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Abstract
In this work, a new composite photocatalyst, combined with Ag3PO4 and AgSbO3 (AZA Catalyst), was elaborately designed, 
successfully synthesized, and characterized by many techniques, such as XRD, UV-DRS, SEM–EDS, XPS, and TEM. Then, 
the AZA Catalyst was applied for the photocatalytic degradation of Methylene Blue (MB) and tetracycline. The results 
showed that AZA Catalyst could effectively degrade MB and tetracycline, and the degradation efficiencies were better 
than that of sole Ag3PO4 and AgSbO3. The photocatalytic properties of AZA Catalyst also exhibited excellent stabilities. 
In addition, the active species of ·OH and ·O2

− were demonstrated in the photochemical reaction and played a crucial role 
to the photocatalytic reaction. Moreover, with the help of advanced characterization (XRD, XPS, ESR, PL, electrochemi-
cal analysis) and DFT calculation, the photocatalytic degradation mechanism illustrated that Ag produced in the process 
of reaction constructed a typical Z scheme path (Ag3PO4/Ag/AgSbO3). Furthermore, due to the work function differences 
among Ag3PO4, AgSbO3, and Ag, the photogenerated electrons and holes could be effectively transferred and decreased the 
recombination probability of electrons and holes and thus accelerated the photocatalytic efficiencies of pollutants.

Keywords  Photocatalyst · Ag3PO4 · AgSbO3 · Z-scheme mechanism · DFT calculation

Introduction

In recent years, issues of organic wastewater continue to 
attract wide attention due to its large discharge, complex 
composition, great harm, and difficult treatment. The main 
treatment techniques include biological degradation [1], 
physical and chemical process [2], adsorption [3, 4], mem-
brane separation [5], advanced oxidation [6], and photocata-
lytic techniques [7]. Among these methods, photocatalysis 
is new type of treatment technology for organic wastewater 
arousing considerable attention in these decades. According 
to studies [8, 9], photocatalytic technology provides us an 

ideal thinking for the utilization of energy and the restora-
tion of environment. As reported in early publications, it can 
transfer the solar energy with low density into the chemical 
energy with high density and apply to the production of H2 
[10], the reduction of CO2 [11, 12], photocatalytic disin-
fection [13], efficient organic transformation [14], and the 
fixation of N2 [15]. It can also achieve the degradation of 
organic pollutants [16] and the reduction of heavy metals 
[17] in wastewater. Therefore, the photocatalysis is one of 
the most promising strategies that realize the improvement 
of energy and the purification of environment.

The main mechanism of photocatalytic technique oxi-
dizing and reducing pollutants in wastewater is to use the 
electrons and holes generated by semiconductor materials 
under visible light. In the photocatalytic reaction, the pho-
toexcited electrons can react with the electron acceptors, and 
photogenerated holes can oxidize the organic molecules [18, 
19]. Therefore, the photocatalysts based on semiconductor 
materials play a crucial role in the degradation of pollut-
ants. To date, many researchers have been devoted efforts 
to accelerate the photocatalytic activities [20, 21], and the 
photocatalytic technology has been greatly developed. It was 
discovered that various types of semiconductor materials 
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can be used as photocatalysts to accelerate the photocata-
lytic reactions. These semiconductor materials include TiO2 
[21–23], ZnO [11], BiVO4 [7], ZrO2 [24], CdS [25], C3N4 
[26, 27], Ag3PO4 [28], SnO2 [29], AgSbO3 [30], and so forth. 
Among them, Ag3PO4 is one of the classic photocatalysts 
successfully enhancing the photodegradation of pollutants 
[28, 31]. In addition, the high efficient photocatalytic activ-
ity of AgSbO3 under visible light radiation has also been 
confirmed by many researchers. Singh proved that AgSbO3 
could play as an efficient photocatalyst that enhanced the 
photodegradation of organic compounds under visible light 
[30]. Chen pointed out that AgSbO3 could be synthetized 
from crystalline NaSbO3 and AgSbO3, and it displayed 
excellent photocatalytic performance in the degradation of 
pollutants [32]. Theoretically speaking, each photocatalytic 
material has its own specific energy band structure, and thus, 
the redox abilities of photoexcited electrons and holes pro-
duced by single material are very limited. Accordingly, to 
promote the photocatalytic activities and optimize the pho-
todegradation performance, great efforts have been made by 
scientists to focus on the composite photocatalytic materi-
als. They could also offer trapping sites for the photoexcited 
electrons, accelerate the separation of charge, and improve 
the efficiency of quantum [33, 34]. At present, the composite 
techniques of photocatalyst materials mainly include ele-
ments doping, p–n heterojunctions, and Z-scheme photocat-
alysts. Among these methods, Z-scheme composite strategy, 
the energy figure for the transfer of photogenerated carrier 
formed like a letter “Z,” is one of the most potential photo-
catalyst composite methods. It was explained that Z-scheme 
photocatalysts could effectively improve the probability of 
electron–hole separation and enhance the ability of electron 
hole redox [35–37]. Besides, it was proposed that they could 
solve the problems of wide band gap and the recombination 
of electron and hole pair.

In this work, the composite catalyst (AZA Catalyst) was 
synthetized by the combination of Ag3PO4 and AgSbO3. 
The properties of AZA Catalyst were fully characterized by 
modern analytical instruments. The characterizations were 
mainly contained the X-ray diffraction (XRD), the scan-
ning electron microscopy–energy-dispersive spectroscopy 
(SEM–EDX), the UV–Vis diffuse reflection spectra (DRS), 
the X-ray photoelectron spectroscopy (XPS), the transmis-
sion electron microscope (TEM), and so on. Then, the pho-
tocatalytic efficiencies of AZA Catalyst were investigated by 
photodegradation experiments of Methylene Blue (MB) and 
tetracycline in solution. To clarify the photocatalytic reac-
tion processes, the impact factors including reaction time, 
reaction kinetics, the trapping agents, and the recycle perfor-
mance and stability of photocatalyst were studied. Moreover, 
we attempted to illustrate the photocatalytic mechanism with 
the aid of the solid photoluminescence (PL), the electron 
spin resonance (ESR), electrochemical test, Vienna Ab initio 

Simulation Package (VASP) software, and spin-polarized 
density functional theory (DFT) theory calculation. Through 
the analysis of photocatalytic mechanism, the efficient pho-
tocatalyst, AZA Catalyst, was considered to be coming from 
the Z-scheme degradation path as Ag3PO4/Ag/AgSbO3.

Experiment and methods

Synthesis of photocatalyst

In experiments, we prepared Ag3PO4, AgSbO3, and Ag3PO4/
AgSbO3 composite materials. The preparation steps of 
Ag3PO4 were as follows: 2 g of PVP (polyvinylpyrrolidone) 
powder was dispersed in 200 ml of distilled water, and 2.4 g 
of AgNO3 was added to the solution with magnetic stirring. 
Then, 0.84 g of Na2HPO4 powder was dispersed in distilled 
water and then mixed with PVP-AgNO3 solution with mag-
netic stirring for 1 h. After that, the mixture was centrifuged 
through a low-speed benchtop centrifuge. Then, the precipi-
tation substance was washed by ethanol for several times and 
dried at 80 °C in an air blast drying oven to constant weight.

The preparation procedures of AgSbO3 were as follows: 
0.005 mol of NaSbO3·3H2O was dispersed in 80 ml of dis-
tilled water, and 0.003 mol of AgNO3 was mixed in the 
solution with magnetic stirring at 50 °C for 2 h. Then, the 
mixture was conducted hydrothermal reaction in a stainless 
steel reactor. During the reaction process, the reaction tem-
perature was 120 °C, and the reaction time was 12 h. After 
that, the reacted substance was cooled, filtered, and washed 
with distilled water. Then, the reaction product was dried at 
75 °C in the air blast drying oven. Afterward, the product 
was grounded into finer particles using an agate mortar.

The preparation procedures of Ag3PO4/AgSbO3 compos-
ite material were as follows: 0.005 mol of NaSbO3·3H2O was 
added into 80 ml of distilled water, and AgNO3 was gradu-
ally dispersed in the solution under vigorous agitation. Then, 
Ag3PO4 precipitation (gaining from above steps) was added 
into the mixture. The mixture was stirred at 50 °C for 2 h. 
Afterward, this mixture was transferred to a stainless steel 
reactor to perform hydrothermal reaction and maintained 
at 120 °C for 12 h. After cooling down to room tempera-
ture naturally, the reaction product was obtained by filtered, 
washed with water, and finally dried at 75 °C in the oven.

Materials characterization

To prove the properties of synthesized materials, we 
characterized materials using various modern instru-
ments. The X-ray diffraction was recorded by a Shi-
madzu XD-3A diffractometer, employing Cu-Kα radia-
tion (λ = 1.54056 Å). The morphologies of materials were 
observed through HITACHI (S-3400N) scanning electron 
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microscopy–energy-dispersive spectroscopy. The X-ray pho-
toelectron spectroscopy was conducted using a PHI 5000 
VersaProbe XPS equipment. Transmission electron micro-
scope analysis was measured using a FEI Super-X EDS 
Detector (FEI Talos F200s). The UV–Vis diffuse reflec-
tion spectra were obtained using a PerkinElmer Ultraviolet 
Spectrophotometer (Shimadzu Corporation, UV-3600). The 
liquid specific surface area of photocatalyst was analyzed 
through Xigo Liquid Specific Surface Area Determinator. 
Moreover, the particle size distribution was measured by 
Malvern Mastersizer 2000 Laser Particle size Analyzer. The 
solid photoluminescence was measured using a HITACHI 
Fluorescence Spectrometer (F-7000) equipped with a Xe 
lamp at room temperature. The active species were detected 
by the electron spin resonance and using electron para-
magnetic resonance spectrometer (EMX micro-6/1/P/L, 
Karlsruhe, Germany). The DMPO (5, 5-dimethyl-1-pyr-
roline N-oxide) was used as free radical (·O2

− and ·OH) 
trapping agent to obtain the signals. The electrochemical 
impedance spectroscopy and electrochemical photocurrent 
(interval 20 s) were detected by a CHI 660E electrochemical 
workstation.

Photocatalytic degradation experiments

The photocatalytic experiments were performed via degrad-
ing MB and tetracycline under visible light irradiation 
(300 W of Xe lamp). In each experiment, the photocata-
lyst was added into 30 ml of MB or tetracycline solution. 
(The initial concentration was 20 mg/l.) The mixture was 
placed into a transparent photoreaction vessel to react, and 
all experiments were performed at 25 °C. Besides, the reac-
tion time ranged from 10 to 30 min, and the light was turned 
on at 0 min. After the reaction was completed, the concen-
tration of MB and tetracycline was detected by ultraviolet 
visible spectrophotometer at a wavelength of 662 nm and 
360 nm, respectively. To illustrate the possible photocata-
lytic mechanism in this reaction, we analyzed the reactive 
species generated in the process of photocatalytic reaction. 
Different trapping agents were added into the reaction mix-
ture. These scavenging chemicals, using to quench the reac-
tive species (·OH and ·O2

−), were EDTA-2Na (0.037 g), 
TBA (tert-butyl alcohol, 0.0094 g), BQ (1,4-benzoquinone, 
0.0108 g), and CCl4 (0.0142 g), respectively. The generation 
of reactive species by photocatalyst was further proved by 
ESR instrument.

Meanwhile, the photocatalytic degradation performance 
of recycled samples was performed in this experiment. The 
photodegradation efficiencies of MB and tetracycline were 
detected through a consecutive three cycles. After each 
reaction of recycled cycle, the photocatalyst was filtered 
out, and the filer substances were washed by water until 

it is neutral. Then, the samples were dried at 75 °C in the 
air blasting drying oven to a constant weight for the next 
cycle.

DFT calculation

We used spin-polarized density functional theory 
and Vienna Ab  initio Simulation Package software 
to perform the DFT calculation [38]. Besides, Per-
dew–Burke–Ernzerhof functional (PBE) was used to cal-
culate the exchange–correlation potential within the gener-
alized gradient approximation (GGA) method. In addition, 
the cutoff energy was 450 eV during the calculation, and 
the K-points grids for dimensions were 5 × 5 × 5. The sur-
face model of Ag3PO4, AgSbO3, and Ag is displayed in 
Fig. 1. The work function was also computed through the 
surface models. The vacuum slab of surface model for 
Ag3PO4, AgSbO3, and Ag was all designed as 30 Å. In 
the process of theoretical calculation, in order to obtain 
the optimal structure model, the three material structures 
were firstly optimized, including atomic coordinates and 
cell parameters. As seen from Fig. 1, the theoretical sur-
face structures of Ag3PO4, AgSbO3, and Ag are all cell 
units. It included 6Ag, 2P, and 8O atoms for Ag3PO4, 
6Ag, 6Sb, and 18O atoms for AgSbO3, 2Ag atoms for Ag, 
respectively.

Fig. 1   The theory surface model (Ag3PO4, AgSbO3, and Ag) for 
work function calculation (purple ball is p atom, coffee ball is Sb 
atom, red ball is O atom, and gray ball is Ag atom)
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Results and discussion

Particle size distribution and liquid specific surface 
area

Figure 2a depicts the analysis result of the particle size distri-
bution of AZA catalyst. It was observed that the particle size 
distribution of the material exhibited a bimodal structure, 
which implied that the material contained two substances. 
Combined with other analysis methods, we believed that the 
particles in the range of 0.02–0.7 μm were mainly AgSbO3, 
and the particles distributed in the range of 0.7–10 μm were 
mainly KBiO3 particles. Figure 2b depicts the analytical 
results of the liquid-phase surface area for AZA Catalyst. 
According to the fitting calculation of instrument software, 
the liquid specific surface area of ANS Catalyst was about 
471 m2/g.

XRD

The phase of composition and crystal structure of Ag3PO4, 
AgSbO3, and AZA Catalyst were obtained by XRD analy-
sis, as shown in Fig. 3. For the XRD pattern of Ag3PO4, 
the characteristic diffraction peaks could be observed at 2θ, 
20.9°, 29.7°, 33.3°, 36.6°, 47.8°, 52.7°, 55.2°, 57.3°, 61.6°, 
and 71.9° corresponding to the standard peaks of Ag3PO4 
(PDF#06-0505). For AgSbO3, peaks appeared at 2θ, 22.4°, 
29.4°, 30.2°, 33.7°, 35.1°, 50.4°, and 60.3°, which were 
in line with other AgSbO3 results in the literature [32]. In 
addition, both the chief XRD peaks of Ag3PO4 and AgSbO3 
appeared in the XRD pattern of AZA Catalyst, which 
indicated that AZA Catalyst was a composite material of 
Ag3PO4 and AgSbO3.

UV–Vis diffuse reflection spectra

UV–Vis diffuse reflection spectra were utilized to investi-
gate the optical properties of Ag3PO4, AgSbO3, and AZA 

Catalyst, as shown in Fig. 4. It was observed that the broad 
absorption bands of Ag3PO4, AgSbO3, and AZA Catalyst 
were all ranged from 460 to 520 nm. This indicated that the 
capacities of visible light absorption of Ag3PO4, AgSbO3, 
and AZA Catalyst were all excellent.

Generally speaking, the band gap energy is computed 
through the Tauc equation [29, 39].

where α, h, ν, A, and Eg are absorption coefficient at light 
frequency ν, Planck constant, light frequency, a constant, 
and band gap energy, respectively. For direct transition semi-
conductor as Ag3PO4 and AgSbO3, the value of n is 1.

To obtain the value of Eg, the curve of [a(ν)hν]2 ver-
sus hν could be fitted on the basis of Tauc equation and 
extrapolated the linear part to zero absorption coefficient. 
The analysis results are depicted in Fig. 4b. The band gap 
energy of Ag3PO4 and AgSbO3 exhibited in Fig. 4b was 

(1)�(�)h� = A(h� − Eg)n∕2

Fig. 2   Particle size distribution 
and liquid specific surface area 
results of AZA Catalyst
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Fig. 3   XRD patterns of Ag3PO4, AgSbO3, and AZA Catalyst
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2.44 eV and 2.38 eV, respectively, and they were similar to 
the other results [30, 40], while for AZA Catalyst, the band 
gap energy was 2.24 eV, which was a little smaller than 
that of Ag3PO4 and AgSbO3. These findings suggested that 
the combination of Ag3PO4 and AgSbO3 could reduce the 
band gap. Meanwhile, this combination made AZA Catalyst 
obtain excellent absorption efficiency for visible light.

SEM–EDX

Figure  5 shows the SEM and EDX analysis results of 
AgSbO3. It could be seen that the material exhibited amor-
phous morphology in nanoscale. In addition, the particle 
size of material ranged from 100 to 500 nm. These find-
ings were in line with other studies [30]. The EDX element 

mappings of Ag and Sb are depicted in Fig. 5c and d. It 
could be observed that the elements of Ag and Sb were 
spread in the location where particles emerged in Fig. 5b. 
We compared Fig. 5c with Fig. 5d, and it showed that the 
spread of Ag element was similar to that of Sb element, 
which further confirmed that the material synthesized was 
AgSbO3. 

Figure 6 exhibits the SEM and EDX analysis result of 
AZA Catalyst. We observed from Fig. 6a that the surface 
of larger particle (ranged from 2 to 3 μm) was attached 
to the extremely smaller particles (ranged from 100 to 
200 nm). Combined with the analysis results of Fig. 5, it 
was inferred that the smaller particles might be AgSbO3, 
and the larger particles might be Ag3PO4. EDX analysis 
suggested that the chemical composition of AZA Catalyst 

Fig. 4   UV–Vis diffuse 
reflection spectra of Ag3PO4, 
AgSbO3, and AZA Catalyst

Fig. 5   The SEM results of 
AgSbO3 (a and b) and the EDX 
element mapping of Ag (c), 
Sb (d)
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(Fig. 6b area, atomic percent/%) was 66.52% O, 3.32% P, 
18.07% Ag, and 12.09% Sb. This element proportion was 
basically consistent with EDX results. The EDX element 
mappings of Ag, Sb, and P are described in Fig. 6d–f. It 
was observed that all the elements of Ag, Sb, and P were 
mainly spread in the areas where particles emerged in 
Fig. 6b. These analytical findings were further indicated 
that AZA Catalyst was a composite material from Ag3PO4 
and AgSbO3. We compared Fig. 6d and f with Fig. 6e, and 
it was observed that the spread of Sb was looser than that 
of Ag and P. This phenomenon could be ascribed to the 
element of P deriving from the smaller particles which 
was coated on the surface of Ag3PO4. In summary, the 
analytical results of SEM and EDX confirmed that the 
AZA Catalyst composite (Ag3PO4 and AgSbO3) was suc-
cessfully synthesized.

TEM

In the process of experiments, we further verified that AZA 
Catalyst composite (Ag3PO4 and AgSbO3) was successfully 
combined via the TEM and HRTEM image, as shown in 
Fig. 7. It is observed from Fig. 7a and b that the surface of 
large particles was surrounded by smaller nanoamorphous 
substances, which was consistent with the result of the SEM. 
Due to the dispersion before TEM test, the particle size 
observed by TEM was smaller than that displayed in SEM 
analysis. The inner dark bigger particles should be Ag3PO4, 
and the outer transparent amorphous substances should 
be AgSbO3. In addition, as shown in the HRTEM image 
(Fig. 7c–f), the crystalline interplanar spacing preliminary 
determined was 0.308 nm and 0.425 nm corresponding to 
the AgSbO3 (3 1 1) and Ag3PO4 (1 1 0) crystal plane [41], 

Fig. 6   The SEM results of AZA 
Catalyst (a and c), EDX analysis 
area of AZA Catalyst (b) and 
the EDX element mapping of 
Ag (d), Sb (e), and P (f)
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respectively. This result further confirmed that inner par-
ticles were Ag3PO4 and the outer transparent amorphous 
substances were AgSbO3.

XPS

We used XPS instrument to further analyze the surface 
chemical composition of AZA Catalyst, as shown in 

Fig. 8. It was described that the dominating peaks of AZA 
composite catalyst were C1s (282.5 eV), O1s (529.5 eV), 
Ag3d (366.7 eV and 372.8 eV), Ag3p (570.2 eV), Sb3d 
(538.9 eV), Sb3p (767.5 eV and 811.8 eV). Except for 
the element of carbon (for the testing needs), all the other 
elements could be observed in AZA Catalyst, and this 
findings were consistent with other analytical results of 
characterization techniques. XPS results suggested that the 

Fig. 7   The TEM image of AZA 
Catalyst (a and b) and HRTEM 
image of AZA Catalyst (c–f)
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chemical composition of AZA Catalyst (atomic percent/%) 
is 67.2% O, 2.4% P, 18.9% Ag, and 11.5% Sb. This element 
proportion was basically consistent with EDX results. In 
addition, more details could be obtained from the high-res-
olution XPS spectra of O1s and Sb3d (Fig. 8b). Moreover, 
it was observed that the peak of 529.5 eV could be divided 
into two individual peaks (528.9 eV and 530.5 eV). On 
account of the binding energies of O1s close to that of 
Sb3d5/2, we inferred that the peak at 530.5 eV was attrib-
uted to O1s, and the peak at 528.9 eV was ascribed to 
Sb3d5/2. Besides, the shift of binding energy for O (from 
531.8 to 530.5 eV) might be due to the bonds between 
O and other elements. Additionally, it is observed from 
Fig. 8c that the peaks of Ag3d5/2 could be divided into 
two parts at 366.6 eV and 366.9 eV. Similarly, the peaks 
of Ag3d3/2 could also be decomposed into 372.7 eV and 
373.4 eV. This phenomenon might be attributed to differ-
ent Ag atoms from Ag3PO4 and AgSbO3 molecules.

Photocatalytic activity

Figure 9 depicts the photocatalytic degradation results of 
MB and tetracycline. In Fig. 9a and b, we compared the 
photodegradation efficiencies of Ag3PO4, AgSbO3, and AZA 
Catalyst under visible light, and the Xe lamp was turned on 
at 0 min. Meanwhile, changes of the removal rates for pol-
lutants were obtained at the stage between − 10 and 0 min, 
and this accelerated the uniform mixing of pollutants with 
catalysts at this stage. It was observed that there was almost 
no change of degradation for pollutants in the absence of 
visible light (from − 10 to 0 min). And then, the pollutants 
were gradually degraded under the visible light. In addition, 
the degradation effect of MB and tetracycline with AZA 
Catalyst was best among the three catalysts, which indicated 
that the photocatalytic degradation efficiency was optimal 
in AZA Catalyst system than that of Ag3PO4 and AgSbO3 
system. For instance, the residual rate was approaching 0 at 

Fig. 8   The wide scanning XPS spectra of AZA Catalyst (a); the high-resolution XPS spectrum of O1s (b), Sb 3d (b), and Ag3d (c)
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20 min with AZA Catalyst, whereas they were 15.4% and 
27.3% with Ag3PO4 and AgSbO3 as catalysts, respectively. 
Similarly, the trend was also observed for the photodegra-
dation of tetracycline (Fig. 9b), and the AZA Catalyst still 
displayed optimal photocatalytic activity than Ag3PO4 and 
AgSbO3. Take the reaction time of 15 min; for example, 
the residual rate of tetracycline with Ag3PO4, AgSbO3, and 
AZA Catalyst system was 42.3%, 52.75, and 20.7%, respec-
tively. These findings verified that the combined utiliza-
tion of Ag3PO4 and AgSbO3 (AZA Catalyst) significantly 
enhanced the photodegradation efficiencies of pollutants. 
Moreover, changes of UV–visible absorption spectra of MB 

and tetracycline with reaction time are depicted in Fig. 9c 
and d. It was observed that the curves of MB and tetracycline 
gradually declined with the reaction time, which confirmed 
that both MB and tetracycline could be photodegraded under 
AZA Catalyst system.

According to references [7, 42], photocatalysts play 
a crucial role in the photodegradation process of organic 
pollutants, and they can release the strong redox such as 
free electrons, holes, and related free radicals to accelerate 
the reaction procedure. In addition, it is essential for us to 
identify which species are active during the photocatalytic 
degradation reaction. Accordingly, the trapping agents are 

Fig. 9   The photodegradation 
process of MB (a) and tetracy-
cline (b); UV–visible absorp-
tion spectrum of MB (c) and 
tetracycline (d) degraded by 
AZA Catalyst; the photodegra-
dation efficiency of MB (e) and 
tetracycline (f) by addition of 
trapping agents



830	 Journal of the Iranian Chemical Society (2022) 19:821–838

1 3

utilized to quench the reactive species through adding to the 
reaction solution. It is believed that EDTA-2Na is used as 
a hole trapper, BQ can be played as an oxygen free radical 
trapper, TBA is utilized as a scavenger for hydroxyl radical, 
and CCl4 is considered as an electron trapper. Figure 9e and 
f depicts the photodegradation efficiencies of MB and tet-
racycline after adding different scavengers. It was observed 
that the photodegradation efficiencies of MB and tetracy-
cline were all decreased after adding these trapping agents, 
which proved that these scavenging chemicals could effec-
tively inhibit the photocatalytic activities in this reaction. 
Therefore, it was probably that the photodegradation path 
from Eqs. (2)–(7) was took place in the reaction process. 
Moreover, it was obvious that TBA and EDTA-2Na as scav-
engers displayed more impacts on the photodegradation 
effect of pollutants. Accordingly, we inferred that the active 
species, hydroxyl radicals and holes, were probably captured 
by the scavengers, which seriously impacted the photocata-
lytic activities and then decreased the removal efficiencies 
of pollutants. Furthermore, the main degradation path of 
MB and tetracycline from Eqs. (5)–(7) with AZA Catalyst 
under visible light was likely to illustrate this phenomenon.

In this study, the first-order reaction model was utilized to 
evaluate the apparent degradation kinetics during the reac-
tion process. The equation of first-order reaction model was 
as follows. The constant k in the reaction could be acquired 
through modeling the related experimental results and 
Eq. (8) [43–45].

where C0 is the initial concentration of pollutant; Ct is the 
concentration of pollutant at time t.

On the basis of the experimental data in Fig. 9a and b, the 
fitting results of apparent kinetics are displayed in Fig. 10a 
and b. The R2 values in three photocatalytic systems of 
Ag3PO4, AgSbO3, and AZA Catalyst were all above 0.95. 
Accordingly, the first-order reaction kinetics could be used 

(2)O2 + e
−
→ ⋅O−

2

(3)⋅O−
2
∕e− +MB → Degradation − products

(4)⋅O
−
2
∕e− + Tetracycline → Degradation − products

(5)H2O/OH
− + h

+
→ ⋅OH

(6)⋅OH/h+ +MB → Degradation − products

(7)⋅OH/h+ + Tetracycline → Degradation − products

(8)Ln

(

C

C0

)

= −kt

to satisfactorily model the apparent photodegradation pro-
cess of MB and tetracycline. Besides, the k value of AZA 
Catalyst system (Fig. 10c, d) was the highest compared with 
other systems.

The reusing performance of photocatalyst was crucial to 
the application. Therefore, to evaluate the stability of AZA 
Catalyst, the photodegradation efficiencies of pollutants after 
reusing for three times with under the same conditions were 
investigated, as shown in Fig. 10e. It was observed that there 
was basically no obvious attenuation of photodegradation 
effect after three times of cycles for MB and tetracycline. 
This finding proved that AZA Catalyst exhibited excellent 
photocatalyst stability. During the process of photodegrada-
tion, the photocatalytic activity of AZA Catalyst was slightly 
decreased after the cycle reactions, which might be due to 
the mass loss of material in the cycles.

Photocatalytic degradation mechanism

To illustrate the photodegradation mechanism of pollutants 
with AZA Catalyst, the samples of catalyst after photocata-
lytic reaction (named AZA Catalyst-light) were collected 
and characterized. Figure 11a depicts the comparison curves 
of XRD patterns between AZA Catalyst and AZA Catalyst-
light. It was observed that the XRD patterns for two samples 
were very similar, which indicated that the composition and 
structure of AZA Catalyst were maintained stable during the 
photocatalytic reaction. We also observed a new faint peak 
(at 2θ: 38.1°) from XRD patterns of AZA Catalyst-light. 
According to standard spectra and related references [46, 
47], the new diffraction peak might be ascribed to the (1 1 1) 
surface of silver (PDF#65-2871). The new formed silver was 
probably come from the decomposition of Ag3PO4 under 
visible light [47]. In addition, the XPS analysis was used to 
examine the surface chemical compositions of AZA Cata-
lyst-light, as shown in Fig. 11b and c. The primary curves 
of AZA Catalyst-light were also contained C1s, O1s, Ag3d, 
Ag3p, Sb3d, and Sb3p. This analytical result further proved 
the AZA Catalyst obtained excellent stability in the photo-
catalytic reaction. XPS results suggested that the chemical 
composition of AZA Catalyst (atomic percent/%) is 74.5% 
O, 1.5% P, 16.5% Ag, and 7.5% Sb. The decrease in P con-
tent implies the decomposition of Ag3PO4. Besides, through 
observing the high-resolution XPS spectra of Ag3d, it was 
discovered that the peaks of Ag3d5/2 could be divided into 
three parts at 365.8 eV, 366.5 eV, and 366.9 eV. Similarly, 
the peaks of Ag3d3/2 could be decomposed into 372.5 eV, 
372.8 eV, and 373.2 eV. Additionally, the new low XPS 
peaks at 365.8 eV and 373.2 eV might be ascribed to the 
silver formed during the photocatalytic reaction [41, 46].

The transient photocurrent responses of AgSbO3, 
Ag3PO4, AZA Catalyst, and AZA Catalyst-light under 
Xe lamp irradiation are depicted in Fig. 12a. It was seen 
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that sole AgSbO3 showed the lowest response among the 
four photocatalytic systems, implying that AgSbO3 was 
probably unable to form enough electrons and holes under 
visible light. On the contrary, the photocurrent intensity 
of sole Ag3PO4 was much stronger than AgSbO3, while it 
declined gradually with the irradiation time. According 
to the related studies, the decrease in signals for Ag3PO4 
might be due to the photocorrosion. In addition, after the 

combination usage of Ag3PO4 and AgSbO3, the photocur-
rent intensity of AZA Catalyst was enhanced significantly, 
proving that AZA Catalyst possessed stronger reflecting 
ability for visible light. Moreover, it was obvious that 
the photocurrent intensity of AZA Catalyst-light was 
the highest, and it also displayed excellent stability. That 
implied the production of silver during the photocatalytic 
reaction was helpful to efficiently generate and transfer 

Fig. 10   The apparent fitting 
results (a MB and b tetracy-
cline) using the pseudo-first-
order reactions; the constants 
of the first-order reactions for 
the MB (c) and tetracycline (d); 
degradation curves of photo-
catalyst reuse (e)
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the photoinduced electrons and holes. Furthermore, we 
utilized EIS to analyze the size of charge transfer resist-
ance and the efficiency of charge separation. Figure 12b 
depicts the EIS value of AgSbO3, Ag3PO4, AZA Catalyst, 
and AZA Catalyst-light. Obviously, the radius values of 
AZA Catalyst-light were the smallest compared with other 
photocatalysts, indicating that the forming Ag probably 
reduced the resistance of charge transfer and thus effec-
tively promoted the photocatalytic reaction process. Addi-
tionally, the PL emission spectra were further conducted 
to evaluate the combination and separation of photogen-
erated electrons and holes, as displayed in Fig. 12c. It was 
observed that the photoluminescence spectra intensity of 
AgSbO3 was the highest than others, suggesting that the 
photoinduced electrons and holes produced by AgSbO3 
obtained great recombination possibility. After the com-
bination of Ag3PO4 with AgSbO3, the recombination 
possibility of AZA Catalyst was greatly reduced, and the 

curves obtained were lower than that of Ag3PO4. We also 
observed that the AZA Catalyst-light displayed the low-
est photoluminescence spectra intensity. This phenomenon 
might due to the production of silver further give rise to 
the decrease in the combination probability.

Figure 13 shows the TEM and HRTEM image of AZA 
Catalyst-light. In general, the TEM analysis results of AZA 
Catalyst-light were similar to those of AZA Catalyst. The 
results showed that some smaller nanoamorphous sub-
stances (AgSbO3) surrounded the surface of larger parti-
cles (Ag3PO4). In addition, as shown in the HRTEM image 
(Fig. 13c–f), the crystalline interplanar spacing preliminary 
determined was 0.267 nm, 0.307 nm, and 0.236 nm, corre-
sponding to the Ag3PO4 (2 1 0), AgSbO3 (3 1 1), and Ag (1 
1 1) [41] crystal plane, respectively. The appearance of Ag 
(1 1 1) crystal plane indicated the formation of Ag particles 
in AZA Catalyst-light, which was consistent with the result 
of XPS analysis.

Fig. 11   XRD patterns of AZA Catalyst-light (a); the wide scanning XPS spectra of AZA Catalyst-light (b); the high-resolution XPS spectra of 
Ag3d (c)
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ESR spin-trapping spectra were used to detect the relative 
content of hydroxyl radicals (DMPO-·OH) and the super-
oxide radicals (DMPO-·O2

−) by DMPO technique, and the 
analytical results are depicted in Fig. 14. It was observed that 
no signal peaks of ·OH or ·O2

− were detected in dark condi-
tion. This result indicated there were no excited electrons 
and holes in the absence of visible light. In contrast, under 
the condition of light, both AZA Catalyst and AZA Catalyst-
light systems had obvious signal peaks of ·OH (with the 
intensity ratio of 1:2:2:1) and ·O2

−, demonstrating that both 
·OH and ·O2

− were participating in the photocatalytic reac-
tion. These findings were also consistent with Fig. 9e and f. 
For the degradation of pollutants, the reactive radicals might 
play an essential role in the photocatalytic reaction. We also 
found from Fig. 14 that the typical peak intensity of ·OH and 
·O2

− in AZA Catalyst-light system was stronger than that of 
AZA Catalyst system, indicating that the AZA Catalyst-light 
system could produce more ·OH and ·O2

− in the photocata-
lytic reaction, which further proved the production of silver 
was helpful to the photocatalytic reaction, thereby enhancing 
the photodegradation efficiencies of pollutants.

Figure 15 displays the Mott–Schottky plots for Ag3PO4 
(a) and AgSbO3 (b). It was observed that the slopes of 
Mott–Schottky straight line of both Ag3PO4 and AgSbO3 
were positive, implying that the two photocatalysts 
belonged to n-type semiconductor materials. It is well 

known that the characteristic of n-type semiconductor 
material is that the Fermi energy level is relatively close to 
the position in the bottom of conduction band. At the same 
time, the frequency band potential is also approximate to 
the bottom of conduction band. According to the analysis 
results of Fig. 15, the frequency band potentials of Ag3PO4 
and AgSbO3 were 1.24 V and 0.022 V, respectively. On 
the basis of the related theories of semiconductor and the 
previous analytical results for band gap [48], the top of 
the valence band to the bottom of the conduction band for 
Ag3PO4 was approximately ranged from − 6.5 to − 4.1 eV, 
and that ranged from − 8.1 to − 5.7 eV for AgSbO3. Since 
Ag3PO4 and AgSbO3 were both n-type semiconductors, 
thus the Femi energy level of AgSbO3 was lower than that 
of Ag3PO4, and the work function of AgSbO3 was greater 
than that of Ag3PO4.

The position of the Fermi energy level and the size of 
work function can directly affect the transfer path of pho-
togenerated electrons and holes in the photocatalytic pro-
cess. According to the previous analytical results, AZA Cat-
alyst produced metallic Ag under the visible light, and the 
photoelectric effect of AZA Catalyst-light was better than 
that of AZA Catalyst. Meanwhile, the intensity of ·OH and 
·O2

− generated by AZA Catalyst-light system was stronger 
than that of AZA Catalyst system (obtained from ESR). 
These findings proved that the metal Ag produced by AZA 

Fig. 12   Transient photocurrent 
responses (a), electrochemi-
cal impedance spectra (b), and 
steady-state PL spectra (c) of 
AgSbO3, Ag3PO4, AZA Cata-
lyst and AZA Catalyst-light
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Catalyst under visible light could effectively promote the 
photocatalytic reaction.

In order to further clarify the transfer mechanism of pho-
togenerated electrons and holes in this study, we used DFT 
theory and VASP software to investigate the work function 
of Ag3PO4, AgSbO3, and Ag, as displayed in Fig. 16. The 
work functions of Ag3PO4, AgSbO3, and Ag calculated were 
3.98 eV, 5.1 eV, and 4.76 eV, respectively, According to 

the classic model of Schottky, because the work function 
of Ag3PO4 was smaller than that of metallic Ag, the pho-
togenerated electrons in Ag3PO4 would be transferred to 
metallic Ag when they contacted with each other. Besides, 
the transfer would be continued until the Fermi energy level 
of Ag3PO4 and metallic Ag reached the same position. In 
this situation, the surface of Ag3PO4 was positively charged 
because of lacking electrons, and the surface of metal Ag 

Fig. 13   The TEM image of 
AZA Catalyst-light (a and b) 
and HRTEM image of AZA 
Catalyst-light (c–f)
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was negatively charged due to its excess electrons. Therefore, 
it might generate the potential difference between Ag3PO4 
and Ag, and the direction of electric field was directed from 
Ag3PO4 to metal Ag. At this time, a classic Schottky barrier 
that hindered electron transfer and hole transfer was gener-
ated between Ag3PO4 and metal Ag (Fig. 17). It blocked the 
transfer of electrons from Ag3PO4 to metal Ag, while that 
promoted the transfer of holes from Ag3PO4 to Ag. Contrary 
to the situation of Ag3PO4, when n-type AgSbO3 contacted 
with metal Ag, the Schottky barrier was generated that pro-
moted the transfer of electrons from AgSbO3 to Ag since 
the work function of AgSbO3 was greater than that of metal 

Ag. Simultaneously, it hindered the transfer of holes from 
AgSbO3 to Ag.

Based on the above analytical theory, we believed that 
Ag3PO4, AgSbO3, and metal Ag newly generated formed 
a typical Z scheme path for the transfer between electron 
and hole, as shown in Fig. 18. The holes generated by 
Ag3PO4 under light excitation and the electrons generated 
by AgSbO3 would continue to be transferred to metal Ag. 
In this case, the electrons and holes in Ag3PO4 and AgSbO3 
were effectively separated, which could greatly reduce the 

Fig. 14   ESR spectra of radical 
adducts trapped by DMPO in 
the dark and under visible light 
irradiation for DMPO-·OH (a 
AZA Catalyst, b AZA Catalyst-
light); ESR spectra of radical 
adducts trapped by DMPO in 
the dark and under visible light 
irradiation for DMPO-·O2

− (c 
AZA Catalyst, d AZA Catalyst-
light)

Fig. 15   Mott–Schottky plots for 
Ag3PO4 (a) and AgSbO3 (b)
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recombination probability of electrons and holes. Further-
more, the electrons retained in Ag3PO4 and the holes in 

AgSbO3 could better degrade pollutants in the solution and 
improve the photocatalytic effect.

Fig. 16   The work function of 
Ag3PO4 (a), AgSbO3 (b), and 
Ag (c) from DFT calculation

Fig. 17   Photocatalytic mechanism of sole Ag3PO4 and AgSbO3
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Conclusion

In this work, a composite photocatalyst of AZA Catalyst, 
combined with Ag3PO4 and AgSbO3, was synthesized and 
fully characterized. The photocatalytic activities of AZA 
Catalyst were evaluated by the photodegradation of MB 
and tetracycline under visible light. The characterization 
results demonstrated that the composite AZA Catalyst 
was successfully synthesized. Besides, the combination of 
Ag3PO4 and AgSbO3 reduced the band gap, and AZA Cat-
alyst obtained excellent absorption efficiency for visible 
light. The photocatalytic experiments pointed out that the 
photocatalytic degradation efficiencies of MB and tetracy-
cline with AZA Catalyst were the best than that of Ag3PO4 
and AgSbO3. In addition, the trapping agents were seri-
ously impacted the photocatalytic activities, and the active 
species of ·OH and ·O2

− were vital to the photocatalytic 
reaction, which was proved by ESR detection. Moreover, 
the apparent photodegradation process of pollutants was 

satisfactorily modeled by the first-order reaction kinetics. 
The experiments of recycled photocatalytic material con-
firmed that AZA Catalyst maintained stable and exhibited 
excellent photocatalytic performance. The electrochemical 
experiments findings confirmed that AZA Catalyst pos-
sessed strong reflecting ability for visible light, and the 
production of Ag was helpful to efficiently generate and 
transfer the photoinduced electrons and holes and reduce 
their recombination possibility. Furthermore, DFT calcula-
tion revealed that Ag3PO4, AgSbO3, and the newly gener-
ated Ag formed a typical Z scheme path for the transfer 
between electron and hole and realized the separation of 
electrons and holes and thus effectively promoted the pho-
tocatalytic reaction.
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Fig. 18   Photocatalytic mechanism of Z-scheme degradation path (Ag3PO4/AZASbO3)
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