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a b s t r a c t
Protonated g-C3N4 (CNH) was prepared with g-C3N4 powder by HNO3 hydrothermal method, 
and Ag3PO4/CNH composite was further synthesized by chemical precipitation. The prepared 
samples were characterized by X-ray diffraction, Fourier transform infrared spectra, UV–Vis diffuse 
reflectance spectrometer, scanning electron microscopy, energy dispersive X-ray spectroscopy, 
transmission electron microscopy, photoluminescence spectra and electron spin resonance. The 
photocatalytic performance of Ag3PO4/CNH under visible light was evaluated by the microcystin-LR 
(MC-LR) degradation experiment. The results showed that Ag3PO4 could be successfully loaded on 
the surface of CNH, and its light absorption intensity was significantly improved compared with 
CNH. When the mass ratio of Ag3PO4 was 20% in Ag3PO4/CNH composite, the photodegradation 
efficiency of MC-LR was the highest under the condition of visible light irradiation for 2 h with the 
degradation rate of 79.8% which was 5.4 times higher than that of pure CNH and 9.8 times higher 
than that of pure g-C3N4. The photodegradation reaction of Ag3PO4/CNH for MC-LR was in line with 
quasi-first-order kinetic model. The scavenger tests proved that ·O2

– and h+ played the major role in 
the degradation process. A possible Z-scheme degradation mechanism of MC-LR over Ag3PO4/CNH 
hybrid was proposed.

Keywords:  Ag3PO4; Protonated g-C3N4; Visible-light photocatalysis; Microcystin-LR; Z-scheme degra-
dation mechanism

1. Introduction

With the development of human society, the discharge 
of nitrogen and phosphorus-containing wastewater is grad-
ually increasing, and the phenomenon of eutrophication of 
water is becoming more and more severe [1]. Since 2007, cya-
nobacteria in the Taihu Lake Basin will explode in large areas 
in summer, and the water ecology will be seriously damaged 
and odor will be emitted [2], which will have a major impact 
on the lives of surrounding residents. At the same time, cya-
nobacteria also release a variety of algal toxins, among which 

microcystin (LR type, MC-LR) are most common and toxic, 
and are highly concerned by researchers [3]. MC-LR is a bio-
logically active monocyclic polypeptide compound whose 
structure Adda group determines the physiological activity 
of the toxin and easily causes serious damage to the liver of 
animals and humans [4]. Common techniques currently used 
for MC-LR degradation are adsorption [5], biological [6] and 
ozone oxidation [7]. The adsorption method increases the 
cost due to frequent replacement of materials, although the 
biological method is low in cost but the degradation process 
is too slow [8], the ozonation method can efficiently remove 
algal toxins but will produce carcinogenic by-products 
[9]. Recently, it has been found that the Adda group in the 
MC-LR structure can be destroyed by photocatalysis, and the 
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photocatalytic technology is highly efficient and stable, with-
out secondary pollution [10]. Therefore, the development of 
new visible-light catalytic materials for the degradation of 
MC-LR will be of great significance.

As a new type of visible light-responsive non-metal-
lic material, graphite-like carbon nitride (g-C3N4) has been 
widely used due to its narrow band gap, good chemical sta-
bility, excellent electronic, optoelectronic properties and sim-
ple preparation method [11–15], it also plays an important 
role in catalyzing organic synthesis [12], degrading organic 
pollutants [13], electrochemistry [14], photosplitting of water 
[16], photoreduction of carbon dioxide [17], etc. However, the 
g-C3N4 has the shortcomings of small specific surface area, 
weak visible-light response and high electron–hole recom-
bination rate which limits its practical application [13,18].
Therefore, researchers have been exploring new ways to 
overcome these shortcomings, including the use of tem-
plate and template-free methods [19], precious metal depo-
sition [20], composite formation of heterojunction [21] and 
other methods. The template method and the template-free 
method can improve the specific surface area of g-C3N4, but 
the template method has the disadvantages of high synthesis 
cost and easy to cause secondary pollution, while the tem-
plate-free method requires high accuracy for acidity and 
alkalinity during the experiment, and the preparation pro-
cess is difficult to repeat [22]. Although precious metal depo-
sition expands the absorption range of light and enhances 
light absorption, excessive precious metals will become new 
electron–hole recombination centers, which reduce the cata-
lytic efficiency [20]. In comparison, the method of composite 
forming a heterojunction has high catalytic efficiency and no 
secondary pollution [21]. 

In the existing research, g-C3N4 is combined with TiO2 
[23], CdS [24], Bi2WO6 [25], AgX (X = Cl, Br, I) [26], MoS2 [27], 
Bi5O7I [28] and other semiconductors to form a heterojunc-
tion to improve its photocatalytic performance [29,30]. At the 
same time, Ag3PO4 has received extensive attention due to 
its great photocatalytic performance. Yi et al. [31] reported 
that Ag3PO4 has excellent photocatalytic activity for water 
decomposition and degradation of organic pollutants under 
visible-light irradiation. However, the disadvantage of easy 
agglomeration of Ag3PO4 particles limits its further devel-
opment [32]. Based on the reported research, the construc-
tion of Ag3PO4-based heterostructure photocatalysts with 
other semiconductors is an efficient way, such as Ag3PO4/
CdS [33], Ag3PO4/TiO2 [34], Ag3PO4/BiOI [35], Ag3PO4/ZnO 
[36], ZnWO4/Ag3PO4 [37], Ag3PO4/NiFe2O4 [38]. All of these 
composites exhibit an enriched separation of charge, struc-
tural stability and photocatalytic efficiency. So far, few stud-
ies focused on Ag3PO4 and g-C3N4 photocatalytic elimination 
of MC-LR in aqueous solutions. It may be a good choice to 
combine Ag3PO4 with protonated g-C3N4 to degrade MC-LR.

Considering the excellent photooxidation activity of 
Ag3PO4 and excellent electronic, optoelectronic properties of 
g-C3N4, a heterojunction photocatalyst between g-C3N4 and 
Ag3PO4 can be constructed. In this study, g-C3N4 prepared by 
high temperature calcination was used as the substrate, pro-
tonated g-C3N4 (CNH) nanomaterials was prepared by nitric 
acid hydrothermal method, and Ag3PO4/CNH composite 
was further synthesized by chemical precipitation. The pho-
tocatalytic performance under visible light was investigated 

by the degradation of MC-LR. Multiple physicochemical 
techniques were carried out, and the possible mechanism of 
the  photocatalytic activity is also proposed.

2. Experimentation

2.1. Materials

Melamine (C3H6N6, 99%), nitric acid (HNO3, 69%), 
ethanol (C2H5OH, 99.7%, ANHY), trisodium phosphate 
(Na3PO4·12H2O, 99%) and silver nitrate (AgNO3, 99%) were 
purchased from Sinopharm Chemical Reagent Co. Ltd., 
(Shanghai, China). All of the reagents used above were of 
analytical grade and not further purified. P-benzoquinone 
(BQ, 99%), ethylene diamine tetraacetic acid disodium 
salt (EDTA-2Na, 99%) and tertiary butanol (t-BuOH, 99%) 
were purchased from Aladdin (Shanghai, China). Methanol 
(CH3OH, 99.9%, UV-HPLC-gradient grade) was purchased 
from ANPEL Laboratory Technologies (Shanghai) Inc. 
Water used in the experiment was deionized water.

2.2. Culture of Microcystis and extraction of MC-LR

Culture of Microcystis: The Microcystis aeruginosa was pur-
chased from the Wuhan Institute of Hydrobiology, Chinese 
Academy of Sciences, and cultured in BG-11 medium at a 
temperature of 25°C. The lighting conditions were automatic 
light/dark cycle every 12 h and the illumination was 2,000lx [39].

Extraction of MC-LR: 1,000 mL cultures were sequentially 
subjected to repeated freezing and heating three times after 
a 30-d incubation. Then the algae solution was ultrasonically 
shaken for 1 h by the ultrasonic system, centrifuged at high 
speed (4,500 rpm, 30 min) and sequentially filtered under 
reduced pressure through a GF/C glass fiber membrane 
and a 0.45 μm cellulose acetate filter. Next, the solid-phase 
extraction device was connected, and the obtained filtrate 
was injected into the activated C18 solid-phase extraction car-
tridge for enrichment. After the enrichment was completed, 
the Microcystis were eluted with the eluent and collected in a 
glass container. Finally, the purified MC-LR was obtained by 
blowing off with nitrogen [3,40].

2.3. Preparation of photocatalytic composites

Preparation of g-C3N4: 30 g of melamine was placed in a 
100 mL semi-closed alumina crucible and placed in a muffle 
furnace (SX2-4-13, Shanghai-Hede) for calcination at 550°C 
for 4 h. The heating rate was controlled at 2.3°C/min. After 
the reaction, the sample was cooled to constant temperature 
and ground to obtain a yellow g-C3N4 powder.

Preparation of protonated g-C3N4 (CNH): 1 g of the pre-
pared g-C3N4 powder was added to 40 mL of 0.5 mol/L HNO3 
solution, and the powder was uniformly dispersed by mag-
netic stirring for 30 min. Then, the suspension was placed 
in a high-pressure autoclave (Jinan Henghua Technology, 
China) and reacted at 160°C for 7 h. After cooling, the result-
ing powder was thoroughly washed with absolute ethanol 
and deionized water, and dried at 80°C for 10 h in a vacuum 
drying oven. The final product is labeled as CNH. 

Preparation of Ag3PO4/CNH composites: 0.1, 0.2 and 
0.3 g of AgNO3 were dissolved in 100 mL of deionized water, 
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respectively, then 1 g of CNH dispersed in the solutions by 
ultrasonic for 30 min. Afterwards, 100 mL aqueous solutions 
of Na3PO4·12H2O (0.165, 0.33 and 0.495 g) were added drop-
wise to the AgNO3 and CNH mixture under strong magnetic 
stirring and maintained for 4 h in the dark. The acquired 
composites were thoroughly cleaned four times with abso-
lute ethanol and deionized water, then dried at 80°C for 10 h 
in a vacuum oven. Finally, different Ag3PO4/CNH composites 
with Ag3PO4 mass ratios of 10%, 20% and 30% were obtained. 
They were labeled as Ag3PO4/CNH (10 wt.%), Ag3PO4/CNH 
(20 wt.%) and Ag3PO4/CNH (30 wt.%), respectively.

2.4. Characterization methods

The crystal phases of g-C3N4, CNH and Ag3PO4/CNH 
were analyzed by X-ray diffraction (XRD, Rigaku, Japan) 
which used step scanning. XRD patterns was performed on a 
D/max-2500 PC with a high power Cu Kαl radioactive source 
(λ = 0.15406 nm) at 60 kV/30 mA, and the scanning frequency 
was 0.04°/0.4 s, scan angle 2θ range was 10°–80°. The mor-
phological characteristics of g-C3N4, CNH and Ag3PO4/CNH 
were analyzed by using a scanning electron microscopy 
(SEM, SUPRA55, Zeiss, Germany), and transmission electron 
microscopy (TEM) were carried out using JEM-2100 equip-
ment. The composition of the material was explored by energy 
dispersive X-ray spectroscopy (EDS). The light absorption 
properties of CNH and Ag3PO4/CNH was measured by UV–
Vis diffuse reflectance spectrometer (DRS) which was per-
formed on a UV-3600 spectrometer and was using BaSO4 as a 
reference within scanning range of 200–800 nm. (Shimadzu, 
Japan) The composition and functional groups of CNH and 
Ag3PO4/CNH were determined by Fourier transform infrared 
spectra (FT-IR, Nicolet iS50, Thermo fisher, USA) using KBr 
as a reference. Photoluminescence (PL) spectra were obtained 
on the fluorescence spectrometer (Cary Eclipse, USA). The 
active group of the sample was determined by an electron 
spin resonance (ESR) analyzer (Bruker A300, Germany).

2.5. Photocatalytic degradation of MC-LR experiment

The photocatalytic degradation experiment of MC-LR 
was carried out in an XPA-system photochemical reactor 
(Nanjing Xujiang, China) in which the light source is 350-W 
Xe lamp with a 420 nm cut-off filter. At room temperature, 
10 mL of 15 mg L–1 MC-LR solution was taken into the quartz 
glass tube and 0.05 g of the prepared samples (g-C3N4, CNH 
and Ag3PO4/CNH) were dispersed into it. For eliminating 
the influence of adsorption, the suspension was magnetically 
stirred in the dark for 60 min before irradiation to reach the 
adsorption-desorption equilibrium. After the dark reaction, 
the light source was switched on to initiate the photocata-
lytic degradation reaction. During the reaction, 1 mL of the 
mixed solution was taken every 30 min and the catalyst par-
ticles were removed by centrifugation and microfiltration 
(0.45 μm), then the concentration of MC-LR in the solution 
was determined by liquid chromatography [41,42]. 

The concentration of MC-LR was analyzed by high-per-
formance liquid chromatography (Agilent-1200, Agilent, 
USA) using a C18 column (2.6 μm, 2.1 × 50 mm) with a sample 
injection volume of 20 μL and the detection wavelength is 
230 nm. Each sample was tested three times, and the results 

were averaged. The specific calculation of MC-LR degrada-
tion rate (D) was calculated by Eq. (1):

D
C C
C

=
−

×0

0

100%  (1)

where D (%) is the degradation rate, C0 (mg L–1) is the initial 
concentration of MC-LR, and C (mg L–1) is the concentration 
of MC-LR in the sample taken every 30 min.

3. Results and discussion

3.1. Characterization of photocatalytic materials

3.1.1. XRD analysis

XRD was used to analyze the crystal phases of the 
monomers g-C3N4 and CNH before and after HNO3 etching. 
As shown in Fig. 1a, it can be clearly seen from the figure 
that the monomer g-C3N4 and CNH have two characteristic 
diffraction peaks at positions near 2θ of 13.08° and 27.41°, 
respectively, corresponding to the main characteristic 
peaks of the (100) and (002) crystal plane in g-C3N4. All the 
characteristic peaks of the samples can be well indexed to the 
characteristic peaks of g-C3N4 in the card (JCPDS: 087-1526) 
[43]. It indicated that the phase did not change significantly 
before and after the HNO3 etching treatment. However, 
the (100) crystal plane of CNH had a weaker crystal plane 
strength compared with g-C3N4, indicating that the nitric 
acid reaction had an effect on the partial structure of g-C3N4. 
Meanwhile the (002) crystal plane of CNH was moved from 
27.41° to 27.50°, which indicated that the interlayer spacing 
of CNH was reduced after hydrothermal acid treatment and 
improved the interlayer stacking degree of CNH [44]. 

Fig. 1b further compares the XRD patterns of CNH and 
three different mass ratios (10 wt.%, 20 wt.% and 30 wt.%) 
of Ag3PO4/CNH composites. It is apparent that in addition 
to the (100) and (002) characteristic crystal planes of g-C3N4, 
there were also diffraction peaks at 2θ of 20.78°, 29.59°, 
33.20°, 36.48°, 42.38°, 47.70°, 52.69°, 54.92°, 57.18°, 60.14°, 
65.72°, 69.80°, 71.80° and 73.76°, respectively corresponding 
to the (110), (200), (210), (211), (220), (310), (222), (320), (321), 
(400), (330), (420), (421) and (322) crystal plane in Ag3PO4. 
All the diffraction peaks of the samples can be well indexed 
to the diffraction peaks of Ag3PO4 in the standard card 
(JCPDS: 06-0505) [45]. No obvious peaks of Ag3PO4 at 69.80°, 
71.80°and 73.76° are detected in Ag3PO4/CNH composites 
when the mass of Ag3PO4 is less than 20 wt. %, indicating 
that Ag3PO4 did not enter the CNH lattice and did not cause 
changes in the internal structure of CNH, but only dispersed 
and anchored on the surface of CNH. As the Ag3PO4 content 
increased, the peak intensity of CNH decreased. Moreover, 
no additional diffraction peaks are observed in Ag3PO4/CNH 
composites indicating that Ag3PO4 and CNH remain pure 
and stable. Therefore no by-products were formed during the 
recombination of Ag3PO4 and CNH. 

3.1.2. FT-IR analysis

Fig. 2 shows the FT-IR spectra of CNH and three differ-
ent mass ratios of Ag3PO4/CNH. It can be seen from the fig-
ure that a characteristic peak belonging to g-C3N4 appears 
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on the spectra of CNH [46], wherein the broad peak at  
2,800–3,600 cm–1 is derived from the stretching vibration of 
NH2 at the end of the NH group which is at the aromatic 
ring defect site. The peak at 1,340–1,465 cm–1 is a typical 
vibration ring. The peaks around 1,255; 1,329 and 1,406 cm–1 
correspond to C–N stretching vibrations. The peak around 
1,635 cm–1 is mainly attributed to the stretching vibration of 
the C=N bond, while the peak around 810 cm–1 is the charac-
teristic peak of the triazine ring [47]. Furthermore, the peaks 
of Ag3PO4/CNH composites around 928 and 541 cm–1 may be 
attributed to the characteristic peaks of PO4

3– [34]. The peak 
at 850 cm–1 is assigned to the P–O–P stretching vibrations, 
while the peak at 560 cm–1 is ascribed to the O=P–O bend-
ing vibration [48]. Additionally, all the characteristic peaks 
of CNH are contained in Ag3PO4/CNH composites, indicat-
ing that Ag3PO4 and CNH were successfully compounded 
together.

3.1.3. DRS analysis

The light absorption properties of the prepared pure CNH 
and three mass ratios (10, 20 and 30 wt.%) of Ag3PO4/CNH 
composite photocatalytic materials were detected by UV–Vis 
diffuse reflectance spectrometer, and the results are shown 
in Fig. 3a. It can be seen that the maximum absorption band 
edge of the sample doped with Ag3PO4 was red-shifted com-
pared with pure CNH, mainly because the absorption ability 
of the composite to visible light was gradually enhanced as 
the amount of Ag3PO4 doping increased.

In addition, the band gap energy of the semiconduc-
tor catalytic material can be calculated by the relationship 
between (αhν)2 and hν, as shown in Eq. (2). 

αhv A hv Eg
n= −( ) /2  (2)

where α, h, ν, A and Eg represent the absorption coeffi-
cient, Planck constant, emission light frequency, constant 
and photonic energy band gap, respectively. n = 1 or 4 (the 
direct conductor is n = 1 and the indirect conductor is n = 4). 
According to Eq. (2), the band gap value of the semiconduc-
tor catalytic material can be calculated. The Eg of the sam-
ple can be obtained by the relationship between (αhν)2 and 
hν, and the intersection of the tangent and the x-axis is the 
desired Eg [49]. 

The band gap values of CNH and Ag3PO4/CNH were 
calculated according to Eq. (2), as shown in Fig. 3b. 
It can be clearly seen that the band gap energy of pure 
CNH is 2.342 eV, as the mass ratio increases, the band 
gap energy of Ag3PO4/CNH with three different mass 
ratios decreases first and then increases. Among them, 
Ag3PO4/CNH (20 wt.%) has the narrowest band gap width, 
which is reduced from 2.342 to 2.309 eV, indicating that 
Ag3PO4/CNH (20 wt.%) had the strongest photocatalytic 
performance, and the results will be further verified by 
the following tests and subsequent MC-LR degradation 
experiments. 
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Fig. 1. XRD patterns: (a) g-C3N4 and CNH and (b) Ag3PO4/CNH.
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Fig. 2. FT-IR spectra of CNH and Ag3PO4/CNH.
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3.1.4. SEM analysis

The scanning electron microscopy images of g-C3N4, 
CNH and Ag3PO4/CNH (20 wt.%) are shown in Fig. 4. It 
can be clearly seen that g-C3N4 is composed of many irreg-
ular nanosheets and has a typical graphite layered structure. 
This is consistent with that described in the literature [50]  
(Fig. 4a). Compared with g-C3N4, the particles agglomerated 

on the surface of CNH etched by HNO3 are obviously smaller 
and some pores appear on the surface, indicating that the 
acid etching further increases the pores of the CNH cata-
lyst (Fig. 4b). In addition, it can be clearly seen from Fig. 4c 
that Ag3PO4 is dispersed in the form of nanoparticles on the 
surface of CNH, the interaction between Ag3PO4 and CNH 
reduces the average size of Ag3PO4 nanoparticles and partly 
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Fig. 3. (a) UV-Vis diffuse reflectance spectrometer of different samples and (b) corresponding band gap plots.

 

Fig. 4. SEM images of (a) g-C3N4, (b) CNH, (c) Ag3PO4/CNH (20 wt.%) and (d) EDS of Ag3PO4/CNH (20 wt.%).
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prevented the agglomeration of Ag3PO4 particles, which is 
beneficial to improve the efficiency of photocatalytic reaction 
of composite materials [51,52], and the results will be further 
verified by subsequent MC-LR degradation experiments. The 
EDS spectra verified that the Ag3PO4/CNH composites were 
bound to contain C, N, O, P and Ag elements in Fig. 4d.

3.1.5. TEM analysis

To further explore the heterostructure of Ag3PO4/CNH 
composites transmission electron microscopy (TEM) test was 
performed for typical Ag3PO4/CNH (20 wt. %) as sample. As 
shown in Fig. 5a, the as-fabricated composite has sheet mor-
phology and has some pores on the surface. There is direct 
contact between the CNH and nanoparticles of Ag3PO4 
(50–100 nm) in the bulk heterojunction. The HRTEM image  
of Ag3PO4/CNH (20 wt.%) in Fig. 5b clearly shows the crystal-
line lattice fringes with the interplanar distance of 0.239 nm, 
which corresponds to the (211) plane of cubic Ag3PO4 phase 
[53]. These results further indicate that the Ag3PO4/CNH 
(20 wt.%) nanocomposite has been successfully prepared.

3.2. Dark adsorption performance

Before the photocatalytic experiment, the mixed solution 
was stirred in the dark for 1 h to reach the adsorption–
desorption equilibrium. It can be seen from Fig. 6 that the 
adsorption effect of g-C3N4 after nitric acid etching was 
improved obviously. Moreover, after compounding no more 
than 20 wt.% of Ag3PO4, the adsorption effect was almost 
unchanged. When the mass ratio of Ag3PO4 was up to 
30 wt.%, the adsorption rate had decreased. 

3.3. Photocatalytic degradation of MC-LR

In order to investigate the photocatalytic activity of the 
prepared g-C3N4, pure CNH and different mass ratios of 
Ag3PO4/CNH photocatalyst, the degradation of MC-LR 
solution under visible light was studied. To eliminate the 
possibility of self-decomposition of MC-LR, a blank exper-
iment without any catalyst was carried out under the same 

conditions. As illustrated in Fig. 7a, it reveals that the photol-
ysis of MC-LR without any photocatalysis could be ignored, 
the g-C3N4 and pure CNH under visible light had weaker 
degradation ability to MC-LR, the maximum degradation 
rate after reaction for 120 min was only about 8.1% and 
14.7%., the degradation performance could be significantly 
improved after compounding Ag3PO4, which was 9.85 times 
higher than that of g-C3N4 and 5.4 times higher than that of 
pure CNH. It might be attributed to the composite of Ag3PO4, 
which could shorten the width between valence band and 
conduction band of CNH (Fig. 3), increased its absorption 
of visible light, thereby enhanced the generation of electron–
hole and accelerated redox reaction [54]. 

On the other hand, the compounding amount of Ag3PO4 
had a greater influence on the photocatalytic activity of CNH. 
As the mass ratio of Ag3PO4 increased from 10% to 20 wt.%, 
the degradation performance of Ag3PO4/CNH (20 wt.%) on 
MC-LR increased, and the maximum time reached 79.8% 
when the reaction time was 120 min. Further increasing 
the Ag3PO4 content to 30 wt.% in the composite leads to a 

  

Fig. 5. (a) TEM image of Ag3PO4/CNH (20 wt.%) and (b) HRTEM image of Ag3PO4 on the Ag3PO4/CNH (20 wt.%).
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decreased photocatalytic activity. This was mainly because 
when the Ag3PO4 compounding amount was less than 
20 wt.%, the active sites gradually increased with the incre-
ment of Ag3PO4, in this case, an effective charge separation 
can be achieved, resulting in improvement of photocatalytic 
activity and inhibition of photo-corrosion. At the same time, 
the band gap energy of Ag3PO4/CNH was less than that of 
pure CNH (Fig. 3b), and higher energy was still required 
to complete the catalytic reaction. Alternatively, when the 
Ag3PO4 compounding amount was more than 20 wt.%, it 
might be explained that the extra Ag3PO4 covered the CNH, 
which reduced the surface active sites on the CNH and was 
not conducive to carrier transfer. In this case, it reduced the 
amount of •O2

–, h+ or •OH which might act as dominant reac-
tive species in the photocatalytic degradation. At the same 
time, this can facilitate the recombination of photoinduced 
electron–hole pairs. Therefore, the photocatalytic activity will 
decrease with further increasing of the Ag3PO4 content [55].

In order to further quantify the photocatalytic activity of 
g-C3N4, pure CNH and three mass ratios of Ag3PO4/CNH, a 
first-order kinetic simulation was performed on the data of 
degradation of MC-LR under visible light, as shown in Eq. 
(3) [56] and the results are shown in Fig. 7b and Table 1. The 
results showed that the process of degradation of MC-LR by 
g-C3N4, pure CNH and three mass ratios of Ag3PO4/CNH 
accorded with the first-order kinetic model, the degradation 
rates of MC-LR by g-C3N4, CNH, Ag3PO4/CNH (10 wt.%), 
Ag3PO4/CNH (20 wt.%) and Ag3PO4/CNH (30 wt.%) were 
0.00082, 0.00146, 0.00897, 0.01294 and 0.01062, respectively. 
The results further confirmed that Ag3PO4/CNH (20 wt.%) 
had the best photocatalytic performance, and the kinetic con-
stant over Ag3PO4/CNH (20 wt.%) was 15.78 and 8.86 times of 
g-C3N4 and pure CNH. 

ln( / )C C kt0 =  (3)

where k is the rate constant of MC-LR degradation, t is the pho-
toreaction time, C is the concentration of MC-LR in the solution 
at time t and C0 is the initial concentration of MC-LR.

The stability of the Ag3PO4/CNH (20 wt.%) was analyzed 
by performing five circulation photocatalytic reactions of the 
MC-LR samples. As shown in Fig. 8, the photodegradation 
efficiency was only reduced by 4.7% after five runs, indicat-
ing that the sample remained highly stable during the pho-
tocatalytic degradation of microcystins. A slight decrease in 
photocatalytic performance may be due to centrifugation 
and washing of the catalyst in the cycle experiment, and it 
may be also due to the photoetching during photocatalysis.

3.4. Discussion on photocatalytic mechanism analysis of  
Ag3PO4/CNH composites

Recombination and migration of electron–hole pairs of 
the support in photocatalysts are typically detected using 
photoluminescence (PL) spectroscopy. The PL intensity can 
reflect the recombination rate of electron–hole pairs in the cat-
alysts. In order to better understand the mechanism of pho-
tocatalytic degradation of MC-LR, the two typical samples 
(CNH and Ag3PO4/CNH [20 wt. %]) were measured using 
PL. The fluorescence scanning range is 375–625 nm, the exci-
tation wavelength is 300 nm, and the samples shows strong 
photoluminescence emission at about 440 nm, the results 
are shown in Fig. 9. It can be seen from the fluorescence 
spectrum that the PL emission intensity of Ag3PO4/CNH 
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Fig. 7. Photodegradation of MC-LR with different photocatalyst Ag3PO4/CNH under visible-light: (a) analysis of performance and  
(b) kinetic analysis.

Table 1
Kinetic constants (K) and the relative coefficient (R2) values for 
photocatalytic MC-LR degradation

Sample Kinetic  
constants (K)

Relative  
coefficient (R2)

Blank 0.00004 0.9888
g-C3N4 0.00082 0.9917
CNH 0.00146 0.9895
Ag3PO4/CNH (10 wt.%) 0.00897 0.9951
Ag3PO4/CNH (20 wt.%) 0.01294 0.9972
Ag3PO4/CNH (30 wt.%) 0.01062 0.9963
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(20 wt.%) is significantly lower than that of CNH, indicating 
that the recombination rate of photogenerated electrons and 
holes in the composite sample was relatively low. Therefore, 
composite samples have better photocatalytic performance.

To determine the main active species during the degra-
dation with Ag3PO4/CNH (20 wt.%), quenching experiment 
was performed. Scavengers such as p-benzoquinone (BQ), 
ethylene diamine tetraacetic acid disodium salt (EDTA-2Na), 
and tertiary butanol (t-BuOH) are typically used to quench 
•O2

–, h+ and •OH, respectively [57]. As presented in Fig. 10a, 
the degradation efficiency of MC-LR was significantly lim-
ited after the addition of BQ or EDTA-2Na, indicating that 
•O2

– and h+ had great impact on the photodegradation pro-
cess. However, when t-BuOH was added, the degradation 
efficiency was only reduced by 9.6%. The change was not 
obvious compared with the addition of BQ and EDTA-2Na. 
The scavenger tests indicated that •O2

– and h+ were the major 
active species, while •OH was the minor one.

To further verify the above conclusions, ESR measure-
ments were performed to detect radical species. As shown 
in Fig. 10b, after visible light irradiation of Ag3PO4/CNH 
(20 wt.%) for 60 s, the peak intensity of •O2

– was significantly 
stronger than •OH. This indicated that the amount of •O2

– was 
more than that of •OH, which proved that •O2

– was the main 
active species. The results were consistent with the scavenger 
tests.

Based on the above analysis, the mechanism diagram 
of degradation of MC-LR by Ag3PO4/CNH under visible 
light was plotted. As shown in Fig. 11, the band gap width 
of Ag3PO4 and CNH is 2.37 [58,59] and 2.342 eV (Fig. 3b), 
respectively. Both of them could be activated by the visible 
region, and photogenerated electrons were transferred from 
their VB to CB, so that photogenerated holes were produced 
at VB. Based on the existing research reports, the conduc-
tion bands (CB) of CNH and Ag3PO4 are −1.16 and +0.45 eV, 
respectively [60,61]. Therefore, according to the formula 
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ECB = EVB–Eg [48], the valence bands (VB) of CNH and Ag3PO4 
are 1.182 and 2.82 eV, respectively. However, •O2

– radicals 
could not be produced on the surface of Ag3PO4 because 
the CB potential (0.45 eV vs. NHE) was more positive than 
O2/•O2

– (−0.33 eV vs. NHE) [60]. In addition, because the VB 
potential of CNH (1.182 eV vs. NHE) was more negative than 
•OH/H2O (+2.37 eV vs. NHE) [61], •OH radicals could not be 
produced on the surface of CNH. Therefore, it was predicted 
that the heterojunction formed by the combination of Ag3PO4 
and CNH could be explained by the Z-scheme degradation 
mechanism (Fig. 11). The VB potential of Ag3PO4 (2.82 eV vs. 
NHE) was more positive than •OH/H2O (+2.37 eV vs. NHE), 
so the photogenerated holes in the VB of Ag3PO4 could react 
with H2O molecules to form •OH or oxidize MC-LR directly. 
As for the electrons stored in the CB of CNH (−1.16 eV vs. 
NHE), the potential was more negative than O2/•O2

–(−0.33 eV 
vs. NHE), so the electrons could react with the dissolved O2 
to produce strong oxidizing •O2

–, thereby degrading MC-LR. 
In addition, the CB of Ag3PO4 was closer to the VB of CNH 
than the CB of CNH. In this case, the photogenerated elec-
trons on the CB of Ag3PO4 will be rapidly transferred to the 
VB of CNH. Therefore, in the Z- scheme degradation mech-
anism, the holes at the VB of CNH and the electrons trans-
ferred from the CB of Ag3PO4 will recombine [40], which 
greatly reduces the recombination rate of electrons and holes 
of Ag3PO4 and CNH itself, thereby increasing the photocata-
lytic activity.

4. Conclusion

The g-C3N4 prepared by the conventional polymerization 
method was subjected to hydrothermal acid etching of nitric 
acid to obtain the nanomaterial CNH. CNH has mesoporous 
characteristics and its photocatalytic performance is superior 
to that of pure g-C3N4. The Ag3PO4/CNH visible light catalyst 
was further successfully synthesized by chemical deposition 
method. Compared with CNH, the absorption of light was 
significantly enhanced and the absorption wave was red-
shifted. The photocatalytic activity of Ag3PO4/CNH was the 
strongest when the mass ratio of Ag3PO4 was 20% in Ag3PO4/
CNH composite, and the degradation rate of MC-LR was up 

to 79.8% within 120 min under visible light which was 9.85 
times higher than that of g-C3N4 and 5.4 times higher than 
that of pure CNH. The degradation process accorded with 
quasi-first-order kinetic model and the kinetic constant of 
MC-LR degradation for Ag3PO4/CNH (20 wt. %) was 16.86 
and 11.24 times of g-C3N4 and pure CNH. Furthermore, the 
scavenger tests proved that •O2

– and h+ played the major role 
in the degradation process. A possible Z-scheme degradation 
mechanism of MC-LR over Ag3PO4/CNH hybrid was pro-
posed based on the experimental results and band theory. In 
conclusion, the Ag3PO4/CNH (20wt.%) composite is a prom-
ising photocatalyst which can be recycled and has practical 
application value in water treatment engineering.
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