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ABSTRACT: In this work, a novel composite photocatalyst, KBiO3/nano-Ag3PO4 (K/Ag catalyst), 

was synthesized, and efficiently degraded methylene blue (MB) under visible light. The various 

properties of photocatalysts were measured by modern analytical techniques, such as XRD, FT-IR, 

SEM, XPS, and UV-Vis. We also utilized Density functional theory calculation (DFT) to investigate 

the photocatalytic degradation mechanism in this reaction process. The multiple characterization 

findings demonstrated that K/Ag composite catalyst was successfully synthesized using Ag3PO4  

and KBiO3, and it displayed excellent absorption of visible light. The photocatalytic results confirmed 

that K/Ag catalyst greatly promoted the degradation of MB under visible light. The first-order 

reaction kinetics model could satisfactorily describe the apparent photocatalytic degradation process 

in this system. In addition, adding electron capture agents to the photocatalytic system highly 

decreased the degradation efficiencies of the target pollutant. Moreover, K/Ag composite catalyst 

exhibited perfect photocatalyst stability after recycling three times. By calculating the band structure, 

Density of States (DOS), and work function, KBiO3 and Ag3PO4 could be considered  

as n-type and p-type semiconductor materials, respectively. When the composite catalyst was exposed 

to light, the light-excited electrons would have appeared in both the conduction bands. Furthermore, 

the transfer trend of electrons and holes made photogenerated electrons concentrate on the 

conduction band of n-type KBiO3, and photogenerated holes concentrate on the valence band  

of p-type Ag3PO4, thereby greatly improving the photocatalytic efficiency. 
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INTRODUCTION 

In China, millions of tons of industrial organic 

wastewater, coming from many chemical industrial 

production companies, are discharged every year [1, 2].  

If this kind of wastewater is treated improperly, it is likely 

to have serious impacts on the ecological environment  

and human health. Therefore, effective treatment 

techniques are essential to decrease the pollution from such 

wastewater. At present, the treatment methods of organic 

wastewater mainly include biological treatment [3, 4],  

the chemical method [5, 6], adsorption [7-9], membrane 

separation [10, 11], advanced oxidation [12, 13], and 

photocatalytic degradation [14-16].  Each of these methods 

has its own advantages, while also exist several 

shortcomings. For example, biological treatment requires 

the domestication of microorganisms and strict operating 

conditions; the cost of the chemical method is very 

expensive, and the solution remained is likely to produce 

secondary pollution; the cost of adsorbents is relatively 

higher in adsorption and the cycle adsorption efficiency  

is lower; membrane fouling is a common problem in 

membrane separation techniques. Among these methods, 

the photocatalytic method is a new water treatment process 

developed in the last century. Photocatalysis uses  

the photogenerated electrons and holes produced by 

photocatalysts under light excitation efficiently oxidize 

and reduce pollutants [17]. Due to its simple operation, 

high degradation efficiency, and the recyclability of 

catalysts, photocatalytic technology has become one of  

the hot spots in the field of water treatment. 

Photocatalyst plays an essential role in photocatalytic 

technology. The commonly used photocatalysts include 

TiO2 [18, 19], ZnO [20-22], BiVO4 [23, 24], ZrO2 [25, 26], 

CdS[27, 28], C3N4 [29, 30], and so forth. Due to the impact 

of band gap and band structure, electron-hole 

recombination efficiency, and other factors, the 

degradation efficiency of a single photocatalytic material 

is very limited, so composite photocatalyst materials have 

attracted the attention of many researchers. The p-n 

heterojunctions are a common photocatalyst composite 

method [31, 32]. Generally speaking, for a typical p-n 

heterojunction, the Fermi level of p-type photocatalyst is 

close to the top of the valence band, while that of n-type 

photocatalyst is near the bottom of the conduction band. 

When the p-type catalyst and n-type catalyst are composed 

together, that could effectively promote the separation of 

photogenerated electrons and holes. In this case, it can reduce 

the probability of electron/hole recombination, and 

improve the photocatalytic efficiency.   

Ag3PO4 is considered to be an efficient photocatalytic 

material. It has an excellent absorption of visible light due 

to its band gap (2.4eV) [33, 34]. Ag3PO4 is also used  

as a p-type photocatalyst by many researchers. According to 

related literature, Mohaghegh prepared Ag3PO4/BiPO4  

p-n heterojunction nano-composite material, and the 

photocatalytic activity for phthalocyanine reactive blue 21 

was improved compared to pure Ag3PO4 and BiPO4 [35]. 

Zhang constructed p-n type Ag3PO4/CdWO4 

heterojunction photocatalyst and used it for visible-light-

induced dye degradation [36]. Wang synthesized p-n 

heterojunction Ag3PO4/NaTaO3 composite photocatalyst, 

and visible-light-driven photocatalytic performance for 

Rhodamine B dye molecules was enhanced [37]. Through 

Density Functional Theory (DFT) calculation, Reunchan 

concluded that Ag3PO4 was a p-type semiconductor 

material [38], and Huang et al. obtained similar research 

results [39]. In addition, KBiO3 (band gap is 2.1ev) is one 

of the bismuth photocatalytic materials. The photocatalytic 

properties of KBiO3 have been proved in research [40-42], 

and it is considered an n-type photocatalyst material [41]. 

Moreover, Ag3PO4 and KBiO3 belong to p-type and n-type 

photocatalyst materials, respectively. They exhibit 

obvious band gap differences. So far, the composite 

photocatalyst prepared by Ag3PO4 and KBiO3 has not been 

reported in the literatures, and the photocatalytic 

performances exhibited in organic substances were also 

not illustrated yet. Theoretically speaking, the p-n 

heterojunction composite photocatalyst synthesized by 

Ag3PO4 and KBiO3 is likely to achieve the effective 

migration of photo-generated electrons and holes between 

two catalysts, and the enhancement of photocatalytic 

performance is expected under visible light.  

In this work, the preparation and synthesis of 

KBiO3/Nano-Ag3PO4 composite photocatalyst （K/Ag 

catalyst）were reported. To prove the various properties 

and electronic structure, the composite photocatalyst 

material was characterized by X-Ray Diffraction (XRD), 

Fourier Transforms InfraRed (FT-IR) spectroscopy, 

Scanning Electron Microscopy-energy dispersive (SEM) 

spectroscopy, X-ray Photoelectron Spectroscopy (XPS), 

UV-Vis diffuse reflectance spectra, and so on.  

We also conducted the VASP software and DFT  
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the calculation to further investigate the action of 

photogenerated holes, and deeply clarify the photocatalytic 

mechanism. The photocatalytic efficiency of K/Ag 

catalyst was evaluated by photocatalysis degradation 

experiments of methylene blue in solution. The impact 

factors, including reaction time, and reaction kinetics, 

were also investigated. Moreover, the recycling usage of 

K/Ag catalysts in photocatalytic systems was discussed. 

Furthermore, the photocatalytic reaction mechanism  

was studied through DFT calculation. The experiment  

and theoretical calculation results proved that K/Ag 

catalyst exhibited excellent photocatalytic activity for the 

degradation of organic pollutants in solution.  

 

EXPERIMENTAL SECTION 

Synthesis of photocatalysts 

KBiO3 was prepared using the roasting method. In the 

experiment, the reaction between KOH and NaBiO3.2H2O 

were carried out under the mole ratio of 2:1. Firstly,  

the KOH and NaBiO3.2H2O were weighted and grounded 

together in a solid mixture using agate mortar. Then,  

the solid mixture was roasted in a muffle furnace at 250℃ 

for 2 hours. After that, the sample was washed with 

distilled water many times until its neutral, then dried  

at under 80℃ to constant weight.  

Ag3PO4 was prepared using the precipitation method. 

Firstly, 2g of PVP (polyvinyl pyrrolidone) was added to 

200mL of distilled water, and then 2.4g of AgNO3 was 

dissolved in the solution. Secondly, 0.84g of Na2HPO4 was 

dissolved in distilled water, and mixed with PVP-AgNO3 

aqueous solution. Thirdly, the above mixture was stirred 

for 1 hour by a magnetic stirrer, and centrifuged by  

a Low-speed benchtop centrifuge. Finally, the precipitation 

was washed with ethanol and dried at the temperature of 

80℃ to constant weight.  

The preparation process of K/Ag composite 

photocatalyst mainly includes the following steps. Firstly, 

prepare the KBiO3 using the above process. Secondly, add 

2g PVP into 200mL distilled water, and continue to mix 

and dissolve 2.4g AgNO3 in the solution. Thirdly, put 

0.84g Na2HPO4 in distilled water, and then mix with 1.39g 

KBiO3 and PVP-AgNO3 aqueous solution. After that, stir 

the mixture for 3 hours, and then centrifuge. After that, 

stand the mixture for 3 hours, and wash it with ethanol 

many times. Finally, the samples were dried at 80℃  

to constant weight.  

Photocatalytic experiments  

Photocatalytic experiments and their efficiency were 

evaluated by degrading Methylene blue under visible light 

irradiation (300W Xe-lamp). In each experiment, 0.020g 

of the photocatalyst was put in 50mL solution of MB  

(the initial concentration was 20mg/L). A transparent 

photoreaction vessel was utilized to put in the mixture 

samples, and all experiments were performed at room 

temperature. In addition, the reaction time of 

photocatalytic reactions ranged from 0 to 240mins. After 

the reaction was over, the residual concentration of MB 

was measured by an ultraviolet-visible spectrophotometer. 

Besides, the TOC and COD values were measured  

in the photodegradation process of K/Ag composite 

photocatalyst. The TOC was determined by Metash TOC-

3000 total organic carbon analyzer, and the COD  

was determined by the national standard 11914-89 chemical 

oxygen demand measurement method. In the COD and 

TOC degradation experiments, the initial concentration of 

MB was 100mg/L, COD was 165mg/L, and TOC was 

82mg/L. In the COD and TOC degradation experiments, 

0.1g of the photocatalyst was put in 50mL solution. 

Moreover, to investigate the degradation mechanism of the 

photocatalytic reaction, different trapping agents, such as 

EDTA-2Na, TBA (tert-butyl alcohol), BQ (1,4-benzoquinone), 

and CCl4, were put into the reaction mixtures. To further 

evaluate the reuse performance of the photocatalyst, K/Ag 

catalyst was filtered out from the solution by 0.45μm filter 

membrane. And then, the filer solids were washed with 

distilled water many times until its neutral, then dried at 80 ℃ 

with air blowing thermostatic oven.  

 

Materials characterization 

To investigate the photocatalytic properties of this 

material, samples synthesized were characterized by 

modern analytical instruments, including X-ray 

fluorescence, X-ray diffraction, Fourier transform infrared 

spectroscopy, Scanning electron microscopy-energy 

dispersive spectroscopy, X-Ray photoelectron 

spectroscopy, Microiontophoresis apparatus, UV-Vis 

diffuse reflectance spectra, Xigo Liquid specific surface 

area Determinator, Malvern Mastersizer 2000 Laser 

particle size analyzer, and so forth. ARL-9800 X-ray 

fluorescence analyzer (Swiss ARL) was used to analyze  

X-Ray fluorescence; Shimadzu XD-3A diffractometer  

was used to measure XRD patterns of powder photocatalyst, 
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with Cu-Kα radiation (λ = 1.54056Å); HITACHI(S-

3400N) scanning electron microscope was utilized to 

observe the morphologies of composite catalyst; Nicolet 

iS5 FT-IR spectrometer was exploited to record the FT-IR 

spectra of samples; PHI 5000 VersaProbe XPS instrument 

was utilized to draw the X-ray photoelectron spectroscopy 

spectra; PerkinElmer Ultraviolet spectrophotometer was 

exploited to measure the UV-Vis spectrum. The Liquid 

specific surface area of K/Ag composite catalyst was 

analyzed through Xigo Liquid-specific surface area 

Determinator. Moreover, the particle size distribution  

was measured by Malvern Mastersizer 2000 Laser particle 

size analyzer.  

 

DFT calculation  

To further investigate the photocatalytic mechanism in 

the reaction process, the DFT calculation was performed 

via Vienna Ab initio Simulation Package (VASP) software [43] 

and spin-polarized Density Functional Theory (DFT).  

The exchange-correlation potential was calculated by 

Perdew-Burke-Ernzerhof (PBE) [44, 45] functional within 

the generalized gradient approximation (GGA) method [46, 47]. 

In addition, the cut-off energy for the calculation is 450eV, 

and the K-points grids of dimensions were 5×5×5. 

Moreover, the crystal model of Ag3PO4 and KBiO3 (as 

shown in Fig.1a and Fig.1b, respectively) were exploited 

to calculate the Band structure and Density of States (DOS). 

Using the surface model of Ag3PO4 and KBiO3 (as shown 

in Fig.1c and Fig.1d, respectively), we calculated the work 

function.  

The vacuum slab for the surface model was designed 

as 35Å for Ag3PO4 and 15 Å for KBiO3. In the calculation 

process, we optimized the atomic coordinates and cell 

parameters of Ag3PO4 and KBiO3. In theory, the model 

structure of Ag3PO4 and KBiO3 are cell units, including 2P, 

6Ag, 8O atoms, and 12K, 12Bi, and 36O atoms, 

respectively. 

 

RESULTS AND DISCUSSIONS 

Particle size distribution and liquid-specific surface area 

Fig.2 depicted the particle size distribution (Fig.2a) and 

liquid-specific surface area (Fig.2b) results of K/Ag 

composite catalyst. It was observed from Fig.2a that the 

particle size distribution of K/Ag composite catalyst 

presented a bimodal structure, suggesting that the material 

contained two substances. Combined with other analysis  
 

 

 
 

Fig. 1: The theory structure of crystal model Ag3PO4 (a), KBiO3 

(b) and theory structure of surface model Ag3PO4 (c), KBiO3 (d) 

(grey ball is Ag atom, the lavender ball is P atom, the red ball is 

O atom, the orange ball is Bi atom, the purple ball is K atom). 

 

techniques, we believed that the particles in the range of 

0.04μm to 0.5μm were mainly Ag3PO4, and the particles 

distributed in the range of 0.5μm to 20μm were mainly 

KBiO3 particles. In addition, Fig.2b depicted the analytical 

results of the liquid-phase surface area for K/Ag composite 

catalyst. According to the fitting calculation of instrument 

software, the liquid-specific surface area of K/Ag Catalyst 

was about 344m2/g. 

 

XRD 

The XRD curves of Ag3PO4, KBiO3, and K/Ag 

composite catalyst were depicted in Fig.3. It was observed 

that the primary peaks of Ag3PO4 could appear at 2θ, 

20.71º, 29.45º, 33.01º, 36.26º, 42.13º, 47.37º, 52.21º, 

54.52º, and 56.76º. These peaks were in agreement with 

the standard peaks of PDF#06-0505. In addition, the 

primary peaks of KBiO3 appeared at 2θ, 12.54º, 17.78º, 

21.82º, 28.30º, 31.02º, 33.60º, 46.62º, 55.24º, and 56.90º, 

which could be ascribed to the standard peaks of PDF#47-

0879. Moreover, in XRD curves of K/Ag composite catalyst, 

chief peaks of pure Ag3PO4 and KBiO3 could be observed. 

These findings indicated that K/Ag composite catalyst  

was successfully synthesized utilizing Ag3PO4 and KBiO3  

in the synthesis reaction.  

 

FT-IR 

To investigate the molecular functional groups of K/Ag 

composite catalyst, we utilized the Fourier transform 

infrared spectroscopy to analyze its infrared absorption  
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Fig. 2: Particle size distribution and liquid-specific surface area results of K/Ag composite catalyst. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: XRD patterns of Ag3PO4, KBiO3, and K/Ag catalyst. 

 

spectrum (Fig.4c). Meanwhile, the spectrums of both 

Ag3PO4 and KBiO3 are analyzed as comparisons (Fig.4a 

and Fig.4b). Among curves of these three samples, the 

strong and broad peaks around 3450cm-1 to 2900 cm-1, and 

1670 cm-1 to 1684 cm-1, could be observed. These peaks 

belonged to the stretching and bending vibration of O–H [48, 49]. 

That might be the adsorbed water and crystal water in the 

samples. In addition, we could observe the stretching and 

bending vibrations of PO4
3- at around 560cm-1 and 1036 cm-1 

in curves of Ag3PO4 [50]. The peaks around 1411cm-1, 

848cm-1, 562cm-1, and 489cm-1 should be ascribed to the 

O–Bi–O bending mode in curves of KBiO3 [40, 41]. 

What’s more, we observed that typical peaks of Ag3PO4 

and KBiO3 (1417cm-1, 1066cm-1, 845cm-1, 560cm-1, and 

491cm-1) appeared in the spectra of K/Ag composite 

catalyst. Furthermore, there was a little position shift  

and deformation of typical peaks in curves, which might 

be ascribed to the change in synthesis conditions. These 

findings implied that K/Ag composite catalyst could be 

regarded as the compound of Ag3PO4 and KBiO3.  

 

UV–Vis diffuse reflectance spectra 

Fig.5 depicted the curves of UV-Vis diffuse reflectance 

spectra for Ag3PO4, KBiO3, and K/Ag catalysts. The broad 

absorption bands of Ag3PO4 and KBiO3, around 500nm 

and 750nm, could be observed in Fig.4, which indicated 

that KBiO3 had better visible light absorption than that 

Ag3PO4. In addition, there were similarities in the absorption 

band between K/Ag catalyst and KBiO3. This phenomenon 

suggested that K/Ag catalyst was likely to exhibit 

acceptable visible light absorption performance. Besides, 

it was observed that the adsorption edge of K/Ag catalyst 

slightly moved to the direction of lower wavelength 

compared with that of KBiO3, and the shift of spectrum 

might mainly ascribe to the lower adsorption edge of 

Ag3PO4.  

Moreover, the Tauc equation (as below) is often used 

to calculate the band gap energy[51]. 

n/2( )h A(h Eg)        [52, 53]    (1) 

Where, α, h, v, A, and Eg represent absorption 

coefficient at light frequency v, Planck constant, light 

frequency, a constant, and band gap energy, respectively. 

For direct transition semiconductor as Ag3PO4 and KBiO3, 

the value of n is 1. 

According to the Tauc equation, the value of Eg could 

be obtained by fitting the curve of [a(v)hv]2 versus hv, and 

extrapolating the linear part of the curve to zero absorption 

coefficient. Through the analysis and calculation, the band
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Fig. 4: FT-IR spectra of Ag3PO4 (a), KBiO3 (b) and K/Ag Catalyst (c). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: UV-Vis diffuse reflectance spectra of Ag3PO4, KBiO3, and K/Ag Catalyst. 

 

gaps energy and its corresponding curves were gained  

in Fig.4b. The band gaps energy of Ag3PO4 and KBiO3 

were 2.42eV and 1.98eV, respectively. These findings 

were very close to the results of other literature [37, 41]. 

Besides, the band gap energy of K/Ag catalyst was 2.08eV, 

which was between the values of Ag3PO4 and KBiO3. 

Meanwhile, the band gap energy of 2.08eV also pointed 

out that K/Ag catalyst displayed excellent absorption 

properties for visible light.  

SEM-EDX 

We also analyzed the morphology and EDX of K/Ag 

catalyst, and the results were shown in Fig.6. It is 

observed that K/Ag catalyst exhibited amorphous 

morphology, and it consisted of two types of particles 

with different particle sizes. EDX results (area 1 in 

Fig.6a) displayed that the main chemical composition 

(atomic percent/%) of the catalyst was around 

22.3%Ag, 7.1%P, 7.4%Bi, 6.1%K, and 56.1%O  
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Fig. 6: The morphology of K/Ag catalyst（a, c, and e）and EDS results (b, d, and f). 

 

(Fig.6b), and these findings were in line with that of 

other characterization techniques.  

It could be observed from Fig.6c and Fig.6e that the size 

of bigger particles ranged from 2μm to 5μm. The EDS 

analysis results (area 2 and area 3) revealed that the main 

compositions (atomic percent/%) of bigger particles were 

23.3% Bi, 22.2% K, 51.3% O, and trace Ag and P. 

Accordingly, it is determined that the large particles were 

KBiO4. Moreover, Fig.6 showed that the small particles of 

the catalyst had a size of 250nm to 500nm, and such nano-

sized particles might greatly accelerate their photocatalytic 

activity. Furthermore, according to the chemical 

composition (36.2%Ag, 11.5%P, 51.2%O, and trace K), 

given by EDX and the morphology, the small particles 

were identified as Ag3PO4, which was in accordance with 

other research [50, 54]. From Fig.6c and Fig.6e, we also 

observed that Ag3PO4 and KBiO3 were tightly integrated, 

which might be conducive to the transfer of light-excited 

electrons and holes. It was worth mentioning that, the 

transformation of electrons and holes between Ag3PO4 and 

KBiO3 was likely to greatly improve the photocatalytic 

performance. Consequently, according to the analysis of 

SEM-EDX and other previous characterization techniques, 

we confirmed that the composite catalyst of Ag3PO4 and 

KBiO3 were synthesized successfully. 

 

XPS 

Fig. 7 further evaluated the surface chemical 

composition of K/Ag catalyst, analyzed by XPS. It could 

be seen that the main peaks of K/Ag catalyst appeared  
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Fig. 7: The wide scan XPS spectra of K/Ag catalyst(a); the high-resolution XPS spectra of O1s (b); Ag3d (c); Bi4f (d) and P2p (f). 

 

were C1s (283eV), O1s (529eV), Ag3d (367eV and 

373eV), Ag3p (572eV and 602eV), Bi4f (158eV and 

163eV), Bi4d (440eV and 464eV), and P2p (131.5eV). 

Except for the carbon element (testing needs), all the other 

elements could be found in Ag3PO4 and KBiO3, and that 

was in line with the analysis of other previous 

characterization methods. In addition, more details could 

be obtained from the high-resolution XPS spectra of O1s 

and Ag3d. The binding energy of O1s appeared at 528eV, 

and this positive binding energy shift might be explained 

to the bonds between O and other elements.  

Moreover, the O1s peak consisted of four individual 

peaks, 529eV, 527.5eV, 527.6eV, and 527.7eV, which 

may be ascribed to Ag-O/P-O bond in Ag3PO4 molecule, 

K-O and Bi-O bond in KBiO3 molecule, respectively. 

Fig.7c depicted that both Ag 3d5/2 and Ag 3d3/2 peaks  

could consist of two individual peaks at 366.7eV, 367.2eV, 

372.6eV, and 373.2eV. The peak splitting should be ascribed 

to the different existing forms of Ag in Ag3PO4 and KBiO3 

[55, 56]. Besides, the two new peaks of Bi4f  

at 163.1eV and 157.7eV corresponded to Bi4f5/2 and Bi4f7/2 

in Fig.7d, and they might derive from the characteristics  
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Table 1: Comparison of the catalytic ability of K/Ag catalyst with other latest photocatalytic materials. 

 MB concentration (mg/L) 90min Ct/C0 

K/Ag catalyst 20 about 18% 

Ag decorated g-C3N4/LaFeO3 [59] 10 about 5% 

CdS/SnO2 heterostructured nanoparticle [60] about 6.4 about 50% 

AgNPs@ZIF-8 composite [61] about 32 about 10% 

mesoporous BiVO4 photocatalyst [63] 20mg/L all degraded 

g-C3N4/MnV2O6 heterojunction [62] 10mg/L about 22% 

Ag decorated g-C3N4/LaFeO3 [59] 10mg/L about 5% 

 

of Bi3+ cations in KBiO3 molecule [57, 58]. Additionally, 

Fig.7f displayed the high-resolution XPS spectra of P2p. 

The peak of P2p could be observed at 131.5eV, which was 

in agreement with the widely accepted 2p atom orbit  

of the P element. In conclusion, XPS spectra analytical 

results further confirmed the existing elements and their 

existing forms in the K/Ag catalyst.  

 

Photocatalytic activity 

Generally speaking, photocatalytic experiments could 

be used to evaluate the performance of photocatalysts  

for the degradation of organic pollutants. To verify the 

photocatalytic properties of the composite K/Ag catalyst 

synthesized, we conducted experiments to degrade MB 

under visible light, and the results were showed in Fig.8. 

In the process of experiments, the Xe lamp was turned on 

at 0 min. In the reaction stage within 20 min, MB and 

catalyst are contacted completely, which could be favored 

the degradation of the target pollutant. In Fig.8a, it is 

obvious that the degradation effect of MB under K/Ag 

photocatalytic system was greatly promoted than that of 

the pure Ag3PO4 and KBiO3 system. For instance, the 

residual rate of MB was 3.3% at 240min in K/Ag catalyst 

system, while the residual rate in Ag3PO4 and KBiO3 

systems were 58.5% and 34.9%, respectively. These 

results proved that the composite catalyst of Ag3PO4 and 

KBiO3 exhibited clear photocatalytic activity. Additionally, 

the degradation effect of K/Ag photocatalytic system was 

comparable to some of the other photocatalytic materials, 

including Ag decorated g-C3N4/LaFeO3[59], CdS/SnO2 

heterostructured nanoparticle[60], AgNPs@ZIF-8 

composite[61]，g-C3N4/MnV2O6 heterojunction[62] and Ag 

decorated g-C3N4/LaFeO3[59]. Its photocatalytic ability 

was slightly weaker than mesoporous BiVO4 

photocatalyst[63]. Change of the UV-Visible absorption 

spectrum of MB with reaction time was depicted in Fig.8b. 

It suggested that peaks of MB decreased gradually with the 

increase of reaction time, which indicated that MB was 

photo-degraded under K/Ag catalyst system.  

In addition, we investigated the apparent 

degradation kinetics in K/Ag photocatalytic system via 

a first-order reaction model[64]. The pure Ag3PO4 and 

KBiO3 systems were also evaluated as comparisons, 

respectively. The equation of the first-order reaction 

model is as follows[65]. The reaction constant k can be 

obtained by fitting equation (2) and the related 

experimental results[66]. 

0

C
Ln kt

C

 
  

 
        (2) 

Where, C0 represents the initial concentration of MB, 

and Ct represents the concentration of MB at time t. 

Fig.8c presented the results of apparent kinetics fitting 

results utilizing equation (2) (based on the data in Fig.8a) 

in three systems. According to the literature, the first-order 

reaction model (equation 2) has been successfully used  

in the analysis of the apparent kinetics of a variety of new 

photocatalytic materials, including MoS2/ZnO 

heterostructures [67], transition metal doped TiO2 [68], 

Cu(II)-Na(I) heterometallic coordination compounds [69] 

and g-C3N4/MnV2O6 heterojunction [62]. 

In the fitting results, the R2 values of these systems 

were all above 0.95, which indicated that the first-order 

reaction model could satisfactorily express the apparent 

photocatalytic degradation process. Besides, from the k 

value calculated in Fig.8d, the value of K/Ag catalyst 

system (0.0143) was the largest, and that was higher than 

the other two systems. 
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Fig. 8: (a) Photodegradation process of Ag3PO4, KBiO3, and K/Ag catalyst; (b) UV-Visible absorption spectrum of MB  

solution degraded by K/Ag catalyst; (c) the apparent kinetics fitting results using the first-order reactions; (d) the constants  

of the first-order reactions for MB photodegradation; (e) the effect of trapping agents on the photocatalytic degradation of MB; 

(f) TOC and COD photodegradation process of K/Ag catalyst. 

 

2 2O e O           (3) 

2O MB Degradation products         (4) 

2H O OH h OH           (5) 

Theoretically speaking, the strong redox of free 

electrons, holes, and related free radicals released by 

photocatalytic catalysts, are crucial to the photocatalytic 

process. If adding electron capture agents to the photocatalytic 

system, we can evaluate which active substances play 

major roles in the process of photocatalysis.  

Fig.8e depicted the impact of different trapping agents 

on the photocatalytic degradation of MB. The related 

references [70] pointed out, EDTA-2Na, TBA (tert-butyl 

alcohol), BQ (1,4-benzoquinone), and CCl4 were all 

electron capture agents. In addition, EDTA-2Na  

was considered as a hole trapper, TBA was believed  
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Fig. 9: (a) The morphology of K/Ag catalyst after 3rd photocatalysis experiment ; (b) The XRD patterns of K/Ag catalyst before and 

after 3rd photocatalysis experiment; (c) The degradation curve of K/Ag catalyst reuse. 

 

as a hydroxyl radical trapper, BQ was known as an 

oxygen-free radical trapper, and CCl4 was regarded as an 

electron trapper. We observed that the photocatalytic 

degradation efficiencies of K/Ag catalyst were decreased 

in all systems after adding trapping agents. These findings 

indicated the degradation paths (as Equations (3) to (5)) 

might happen during the photocatalytic degradation 

process of MB. Moreover, among electron capture agents, 

EDTA-2Na and TBA exhibited a greater impact on the 

photocatalytic degradation of MB. Besides, the effects of 

four trappers on the photocatalytic degradation efficiency 

were generally similar. For instance, at the reaction time of 

30 min, the residual rate of MB in the non-trapping agent 

system was 60.7%, while that of 91.4%, 93.2%, 89.2%, 

and 94.5% in EDTA-2Na, TBA, BQ, and CCl4 system, 

respectively. Also, at the reaction time of 120min, the 

residual rate of MB in non-trapping agent was only 14.8%, 

while that of 56.7%, 61.7%, 53.2%, and 64.2% in EDTA-

2Na, TBA, BQ, and CCl4 system, respectively. These 

results demonstrated that the capture of holes, hydroxyl 

radicals, BQ, and CCl4 might seriously affect the 

degradation activity of pollutants in the photocatalytic 

system, which could be explained by the main degradation 

path of MB described in equations (3) to (5).  

Fig.8f depicted the change of TOC and COD values  

in solution with degradation time in K/Ag Catalyst 

degradation system. It was observed that in the early 

photocatalytic reaction from 0 to 60min, the concentration 

of TOC and COD only decreased by about 21% and 34%, 

respectively, although the concentration of MB decreased 

by about 65%. This indicated in the early stage of the 

photocatalytic reaction, MB was not completely degraded 

into small organic molecules or inorganic substances (such as 

CO2 and H2O), and its degradation intermediates were still 

organic, which made the degradation efficiency of TOC 

and COD not high. As the photocatalytic reaction 

proceeded from 20 min to 240min, the intermediates of 

MB degradation were further decomposed into organic 

small molecular substances and inorganic substances,  

and the values of TOC and COD were rapidly reduced. 
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Catalysts Recycling 

The recycling use of catalysts is also an important 

indicator for photocatalytic materials. In this experiment, 

we investigated the photocatalytic degradation effect  

of the target pollutant after the catalyst was recycled  

3 times. Meanwhile, the morphology of the catalyst  

was evaluated after the photocatalytic reaction experiment, 

and these findings were displayed in Fig.9. In addition, 

Fig.9a depicted the morphology of K/Ag catalyst after 3rd 

photocatalytic reaction experiment. It could be seen that 

compared with the original catalyst (Fig.6), the catalyst 

recycled maintained amorphous status, and no obvious 

changes could be observed in the overall appearance of 

K/Ag catalyst particles. Besides, Fig.9b depicted XRD 

patterns of K/Ag catalyst recycled 3 times. Compared with 

the previous results, the peaks of Ag3PO4 and KBiO3 also 

could be found in the XRD pattern. However, the peak 

intensities of KBiO3 (2θ at 12.54º, 28.30º, and 46.5º) 

became a little weaker after 3rd photocatalysis experiment, 

which might be ascribed to the loss of KBiO3 during  

the process of photocatalysis reaction. Additionally, we 

measured the stability and reuse efficiency of K/Ag 

catalyst after recycling (Fig.9c). There was no obvious 

attenuation of photocatalytic activity for the catalyst after 

three times of reuse, and the K/Ag catalyst exhibited 

excellent photocatalyst stability. Moreover, the photo 

corroded in the photocatalytic degradation process could 

be accepted.  

 

Mechanism of photocatalytic reaction 

To investigate the degradation mechanism of 

composite K/Ag catalyst in the process of photocatalysis, 

we utilized VASP software to study the photocatalytic 

materials based on the density functional theory, and the 

results were displayed in Fig.10 to Fig.12. It could be seen 

that Fig.10 depicted the band structure, density of states, 

and work function calculated results of KBiO3 material. 

The band gap of KBiO3 calculated by VASP was 1.78 eV, 

which was less than the experimental value of 1.98 eV. 

Such attenuation was considered to be caused by the 

theoretical defects of density functional theory, and  

it would not have much impact on the theoretical analysis. 

In addition, the band system from 1.78eV to 1.98eV 

indicated that KBiO3 material exhibited excellent 

absorption of visible light. Moreover, we could observe 

that the Fermi energy level of KBiO3 material fell in the 

upper position between the top of the valence band  

and the bottom of the conduction band. Consequently, 

KBiO3 could be considered an n-type semiconductor 

material, and these findings were in agreement with other 

literature [41]. Besides, it could be seen that the DOS result 

was inconsistent with that of the band gap. The band gap 

was around 1.78eV, and the Fermi energy level was right 

in the middle of the band system. Furthermore, from  

the work function calculation results are shown in Fig.8c, 

 the vacuum energy level of KBiO3 was 3.94 eV, and  

the Fermi energy level was -1.49 eV, which indicated that 

the work function of KBiO3 was 2.45 eV.  

Fig.11 described the band structure, the DOS, and the 

work function calculated results of Ag3PO4 material. 

Compared with the calculated findings of KBiO3, the band 

gap of Ag3PO4 calculated by VASP software was 2.12eV, 

which was also obviously less than the experimental value 

of 2.42eV. Again, the band gap from 2.12eV to 2.42eV 

suggested that Ag3PO4 also exhibited eminent absorption 

for visible light. Besides, the Fermi energy level of Ag3PO4 

material was lower in the middle of the band gap (Fig.11a). 

Such results indicated Ag3PO4 had the properties of p-type 

semiconductor material. These findings were also in line 

with other research [35-37]. Additionally, similar results 

could be obtained from the DOS results of Ag3PO4 in 

Fig.10b. Moreover, Fig.11c described the work function 

calculated curves of Ag3PO4 material. We could observe 

that the vacuum energy level of Ag3PO4 material was 

0.019 eV, the Fermi energy level was -3.98 eV, and its 

work function was 3.98 eV. 

Fig.12 analyzed the changes in the band structure  

at the interface between Ag3PO4 and KBiO3 in the composite 

process. Fig.12a showed the energy band comparison of 

Ag3PO4 and KBiO3 materials before the composition. 

When the vacuum energy level of the two materials  

was 0, the Fermi energy level for Ag3PO4 material  

was -3.96eV, which was lower than that of -1.49 eV  

for KBiO3 material. Moreover, combined with the 

calculated findings of band structure displayed in Fig.10 

and Fig.12, we could calculate that the conduction band 

bottom of Ag3PO4 material was -2.3093 eV, and 

the valence band top was -4.4293 eV. Also, the conduction 

band bottom of KBiO3 material was -0.6292, and  

the valence band top was -2.498 eV. Besides, there was 

only a small amount of crossover between the energy 

bands of the two materials.    
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Fig. 10: The band structure, DOS, and work function 

calculated curves of KBiO3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: The band structure, DOS and work function calculated 

curves of Ag3PO4. 

 

According to the classic p-n heterojunction theory, when 

the interface between p-type Ag3PO4 and n-type KBiO3 

material is contacted, the electrons in the n-type KBiO3 were 

transferred to p-type Ag3PO4 material. This phenomenon 

was due to the hole effect caused by the difference in the 

concentration of electrons and holes between these two 

materials. Meanwhile, the holes in p-type Ag3PO4 would 

also transfer to n-type KBiO3 material. Such internal transfer 

of electron and hole would cause the increase of Fermi 

energy level for p-type Ag3PO4 and the decrease for n-type 

KBiO3. When the Fermi energy levels of two materials 

reached the same position, they might reach an equilibrium  

as shown in Fig.10c. At the same time, an internal electric 

field might be formed from n-type KBiO3 to p-type Ag3PO4  

at the interface between the two materials. When the 

composite material was exposed to light, the light-excited 

electrons would appear in both the conduction bands,  

since both Ag3PO4 and KBiO3 materials had excellent 
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Fig. 12: The photocatalytic mechanism of composite K/Ag 

catalyst. 

 
absorption for visible light and the corresponding holes 

should be appeared both in the valence band.  

Furthermore, under the action of the internal electric 

field at the interface, the photo-generated electrons  

on the conduction band of Ag3PO4 would be transferred  

to the conduction band of KBiO3, and the photo-generated 

holes in the valence band of KBiO3 would also transfer  

to Ag3PO4 under the same electric field simultaneously. 

Such transfer trend of electrons and holes made photo-

generated electrons concentrate on the conduction band of 

n-type KBiO3, and photo-generated holes concentrate  
 

 

 
 

Fig. 13: Schematic diagram of degradation process by 

composite K/Ag catalyst under visible light. 

 

on the valence band of p-type Ag3PO4. In this way,  

it reduced the recombination probability of photo-generated 

electrons and holes and enhanced the separation between 

them. Thereby, the photocatalysis efficiency was likely  

to be improved effectively. It was worth noting that,  

if the photo-generated holes accumulated in the valence band 

of Ag3PO4 diffuse to the surface of the material, they would 

oxidize organic pollutants directly, or react with water  

to produce highly reactive hydroxyl radicals. Similarly,  

the electrons accumulated on the conduction band of KBiO3 

would diffuse to the surface of the material, and directly 

reduce organic pollutants, or react with dissolved oxygen  

to generate oxygen-free radicals. These reactions based on 

equations from (3) to (5) could effectively degrade organic 

matter in the reaction system (as shown in Fig. 13).  

 

CONCLUSIONS 

A composite photocatalyst, KBiO3/nano-Ag3PO4,  

was synthesized, characterized, and applied to the photocatalytic 

degradation of MB. The catalyst was characterized by XRD,  

FT-IR, SEM, XPS, UV-Vis, and so on. The analytical results 

confirmed that K/Ag composite catalyst was successfully 

synthesized, and exhibited favorable absorption for visible 

light. The DFT calculation was utilized to illustrate  

the photocatalytic degradation mechanism. The photocatalytic 

experiments results suggested that K/Ag composite catalyst 

displayed excellent photocatalytic activity under visible light, 

and it accelerated the degradation of MB effectively.  

The photocatalytic degradation process could be satisfactorily 

expressed by the first-order reaction kinetics model.  
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Besides, after adding the electron capture agents to the 

photocatalytic reaction system, the degradation efficiencies 

of MB were reduced greatly. Moreover, after recycling 

use three times, the K/Ag composite catalyst still 

maintained highly photocatalytic activity and stability. 

Furthermore, the calculation of band structure, DOS, and 

work function illustrated that KBiO3 could be considered 

as the n-type semiconductor material and Ag3PO4  

as a p-type semiconductor material. There was an internal 

transfer of electrons and a hole between KBiO3 and 

Ag3PO4, which would increase the Fermi energy level of 

Ag3PO4 and decrease that of KBiO3. The light-excited 

electrons would appear in the conduction bands of two 

materials when the composite catalyst was exposed to 

light, which accordingly highly accelerated the photocatalytic 

efficiency of the target pollutant. These findings demonstrated 

that K/Ag composite catalyst obtained great potential in the 

photocatalytic degradation of organic pollutants.  
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