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Abstract
In this work, a ternary complex (g-C3N4/ZIF-8/AgBr) was prepared by modifying 
the surface of the protonated graphitic carbon nitride (g-C3N4) with photosensitive 
AgBr and zeolitic imidazolate framework-8 (ZIF-8), and its physicochemical param-
eters, crystal morphology and electrochemical properties were characterized using 
a series of techniques. The modified g-C3N4 not only improves the ability to cap-
ture pollutants in water, but also efficiently catalyzes the degradation of bisphenol 
A (BPA) in water by rapidly producing superoxide radicals (·O2

− ), cavitation (h+) 
and hydroxyl radicals (·OH) in visible light, with the removal efficiency reaching 
80.4%. The activity of catalytic degradation of BPA from strong to weak is g-C3N4/
ZIF-8/AgBr, g-C3N4/AgBr, g-C3N4/ZIF-8, AgBr, g-C3N4, ZIF-8. After four cycles 
of experiments, it was found that g-C3N4/ZIF-8/AgBr had still considerable degra-
dation ability (70.2%) and stability.

Keywords  g-C3N4/ZIF-8/AgBr · Photodegradation · Bisphenol A · Catalytic 
mechanism

Introduction

Photocatalytic degradation of pollutants by semiconductor is a new type of high-
efficiency and energy-saving oxidation technology [1]. Among many photocata-
lytic materials, graphite carbon nitride (g-C3N4), as a metal-free polymer semi-
conductor composed of carbon and nitrogen elements, is easy to synthesize and 
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low in cost [2–7]. It is widely used in the removal of environmental pollutants 
[3, 5, 8], water decomposition to produce hydrogen [9], carbon dioxide reduc-
tion [10] and selective photocatalytic reactions [11]. The g-C3N4 prepared and 
treated by ultrasonic irradiation under strong acid conditions has good photocata-
lytic activity [12]. However, the high recombination rate of photo-generated elec-
tron–hole pairs [13] of g-C3N4 always limits its catalytic efficiency. Up to now, a 
lot of research work has been used to improve the performance of g-C3N4, such 
as doping of precious metal [3, 10] and building heterostructures with other semi-
conductors [14].

Metal–organic frameworks (MOFs) are a new type of porous networks formed 
by linking organic ligands to metal ions [15–19]. In the MOFs family, zeolitic 
imidazolate framework-8 (ZIF-8) has most of the properties of MOFs mate-
rials [1, 20]. Due to its high specific surface area [21], chemical stability [22] 
and photocatalytic properties [14], it has been widely used as a porous adsorbent 
for adsorbing pollutants in water. Another feature of ZIF-8 is transparency [23], 
which makes it not only does not weaken the light absorption but also improve 
the efficiency of charge separation when combined with semiconductors, such as 
Bi2S3/ZIF-8 [15], MoO3@ZIF-8 [17], TiO2/ZIF-8 [20]. In order to enhance the 
adsorption performance of g-C3N4, ZIF-8 was assembled on its surface, which 
overcomes the shortcoming of a single component and improves the capture abil-
ity of pollutants. In addition, electron multiple transfer can be achieved by doping 
AgBr. It has been extensively studied as a photosensitive material in combination 
with semiconductors [24–26]. The surface plasma resonance (SPR) effect trans-
fers the plasma electron from Ag to the conduction band (CB) of the semicon-
ductor, which can effectively inhibit the recombination of electron–hole pairs to 
improve the photocatalytic activity of the catalyst [25, 27–29].

Based on the above analysis, a novel ternary photocatalytic material (g-C3N4/
ZIF-8/AgBr) was synthesized by loading ZIF-8 and AgBr onto the surface of pro-
tonated g-C3N4 by the sonication-assisted deposition–precipitation method. In the 
experiment of photocatalytic degradation of bisphenol A (BPA), g-C3N4/ZIF-8/
AgBr showed strong photocatalytic activity compared with other materials (text 
S1). Also, the reusability of ternary materials and the photocatalytic mechanism 
of pollutants degradation were analyzed.

Experimental

Materials

All chemicals used in the experiment were analytical grade, including melamine, 
2-methylimidazole (2-MeIm), zinc nitrate hexahydrate (Zn(NO3)2·6H2O), sulfuric 
acid (H2SO4), methanol (CH3OH), ethanol (C2H5OH), sodium bromide (NaBr) 
and silver nitrate (AgNO3), which were purchased from Aladdin Industrial Com-
pany. The water used in the synthesis of the sample was deionized water.
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Synthesis of materials

g‑C3N4

According to the reported method [30], an appropriate amount of melamine was 
put into an alumina crucible with a lid, which was heated in a muffle furnace 
for 4 h (550 °C, 5 °C/min). All experiments were performed in the air. Then, a 
yellow product (g-C3N4) was obtained. And g-C3N4 (0.1 g) was added to H2SO4 
(80 mL), which was stirred and sonicated. Finally, g-C3N4 collected by centrifu-
gation was washed with deionized water and dried at 60 °C for 24 h.

ZIF‑8

Zn(NO3)2·6H2O (10  mmol) and 2-MeIm (80  mmol) were added to CH3OH, 
respectively [31]. Then, the solution was stirred vigorously at room temperature 
for 1 h. Finally, ZIF-8 was separated by centrifugation, washed several times with 
CH3OH and deionized water and dried for 24 h at 80 °C.

g‑C3N4/ZIF‑8 and g‑C3N4/ZIF‑8/AgBr

Appropriate amounts of g-C3N4 were dissolved in deionized water and treated 
with ultrasound (40 kHz) for 1 h to obtain a solution (A). Zn(NO3)2·6H2O was 
dissolved in CH3OH to obtain a solution (B). 2-MeIm was dissolved in CH3OH to 
obtain a solution (C). Next, B was added to A and the mixture was further treated 
with ultrasound (40  kHz) for 30  min. After that, C was added to the mixture 
above and stirred at room temperature for 2 h. After the reaction, g-C3N4/ZIF-8 
was collected by centrifugation, washed three times and dried at 80 °C for 12 h.

g-C3N4/ZIF-8 was dissolved in deionized water and treated by ultrasound 
(40  kHz) for 30  min. With stirring, an appropriate amount of AgNO3 solution 
and NaBr solution were added to the above mixture in turn and stirred at room 
temperature for 3 h. Finally, g-C3N4/ZIF-8/AgBr was collected by centrifugation, 
washed several times and dried at 70 °C for 12 h. The process is shown schemati-
cally in Fig. 1.

Characterization

Details of instruments used for characterization are in the supplementary material 
(text S2).

Photocatalytic experiments

Before the photocatalytic experiments, a standard solution of BPA (1  g/L) was 
prepared with CH3OH as a solvent and then diluted to 10 mg/L with deionized 
water. At room temperature, 10  mg catalyst was added to 50  mL BPA solution 
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(C0 = 10  mg/L), which were stirred for 1  h under dark conditions to ensure the 
equilibrium of adsorption and desorption. Next, photocatalytic reactions were 
continued for 2 h under a 300 W xenon lamp and a small amount of solution was 
periodically taken. The photocatalysts in the solution were separated by the filter 
membrane. The concentration of BPA solution was determined by high-perfor-
mance liquid chromatography (HPLC, LC-20AD, Shimadzu, Japan).

Results and discussion

Characterizations

Figure  2a shows X-ray diffraction (XRD) patterns of materials. g-C3N4 (JCPDS 
Card No. 87–1526) [3, 32] exhibited two characteristic peaks at 2θ values of 13.1° 
and 27.5°, respectively. The strong diffraction peak at 27.5° was attributed to the 
in-plane stacking of conjugated aromatic systems, corresponding to the (002) plane 
of g-C3N4. A small diffraction peak appears at 13.0° corresponds to (100) crystal 
planes related to the tri-s-triazine building units. Meanwhile, the diffraction peaks of 
ZIF-8 at 7.32° (011), 10.37° (002), 12.76° (112), 14.70° (022), 16.44° (013), 17.93° 
(222), 22.13° and 24.46° (233). The characterization results of g-C3N4 and ZIF-8 
were consistent with the results of published literature [2, 9, 31, 33]. The diffraction 
peaks of AgBr (JCPDS Card No. 06–0438) at 26.68° (111), 30.99° (200), 44.30° 
(220), 54.97° (222), 64.40° (222) and 73.30° (420) [24, 34]. All characteristic peaks 
corresponding to g-C3N4 and AgBr were found on the XRD pattern of g-C3N4/
ZIF-8/AgBr and there were no other peaks. There were no obvious ZIF-8 peaks that 
could be detected in g-C3N4/ZIF-8 and g-C3N4/ZIF-8/AgBr composites due to the 

Fig. 1   Schematic illustration of the catalytic materials
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low content of ZIF-8. However, the two diffraction peaks corresponding to (100) and 
(002) of g-C3N4 in the composite material were relatively weak, which was caused 
by the strong electrostatic interaction between ZIF-8 nanoparticles and g-C3N4 [35]. 
This indicated that the g-C3N4 sheet were well-coupled with ZIF-8 and AgBr.

Functional group structures of materials were analyzed by Fourier trans-
form infrared (FTIR) (Fig. 2b). The peaks of ZIF-8 at 3447 cm–1, 3140 cm–1 and 
2926 cm–1 were caused by the stretching vibration of N–H, imidazole aromatic and 
C–H in the imidazole ring, respectively. The peaks in the range of 900 ~ 1350 cm–1 
were formed by the in-plane bending of the pyridine ring. The characteristic peak 
less than 800 cm–1 was attributed to the out-of-plane bending vibration of pyridine 
ring. The strong absorption band at 420 cm–1 was attributed to the stretching vibra-
tion of the Zn–N bond [36]. g-C3N4 has characteristic peaks at 3000 ~ 3500 cm–1, 
which were derived from the tensile vibration of N–H. The absorption peaks at 
1624 cm–1, 1569 cm–1, 1457 cm–1 and 1407 cm–1 were due to the C = N and C–N 
tensile vibration. The absorption peaks around 1320  cm–1 and 1244  cm–1 were 
attributed to the vibration of C–N–C. And the characteristic peaks near 810 cm–1 
and 890 cm–1 were caused by the bending and stretching vibration of the triazine 
ring. The characteristic peaks of monomers could be observed in the compos-
ite material, which indicated that the typical functional group structure of several 
monomers was not destroyed after the composite material was formed. However, the 
loading of ZIF-8 in the composite material was relatively small, which significantly 
weakened its characteristic peaks. In short, consistent with the XRD results, it was 
true that ZIF-8, g-C3N4 and AgBr were present in the composite material.

Figure 3 were the scanning electron microscope (SEM) results of the prepared 
catalyst. By observing the surface of g-C3N4 modified by ZIF-8 and AgBr, it was 
further confirmed that the composite material was successfully prepared. ZIF-8 had 
a regular dodecahedral structure with an average particle size of 70  nm (Fig.  3a) 
[37]. Protonated g-C3N4, as described in related literature [38], presented a sheet-
like structure with a rough surface (Fig. 3b). Figure 3c shows the SEM results of 
g-C3N4/ZIF-8/AgBr and it could be seen that ZIF-8 and AgBr particles had been 
attached to the surface and clearance of g-C3N4 and their distribution was relatively 

Fig. 2   XRD patterns (a) and FTIR spectra (b) of the catalytic materials
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dispersed. EDS analysis was performed on the ternary material to further verify the 
presence of ZIF-8 and AgBr on the surface of g-C3N4 (Fig. 3d). The g-C3N4/ZIF-8/
AgBr contained C, N, Zn, Br and Ag elements, which were uniformly distributed 
according to the result of element mapping (Fig. 3e). In summary, ZIF-8 and AgBr 
particles were successfully loaded on the surface of g-C3N4.

The surface morphologies of the g-C3N4/ZIF-8/AgBr was evaluated though 
transmission electron microscopy (TEM) and high-resolution transmission electron 
microscopy (HRTEM), and the results are exhibited in Fig. 4. As shown in Fig. 4a 
and b, the protonated g-C3N4 showed an irregular translucent sheet structure, which 
could provide a good platform for the in situ growth of ZIF-8 and AgBr. Some black 
particles were dispersed on the layered structure of g-C3N4, which was a result of 
the introduction of ZIF-8 and AgBr. ZIF-8 had a larger inner diameter and AgBr 
had a smaller inner diameter. Figure 4c shows the HRTEM diagram of ternary mate-
rial, it could be seen that the lattice fringe of the AgBr with a spacing of 0.282 nm 

Fig. 3   SEM images of ZIF-8 (a), g-C3N4 (b) and g-C3N4/ZIF-8/AgBr (c); FESEM-EDS figure (d) and 
Mapping (e) of g-C3N4/ZIF-8/AgBr

Fig. 4   TEM images of representative sample of g-C3N4/ZIF-8/AgBr (a ~ c)
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corresponded to the (200) surface. The selected electron diffraction pattern (SAED) 
further indicated that there was a diffusion ring corresponding to the (200) surface 
of AgBr. However, the results of TEM combined with the results of SEM and EDS 
showed that the ternary composite was successfully prepared.

The brunauer–emmett–teller (BET) surface area and pore structure of materials 
were characterized by N2 adsorption–desorption measurements (text S3).

X-ray photoelectron spectroscopy (XPS) was used to further verify the chemi-
cal composition and bonding status of g-C3N4/ZIF-8/AgBr. In the full-spectrum 
XPS scan of g-C3N4/ZIF-8/AgBr (Fig.  5a), it was Ag, Br, C, N and Zn elements 
that could be observed. Figure  5b shows Ag 3d high-resolution XPS spectra of 
g-C3N4/ZIF-8/AgBr. The peaks of Ag 3d5/2 and Ag 3d3/2 were located at 367.3 eV 
and 373.3 eV, respectively, which were mainly attributed to Ag+. For the Br 3d spec-
tra of g-C3N4/ZIF-8/AgBr shown in Fig. 5c, it could be seen that two peaks of Br 
3d5/2 and Br 3d3/2 at binding energies of 67.8 eV and 68.9 eV. The two peaks were 
attributed to the presence of Br– in the sample. The high-resolution XPS spectra 
of Zn 2p are shown in Fig. 5d. The two peaks at binding energy of 1021.6 eV and 
1044.8  eV in g-C3N4/ZIF-8/AgBr ascribed to Zn 2p3/2 and Zn 2p1/2, respectively. 
The N 1 s high-resolution XPS spectrum could fit three peaks (Fig. 5e). Figure 5e 
shows the N 1 s spectrum of g-C3N4/ZIF-8/AgBr, with three peaks at binding energy 
of 398.3 eV, 399.4 and 400.4 eV. The peak located at 398.3 eV was derived from 
sp2 hybridized aromatic nitrogen atoms bound to carbon atoms (C = N–C). The peak 
at 399.4 eV could be ascribed to the N–(C)3 bond formed by the connection of N 
atom and carbon atoms. The peak at around 400.4 eV represented the N–H bond. 
The C 1 s high-resolution XPS spectrum of g-C3N4/ZIF-8/AgBr shown in Fig. 5f, 
two dominant peaks at 284.7 eV and 287.9 eV corresponded to C = C and N = C–N 
bonds, respectively. The XPS results further indicated that g-C3N4, ZIF-8 and AgBr 
co-existed in the composite.

It was necessary to analyze the photogenic electron–hole pairs recombination of 
material by photoluminescence (PL) spectra to detect the optical properties of the 
prepared photocatalytic materials. A material with a strong fluorescence signal had 
a higher electron–hole pairs recombination rate than a material with a weak fluores-
cence signal [34, 39]. As shown in Fig. 6, the PL intensity of ZIF-8 was the strong-
est among all samples, and the fluorescent signal of g-C3N4 was slightly weaker than 
that of ZIF-8. Compared with ZIF-8 and g-C3N4, AgBr showed the weakest fluores-
cence signal. However, the g-C3N4 modified by ZIF-8 and AgBr showed a quenched 
fluorescence signal. The fluorescence signal of g-C3N4/ZIF-8/AgBr was weaker than 
that of other materials, which reflected that the composite material had a higher 
photo-generated carrier separation efficiency.

The optical absorption characteristics of materials were analyzed by UV–vis dif-
fuse reflectance spectroscopy (DRS) spectroscopy (Fig. 7a) and the band gap width 
was calculated (Fig. 7b).

As shown in Fig. 7a, g-C3N4 showed stronger absorbance in both UV and visible 
range [40, 41]. The absorption band edge of ZIF-8 was around 250  nm, which had 
good ultraviolet absorption capacity [17]. The absorption edge of AgBr was 550 nm, 
which was caused by Ag+ inevitably reduced to elemental Ag under irradiation [42]. 
Compared with g-C3N4, the absorption edge of g-C3N4/ZIF-8/AgBr was red-shifted to 
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utilize more visible light. This might be due to the plasma resonance effect of AgBr on 
surface of g-C3N4. According to formula (1), the band gap width of the materials was 
calculated. Meanwhile, according to formula (2) and (3), the valence band (VB) and 
conduction band (CB) position of the materials were calculated [8, 43, 44].

(1)(�hv) = A(hv − Eg)1∕n

Fig. 5   XPS survey spectra of g-C3N4/ZIF-8/AgBr (a) and high-resolution XPS spectra of Ag 3d (b), Br 
3d (c), Zn 2p (d), N 1 s (e) and C 1 s (f)
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Among them, α, h, A and v represented absorption coefficient, Planck constant, 
proportional constant and optical frequency, separately. For a direct transition, n = 2; 
for indirect transition, n = 1/2. Eg was the band gap energy of semiconductor. ECB 
(EVB), X and Ee represented the CB (VB) potential, electronegativity of compound 
and relative standard hydrogen electrode potential (4.5 eV), respectively.

The band gaps of ZIF-8, g-C3N4, AgBr and g-C3N4/ZIF-8/AgBr were 5.06, 2.82, 
2.50 and 2.70  eV, respectively [17, 40–42]. The ECB (EVB) of ZIF-8, g-C3N4 and 

(2)EVB = X − Ee + 0.5Eg

(3)ECB = EVB − Eg
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Fig. 6   Photoluminescence (PL) spectra of prepared materials

Fig. 7   UV–Vis DRS (a) and band gap (b) of ZIF-8, g-C3N4, AgBr and g-C3N4/ZIF-8/AgBr
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AgBr were, respectively, − 3.39  eV (1.67  eV), − 1.24  eV (1.58  eV) and 0.07  eV 
(2.57  eV). It could be found that g-C3N4 and AgBr with a narrow band gap and 
ZIF-8 with a wide band gap could utilize visible and ultraviolet light, respectively. 
Therefore, it could be predicted that the energy utilization efficiency would be 
enhanced after the three materials were combined.

Analysis of the photocatalytic reactions

Adsorption experiments

10  mg of different materials were added to 50  mL BPA solution with concentra-
tions of 2, 4, 6, 8 and 10 mg/L and the system was allowed to react for 1 h in the 
dark. As shown in Fig. 8a and b, the results of adsorption experiments under differ-
ent concentrations of BPA in the dark. As a monomer material, it was obvious that 
ZIF-8 had the strongest adsorption performance, with an adsorption capacity (qe) of 
26.96 mg/g [45]. On the contrary, compared with ZIF-8, the adsorption capacity of 
AgBr (11.52 mg/g) and g-C3N4 (7.58 mg/g) was weaker. Compared with g-C3N4, it 
was found that the adsorption performance of ternary materials (The qe of g-C3N4/
ZIF-8/AgBr was 12.93  mg/g) was better than that of binary materials (The qe of 
g-C3N4/ZIF-8 and g-C3N4/AgBr were 9.29 mg/g and 7.30 mg/g, respectively), which 
might be attributed to the doping of porous materials that provided more active sites 
for BPA. Langmuir adsorption isotherm model could be employed to understand 
the adsorption behaviors of BPA on the catalyst (text S4). As shown in Fig. 8c, the 
adsorption of different materials was well in line with the Langmuir isotherm and 
their maximum adsorption capacities were calculated to be 27.17  mg/g (ZIF-8), 
14.42 mg/g (AgBr), 11.06 mg/g (g-C3N4), 7.92 mg/g (g-C3N4/AgBr), 14.05 mg/g 
(g-C3N4/ZIF-8) and 16.23 mg/g (g-C3N4/ZIF-8/AgBr), which meant that all materi-
als could reach adsorption equilibrium in the dark for about1 h.

Photocatalytic degradation of BPA

After stirring for 1  h in the dark, the photocatalytic reaction was carried out 
under the irradiation of a xenon lamp for 2 h and water samples were taken every 
20 min. The experimental results are shown in Fig. 8d, ZIF-8 exhibited the strong-
est adsorption performance, but its photocatalytic performance under visible light 
was also the weakest, which exactly verified the results of UV–vis DRS. After 
2 h of visible-light irradiation, only 31.8% and 21.6% of BPA were degraded by 
protonated g-C3N4 and AgBr, and their photocatalytic performance was average. 
On the contrary, the catalytic performance of binary materials had been improved 
slight. Compared with g-C3N4, g-C3N4/ZIF-8 and g-C3N4/AgBr degraded 42.4% 
and 50.3% of BPA, respectively. Similarly, compared with g-C3N4, g-C3N4/ZIF-8/
AgBr had improved  the adsorption and photocatalytic performance, and the 
removal of BPA was  80.4% during the entire reaction. The high photocatalytic 
performance of the g-C3N4/ZIF-8/AgBr material was attributed to the effective 
inhibition of photo-generated electron–hole recombination after ZIF-8 and AgBr 
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doping in the visible light region. The pseudo-first-order kinetic equation was 
used to describe the kinetics of the photocatalytic degradation of BPA (text S5). 
Figure 8e and f showed the kinetic fitting results of BPA degradation by different 
catalysts under visible light. Obviously, the results shown that the rate constant of 
g-C3N4/ZIF-8/AgBr (k = 0.01171 min–1) was the highest, which was 6.0, 29.3, 4.3, 
3.8 and 2.6 times that of g-C3N4 (k = 0.00195 min–1), ZIF-8 (k = 0.00040 min–1), 
AgBr (K = 0.00270 min–1), g-C3N4/ZIF-8 (k = 0.00301 min–1) and g-C3N4/AgBr 

Fig. 8   Adsorption isotherm of different materials to BPA (a, b); Langmuir adsorption isotherm models 
of different materials (c); the effect of different materials on the degradation of BPA under visible light 
(d); corresponding to the pseudo-first-order kinetics of the degradation of BPA (e) and the reaction rate 
constants of different catalysts (f)
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(k = 0.00451 min–1), respectively. The catalytic efficiency of g-C3N4/ZIF-8/AgBr 
was still considerable compared with similar catalysts (text S1). It could be seen 
that g-C3N4 modified by ZIF-8 and AgBr exhibited stronger adsorption capacity 
and photocatalytic activity.

Cyclic experiments

The recyclability and stability of g-C3N4/ZIF-8/AgBr were explored by degrad-
ing BPA for four batches to degrade BPA solution (50  mg/L) under the same 
condition. As shown in Fig. 9a, the degradation efficiency dropped from 80.4% 
(the first time) to 70.2% (the fourth time), which was due to the loss of catalyst 
during the collection process. When g-C3N4/ZIF-8/AgBr was exposed to visible 
light, the AgBr on the surface of g-C3N4/ZIF-8/AgBr would be decomposed into 
Ag monomers, which could improve the photocatalytic degradation efficiency 
of g-C3N4/ZIF-8/AgBr through SPR. However, Ag monomer loaded on the sur-
face of AgBr could reduce its light absorption performance and the degradation 
efficiency showed a decreasing trend in the four-cycle experiment. The material 
after the cycle experiment was characterized by XRD. As shown in Fig. 9b, the 
peak of Ag monomer appeared at about 38° [42, 46], which was attributed to the 
decomposition of part of AgBr. It was loaded on the surface of AgBr and pre-
vented the further decomposition of AgBr. From the XRD patterns, it could be 
clearly observed that the crystal structure of the material had not changed. The 
results of cyclic experiments and XRD proved that g-C3N4/ZIF-8/AgBr had good 
reusability.

Fig. 9   Photocatalytic degradation of BPA by g-C3N4/ZIF-8/AgBr four times (a); the XRD patterns of 
g-C3N4/ZIF-8/AgBr (b)
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Analysis of photocatalytic degradation of BPA

Free radical capture experiment

Active substance played an important role in the degradation of BPA. The free rad-
ical capture experiment was used to determine which active substance played the 
main role in the experiment of degradation of BPA. 1, 4-benzoquinone (BQ), iso-
propanol (IPA) and disodium edetate (EDTA-2Na) were usually added as scaveng-
ing agents for ·O2

− , ·OH and h+ [8, 15, 47, 48]. In the presence of all scavengers, the 
efficiency of g-C3N4/ZIF-8/AgBr for catalyzing BPA was slightly reduced, which 
meant that ·O2

− , ·OH and h+ were involved in the catalytic process. As shown in 
Fig. 10, the quenching effect of BQ was more obvious than the other two scaven-
gers. The results showed that ·O2

−  played a major role, h+ played a smaller role and 
·OH played the weakest role in the reaction system. In addition, methanol as a car-
rier solvent was also a common hole scavenger and should be considered. When 
the methanol concentration was lower than 0.5 mol/L, BPA might also be degraded 
through the action of hydroxyl radicals [49, 50]. When methanol was used as a car-
rier solvent to dissolve BPA, the concentration of methanol could be changed to 
control its impact on the degradation of pollutants (text S6). It was undeniable that 
methanol affected the degradation effect of the material on BPA.

Photocatalytic mechanism

The main factor affecting the photocatalytic degradation of BPA was the rapid 
separation of photoelectrons–holes. The electron transport ability of ZIF-8, 
g-C3N4 and AgBr affected the efficiency of electron–hole separation. Based on 

Fig. 10   Radical trapping experiment of g-C3N4/ZIF-8/AgBr catalytic degradation of BPA under visible 
light
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the above characterization results and experimental conclusions, the catalytic 
degradation mechanism of BPA under visible light was proposed. As shown 
in Fig.  7, the CB (VB) of ZIF-8, g-C3N4 and AgBr were − 3.39  eV (1.67  eV), 
− 1.24 eV (1.58 eV) and 0.07 eV (2.57 eV), respectively. AgBr and g-C3N4 had 
visible light absorption capacity and could excite to produce electrons and holes 
under visible light irradiation. Since the Eg of ZIF-8 was 5.06 eV, it could not be 
excited under visible light irradiation. As shown in Fig.  11, after illumination, 
Ag decomposed from AgBr would act as an electronic bridge under SPR effect. 
The excited electrons were transitioned from the VB to CB of AgBr and g-C3N4 
and part of the electrons in their CB flowed through Ag to ZIF-8. In the ternary 
material, multiple transfer paths of electron effectively suppressed the recombina-
tion of photo-generated electron–hole pairs and the utilization of photo-generated 
electrons was effectively improved. At the same time, combined with the analysis 
of capture experimental results, the other part of photo-generated electrons gen-
erated in CB of AgBr would recombine with g-C3N4. In addition, the electron 
potential of CB of g-C3N4 (− 1.24 eV) was smaller than the potential of O2/·O2

−  
(− 0.043  eV), which could convert O2 into ·O2

− . The VB of AgBr (+ 2.57  eV) 
was greater than ·OH/H2O (+ 1.99 eV) [51–53], so the h+ could oxidize H2O to 
·OH. After absorbing visible light, the composite material could produce ·O2

− , h+ 
and ·OH, which further degraded BPA.

Fig. 11   Degradation mechanism of g-C3N4/ZIF-8/AgBr on BPA



1485

1 3

The g‑C3N4 modified by AgBr and ZIF‑8…

Conclusions

The ternary catalyst of g-C3N4 modified by AgBr and ZIF-8 was successfully pre-
pared. The protonated g-C3N4 was the substrate, together with ZIF-8 and AgBr, a 
dual functional material of adsorption and catalysis was constructed. The g-C3N4/
ZIF-8/AgBr improved the ability to capture BPA by providing more active sites. At 
the same time, multi-path electron transfer could effectively inhibit electron–hole 
recombination to improve the degradation efficiency of BPA and the reaction rate 
constants were 6.0, 29.3 and 4.3 times that of g-C3N4, ZIF-8 and AgBr, respectively. 
Free radical capture experiments showed that predominant active oxygen species 
for BPA degradation was identified to be the ·O2

− . Cycle experiments showed that 
g-C3N4/ZIF-8/AgBr had excellent stability and reusability. Based on the above con-
siderations, this work provided experience for the design and preparation of new 
materials for the synergistic degradation of BPA by adsorption and catalysis.
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