyst.

We conducted SEM and EDS tests on the C3N4Zng 10y 61 sample before and after the photocatalytic
degradation of TC-HCI. The SEM image of the C3N4Zng410Op 61 sample exhibits a dense layered
structure (Figure S6a). After the degradation of TC-HCI for 1 h under light irradiation, the morphology
of the sample did not change much (Figure S6b). The EDS was also employed to better understand
the surface element composition and the content of the C3N4Zng410p61 sample before and after
photocatalytic degradation. The SEM images and the corresponding EDS were shown in Figure S7.
From the EDS in Figure S7c, it can be known that the surface of the C3N4Zng 41O 61 sample contains C,
N, O, and Zn elements. After degrading TC-HCI for 1 h under visible light irradiation, the surface
element composition is the same as before (Figure S7d). The element contents are depicted in both
spectra, from which we can know that the content of each element on the surface of the C3NsZng 6100 61
sample only changed slightly after the degradation experiment. To be more specific, the mass portion
of the Zn element changed from 43.05% to 41.55%, but the C and N elements on the surface of the
sample also changed slightly. The C/N mass ratio changed from 1.39 to 1.33, indicating that a small
amount of C or N elements were lost after the degradation. Therefore, the loss of trace Zn elements
in the reaction will be accompanied by the trace loss of C or N elements. Based on the EDS results,
the difference in the Zn element before and after degradation is about 1.5%. The initial weight of
the C3N4Zng 610061 sample is 50 mg, and the leaching of Zn into the solution should be 0.75 mg.
For a 200 mL solution, the concentration of Zn would be 3.75 mg/L. In the practical experiment, the
final volume of the TC-HCl solution is less than 200 mL due to the sampling process. Therefore, the
concentration of Zn would be lower than 3.75 mg/L.

To our knowledge, the photoactivity of the commercial ZnO can be seriously deteriorated due to
the photocorrosion effect [49,50]. It is reported that 92 % of MB could be degraded within 2 h when
ZnO was used for the first time; however, after three recycles, a significant decrease in photocatalytic
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activity for pure ZnO was found, in which only 16% of MB was degraded [51]. The drastic decrease
was explained as the photocorrosion effect. Photocorrosion consists of the partial dissolution of Zn
and the collapse of the ZnO structure induced by the light irradiation [52,53]. That is to say, partial
Zn elements may get into the solution. In our work, the C3N4ZnxOy samples were fabricated from
commercial ZnO. It has been revealed that the Zn-O functional group exists in the C3N3ZnxOy samples.
Therefore, photocorrosion cannot be completely absent. Fortunately, the C3N4Zng 41O 61 sample is
still highly efficient after being reused to degrade TC-HCI, as shown in Figure 7. This indicates that the
C3N4Zn 610061 sample has good stability and photocorrosion has been inhibited.

3. Materials and Methods

3.1. Sample Preparation

The samples were synthesized by a one-step polymerization method according to the literature [54].
In brief, 2.0 g urea (>98%, Sigma-Aldrich, St. Louis, MO, USA) and a certain amount (0.02, 0.05, 0.08 or
0.20 g) of ZnO (>99%, Sigma-Aldrich, St. Louis, MO, USA) were mixed in a covered alumina crucible,
then, the powders were transferred to a muffle furnace and calcined at 500 °C for 2 h with a heating
rate of 10 °/min under air atmosphere. The samples were obtained after cooling to room temperature.

3.2. Material Characterization

The nanoparticle phase and structural information of the as-prepared materials were characterized
by X-ray powder diffraction (XRD) measurements. The data were recorded in the 26 angle range of 5°
to 85° with a scan speed of 10°/min on an Ultima IV (Rigaku, Japan) X-ray diffractometer with Cu-Ko
radiation (A = 1.5418 A, 35 kV, 25 mA). The surface morphologies were obtained using a scanning
electron microscope (Hitachi S-4800, Japan). Thermal gravimetric (TG) curves were recorded using an
STA 449 F3 Jupiter simultaneous thermo-analyzer (NETZSCH Geratebau GmbH, Germany) from room
temperature to 900 °C with a heating rate of 10 °C/min under air atmosphere. The specific surface
properties of the powder samples were obtained by nitrogen adsorption-desorption isotherms, using
an ASAP 2020 physical adsorption analyzer (Micromeritics, USA). The specific surface areas were
obtained based on the BET equation. The elemental composition and content were characterized by
an EA analyzer (Elementar Vario EL cube, Germany). The optical properties were measured by a
UV-Vis spectrophotometer (UV-2700, Shimadzu, Japan) at a wavelength range of 200-800 nm. The
X-ray photoelectron spectroscopy (XPS) data were recorded using an Escalab 250Xi (Thermo Scientific,
USA). All binding energies were calibrated to the C 1s peak at 284.6 eV. The structural information of
the powders was analyzed by an AVANCE III 400 NMR spectrometer (Bruker, German), operating at a
'H Larmor frequency of 400 MHz. The 'H spectra have a spectral width of 200 ppm, 90° pulse width
of 4 us, acquisition time of 10 ms, number of scans of 16, and recycle delay of 2 s. The '3C spectra have
a spectral width of 300 ppm, 90° pulse width of 4 ps, acquisition time of 20 ms, number of scans of
4k, and recycle delay of 2 s. A Nexus 670 infrared spectrometer (Nicolet, USA) was used to perform
Fourier transform infrared spectroscopy (FTIR) analysis in the wavenumber range of 4000-400 cm™ in
transmission mode. The photoluminescence (PL) spectra within the wavelength range of 350-700 nm
were obtained under 325 nm excitation using an F-4500 FL spectrophotometer (Hitachi, Japan).

The photoelectrochemical test was conducted with an electrochemical workstation (CHI660E
Instruments, Shanghai, China) in a standard three-electrode cell with 0.2 M Na;SO; plus 10 vol %
triethanolamine (TEOA). The Pt gauze (1 x 1 cm?) and Ag/AgCl (saturated KCI) was used as the
counter electrode and reference electrode, respectively. The working electrode was prepared on
an indium tin oxide (ITO) conductor glass. Precisely, 10 mg of the as-prepared photocatalyst, N,
N-dimethylformamide (DMF, 200 uL), naphthol (50 uL) were blended and sonicated for 30 min to
get a homogeneous mixture. Then, 20 uL of the slurry was then injected onto the ITO glass. The
exposed area of the working electrode was 1 X 1 cm?. The electrode was dried in air overnight to
improve adhesion.
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3.3. Photocatalytic Activity Tests

A 50 mg photocatalyst was dispersed in 200 mL tetracycline hydrochloride (TC-HCl) aqueous
solution (10 mg/L). The mixed suspension was magnetically stirred for 30 min in the dark to obtain
absorption-desorption equilibrium before irradiation. Afterwards, the above suspension was irradiated
by a 300 W xenon lamp (PerfectLight, Beijing, China) with a 420 nm cutoff filter. The optical power
density was measured to be 0.6 W/cm?, using a PL-MW2000 optical power meter (PerfectLight, Beijing,
China). At 15 min intervals, 4 mL of suspension was sampled and filtered through a 0.22 um PTFE
syringe filter to remove the solid particles and obtain a clear liquid. The photocatalytic degradation
efficiency of TC-HCI was analyzed on a UV-Vis spectrophotometer (UV-2700, Shimadzu, Japan) by
recording the absorption spectrum of the aqueous solution at the wavelength range of 200-500 nm.

4. Conclusions

A photocatalyst C3N3ZnxOy (x, y = 0.32-1.10) synthesized by a calcining process from urea and
ZnO precursors produced a completely amorphous product that was found to be useful for breaking
down the aromatic compound tetracycline under visible light illumination. XRD, XPS, FTIR, ssNMR
and other characterizations revealed that the as-prepared samples contained N-C=N structure, similar
to that of g-C3Ny. The starting Zn and O elements were believed to be disassembled and coordinated
into a new C and N framework. The amorphous structures possess more defects and larger contact
areas with reactants than either g-C3Ny or ZnO photocatalysts. This creates more effective active sites
and better electron transfer efficiency. In the photocatalytic degradation of TC-HCI, the amorphous
samples exhibited superior photocatalytic activities over pure g-C3Ny and ZnO. The new amorphous
materials have potential applications in environmental pollution abatement and energy generation,
and should provide a new direction for the development of photocatalytic materials in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/5/514/s1,
Figure S1: Nitrogen adsorption—-desorption isotherm curves of g-C3Nyg, C3N4ZnxOy, and ZnO samples. Inset:
Calculated BET surface area per gram of sample. Figure S2: SEM images of (a) g-C3N, and (b) ZnO. Figure S3:
EDS mapping of (a) g-C3Ny, (b) C3N4Zng 3200551, (c) C3N4Zng 610061, (d) C3N3Zny 501 30 and (e) ZnO. Figure
S4: Valence band XPS spectra of (a) g-C3N4, (b) C3N4ZI‘10'3200.51, (C) C3N4Zn0.6100,61, (d) C3N4Zn1,1001,02,
(e) C3N4Zny 5701 30 and (f) ZnO. Figure S5: Band gap (a) g-C5Ny, (b) C3N4Zng 370051, (¢) C3NaZng 610061,
(d) C3N4Zl’11.1001.02, (e) C3N4Zn1_5201,30 and (f) Zn0O. Figure S6: SEM images of the C3N4Zn0_6100,61 sample
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degradation of TC-HCL
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