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a b s t r a c t
In this paper, AgBiO3 and g-C3N4 materials were prepared by the ion-exchange method and cal-
cination method, respectively. Their composite materials with different compositions were pre-
pared by changing the dosage of raw materials during the synthetic process. The prepared nano-
composite materials were utilized to degrade bisphenol A (BPA) under visible light irradiation. 
By comparison, 50 wt.% AgBiO3 in AgBiO3/g-C3N4 (ABC-50) owns the supreme photocatalytic 
activity with 95.75% degradation efficiency of BPA and the degradation process was proven to 
follow the pseudo-first-order kinetics. In addition, the oxidative species of •O2

– and h+ and OH were 
found to play equal roles in the photocatalytic reaction process.
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1. Introduction

Bisphenol A (BPA) is one of the common organic com-
pounds with two phenol moieties. It has significant proper-
ties such as low vapor pressure, moderate water solubility, 
and low volatility. BPA has been widely used to produce 
polymer materials such as polycarbonates, epoxy, and poly-
sulfone resins [1]. The frequent and unorganized emission 
of BPA into the natural environment at low concentrations 
has aroused people and the government’s great attention. 
It has been detected in soil, rivers and atmosphere in mul-
tiple countries and regions [2]. As a kind of common endo-
crine disruptors, BPA could affect nerve cell damage that 
can lead to the abnormal or disruptive behavior of humans 
and cause thyroid dysfunction [3,4]. Besides, previous work 
reported that the higher concentration of BPA (over 30 mM) 

can hamper plant growth by invigorating the reaction 
oxygen species and lipid peroxidation in Arabidopsis [5]. 
Hence, it is urgent to find simple, cost-effective and efficient 
treatment methods to handle the trouble of BPA pollution. 
Some treatment methods like the physical method [6,7], the 
biological method [8,9] and the chemical method [10,11] 
have been reported before.

As a kind of environmentally friendly technology, the 
photocatalytic process has shown excellent performance in 
catalytic degradation of organic pollutants. As known, it 
is key for the process to find suitable photocatalytic semi-
conductors [12–14]. It is commonly thought that TiO2 was 
firstly used as a photocatalyst for generating hydrogen by 
Fujishima and Honda in 1972 [15]. Whereafter, plenty of 
semiconductors such as CdS, ZnO, and Bi2WO6 have been 
employed for photocatalytic reaction. But most of these 
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photocatalytic materials are uneconomical and poor visible 
light absorbance [16]. In recent years, the successful prepa-
ration of graphitic phase carbon nitride (g-C3N4) and its 
remarkable performance in the field of photocatalysis have 
aroused wide interest among scholars. g-C3N4 is a typical, 
metal-free, polymeric, novel semiconductor material with 
a bandgap of about 2.7 eV and can absorb visible light 
[17–20]. However, it’s a central issue for g-C3N4 to improve 
the separation efficiency between holes (h+) and electron 
(e–) and the utilization efficiency of visible light, due to its 
wide bandgap, high recombination efficiency of photo-
genic carriers and low light utilization efficiency [21–23]. 
Some modifications have been often employed, includ-
ing semiconductor coupling [24–26], metal doping [27,28], 
non-metal doping [29,30] and dye sensitization [31,32].

Bismuthates are considered as attractive perovskite 
materials owning to the stabilization in their exclusive 
electric structure of MBiO3 (M=Na, Li, Ag) [33]. Bismuth ele-
ment with two valences (Bi5+ and Bi3+) exists in the twisty 
octahedral (BiO6) structure [34,35]. The excellent oxidiz-
ability is exhibited due to the empty 6s band of Bi5+ and 
the filled 6s band of Bi3+ [36]. As a kind of MBiO3 material, 
AgBiO3 not only has the outstanding properties above but 
also owns excellent visible light absorption performance 
and effective bacteriostatic ability. It has been success-
fully applied to the control of water blooms [37,38]. In this 
paper, a simple and fast growth method was employed to 
synthesize AgBiO3/g-C3N4 photocatalytic materials. The 
physic- chemical properties of the synthesized AgBiO3/g-
C3N4 have been characterized. It exhibits an enhanced pho-
tocatalytic activity for the removal of BPA under visible 
light. Furthermore, the possible mechanism for the photo-
degradation process of AgBiO3/g-C3N4 was speculated.

2. Experimental

2.1. Chemicals

Melamine and BPA were purchased from Sinopharm 
Chemical Reagent Company (Shanghai, China). Analytical  
grade silver nitrate, sodium hydroxide, sulfuric acid, sodium 
bismuthate, sodium chloride, absolute ethyl alcohol, p-ben-
zoquinone, isopropanol, potassium iodide were obtained 
from Shanghai Chemical Reagent Company (Shanghai, 
China). Purified water (Wahaha Group Co., Ltd., Hangzhou, 
China) was used throughout the experiments. All chemicals 
were used without further purification.

2.2. Apparatus

Transmission electron microscopy (TEM, JEM-200CX 
microscope, JEOL, Tokyo, Japan), scanning electron micro-
scope (SEM, Hitachi S-4800, Tokyo, Japan) and energy dis-
persive X-ray spectrometry (EDX, EX250, Horiba, Kyoto, 
Japan) were employed to observe the morphology and the 
structure of g-C3N4, AgBiO3 and AgBiO3/g-C3N4 nanoma-
terials. Fourier-transform infrared spectroscopy (FT-IR) 
was recorded on a TENSOR 27 spectrometer using a potas-
sium bromide pellet (Bruker, Saarbrucken, Germany). 
The phase purity and crystallinity of the as-prepared mate-
rials were identified by X-ray powder diffraction (XRD) 

patterns on a Rigaku XRD-6000 diffractometer with a Cu 
Kα radiation (λ = 0.15406 nm) (Shimadzu, Kyoto, Japan). 
X-ray photoelectron spectroscopy (XPS) data was per-
formed on an Escalab 250Xi instrument (Thermo, USA). The 
ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis 
DRS) was characterized with a Cary 5000 spectrophotometer 
in the 200~800 nm range and BaSO4 was chosen as the ref-
erence (Varian, USA). Photoluminescence (PL) analysis was 
performed by a Cary Eclipse spectrophotometer (Varian, 
USA). The Brunauer–Emmett–Teller (BET) surface area test 
was performed on a TRISTAR-3000 surface area analyzer.

2.3. Preparation of the photocatalytic materials

2.3.1. Preparation of g-C3N4

The g-C3N4 nanosheets were synthesized by the pyrol-
ysis method with minor modifications [39]. 20 g melamine 
was calcining in a muffle furnace at 520°C for 4 h under air 
atmosphere. The yellow solid obtained is g-C3N4.

2.3.2. Preparation of AgBiO3

The AgBiO3 was prepared by the ion-exchange method 
[33]. In brief, 2.8 g NaBiO3 was dispersed in 100 mL of water 
with continuous stirring at 30°C for 60 min. Then, 100 mL 
0.1 mol L–1 AgNO3 solution was slowly added into the 
mixture above. After keeping stirring for 24 h, the suspen-
sion was filtered and washed alternately with anhydrous 
ethanol and deionized water 2~3 times. AgBiO3 was obtained 
after drying at low temperature for 6 h.

2.3.3. Preparation of AgBiO3/g-C3N4 nanocomposites

The preparation process of AgBiO3/g-C3N4 nanocom-
posites is similar to that of AgBiO3. A certain amount of 
g-C3N4 and NaBiO3 were dispersed in 60 mL mixed sol-
vent (Vethanol:Vwater = 1:2) with continuing ultrasonication for 
30 min. Then, 0.1 mol L–1 AgNO3 solution was slowly added 
into the mixture above. After reaction for 24 h, the suspen-
sion was filtered and washed alternately with ethanol and 
deionized water 2~3 times. In the experiments, different 
mass percentages of AgBiO3 (66%, 50% and 33%) in AgBiO3/
g-C3N4 composite materials were obtained by changing the 
dosing of g-C3N4 and they were labeled ABC-66, ABC-50 
and ABC-33, respectively.

3. Results and discussion

3.1. Characterization of the prepared materials

3.1.1. Morphology analysis

Fig. 1a displays that single g-C3N4 has a lamellar struc-
ture, which is similar to Lan et al. [18]. In Fig. 1b, AgBiO3 
nanomaterial appears to own a spherical-like structure. 
Fig. 1c shows the prepared AgBiO3 aggregated seriously. 
Fig. 1d–f exhibits AgBiO3 is successfully loaded on the sur-
face of g-C3N4. As shown in Fig. 1g, the lattice fringes of 
ABC-50 have a spacing of 0.23 nm, which is in accord with 
the spacing of the (202) planes of AgBiO3. Fig. 1h reveals the 
elements C, N, O, Ag and Bi are all observed in the ABC-50. 
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Fig. 1. SEM images of g-C3N4 (a) and AgBiO3 (b); TEM images of AgBiO3 (c), ABC-66 (d), ABC-50 (e), ABC-33 
(f); high-resolution transmission electron microscopy (HRTEM) of ABC-50 (g); EDX image of ABC-50 (h).
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The mass ratio of the C element is slightly more than the 
theoretical value. It may result from the existence of CO2 in 
the atmosphere.

3.1.2. FT-IR analysis

As shown in Fig. 2a, the peaks of 1,639 and 1,250 cm–1 
are attributed to the stretching vibration of C=N and C–N 
[39], respectively. The wide peaks at 3,100~3,400 cm–1 corre-
spond to the –NH2 group [25]. The peak of 809 cm–1 results 
from the breathing of the triazine units of g-C3N4 [40]. The 
characteristic peak at 446 cm–1 is assign to the stretching 
vibration of Bi–O in AgBiO3 (Fig. 2b) [41]. All the typical 
peaks of g-C3N4 and AgBiO3 are contained in the binary ABC 
composites (Fig. 2c–e), which shows the successful prepara-
tion of the composite materials.

3.1.3. XRD analysis

XRD was used to analyze the crystal structures of 
g-C3N4, AgBiO3, and the synthesized ABC composite 
materials. In Fig. 3a, the intense peaks at 13.15° and 27.50° 
are corresponding to the (100) and (002) planes, respectively, 
which results from the characteristic inter-planar stacking 
of the aromatic systems [42]. Fig. 3b reveals the characteris-
tic diffraction peaks of AgBiO3 are at 21.8°, 31.7°, 46.8° and 
56.7°, respectively. These peaks are indexed as the (012), 
(110), (116) and (300) crystal planes of AgBiO3 in JCPDS Card 
No. 89–9072 [41]. Fig. 3c–e shows the XRD patterns of in ABC 
composite materials with different components. An obvi-
ous peak at 38.5° can be observed on the curves, which might 
be caused by a small amount of NaBiO3 particles remaining 
in the prepared samples. All the diffraction peaks of g-C3N4 
and AgBiO3 can be seen in the composites, which exhibits 
the ABC nanocomposites are successfully synthesized.

3.1.4. XPS analysis

XPS was utilized to analyze the inner structure of 
ABC-50 nanomaterial. In the full scan spectrum (Fig. 4a), 

the elements of C, N, O, Ag and Bi are contained in ABC-
50 nanocomposite. In Fig. 4b, The C 1s peak at 284.3 eV 
is contributed to the C–C. The double peaks of 287.2 
and 287.7 eV are assigned to C–(N)3 [25]. N 1s spectrum 
(Fig. 4c) exhibits that the peak of 397.7 eV is ascribed to 
the bonds of C=N–C, and the peaks at 398.5 and 401.0 eV 
result from C–N–H and N–(C)3 [43], which demonstrates 
the presence of g-C3N4 in ABC-50. As shown in Fig. 4d, the 
binding energy of O 1s owns three characteristic peaks at 
529.4, 530.6 and 531.7 eV, indicating the existence of lat-
tice oxygen, active oxygen or chemisorbed oxygen, and 
adsorbed oxygen, respectively [41,44–46]. Fig. 4e shows 
the spectrum of Ag 3d. The binding energies of Ag 3d5/2 
and Ag 3d3/2 have the typical peaks at 365.6 and 371.6 eV, 
respectively, with ∆E = 6 eV, which verifies the existence of 
Ag+ in AgBiO3 [36,38]. The double intense peaks at 161.7 
and 156.4 eV result from the binding energies of Bi 4f5/4 
and Bi 2p7/2, and which confirms the presence of Bi5+ [36].

3.1.5. DRS analysis

In fact, the bandgap (Eg) of AgBiO3 is a controversial 
issue. Yu et al. [37] reported AgBiO3 owns the bandgap 
of 2.5 eV, while of AgBiO3 is 0.8 eV by DFT calculations 
in Ma’s research [47]. Light absorption performance of 
catalytic materials plays a crucial role in photocatalytic 
activities. In this work, the UV-vis DRS spectra of g-C3N4, 
AgBiO3 and ABC-50 nanocomposite are exhibited in 
Fig. 5a. The basic absorption edge of g-C3N4 is approxi-
mately 460 nm, while the prepared AgBiO3 has the basic 
absorption edge at 570 nm. Compared with the two 
materials, the ABC-50 composite has obvious absorption 
smears in the range of 450~800 nm. It is reported both 
AgBiO3 and g-C3N4 are indirect bandgap semiconduc-
tors [17,37]. The bandgaps of AgBiO3 and g-C3N4 can be 
calculated based on the classic Tauc approach Eq. (1).

� � �h A h Eg
n

� �� � / 2
 (1)

Fig. 2. FT-IR spectra of g-C3N4 (a), AgBiO3 (b), ABC-66 (c), 
ABC-50 (d) and ABC-33 (e).

 Fig. 3. XRD patterns of g-C3N4 (a), AgBiO3 (b), ABC-66 (c), 
ABC-50 (d) and ABC-33 (e).
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Fig. 5. DRS spectra of g-C3N4, AgBiO3, and ABC-50 nanocomposite.
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where n is 4 for indirect transition and n is 1 for direct 
transition. α, h, ν and A are the absorption coefficient, 
Planck constant, light frequency and a constant, respectively 
[48]. Fig. 5b manifests the Eg of g-C3N4 and AgBiO3 are at 
2.70 and 2.18 eV, respectively.

3.1.6. PL analysis

In order to study the generation and separation of pho-
togenic carriers in the prepared materials, fluorescence 
intensity was measured at an excitation wavelength of 
325 nm. g-C3N4 has a bandgap of 2.70 eV, which leads to 
a high probability of recombination between photogenic 
electrons and holes. As shown in Fig. 6, when AgBiO3 is 
introduced onto the surface of g-C3N4, the fluorescence emis-
sion intensity generated by ABC-50 is significantly lower 
than that generated by g-C3N4, which greatly enhances the 
utilization efficiency of visible light.

3.1.7. BET analysis

In Fig. 7, the BET specific surface area and pore size 
distribution of the prepared materials were investigated by 
N2 adsorption–desorption isotherm. The BET specific sur-
face area of g-C3N4, AgBiO3 and ABC-50 are 7.7638, 14.5080 
and 32.1338 m2 g–1, respectively. The pore diameter of ABC-
50 is about 6.3–58.7 nm, which indicates ABC-50 nanoma-
terial is mesoporous. Larger surface area can provide more 
reaction sites, which is beneficial to the photocatalytic 
reaction process.

3.2. Photocatalytic degradation of BPA

3.2.1. Effect of the component ratio of AgBiO3/g-C3N4 on the 
degradation of BPA

20 mg different photocatalytic materials were added 
into 50 mL 10 mg L–1 BPA solutions, respectively. Fig. 8 exhib-
its both g-C3N4 and AgBiO3 have low degradation efficiency 
on BPA under 180 min visible light irradiation. Compared 

with single catalysts, ABC nanocomposites display the obvi-
ously enhanced photocatalytic activity. When ABC-50 was 
used as the catalyst to degrade BPA, the removal efficiency 
can reach the highest. It results from the effective electrons 
migration from the ABC-50 nanocomposite. Hence, ABC-50 
nanomaterial was used in the following experiments.

3.2.2. Effect of salinity on the degradation of BPA

As shown in Fig. 9, the removal efficiency of BPA 
decreases with the increase of NaCl concentration in the 
solution. When the dosage of NaCl was 0.9%, BPA degra-
dation efficiency decreased to 67.20%. It may probably 
be concerned with the occupation of Na+ on the reactiv-
ity sites of the ABC-50 nanomaterial, which prohibits the 
BPA molecules from adsorbing onto the ABC-50 surface 
[49]. In addition, competitive adsorption among Cl–, OH– 
and electrons would be formed on the surface of ABC-50. 
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Fig. 6. PL spectra of g-C3N4 (a), AgBiO3 (b) and ABC-50 (c).

 Fig. 7. Nitrogen adsorption–desorption isotherm plots for 
g-C3N4, AgBiO3 and ABC-50 with the pore size distribution of 
ABC-50 in the left-top inset.
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Kinetics studies have been shown in Fig. 10. The reaction 
obeys the pseudo-first-order kinetics owing to the linear 
relationship between ln(C0/C) and reaction time [Eq. (2)].

ln
C
C

kt0�

�
�

�

�
� �  (2)

where C0 is the initial concentration of BPA (units: mg L–1) 
and C is the concentration of BPA after the photocatalytic 
reaction (units: mg L–1), t is the irradiation time (min), k is 
the reaction rate constant (min–1).

3.3. Possible photocatalytic mechanism

In general, hydroxyl radical (•OH), holes (h+) and 
superoxide ion radicals (O2

–) are usually considered as 
oxidative active species, which have outstanding oxida-
tion capacity [50–52]. In this experiment, 10 mmol L–1 iso-
propanol, potassium iodide and p-benzoquinone were 

employed as scavengers for •OH, h+ and •O2
–, respectively. 

Fig. 11 reveals the rates constant of three photocatalytic 
degradation processes with corresponding scavengers 
(isopropanol 0.0049 min–1, potassium iodide 0.00768 min–1, 
p-benzoquinone 0.00324 min–1) all show distinct decline 
trends than that without any scavenger (0.01653 min–1). 
Obviously, •OH, h+ and •O2

– have similar contributions 
on BPA degradation by ABC-50.

It is well-known that the ECB values and EVB values 
of g-C3N4 are at –1.13 and 1.57 eV, respectively [25,39]. 
However, the ECB values and EVB values of AgBiO3 is still a 
debatable issue. In this paper, the potential flat-band posi-
tion (Efb) of AgBiO3 was measured by Mott–Schottky curve 
(Fig. 12). The positive slope of the Mott–Schottky curve 
indicates that AgBiO3 is a typical n-type semiconductor. 
By the intersection point of the tangent line and x-axis, the 
flat band (Efb) potential of AgBiO3 is 0.13 V vs. Ag/AgCl 
(equivalent to 0.33 V vs. NHE). It is generally believed the 
ECB is positive than the Efb by 0.1 V [53]. Hence, based on the 
estimated Eg value in Fig. 5, the ECB of AgBiO3 is calculated 
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 Fig. 12. Mott–Schottky curves of AgBiO3.
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to be 0.23 V vs. NHE and the EVB of AgBiO3 is calculated 
to be 2.41 V.

According to the discussion above, a possible photo-
catalytic mechanism for ABC-50 binary nanocomposite 
can be predicted based on the energy band theory. Both 
the photo-induced electrons of g-C3N4 and AgBiO3 could 
be excited from the VB to the corresponding CB under vis-
ible light irradiation. Because the CB potential of g-C3N4 
is more negative than that of AgBiO3, the electrons (e–) in 
the CB of g-C3N4 could be partially migrated to the CB of 
AgBiO3, while the h+ can transfer from AgBiO3 to g-C3N4 
[17]. Some e– in the CB of AgBiO3 would recombine with 
the h+ in the VB of g-C3N4 owing to the relatively short dis-
tance between the VB of g-C3N4 and the CB of AgBiO3 [21]. 
Moreover, the electrons in g-C3N4 could react with dissolved 
O2 to generate •O2

– because the ECB of g-C3N4 is more nega-
tive than the potential of O2/O2

– (O2/O2
– = –0.33 V vs. NHE) 

[50]. Then, O2
– could react with H+ to produce H2O2 (O2/

H2O2 = 0.69 V vs. NHE) [29] and the H2O2 could further react 
with the e– to form •OH. Since the EVB of AgBiO3 is more 
positive than the potential of •OH/H2O (•OH/H2O = 2.37 V 
vs. NHE) [39], the h+ can directly oxidize the target 
organic pollutant or react with H2O to generate •OH [54].

Combined with the discussions above, the possible 
photocatalytic reaction mechanism and analog diagram are 
proposed as shown in Eqs (3)–(8) and Fig. 13.

ABC-50 e h� � �� �h�  (3)

O e O2 2� �� � �  (4)

� � �� �O H H O2 22  (5)

H O e OH OH2 2 � � �� � �  (6)

h H O OH2
� �� �  (7)

� � � � � � �O / OH/h BPA CO H O2 22  (8)

4. Conclusion

In summary, the AgBiO3/g-C3N4 nanocomposites were 
successfully synthesized with a combination of calcina-
tion and ion exchange methods. The structural character-
izations spectra were obtained by TEM, SEM/EDS, XRD, 
FT-IR, XPS, DRS, PL and BET analysis. The prepared 
AgBiO3/g-C3N4 composites were utilized to the degradation 

Fig. 13. Schematic drawing of the photocatalytic degradation of the ABC-50 nanocomposite.
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of BPA. The prepared ABC-50 nanomaterial (50 wt.% 
AgBiO3 in AgBiO3/g-C3N4) achieves the supreme photocat-
alytic activity with 95.75% degradation efficiency of BPA 
under 180 min visible-light irradiation. The photocata-
lytic reaction kinetics and the possible reaction mechanism 
were also speculated. The degradation process was veri-
fied to follow the pseudo-first-order kinetics. Active oxi-
dizing species including O2

–, •OH and h+ produced during 
the photocatalytic process all play important roles in the 
degradation of BPA.
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