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Abstract: In this study, we have successfully constructed AgzPO,/Ag/g-C3N, heterojunctions via
the hydrothermal method, which displays a wide photo-absorption range. The higher photocur-
rent intensity of AgzPO,/Ag/g-C3Ny indicates that the separation efficiency of the photogenerated
electron-hole pairs is higher than that of both AgzPO4 and Ag/g-C3Ny pure substances. It is
confirmed that the efficient separation of photogenerated electron-hole pairs is attributed to the
heterojunction of the material. Under visible light irradiation, AgzPO4/Ag/g-C3Ny-1.6 can remove
MO (~90%) at a higher rate than AgzPO, or Ag/g-C3Ny. Its degradation rate is 0.04126 min~1,
which is 4.23 and 6.53 times that of Ag/g-C3Ny and AgzPOy, respectively. After five cycles of testing,
the Ag3PO,/Ag/g-C3Ny photocatalyst still maintained high photocatalytic activity. The excellent
photocatalysis of Ag3PO4/Ag/g-C3Ny-1.6 under ultraviolet-visible light is due to the efficient sep-
aration of photogenerated carriers brought about by the construction of the AgsPO4/Ag/g-C3Ny
heterostructure. Additionally, Ag3PO4/Ag/g-C3Ny specimens can be easily recycled with high
stability. The effects of hydroxyl and superoxide radicals on the degradation process of organic
compounds were studied using electron paramagnetic resonance spectroscopy and radical quenching
experiments. Therefore, the AgzPO,/Ag/g-C3Ny composite can be used as an efficient and recyclable
UV-vis spectrum-driven photocatalyst for the purification of organic pollutants.

Keywords: A3PO4/Ag/g-C3Ny; photocatalyst; methyl orange

1. Introduction

Semiconductor composite photocatalysis technology is a green, advanced, and efficient
photocatalysis technology that deserves attention as a method for improving environmental
pollution. Thus, the use of semiconductor-based novel visible light catalysts is of great
concern [1-4].

In recent decades, photocatalysis experts have been committed to constructing new
and efficient photocatalysts with narrow bandgaps to achieve a higher light conversion effi-
ciency. In this regard, silver phosphate (AgzPOy,) is a promising photocatalyst, with a high
photooxidation capacity, high quantum efficiency (90%), and low bandgap (2.5 eV) [5,6].
For this reason, many experts have reported on the photocatalytic performance of high-
efficiency photocatalysts in the degradation of organic pollutants in water [7-9]. However,
Ag3POy, also has some drawbacks [10-13]. First, AgsPOy has a larger particle size and
smaller specific surface area, which may affect its catalytic performance. Second, Ag;PO,
is not stable under long-term illumination, which hinders its recycling [14]. In addition,
the micro-solubility of Ag;PO,4 will reduce its structural stability. Therefore, it is a serious
challenge to develop a highly efficient composite photocatalytic activity that maintains the
stability of AgsPOy [15,16].

Graphite phase carbon nitride (g-C3Ny4) was first reported in 2009 and is a type of
material with visible light activity, stable chemical properties, a cheap raw material price,
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and easy procurement. It is worth noting its unique layered structure and other advan-
tages [17]. However, the pure g-C3Ny still has the problem of low separation efficiency of
photogenerated charge carriers, resulting in an unsatisfactory photocatalytic activity.

The construction of a heterojunction is an effective way to solve the problem of the
insufficient valence band oxidation ability of g-C3Ny. Based on the original g-C3Njy, another
semiconductor with a strong valence band oxidation ability is introduced to combine it with.
By regulating the interfacial charge directional migration, the light absorption and charge
separation performance of g-C3Njy-based materials can be optimized, while maintaining
the strong oxidation and reduction ability of the system [18-20].

There are a few factors considered in the construction of a g-C3Ny heterojunction. The
selected semiconductors are generally matched with appropriate band structures, and their
connection methods make the best use of their unique properties. When considering the
optimization of g-C3Ny-based performance, it is critical to choose a suitable preparation
method [21,22]. Studies have shown that the efficiency of photocatalysts greatly varies with
the synthesis method. At present, there are numerous methods for preparing g-C3Ny-based
photocatalyst composites. The most original synthesis method is thermal polymerization,
but the catalytic efficiency of g-C3Ny photocatalysts prepared by thermal polymerization
is poor. Therefore, photocatalyst experts have developed a variety of synthesis methods.
So far, although this has achieved remarkable results in the field of photocatalysis, there
are still many key problems to be solved in the construction of efficient g-C3Ny-based
photocatalyst composites [23-25].

Recently, research on g-C3Ny4 and AgsPO,4 composite photocatalysts has been reported,
suggesting that the g-C3N4/Ag3PO4 composite followed the double-charge-transfer mech-
anism. Inspired by this, it is a good strategy to use flake graphite phase g-C3Njy as a base to
combine with Ag3zPOy4, which can compensate for the shortcomings in each semiconductor.

In this study, we successfully constructed a novel, efficient, and structurally stable
photocatalyst for an AgzPO,/Ag/g-C3Ny heterojunction through hydrothermal synthesis.
Compared with Ag/g-C3Ny and AgsPOy, the Ag3PO4/Ag/g-C3Ny composite photocat-
alyst showed more efficient photocatalytic activity for methyl orange degradation under
visible light irradiation. In addition, the cyclic photocatalytic degradation of MO and its
photocatalytic enhanced mechanism were investigated.

2. Results and Discussion
2.1. Structure and Morphology

Figure 1a shows the XRD patterns of the g-C3Ny4, Ag/g-C3Ny, AgsPOy, and AgzPO,4/
Ag/g-C3Ny samples. For pure g-C3Ny, there were two diffraction peaks at 13.26 and
27.4°. The main diffraction peaks at 13.2 and 27.4° were attributed to the (100) and (002)
diffraction planes, respectively. For the Ag/g-C3Ny sample, the characteristic peaks in
Figure 1a, at 38.4°, 65.8°, and 77.5°, marked with “¥ ”, correspond to the (111), (200), and
(311) crystal planes of metallic Ag. In the AAC-1.6 sample, Ag3POy is labeled by “#” [4,26].
The characteristic peaks of Ag, g-C3Ny, and AgzPOy can be seen in Figure 1a, indicating
that there were no other peaks in the sample, which contains only Ag, g-C3Ny, and Ag3POy.
This indicates the high purity of the AAC-1.6 sample. Moreover, it can be seen from the EDS
(energy-dispersive X-ray spectrometry) spectrum (Figure 1b) that the AAC-1.6 composite is
composed of Ag, C, N, O, and P elements. The above suggests that the high purity of the
AAC-1.6 sample is very beneficial for subsequent photocatalytic degradation experiments.

As shown in Figure 2a,b, Ag3PO, particles adhered to g-C3Ny sheets, with effective
physical contact between them. Ag particles were also seen attached to the interface
between the two pure substances, g-CsN4 and AgzPOy, with the presence of Ag mediating
the electron transfer between them. Figure 2c shows the EDX elemental mapping image of
all elements in the AAC-1.6 sample, with peaks of C, N, O, P, and Ag observed and labeled
in the graph.



Molecules 2023, 28, 6082

30f13

6
(a) ~ S & v Ag & Ag,PO, (b)
(=) (=)
S o4 S*lAY 4 ske sy sV 5| 42
- |Aaac24 _ = S =
= g g Ta= a8 2
< 2 2 Sl0Y s it evaer v~ 4}
>, |AAc-16 = )
N ~ M B ~ oA A ey A
= s 3l 28858 §§ 3t
g = 2 & — ) Qeﬁg RANE a
g lawro & $M1° FHfs w |5 1y
= e ) = g = 2k,
(= = S vo Sy T c
— P

) S 1k

= SA_ ..

L L L L L g_I(j:;N‘t 0 . .

10 20 30 40 50 60 70 80 1 2 3 4 5

2 Theta (degree) Energy (keV)

Figure 1. (a) XRD patterns of the different samples. (b) EDS pattern of the AAC-1.6.

Figure 2. (a,b) TEM images of AAC-1.6. (c) EDX elemental mapping images of the AAC-1.6.
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XPS (X-ray photoelectron spectroscopy) was used to study the composition and va-
lence states of AgsPOy, Ag/g-C3Ny, and AAC-1.6 samples. As shown in Figure 3a, the
survey scan XPS spectra of AAC-1.6 showed the presence of Ag, P, C, N, and O. The spectra
of AgzPOy4 samples showed obvious peaks at 134.43, 533.72, and 372.44 eV, which were
attributed to P 2p, O 1s, and Ag 3d, respectively. The Ag/g-C3N4 sample showed obvious
peaks at 288.63, 398.12, and 372.43 eV, which were consistent with C 1s, N 1s, and Ag 3d. It
is worth noting that the survey spectrum of AAC-1.6 powders was the same as the peaks of
AgzPOy and Ag/g-C3Ny samples (134.44, 288.62, 372.45, 398.13, and 533.74 eV), indicating
the presence of P, C, N, O, and Ag elements.
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Figure 3. (a) XPS survey spectra of different materials: (b) Ag 3d, (c) C 1s, (d) N 1s, (e) O 1s, and (f) P
2p XPS spectra of AAC.

To further investigate the chemical valence states of the elements Ag, P, O, C, and
N, high-resolution XPS patterns of Ag, P, O, C, and N were analyzed. The Ag 3d XPS
pattern of Ag/g-C3Ny4 showed four major peaks (Figure 3b). The peaks with binding
energies at 369.75 and 375.78 eV were attributed to the Ag 3d 5/2 and Ag 3d 3/2 spectra
of Ag* in Ag3POy, and other peaks located at 370.46 and 376.54 eV could be attributed to
metallic Ag [27-31]. Of interest, the XPS pattern of Ag 3d in AAC-1.6 showed a red shift
of about 0.52 eV in the binding energy (369.23, 369.89, 375.17, and 375.92 eV) compared to
Ag/g-C3Ny, confirming some electronic interaction between Ag/g-C3Ny and Ag3POy in
the composite.

However, the C 1s and N 1s spectra of AAC-1.6 did not change much from the binding
energy of Ag/g-CsNy4, which was only about 0.02 eV (Figure 3c,d). Due to the high content
of Ag/g-C3Ny in AAC-1.6, no large binding energy shifts of C and N elements occurred.

It can be seen from the XPS pattern of the AAC-16 in Figure 3e that O 1s had two
obvious peaks (529.35 and 531.75 eV), with the peak at 529.35 eV being attributed to
the oxygen atom of silver phosphate, and the weak shoulder peak at 531.75 eV may be
attributed to the terminal hydroxyl group (-OH) on the surface.

Subsequently, the P 2p XPS patterns of AgzPO,; and AAC-1.6 samples were studied
(Figure 3f). From AgsPQy, it can be seen that there were two distinct peaks (134.32 and
135.63 eV) attributed to P 2p3/2 and P 2p1/2, respectively, corresponding to the phosphorus
anion in the AgzPOy lattice [32-34]. Compared to AgzPOj, the spectrum of P 2p in AAC-1.6
had two distinct peaks at 131.95 and 133.66 eV, with a lower band-edge energy, which was
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caused by a change in the chemical environment. Based on the above analysis, the AAC-1.6
composite formed the heterostructure.

2.2. Photoelectric Properties of Samples

To investigate the light absorption capability of the AAC-1.6 nanocomposites, the DRS
spectra were tested, and the results are shown in Figure 4a.
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Figure 4. (a) The DRS spectra and (b) the calculated bandgap energies diagram of Ag;POy, Ag/g-
C3Ny, and AAC-1.6. (c) Photocurrent response curves. (d) EIS Nyquist plots of AgsPOy, Ag/g-C3Ny,
and AAC-1.6.

Pure Ag3PO4 absorbed in both the UV and visible regions, with most of the absorption
concentrated in the UV region, and the sample with AAC-1.6 had the strongest absorbance.
Strangely, the absorbance of the sample with AAC-2.4 was, on the contrary, lower than that
of AAC-0.8, which was probably due to the excessive addition of g-C3Ny to block the light.
In addition, several groups of samples showed poor absorption of the incident light when
the incident light wavelength was greater than 500 nm. The AAC-1.6 sample exhibited
enhanced absorbance due to the heterogeneous coupling of AgsPO4 with Ag/g-C3Ny,
which showed enhanced absorbance in both the UV and visible regions, especially in
the visible region, where the absorption intensity was significantly enhanced. Figure 4b
shows the bandgap energy (Eg = Eyg—Ecp) transferred from the Kubelka-Munk function.
According to the relationship between (achv)? and (hv), as shown in Figure 4b, the bandgaps
of g-C3Ny, Ag/g-C3Ny, and AgsPO, were 2.62, 2.35, and 2.49 eV, respectively.

To analyze the performance of the photogenerated electron-hole pair separation, pho-
tocurrent response curves of Ag/g-C3Ny, AgzPOy, and AAC-1.6 samples were performed
for five on/off irradiations under visible light (Figure 4c). As can be seen from Figure 4c,
the strongest photocurrent density of 7.25 pA cm~2 was produced by Ag/g-C3Ny when the
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visible light was turned on. It is notable that the photocurrent density of AAC-1.6 jumped
to 11.20 pA-cm~2 with continued light exposure, which is 1.5 times higher than Ag/g-C3N,
(7.25 pA-cm~2) and 7.0 times higher than AgzPOy (1.60 pA-cm~2). In addition, the electron
transfer rate of the catalysts was determined by electrochemical impedance spectroscopy
(EIS). As shown in Figure 4d, the EIS Nyquist plots of the three sets of samples showed
different arc radii at high frequencies, and the smaller arc radii indicate a smaller transfer
resistance at the electrode interface. The presence of a p-n-type heterojunction led to a
smaller arc radius in the AAC-1.6 samples than in Ag/g-C3N4 and AgzPOy, confirming that
AAC-1.6 exhibited a lower photogenerated carrier transfer resistance than Ag/g-C3Ny and
Ag3POy. The above analysis indicates that enhanced charge transfer occurred in AAC-1.6,
which contributed to the catalytic activity of AAC photocatalysts.

2.3. Photocatalytic Activity Test

The photocatalytic activities of the prepared AAC composites were investigated
through degrading MO dye in water phase. As shown in Figure 5a, all the prepared
catalyst samples exhibited different excellent photodegradation performances in degrading
MO, under 500 W xenon light irradiation. Worthy of attention, the AAC samples exhibited
superior photocatalytic degradation efficiency compared to AgzPO4 and Ag/g-C3Ny, and
the AAC-1.6 sample could degrade 99% of methyl orange in 80 min. Excessive Ag/g-
C3Ny incorporation hindered the degradation rate. It can be seen from Figure 5b that the
degradation rate constant of the AAC-2.4 sample was lower than that of AAC-0.8 and AAC-
1.6. This might be because excessive Ag/g-C3Ny particles will block the contact between
AgsPOy and incident light, leading to a decrease in the degradation efficiency, which is
counterproductive to the photocatalytic performance of the AAC-2.4 photocatalyst. Due to
the relatively low concentration of MO dye (37 mg-L~1), the quasi-primary kinetic reaction
simulation behavior was met. The plots of In (Cy/C4) as a function of the irradiation time to
MO are shown in Figure 5b. It can also be seen that AAC-1.6 had the highest degradation
speed. The above results indicate that the efficient degradation efficiency of the AAC-1.6
composite material is attributed to the formation of heterojunctions, thereby enhancing the
efficiency of photogenerated carrier separation [35,36].
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Figure 5. (a) Degradation curves for MO and (b) the corresponding first-order kinetics of the samples.

2.4. Enhancement Mechanism and Stability

For a more in-depth study of catalytically active species in photocatalytic reaction
systems, a series of photocatalytic experiments with and without trapping agents were
performed (Figure 6a). Three different scavengers, benzoquinone (BQ), ethylene diamine
tetraacetic acid disodium salt (EDTA-2Na), and isopropanol (IPA), as trapping agents,
were added to the MO solution to capture the corresponding active species (-O,, h*,
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and -OH). When IPA, BQ, and EDTA-2Na were added as scavengers, the degradation
rate of MO decreased from 99% to 37.2%, 47.1%, and 67.1%, respectively. The capture
experiments showed that -O; , -OH, and h* were effective for photocatalytic degradation in
the photocatalytic reaction system and were the main active species in the catalytic reaction.
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Figure 6. (a) Photocatalytic degradation of AAC-1.6 by free radical capture. (b) Mott-Schottky curves
of samples. EPR spectra trapped by DMPO in the dark and under 5 min irradiation of visible light:
(¢) in methanol dispersion for DMPO- -O, and (d) in aqueous dispersion for DMPO- -OH of AAC-1.6.

Besides, the semiconductor types and band-edge positions of Ag/g-C3N4 and AgzPOy
were investigated by electrochemical Mott-Schottky curves in the dark state (Figure 6b).
Ag/g-C3Ny is positively sloped and is an n-type semiconductor, with an estimated CB
flat-band potential of —0.48 eV. On the contrary, the slope of AgszPOy is negative, indicating
that it is p-type. The linear extension of two curves intersects the x-axis at two points, and
the flat-band potential can be determined based on the horizontal coordinate values of the
two points. The flat-band potentials of this intersection were estimated to be —0.48 and
2.68 eV, respectively. Generally, the conduction band potential of n-type semiconductors is
about 0.2 V (vs. NHE ) less than the flat-band potential, and the valence band potential of
p-type semiconductors is about 0.2 V (vs. NHE) more than the flat-band potential [37,38].
According to the equations (Eg = Eyp — Ecp) and Eyg = X — 4.5 + 0.5E, X is the absolute
electronegativity used to calculate the other values. Besides, the values of the flat-band
potential, the CB potential of AgzPOy, and the VB potential of Ag/g-C3Ny can be calculated
to be 0.39 and 1.67 eV, respectively. For AgsPO4-VB and Ag/g-C3Ny- CB, they were
calculated to be 2.88 and —0.68 eV, respectively. In addition, the authors of [4] showed
that g-C3N;-VB and g-C3N4-CB are 1.53 and —1.09 eV, respectively. It is worth noting that
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the Mott-Schottky plot of AAC-1.6 showed a reverse “V”-shaped profile, indicating the
expected p-n heterojunction.

EPR experiments on AAC-1.6 were examined under two different experimental condi-
tions, visible light irradiation and darkness, and the results confirmed the production of
hydroxyl radicals and superoxide radicals (Figure 6¢,d). No signals of DMPO- -O, and
DMPO- -OH were detected under dark conditions, indicating that there was no production
of -O, and -OH under dark conditions [39,40]. Under visible light irradiation, the charac-
teristic signals of DMPO- -O, with an intensity ratio of 1:1:1:1 and DMPO- -OH with an
intensity ratio of 1:2:1:2:1 could be detected. As the illumination time increased to 5 min,
the characteristic peak intensity of -O, and the hydroxyl radical increased. The above
results indicate that the -O, and -OH radicals produced by the sample AAC-1.6 play a
crucial role in the catalytic degradation process.

As shown in Figure 7a, after 5 cycles, the degradation efficiency of MO by AAC-1.6
samples remained above 90%, indicating that AAC-1.6 samples had high stability in the
degradation of MO. Subsequently, the XRD pattern spectra of AAC-1.6 powder before and
after degradation were measured (Figure 7b). The AAC-1.6 powder exhibited a similar
XRD pattern compared with the sample before degradation, reflecting that the AAC-1.6
powder had excellent stability.

AAC-1.6 AAC-1.6
i
b ) -
: : =
: : 5 A o l A A A l A A A
: | 2 Original
1 1 -
1 1 m
2nd—==—3rd—=l=—4th—= =
! 2
' ,S d l A A [ —
1

(b)

After five cycles

1 1 1 L L 1 1 1 1 1 1 1 1

60 120 180 240 300 360 420 480 540 600 20 25 30 35 40 45 50 55 60 65 70
Irradiation time (min)

2Theta (degree)

Figure 7. (a) Five degradation cycle curves of the photocatalyst for MO. (b) XRD patterns of AAC-1.6
before and after five cycles of degradation for MO.

Based on the above discussion, the possible catalytic mechanism of the AAC compos-
ites is shown in Figure 8. when visible light irradiates the AAC composite catalyst material,
electrons in the valence band (VB) of g-C3Ny and AgsPO;, can be excited into their conduc-
tion band (CB) [41]. Similarly, metal silver can also absorb visible light, and a small portion
of Ag nanoparticles (NPs) generate hot electrons through the plasma resonance effect. Hot
electrons are transferred from the surface of Ag NPs to the conduction band (CB) of the pure
substance g-C3Njy. The electrons on g-C3Ny-VB can convert O, into superoxide radicals to
degrade pollutants, while the holes are still retained in the valence band of Ag nanopar-
ticles. Meanwhile, the photogenerated electrons in the conduction band of Ag;PO, are
transferred to the surface of Ag nanoparticles to combine with plasma resonance-induced
holes, and the photogenerated holes of pure AgzPO,4 remain on AgzPO4-VB. The holes
(h*) on AgzPO,4-VB oxidize H,O to generate -OH radicals for the degradation of organic
pollutants [42,43].
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Figure 8. Schematic drawing of the proposed photocatalytic mechanism for p-n-type AAC composites
under UV-visible light irradiation.

3. Materials and Methods
3.1. Materials

Silver nitrate, polyvinyl pyrrolidone, melamine, and the experimental reagents
(NapHPO4-12H,0 and MO) were provided by Sinopharm Chemical Reagent Co., Shanghai
Branch, Shanghai, China [44]. All experimental reagents used were analytically pure and
solutions were prepared with ultrapure or deionized water.

3.2. Synthesis of Samples
3.2.1. Preparation of Ag/g-C3Ny

The bulk g-C3Ny was synthesized by heating melamine (25 g, 39.60 mmol) in air at a
temperature of 500 °C for 6 h, with a heating rate of 5 °C per minute. After calcination, the
yellow powder sample g-C3N4 was obtained by grinding bulk g-C3Ny. Typically, g-C3Ny
(2.4 g, 26.10 mmol) was added to an 80 mL methanol solution, and suspension A was
obtained after ultrasonication for one hour. A solution of AgNO; in water (0.24 mol-L~1)
was added dropwise to suspension A, and stirred at 70 °C for two hours. Simultaneously,
the suspension was exposed to irradiation by a 500 W Xe lamp for two hours [45,46]. Then,
the target sample g-C3Ny (the average particle size of g-C3Ny is 8 um) was obtained by
filtration, washing, constant temperature (70 °C), and vacuum drying for 10 h.

3.2.2. Preparation of Ag3PO4/Ag/g-CsNy

Typically, 0.4 g Ag/g-C3Ny4 was added to a 50 mL methanol solution, and solution
A was obtained after ultrasonication for one hour. Then, 0.4890 g of AgNO3 and 1.5012 g
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of polyvinyl pyrrolidone were added to 60 mL of ultrapure water, and solution B was
obtained. Then, solution B was directly added to solution A, and Na, HPO,4-12H,O solution
was (0.08 mol-L~!) added drop-by-drop to the mixed solution with a constant-pressure
drop funnel. The mixed solution reacted for one hour with stirring. Next, the samples were
washed three times with deionized water and three times with ethanol, and then dried
in a drying oven (80 °C under vacuum for 10 h) [47]. The resulting samples were simply
denoted as AAC-x, with x representing the molar ratio of different AgzPOy4 to Ag/g-C3Ny
(x=0.8,1.6,2.4) [48,49].

3.3. Analytical Characterization

The samples’ crystal structure was measured by a Bruker D8 Advance diffractometer
with CuKa (A = 0.154056 nm) and a scanning range of 20 = 5°~80° (XRD, BRUKER D8
ADVANCE, Massachusetts, Germany). The morphology and crystalline structure were
observed with a FEI Talos-F200S scanning electron microscope (TEM, FEI Company, Hills-
boro, OR, USA). The diffuse reflectance spectra were determined by DRS, with a UV-3700
UV-Vis Spectrometer (Shimadzu, Kyoto, Japan). The flat-band potential was measured
by a three-electrode electrochemical workstation (Huachen, CHI660E, Shanghai, China).
The chemical composition and element valence of the samples were detected by XPS (the
K-alpha radiation of aluminum, X-ray photoelectron spectrometer, Thermo Fisher Scientific,
ThermoScientific K-Alpha, Waltham, MA, USA), and the charge shift was corrected by the C
1s peak of the contaminated carbon (284.8 eV). The free radicals formed in the photocatalytic
process were identified by an EPR (electron paramagnetic resonance) spectrometer (Bruker
EMXplus-6/1, Massachusetts, Germany). Photocatalytic testing was performed using the
ZQ-GHX-V (Shanghai Zhenggiao Scientific Instruments Co., Ltd., Shanghai, China).

3.4. Measurement of Photocatalytic Activity

To achieve adsorption equilibrium between the photocatalyst and the dyes, 0.1 g of
each catalyst was added to a 50 mL solution (1.0 x 10~° mol-L~!) containing methyl
orange (MO), and the mixture was stirred away from light for one hour. Subsequently, the
dye solution was subjected to catalytic degradation evaluation under a 500 W xenon lamp.
During the photocatalytic process, about 5.0 mL of the solution was withdrawn every 5 min
and centrifuged, and the absorbance of the supernatant was measured at the maximum
absorption wavelength (505 nm) by UV-vis spectrometry, and then the data were recorded.

4. Conclusions

The AAC-1.6 photocatalytic composite material constructed by the hydrothermal
method exhibited excellent degradation efficiency in the process of photocatalytic degra-
dation of organic pollutants. The high efficiency of photocatalytic composite materials in
degrading pollutants is attributed to the formation of heterojunctions. The experimental
results indicated that heterojunctions exhibited higher charge separation and transfer effi-
ciency, as well as a stronger redox ability, in the catalytic degradation process. In addition,
the capture experiment results showed that superoxide radicals and hydroxyl radicals
were the main active substances and played a key role in the photocatalytic degradation
of methyl orange. This work is expected to provide an effective solution for the further
development of efficient, narrow-bandgap photocatalysts, and it may provide new ideas for
the construction of efficient composite photocatalysts, which is crucial to solve the problem
of environmental water pollution.

Author Contributions: Conceptualization, Q.L. (Qingwang Liu) and Y.M.; methodology, Y.M.; soft-
ware, Q.L. (Qingwang Liu); validation, Q.L. (Qiman Liu), M.X., and S.C.; formal analysis, Y.H.; inves-
tigation, Q.L. (Qiman Liu); resources, M.X,; data curation, S.C.; writing—original draft preparation,
Q.L. (Qingwang Liu); writing—review and editing, Y.M.; project administration, Q.L. (Qingwang Liu);
funding acquisition, M.X. All authors have read and agreed to the published version of the manuscript.



Molecules 2023, 28, 6082 11 of 13

Funding: The Natural Science Foundation of the Anhui Higher Education Institutions of Anhui (No.
KJ 2021A0963), the University-level Scientific Research Foundation of Huainan Normal University
(No. 2022X]JYB032), the Anhui Scarlett Environmental Protection Technology Co., Ltd. Horizontal
Project (No. 2020HX13), and the Inner Mongolia Jiacheng Technology Co., Ltd. Horizontal Project
(No. 2022HX40).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Liu, X.; Wang, J.; Dong, YM.; Li, H.X,; Xia, Y.M.; Wang, H.J. One-step synthesis of BiyMoOy /reduced graphene oxide aerogel
composite with enhanced adsorption and photocatalytic degradation performance for methylene blue. Mat. Sci. Semicon. Proc.
2018, 88, 214-223. [CrossRef]

Deng, X.Y.; Zhang, Q.; Wang, L.; Han, J.; Wu, Y]J.; Sun, Z.Y,; Li, W.B.; Li, X.B.; Xu, L.K,; Feng, C. Fabrication of Ag-modified porous
ZnMgO nanorods with enhanced photocatalytic performance. . Mater. Sci. Mater. Electron. 2018, 29, 16962-16970. [CrossRef]
Wu, ].].; Huang, EQ.; Lii, X.J.; Chen, P. One-pot synthesis of BiSbO4 nanophotocatalyst with enhanced visible-light performance.
CrystEngComm 2011, 13, 3920-3924. [CrossRef]

Shen, Y.Z.; Zhu, Z.D.; Wang, X.G.; Khan, A.; Gong, ].Y.; Zhang, Y.R. Synthesis of Z-scheme g-C3N4/Ag/Ag3;PO, composite
for enhanced photocatalytic degradation of phenol and selective oxidation of gaseous isopropanol. Mater. Res. Bull. 2018, 107,
407-415. [CrossRef]

Chai, B.; Li, J.; Xu, Q. Reduced Graphene Oxide Grafted Ag;PO4 Composites with Efficient Photocatalytic Activity under
Visible-Light Irradiation. Ind. Eng. Chem. Res. 2014, 53, 8744-8752. [CrossRef]

Dong, P.; Wang, Y.; Cao, B.; Xin, S.; Guo, L.; Zhang, J.; Li, . AgzPO,/reduced graphite oxide sheets nanocomposites with highly
enhanced visible light photocatalytic activity and stability. Appl. Catal. B Environ. 2013, 132, 45-53. [CrossRef]

Wang, H.; Bai, Y.S.; Yang, ].T,; Lang, X.F,; Li, ].H.; Guo, L. A Facile Way to Rejuvenate AgzPO;, as a Recyclable Highly Efficient
Photocatalyst. Chem.-Eur. ]. 2012, 18, 5524-5529. [CrossRef] [PubMed]

Zhang, H.; Huang, H.; Ming, H.; Li, H.; Zhang, L.; Liu, Y.; Kang, Z. Carbon quantum dots/Ag3zPO, complex photocatalysts with
enhanced photocatalytic activity and stability under visible light. . Mater. Chem. 2012, 22, 10501-10506. [CrossRef]

Zhang, R.; Han, Q.; Li, Y; Cai, Y.E; Zhang, T.Q.; Liu, Y.; Zhu, X.Y. Fabrication of a AgzPO4/Reduced graphene oxide/BiOBr
ternary photocatalyst for enhanced visible-light photocatalytic activity and stability. J. Alloys Compd. 2019, 810, 151868. [CrossRef]
Katsumata, H.; Sakai, T.; Suzuki, T.; Kaneco, S. Highly Efficient Photocatalytic Activity of g-C3N4/AgsPO, Hybrid Photocatalysts
through Z-Scheme Photocatalytic Mechanism under Visible Light. Ind. Eng. Chem. Res. 2014, 53, 8018-8025. [CrossRef]

Ong, WJ.; Tan, L.L; Ng, YH.; Yong, S.T.; Chai, S.P. Graphitic carbon nitride (g-C3Ny4)-based photocatalysts for artificial
photosynthesis and environmental remediation: Are we a step closer to achieving sustainability. Chem. Rev. 2016, 116, 7159-7329.
[CrossRef]

Huang, D.; Wang, H.; Wu, Y. Photocatalytic Aerobic Oxidation of Biomass-Derived 5-HMF to DFF over MIL-53(Fe)/g-C3Ny
Composite. Molecules 2022, 27, 8537. [CrossRef]

Rawal, S.B.; Sung, S.D.; Lee, W.I. Novel AgzPO,4/TiO, composites for efficient decomposition of gaseous 2-propanol under
visible-light irradiation. Catal. Commun. 2011, 17, 131-135. [CrossRef]

Lin, E; Zhou, S.; Wang, G.; Wang, J.; Gao, T.; Su, Y.; Wong, C.P. Electrostatic self-assembly combined with microwave hy-
drothermal strategy: Construction of 1D /1D carbon nanofibers/crystalline g-C3Ny4 heterojunction for boosting photocatalytic
hydrogenproduction. Nano Energy 2022, 99, 107432. [CrossRef]

Kowalki ‘nska, M.; Fiszka Borzyszkowska, A.; Grzegoérska, A.; Karczewski, J.; Gluchowski, P; Lapiniski, M.; Sawczak, M.;
Zieli ‘nska-Jurek, A. Pilot-scale studies of WO3/S-doped g-C3Ny heterojunction toward photocatalytic NOx removal. Materials
2022, 15, 633. [CrossRef]

Wang, X.C.; Maeda, K.; Thomas, A.; Takanabe, K.; Xin, G.; Carlsson, ].M.; Domen, K.; Antonietti, M. A metal-free polymeric
photocatalyst for hydrogen production from water under visible light. Nat. Mater. 2009, 8, 76-80. [CrossRef] [PubMed]

Tiago, B.; William, PH.; Vincent, WH.; Lau, B.; Lotsch, V.; Volker, B. Thermodynamic Equilibria in Carbon Nitride Photocatalyst
Materials and Conditions for the Existence of Graphitic Carbon Nitride g-C3Ny. Chem. Mater. 2017, 29, 4445-4453.

Wang, X.; Hai, G.; Li, B.; Luan, Q.; Dong, W.; Wang, G. Construction of Dual-Z-scheme WS,-WO3-H;0/g-C3Ny catalyst for
photocatalytic Hy evolution under visible light. Chem. Eng. J. 2021, 426, 130822. [CrossRef]

Truong, H.B.; Huy, B.T,; Lee, Y.I.; Nguyen, H.T.; Cho, J.; Hur, ]. Magnetic visible-light activated photocatalyst CuFe,O4/Bi, WO/
mpgC3Ny for the treatment of natural organic matter. Chem. Eng. J. 2023, 453, 139777. [CrossRef]


https://doi.org/10.1016/j.mssp.2018.08.012
https://doi.org/10.1007/s10854-018-9791-8
https://doi.org/10.1039/c1ce05025g
https://doi.org/10.1016/j.materresbull.2018.08.017
https://doi.org/10.1021/ie4041065
https://doi.org/10.1016/j.apcatb.2012.11.022
https://doi.org/10.1002/chem.201103189
https://www.ncbi.nlm.nih.gov/pubmed/22438207
https://doi.org/10.1039/c2jm30703k
https://doi.org/10.1016/j.jallcom.2019.151868
https://doi.org/10.1021/ie5012036
https://doi.org/10.1021/acs.chemrev.6b00075
https://doi.org/10.3390/molecules27238537
https://doi.org/10.1016/j.catcom.2011.10.034
https://doi.org/10.1016/j.nanoen.2022.107432
https://doi.org/10.3390/ma15020633
https://doi.org/10.1038/nmat2317
https://www.ncbi.nlm.nih.gov/pubmed/18997776
https://doi.org/10.1016/j.cej.2021.130822
https://doi.org/10.1016/j.cej.2022.139777

Molecules 2023, 28, 6082 12 of 13

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Qaraah, FA.; Mahyoub, S.A.; Hezam, A.; Qaraah, A.; Xin, E; Xiu, G. Synergistic effect of hierarchical structure and S-scheme
heterojunction over O-doped g-C3N4/N-doped Nb,Os for highly efficient photocatalytic CO, reduction. Appl. Catal. B Environ.
2022, 315, 121585. [CrossRef]

Tahir, M.; Tahir, B. Constructing S-scheme 2D /0D g-C3N,4/TiO, NPs/MPs heterojunction with 2D-Ti3AIC; MAX cocatalyst for
photocatalytic CO, reduction to CO/CHy in fixed-bed and monolith photoreactors. J. Mater. Sci. Technol. 2022, 106, 195-210.
[CrossRef]

Chen, SK.; Wang, C.C,; Chen, Y.; Li, L.; Wen, G.L. Preparation and photocatalytic degradation of magnetic Ag,S/Ag/
CoFe1.955mg 0504 Z-type heterojunction. J. Inorg. Mater. 2022, 37, 1329-1336. [CrossRef]

Aschauer, U. Charge transfer observed in light-activated catalyst particles. Nature 2022, 610, 263-264. [CrossRef] [PubMed]
Usman, Q.; Zeb, H.J.; Ahmad, B.R.; Ali, R.; Ghazanfar, N.; Walid, N.; Muhammad, I. Photocatalysis vs adsorption by metal oxide
nanoparticles. J. Mater. Sci. Technol. 2022, 131, 122-166.

Tian, K.; Hu, LM.; Li, L.T.; Zheng, Q.Z.; Xin, Y.J.; Zhang, G.S. Recent advances in persulfate-based advanced oxidation processes
for organic wastewater treatment. Chin. Chem. Lett. 2022, 33, 4461-4477. [CrossRef]

Yu, W.; Chen, J.; Shang, T.; Chen, L.; Gu, L.; Peng, T. Direct Z-scheme g-C3N4/WO3 photocatalyst with atomically defined
junction for Hy production. Appl. Catal. B Environ. 2017, 219, 693-704. [CrossRef]

Rezaei, K.R.; Emad, D.; Mohseni-Bandpi, A.; Rezaei, L.; Esrafili, A.; Kakavandi, B.; Azari, A. Nitrate adsorption by synthetic
activated carbon magnetic nanoparticles: Kinetics, isotherms and thermodynamic studies. Desalin Water Treat. 2016, 57,
16445-16455. [CrossRef]

Pongsaton, A.; Sumetha, S. Photocatalytic degradation of dyes by AgBr/Ag3;PO, and the ecotoxicities of their degraded products.
Chin. J. Catal. 2016, 37, 711-719.

Shen, X.E; Yang, ].Y.; Zheng, T.; Wang, Q.; Zhuang, H.F; Zheng, R.N.; Shan, S.D.; Li, S.J. Plasmonic p-n heterojunction of
Ag/AgyS/AgryMo0O, with enhanced Vis-NIR photocatalytic activity for purifying wastewater. Sep. Purif. Technol. 2020, 251,
117347. [CrossRef]

Wang, P; Huang, B.; Lou, Z.; Zhang, X.; Qin, X.; Dai, Y.; Zheng, Z.; Wang, X. Synthesis of highly efficient Ag@AgCl plasmonic
photocatalysts with various structures. Chem. Eur. ]. 2010, 16, 538-544. [CrossRef]

Liu, Y,; Fang, L.; Lu, H.; Li, Y;; Hu, C.; Yu, H. One-pot pyridine-assisted synthesis of visible-light-driven photocatalyst Ag/Ag;POj.
Appl. Catal. B Environ. 2012, 115, 245-252. [CrossRef]

Lv,].; Dai, K,; Lu, L.; Geng, L.; Liang, C.; Zhu, G. Cu/Ag/Ag3POy ternary composite: A hybrid alloy-semiconductor heterojunc-
tion structure with visible light photocatalytic properties. J. Alloys Compd. 2016, 682, 778-784. [CrossRef]

Wang, H.L.; Wu, D.J.; Zhou, ].B. Gasified rice husk based RHAC/NiCo,S; composite for high performance asymmetric
supercapacitor. J. Alloys. Compd. 2019, 811, 152073. [CrossRef]

Chen, Q.; Chen, J.; Zhou, Y.; Song, C.; Tian, Q.; Xu, J.; Wong, C. Enhancing pseu docapacitive kinetics of nanostructured MnO,
through anchoring onto biomass-derived porous carbon. Appl. Surf. Sci. 2018, 440, 1027-1036. [CrossRef]

Bhaskar, A.; Deepa, M.; Ramakrishna, M.; Rao, T.N. Poly(3,4-ethylenedioxythiophene) sheath over a SnO, hollow
spheres/graphene oxide hybrid for a durable anode in Li-ion batteries. ]. Phys. Chem. C 2014, 118, 7296-7306. [Cross-
Ref]

Zhou, G.; Wang, D.; Li, L.; Li, N.; Li, E; Cheng, H. Nanosize SnO, confifined in the porous shells of carbon cages for kinetically
effificient and long-term lithium storage. Nanoscale 2013, 5, 1576-1582. [CrossRef]

Liu, N.; Huang, W.Y.; Zhang, X.D.; Tang, L.; Wang, L.; Wang, Y.X.; Wu, M.H. Ultrathin graphene oxide encapsulated in uniform
MIL-88A(Fe) for enhanced visible light-driven photodegradation of RhB. Appl. Catal. B Environ. 2018, 221, 119-128. [CrossRef]
Mu, X.X; Jiang, ].E; Chao, EF; Lou, Y.B.; Chen, J.X. Ligand modification of UiO-66 with an unusual visible light photocatalytic
behavior for RhB degradation. Dalton Trans. 2018, 6, 1895-1902. [CrossRef]

Mohammad, D.; Zhang, H.H.; Naghdabadi, R.; Hu, Y.H. Athermodynamically consistent large deformation theory coupling
photochemical reaction and electrochemistry for light-responsive gels. . Mech. Phys. Solids 2018, 116, 239-266.

Wu, Q.P; Wang, FT.; Niu, C.H,; Li, Y.; Yao, W.E. A novel molecular sieve supporting material for enhancing activity and stability
of AgzPO, photocatalyst. Appl. Surf. Sci. 2016, 378, 552-563. [CrossRef]

Zhu, H.Y;; Jiang, R.; Huang, S.H.; Yao, ].; Fu, EQ.; Li, ].B. Novel magnetic NiFe,O4/multi-walled carbon nanotubes hybrids: Facile
synthesis, characterization, and application to the treatment of dyeing wastewater. Ceram Int. 2015, 41, 11625-11631. [CrossRef]
Guo, ].G,; Liu, Y.; Hao, YJ.; Li, Y.L.; Wang, X.J.; Liu, R.H.; Li, ET. Comparison of importance between separation efficiency and
valence band position: The case of heterostructured Biz O4Br/ a-BipO3 photocatalysts. Appl. Catal. B Environ. 2018, 224, 841-853.
[CrossRef]

Tang, H.; Fu, Y.H.; Chang, S.F; Xie, S.Y.; Tang, G. Construction of Ag3PO4/AgrMoOy Z-scheme heterogeneous photocatalyst for
the remediation of organic pollutants. Chin. J. Catal. 2017, 38, 337-347. [CrossRef]

Wu, J.; Tian, Y,; Li, D.; Han, X.Y.; Liu, J.; Feng, Y.J. Enhanced photocatalytic CO, reduction and 2,4-dichlorophenol degradation of
TiO; nanotubes via bi-directionally controlling electrons and holes. Chemosphere 2019, 226, 704-714. [CrossRef]

Liu, Y.;; Wang, G.R.; Ma, Y.L,; Jin, Z.L. Noble-Metal-Free Visible Light Driven Hetero-structural Ni/ZnyCd;_S Photocatalyst for
Efficient Hydrogen Production. Catal Lett. 2019, 149, 1788-1799. [CrossRef]

Wang, Z.Q.; Hwang, S.H.; Lim, S.S. Characterization of DHDP, a novel aldose reductase inhibitor isolated from Lysimachia
christinae. J. Funct. Foods 2017, 37, 241-248. [CrossRef]


https://doi.org/10.1016/j.apcatb.2022.121585
https://doi.org/10.1016/j.jmst.2021.08.019
https://doi.org/10.15541/jim20220166
https://doi.org/10.1038/d41586-022-03178-6
https://www.ncbi.nlm.nih.gov/pubmed/36224411
https://doi.org/10.1016/j.cclet.2021.12.042
https://doi.org/10.1016/j.apcatb.2017.08.018
https://doi.org/10.1080/19443994.2015.1079251
https://doi.org/10.1016/j.seppur.2020.117347
https://doi.org/10.1002/chem.200901954
https://doi.org/10.1016/j.apcatb.2011.12.038
https://doi.org/10.1016/j.jallcom.2016.04.313
https://doi.org/10.1016/j.jallcom.2019.152073
https://doi.org/10.1016/j.apsusc.2018.01.224
https://doi.org/10.1021/jp412038y
https://doi.org/10.1021/jp412038y
https://doi.org/10.1039/c2nr33482h
https://doi.org/10.1016/j.apcatb.2017.09.020
https://doi.org/10.1039/C7DT04477A
https://doi.org/10.1016/j.apsusc.2016.03.158
https://doi.org/10.1016/j.ceramint.2015.05.122
https://doi.org/10.1016/j.apcatb.2017.11.046
https://doi.org/10.1016/S1872-2067(16)62570-6
https://doi.org/10.1016/j.chemosphere.2019.03.149
https://doi.org/10.1007/s10562-019-02777-9
https://doi.org/10.1016/j.jff.2017.07.057

Molecules 2023, 28, 6082 13 of 13

47. Fan, H.B.; Ren, Q.F; Wang, S.L.; Jin, Z.; Ding, Y. Synthesis of the Ag/Ag3zPO,/diatomite composites and their enhanced
photocatalytic activity driven by visible light. . Alloy Compd. 2019, 775, 845-852. [CrossRef]

48. Gan, L,; Xu, L].; Qian, K. Preparation of core-shell structured CoFe,Oy incorporated AgzPO, nanocomposites for photocatalytic
degradation of organic dyes. Mater. Des. 2016, 109, 354-360. [CrossRef]

49. Liu, Q.; Xu, M.; Meng, Y,; Chen, S.; Yang, S. Magnetic CoFej 95 Y 0504-Decorated Ag3PO, as Superior and Recyclable Photocatalyst
for Dye Degradation. Materials 2023, 16, 4659. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jallcom.2018.10.152
https://doi.org/10.1016/j.matdes.2016.07.043
https://doi.org/10.3390/ma16134659

	Introduction 
	Results and Discussion 
	Structure and Morphology 
	Photoelectric Properties of Samples 
	Photocatalytic Activity Test 
	Enhancement Mechanism and Stability 

	Materials and Methods 
	Materials 
	Synthesis of Samples 
	Preparation of Ag/g-C3N4 
	Preparation of Ag3PO4/Ag/g-C3N4 

	Analytical Characterization 
	Measurement of Photocatalytic Activity 

	Conclusions 
	References

