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A B S T R A C T   

A novel Z-scheme LaCoO3/activated biochar(AC)/Ag3PO4 heterojunctions was fabricated and characterized by 
XRD, SEM-EDS, TEM, XPS, FTIR, N2 adsorption–desorption isotherms, UV–Vis-DRS, PL and EIS. The catalytic 
activity of the photocatalyst was investigated via bisphenol A (BPA) photocatalitic degradation. The results 
showed that the photodegradation efficiencies of BPA catalyzed by LaCoO3/AC/Ag3PO4 (2:1:10) composite 
(reached 99 % after 50 min) was superior to those catalyzed by LaCoO3, Ag3PO4, and LaCoO3/Ag3PO4 (2:10). 
The BPA photodegradation followed the pseudo-first-order kinetic model, the photodegradation rate constants k 
catalyzed by LaCoO3/AC/Ag3PO4 (2:1:10) was 10.88 times of that catalyzed by Ag3PO4, 1.56 times of that 
catalyzed by LaCoO3/Ag3PO4 (2:10). Based on the results of characterization and the experiments of trapping 
active species in photocatalytic degradation process, the transfer of photo-generated carriers and Z-scheme 
LaCoO3/AC/Ag3PO4 heterojunctions photocatalytic mechanism were proposed. Furthermore, the possible BPA 
degradation pathways were involved in hydroxylation, oxidation, ketonization and cyclic cleavage. Z-scheme 
LaCoO3/AC/Ag3PO4 heterojunctions can be used as an efficient photocatalyst for practical applications in the 
removal of endocrine disrupting chemical.   

1. Introduction 

In recent years, the deterioration of the environment affects people 
everywhere, especially the water pollution [1,2]. Phenolic compounds 
are widely used in manufacturing industry and released into the natural 
water bodies, which is exceedingly harmful to human health [3–5]. 
Bisphenol A (BPA), as an endocrine disrupting chemical (EDC), has 
adversely affected the reproductive system, even there are a certain risk 
of carcinogenicity and teratogenicity to animals and mankind, it must be 
removed from the polluted water bodies and the other environment 
[6–8]. 

Semiconductor-based photocatalysis has been widely regarded as 
one of the promising, environment-friendly technology to utilize the 
inexhaustible solar energy to remove and degrade organic pollutants i.e. 
antibiotics, hazardous dyes or to photocatalyze hydrogen generation 
[9–14]. Among these semiconductors photocatalysis, the silver-based 

semiconductors photocatalysis has attracted a plenty of attention. The 
silver phosphate (Ag3PO4) semiconductors photocatalysis, an important 
silver-based photocatalysis, as one of the efficient photocatalysts, have 
stimulated increasing interest owing to its remarkable photocatalytic 
properties [15–18]. However, the practical application of single Ag3PO4 
photocatalysis has not been achieved to date, because Ag3PO4 photo
catalyst has inherent photocorrosion defects from the photogenerated 
electron-hole (e− –h+) pairs (4Ag3PO4 + 6H2O + 12 h++12e− →12Ag +
4H3PO4 + 3O2) and the rapid recombination of e− –h+ pairs, the inherent 
photocorrosion results in the poor stability of Ag3PO4 [18–20]. In order 
to achieve a high stability, several methodologies are being developed to 
enhance the photocorrosion resistance and photocatalytic activities of 
Ag3PO4, including morphology control [21,22], combining with other 
semiconductors to form Z-Scheme heterojunction [23,24], coupling 
with carbon materials [25–27]. A direct Z-scheme heterojunction could 
be constructed for changing the transfer path of the photo-generated 
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carriers, promoting light-harvesting ability in the visible-light region. 
For instance, Shi et al [28] synthesized the Ag3PO4/CuBi2O4 composites, 
achieving a high stability and photocatalytic efficiency; Liu et al [29] 
combined Ag3PO4 with polyaniline (PNAI) to prepared Ag3PO4@PANI 
composite photocatalyst with a high stability. When graphene/reduced 
graphene (GO/RGO) was utilized to support Ag3PO4, the photo- 
generated electron conduction became more easily, the recombination 
rate of e− –h+ pairs, the photocorrosion rate of Ag3PO4 was both 
reduced, the photocatalysis efficiency was enhanced, and the photo
stability of the Ag3PO4 composites photocatalysts was improved [30]. 
Compared to the single Ag3PO4 photocatalysts, the higher photostability 
and faster separation rate of e− –h+ pairs of these Ag3PO4 composites 
photocatalysts lead to the photocatalytic performance enhancement 
[18]. 

The lanthanum cobaltite (LaCoO3), as a typical perovskite-type 
transition metal oxide, has been paid extensive attention to degrada
tion of organic pollutants owing to its distinctive crystal structure, su
perior photoelectrical property, environment-friendly, and low-cost 
[31,32]. However, the photocatalytic activity of LaCoO3 is restricted 
owing to speedy recombination of photo-generated electron-hole pairs 
(e− –h+) [33]. Comfortingly, the formed composite photocatalysts via 
metal or nonmetal ion doping, fabrication method modification and 
combination with other semiconductors can boost photocatalytic ac
tivity compared to single LaCoO3 semiconductor, especially, combining 
with other semiconductor is a feasible, flexible and effective method to 
decrease e− –h+ recombination and induce photocatalytic efficiency 
enhancement [33,34]. 

In order to construct heterojunction photocatalyst with high visible- 
light catalytic activity, semiconductor materials with a suitable energy 
band potential that possesses overlaping and staggered conduction band 
and valence band must be provided. Ag3PO4 possesses a narrow band 
gap (Eg, about 2.40 eV) [18], the conduction band potential of Ag3PO4 is 
0.45 V [30]. LaCoO3 possesses a band gap of about 0.6 eV for the ground 
state [35]. The Ag3PO4/LaCoO3 nanocomposite was synthesized and 
presented higher visible-light catalytic degradation activity toward BPA 
and stability than alone Ag3PO4 [36]. Loading photocatalyst particles on 
supporter like GO/RGO, the photocatalytic activity of Ag3PO4 compos
ites can also be increased. However, GO/RGO is relative expensive, 
which limits the practical application of the composited photocatalysts 
to some extent. Based on our knowledge and preliminary work, acti
vated biochar (AC) can be used as electron conductor and photocatalyst 
particles supporter [37,38]. AC, as an inexpensive, non-toxic, good 
sorption capacity solid carbonaceous material, obtained from pyrolysis, 
carbonization or activation of biomass. AC can act as a supporting 
substrate for catalysts and provide more active sites [39]. In addition, 
AC has excellent electron conversion efficiency and accelerative 
immobilization of organic pollutants owing to graphite-like porous 
structure and efficiently tunable surface groups [38,40]. 

In this work, activated biochar (AC) was prepared from eucalyptus 
wood chips by phosphoric acid treatment coupled with high- 
temperature calcinations, the as-prepared AC act as a supporting sub
strate; LaCoO3 nanoparticles were prepared by the sol–gel method; AC 
and LaCoO3 were put into methanol and the suspension was sonicated, 
volatilized, aged, then the LaCoO3/AC composite obtained. The 
LaCoO3/AC/Ag3PO4 composite Z-scheme photocatalyst was formed by 
Ag3PO4 in-situ growth method with the following advantages: (1) 
intensifying photocatalytic activity exposed to visible-light illumination, 
(2) promoting the stability and the reusability. To determine the 
physico-chemical properties of the constructed LaCoO3/AC/Ag3PO4 
photocatalyst, the crystal phases, morphology with elemental informa
tion, functional groups, physico-chemical properties and optical prop
erties of the photocatalyst were characterized by X-ray diffraction 
(XRD), transmission electron microscope (TEM), scanning electron mi
croscope and energy dispersive X-ray spectroscopy (SEM-EDS), X-ray 
photoelectron spectroscopy (XPS), Fourier transform infrared (FT-IR) 
spectroscopy, N2 adsorption/desorption apparatus, and UV–vis diffuse 

reflectance spectrophotometer (UV–vis-DRS). The photocatalytic per
formance of the as-prepared materials were evaluated through the 
degradation of BPA under visible-light irradiation, the active species in 
the photocatalytic process were then analyzed by trapping free radical 
experiment. In addition, the separation and transportation of photo
generated charges, as well as the electrochemical properties of the 
composites were investigated by photoluminescence spectroscopy (PL) 
and electrochemical impedance spectroscopy (EIS), and then based on 
band gap theory and test results, LaCoO3/AC/Ag3PO4 Z-scheme photo
catalytic mechanism is proposed. Finally, the main intermediate prod
ucts of BPA degradation were detected by high-performance liquid 
chromatography-mass spectrometry (HPLC-MS) and the BPA photo
catalytic degradation pathway is also inferred. 

2. Material and methods 

2.1. Materials 

Eucalyptus wood chips were provided by Guangxi Gaofeng Farm, 
China. All chemical reagents are of analytical grade, obtained from local 
reagents supplier, and used without further purification. 

2.2. Preparation of activated biochar and LaCoO3 materials 

The activated biocar was synthesized via phosphoric acid activation 
method. First, eucalyptus-wood chips (60 mesh, 10 g) were mixed with 
phosphoric acid (mass concentration 50%, 20 g) and keep soaked 
overnight. Subsequently, the obtained sample was dried, calcined at 
600 ◦C for 2 h. Then, the obtained product was washed with deionized 
water to neutral, dried, grinded until passed through 80 mesh sieves and 
finally activated biochar obtained, labeled as AC. 

The LaCoO3 nanoparticles were developed by the sol–gel method 
based on citrate complexation according to the methods described in the 
literature [31]. Initially, 1.4552 g Co(NO3)2⋅6H2O and 2.1650 g La 
(NO3)3⋅6H2O were dissolved in deionized water (40 mL) by ultrasonic- 
assisted. Afterwards, 2.1014 g citric acid was put into and stirred for 
5 h, the gel was formed at 80 ◦C and stirred for another 2 h. Then, the 
sample was freeze-dried (-50 ◦C) for 12 h, calcined at 700 ◦C for 4 h, 
LaCoO3 was obtained. 

2.3. Preparation of LaCoO3/BC/Ag3PO4 composites 

For synthesis of LaCoO3/AC/Ag3PO4, 0.1 g of the obtained AC and 
0.2 g of LaCoO3 were put into 60 mL methanol and further sonicated for 
30 min. The above suspension was placed at room temperature until 
methanol is completely volatilized, and then aged at 80 ◦C for 12 h, the 
LaCoO3/AC composite obtained. Afterwards, 20 mL of 0.36 mol/L 
AgNO3 aqueous solutions was added and kept stirred for 12 h; Ag+ ions 
can be deposited on the surface of the LaCoO3/AC composite suffi
ciently. Then, 20 mL of 0.12 mol/L Na2HPO4⋅12H2O aqueous solutions 
was added dropwise to the above suspension and then kept stirred for 2 
h. Finally, the formed precipitate was centrifuged, washed repeatedly 
using deionized water and ethanol. The collected precipitate was dried 
in vacuum at 60 ◦C for 8 h, the LaCoO3/AC/Ag3PO4 (2:1:10) composite 
was obtained. The dosage of AC, LaCoO3 and Ag3PO4 were changed, the 
LaCoO3/AC/Ag3PO4 composites with different mass ratio of the con
stituent (2:1:15, 3:1:10) were prepared and the LaCoO3/Ag3PO4 (2:10) 
composite was prepared in the same way. 

2.4. Characterization 

The crystal phases of the above-mentioned photocatalysts were 
measured by XRD (Shimadzu, Japan) with CuKα radiation (λ = 0.154 
nm) at the scanning rate of 8◦/min over 2θ of 10 ~ 80◦. The morphology 
and chemical analysis of the products was observed by a SEM (ZEISS 
Gemini 300) and coupled with an energy dispersive X-ray spectroscopy 
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(EDS, OXFORD Xplore) detector. The UV–vis diffuse reflectance spectra 
(DRS) of the samples were obtained on a UV–vis spectrophotometer 
(Tianmei UV-2600). The compositions of the sample was measured and 
analyzed via XPS (Thermo Fisher Scientific, ESCALAB 250Xi) with Al K- 
Alpha (1486.8 eV) source. FT-IR (Thermo Fisher Scientific, Nicolet iS 
50) was used to analyze the surface functional groups of different ma
terials. N2 adsorption/desorption isotherm of the samples obtained on a 
specific surface and porosity analyzer (Micromeritics ASAP 2460, USA). 
The PL spectra of the samples were obtained via on LS55 fluorescence 
spectrometer (Perkin-Elmer, USA) with an excitation wavelength of 485 
nm. The EIS was measured on a CHI 760E electrochemical workstationn 
(Chen Hua, Shanghai, China). 

2.5. Photocatalytic activity estimation 

The photocatalytic activities of LaCoO3, Ag3PO4, the LaCoO3/ 
Ag3PO4 composite and the LaCoO3/AC/Ag3PO4 composite were esti
mated via photodegradation of BPA. The photocatalytic degradation of 
BPA was detected in a photocatalytic instrument using 500 W Xe lamp 
(Beijing Aulight Co. Ltd.) with a 420 nm cutoff filter. All experiments 
performed in the same conditions except for the different catalysts. In a 
typical process, 10.0 mg photocatalyst and 40 mL of 10 mg/L BPA 
aqueous solution was added to a quartz tube, magnetically stirred for 30 
min in absence of light to achieve adsorption–desorption equilibrium 
and then followed by 2 h visible light illumination, approximate 1 mL of 
the suspension were withdrawn from the photocatalytic reactor at reg
ular intervals and filtered immediately with syringe filters to separate 
the catalyst from the suspension. The BPA concentration of the filtrate 
was analyzed by a HPLC equipped with a solar wavelength detector 
(VWD) at the BPA max adsorption wavelength of 230 nm, with meth
anol–water (65:35, v/v) serving as the mobile phase at a flow rate of 1.0 
mL min− 1. The C-18 column (250 × 4.6 mm) was used at25 ◦C with 
injection volume of 20 μL. The degradation efficiency of BPA was 
calculated by the (Eq. (1)) [40], and the BPA degradation data was fitted 
to the pseudo-first order kinetics model (Eq. (2)) [41].  

Degradation efficiency (%)= (1 − Ct/C0) × 100%                                 (1)  

ln(Ct/C0) = − k t                                                                            (2) 

where C0 and Ct was the BPA concentration at initial and time(t), k was 
the pseudo first-order rate constant. The degradation intermediates of 
BPA were identified by HPLC-MS (Thermo Scientific). 

Furthermore, in order to find out the activate radical species in the 
BPA photocatalytic degradation system, three scavengers, 1 mM of 1,4- 
benzoquinone (DBQ), 1 mM of isopropanol (IPA) and 1 mM of disodium 
ethylenediaminetetraacetate (EDTA-Na2) were used as scavengers for 

•O2
− , •OH and h+[33,42,43], respectively. The experimental processes 

were similar to the photocatalytic degradration experiments. 

3. Results and discussion 

3.1. Characterization of photocatalysts 

The XRD diagrams of LaCoO3, AC, Ag3PO4, the LaCoO3/Ag3PO4 
(2:10) composite and the LaCoO3/AC/Ag3PO4 (2:1:10) composite were 
represented in Fig. 1(a), respectively. As we can see, all of the charac
teristic peaks of LaCoO3 were matched to rhombohedral LaCoO3 (JCPDS 
Card No. 48-0123) [44–46] and no other impurities peaks were 
observed. In the curves of Ag3PO4, the peaks located at 20.9◦, 29.7◦, 
33.3◦, 36.6◦, 47.8◦, 52.6◦, 55.0◦, 57.2◦, 71.8◦ were the characteristic 
diffraction peaks of cubic phase Ag3PO4 (JCPDS No.06-0505) [47–50]. 
With respect to the LaCoO3/Ag3PO4 (2:10) and LaCoO3/AC/Ag3PO4 
(2:1:10) composite, the main diffraction peaks of LaCoO3 and Ag3PO4 
had no obvious changes, indicating that the crystal structure keep un
changed. However, LaCoO3 diffraction peak intensity became weaker, 
which could be attributed to its smaller proportion in the LaCoO3/ 
Ag3PO4 (2:10) and LaCoO3/AC/Ag3PO4 (2:1:10) composite. Activated 
biochar (AC) is an amorphous carbon with a little graphitized micro
crystalline structure [51], and the low content of AC in the composite 
resulted in the characteristic peaks corresponding to graphitized 
microcrystal cannot be clearly observed in the XRD spectrum. 

The FT-IR results of LaCoO3/AC/Ag3PO4 (2:1:10), AC, LaCoO3, and 
Ag3PO4 were shown in Fig. 1(b). For AC, the peak at 1639 cm− 1was 
corresponding to the stretching vibrations of C––O and aromatic C––C 
bond [52]. Additionally, the peaks at 1389, 1060, and 559 cm− 1 were 
associated with the stretching vibrations of –COO [52], C–OH [53] 
and bending vibrations of O––P–O [54], respectively. The peaks at 594 
and 554 cm− 1 of LaCoO3 were owed to the stretching vibration of the 
Co–O bond and the perovskite crystal structure [55]. The two peaks at 
996 and 552 cm− 1 of Ag3PO4 were attributed to the P–O–P symmetric 
stretching and the O––P–O bending vibration in PO4

3− [54]. The 
LaCoO3/AC/Ag3PO4 (2:1:10) composite spectrum contained peaks from 
Ag3PO4, AC and LaCoO3: the peak of 558 cm− 1 were associated with the 
O––P–O bending vibration [54] from Ag3PO4 (552 cm− 1, red shift) and 
the stretching vibration of the Co–O bond from LaCoO3 (554 cm− 1, red 
shift), 1651 cm− 1 were attributed to the stretching vibration of C––O and 
aromatic C––C bond from AC (1639 cm− 1, red shift), the broader peak 
appeared at 1200~–900 cm− 1 could be caused by O–P–O [54] from 
Ag3PO4 and C–OH stretching vibration [52] from AC, respectively. The 
above results indicated that Ag3PO4 was successfully loaded on LaCoO3/ 
AC and the LaCoO3/AC/Ag3PO4 composite formed. 

The SEM, TEM images and the EDS pattern of the samples were 
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Fig. 1. (a) XRD patterns, (b) FT-IR spectra of different samples.  
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showed in Fig. 2. The as-prepared AC exhibited an abundant pore 
structure (Fig. 2 (a)), large surface area, which means there may be 
many active sites. The Ag3PO4 particles (Fig. 2 (b)) took on as an 
irregular spherical and agglomerated with each other, which may be due 
to high surface energy of single Ag3PO4 particles [42,47,48]. The 
LaCoO3 sample existed plentiful irregular and agglomerate bulk parti
cles and displayed obvious pores structure which may be formed by the 
staggered arrangement of particles [46] (Fig. 2 (c)). For the composite 
LaCoO3/AC/Ag3PO4 (2:1:10) (Fig. 2 (d)), LaCoO3/AC particles were 
enclosed tightly by the Ag3PO4, ensuring their close contact with each 
other. TEM was preformed to obtain the microstructure information of 
the composite LaCoO3/AC/Ag3PO4 (2:1:10). As shown in Fig. 2 (e) and 
Fig. 2 (f), the intimate contact interface among them ensured the het
erojunction was constructed through random deposition of Ag3PO4 
particles on the LaCoO3/AC substrate. It was beneficial for photo
generated electron hole pair transfers at the heterojunction. 

EDS analysis was used to identify elemental composition of the 
LaCoO3/AC/Ag3PO4 (2:1:10) composite (Fig. 2 (g)). From Fig. 2 (g) it 
was clear that the composite was composed of La, Ag, Co, P, O, and C 
elements. The mass percentages of Ag, La, and Co were found to be 
33.20%, 3.78% and 3.78%, respectively. The mass percentages of C, O, 
and P were found to be 18.81%, 19.94% and 5.43%, respectively. These 
elements contents results also demonstrated the formation of the 
LaCoO3/AC/Ag3PO4 (2:1:10) composite. 

The surface chemical composition of the LaCoO3/AC/Ag3PO4 

(2:1:10) composite was characterized using XPS analysis. It was found 
that the composite material contained Ag 3d, P 2p, La 3d, Co 2p, O 1s 
and C 1s peaks (Fig. 3a), which was in agreement with the results of the 
EDS. The two major peaks at 367.96 eV and 373.90 eV of Ag 3d in 
Fig. 3b were attributed to Ag 3d5/2 and Ag 3d3/2, corresponding to the 
peaks of Ag+[56]. Fig. 3c showed that the binding energy peak at 
133.20 eV was associated with P5+ in PO4

3− [42]. The binding energy 
peaks at around 835.30 eV, 838.50 eV, 852.15 eV and 855.20 eV in 
Fig. 3d were corresponding to the inner layer electrons of La 3d5/2 and 
La 3d3/2, proved that La existed in the form of La3+[57]. In Fig. 3e, Co 2p 
band energy at 781.1 eV and 797.9 eV, were attributed to Co 2p3/2 and 
Co 2p1/2, respectively, and a typical satellite peak at 786.6 eV can be 
ascribed to the Co3+ in the hybrid [57,58]. The O 1s spectrum (Fig. 3f) 
displayed three peaks, the binding energy peak at 530.8 eV was 
consistent with O2− in LaCoO3 and Ag3PO4, while the characteristic 
peaks at 532.4 eV and 533.4 eV were the oxygen-containing functional 
groups of AC, which were associated with –OH and C––O [51]. As for C 
1s spectrum in Fig. 3g was separated at four binding energies at 284.55 
eV, 285.27 eV, 286.41 eV and 287.78 eV, which were attributed to C––C, 
C–C [28], C–OH and C––O [59], respectively. These results further 
confirmed the formation of the heterojunction and the co-existence of 
AC, Ag3PO4 and LaCoO3 in the ternary composite, which was highly in 
correspondence with the XRD, FT-IR, TEM and SEM-EDS results. 

The N2 adsorption-desorptioon isotherms of the samples were pre
sented in Fig.S1 and the corresponding BET specific surface areas (SBET) 

Fig. 2. SEM images of (a) AC, (b) Ag3PO4, (c) LaCoO3;SEM(d) and TEM (e and f) of LaCoO3/AC/Ag3PO4 (2: 1:10); (g) the EDS pattern of LaCoO3/ 
AC/Ag3PO4(2:1:10). 
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and pore volume of AC, LaCoO3, Ag3PO4, LaCoO3/AC/Ag3PO4 (2:1:10) 
were showed in Table S1. Based on the IUPAC isotherm classification, 
the N2 adsorption–desorption isotherms of AC, LaCoO3 and LaCoO3/AC/ 
Ag3PO4 (2:1:10) belonged to type IV isotherms, which suggested that 
there were mesopore in each samples [47,60]. Ag3PO4 had almost no 

adsorption capacity. SBET and pore volumes of AC, LaCoO3, Ag3PO4, and 
LaCoO3/AC/Ag3PO4 (2:1:10) were (1450.976 m2/g, Vp 0.850 cm3/g), 
(9.867 m2/g, Vp 0.064 cm3/g), (0.997 m2/g, Vp 0.0018 cm3/g), and 
(107.956 m2/g, Vp 0.174 cm3/g), respectively. Compared with alone 
Ag3PO4, SBET of LaCoO3/AC/Ag3PO4 (2:1:10) composites increased, 
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suggested that more active sites were exposed, and the pollutants were 
more easily adsorbed on the surface of LaCoO3/AC/Ag3PO4 (2:1:10) 
composites, thereby photocatalytic activity was enhanced. 

3.2. The photocatalytic activity 

Aimed to estimate the photocatalytic activity of the samples, BPA 
degradation experiment had been carried out in the catalytic system. 
Fig. 5a displayed the degradation efficiency of BPA in no catalyst, 
LaCoO3, Ag3PO4, LaCoO3/Ag3PO4 (2:10), LaCoO3/AC/Ag3PO4 (2:1:10), 
LaCoO3/AC/Ag3PO4 (2:1:15), and LaCoO3/AC/Ag3PO4 (3:1:10) reac
tion system. In presence of visible light without any photocatalyst sys
tem, BPA was scarcely degraded. Obviously in Fig. 4a, LaCoO3/AC/ 
Ag3PO4 had the largest adsorption capacity for BPA compared with 
LaCoO3 and Ag3PO4, which was due to largest SBET and pore volume of 
the LaCoO3/AC/Ag3PO4 composites. Exposed to visible light illumina
tion for 50 min, the degradation efficiency of BPA reached about 9.24 %, 
36.6 % and 84.1% when the same mass of LaCoO3, Ag3PO4 and LaCoO3/ 
Ag3PO4 (2:10) were added as catalyst in the reaction system, respec
tively. The degradation efficiency of BPA catalyzed by the LaCoO3/AC/ 
Ag3PO4 (2:1:10) composite was the optimal, BPA was degraded nearly 
99 % after 50 min. The BPA photocatalytic degradation data were fitted 
using the pseudo first-order kinetic model, and the rate constants k was 
showed in Fig. 4b. The k catalyzed by LaCoO3/AC/Ag3PO4 (2:1:10) (k =
0.06528 min− 1) for BPA degradation was 10.88 times of that catalyzed 
by Ag3PO4 (k = 0.006 min− 1), 1.56 times of that catalyzed by LaCoO3/ 
Ag3PO4 (2:10) (k = 0.04191 min− 1). It suggested that the modification 
of Ag3PO4 with LaCoO3 or AC/LaCoO3 to construct LaCoO3/Ag3PO4 or 

LaCoO3/AC/Ag3PO4 heterojunction photocatalyst can significantly 
improve the photocatalytic properties of catalysts, and photocatalytic 
activities of LaCoO3/Ag3PO4 was further enhanced after combination 
with AC. The results confirmed heterojunction photocatalyst that was 
Ag3PO4photocatalytic Ag3PO4 [40,51,61] 

Additionally, in order to investigate the reusability of the LaCoO3/ 
AC/Ag3PO4 (2:1:10) composite, the reusability of Ag3PO4, LaCoO3/ 
Ag3PO4 (2:10) and LaCoO3/AC/Ag3PO4 (2:1:10) for BPA degradation 
were appraised by three successive photocatalytic experimental cycles 
under the same conditions. The photodegradation efficiencies of 
LaCoO3/AC/Ag3PO4 (2:1:10) towards BPA still reached about 64.2% 
after three cycles (Fig. 4c). However, the photocatalytic efficiencies of 
bare Ag3PO4 and LaCoO3/Ag3PO4 (2:10) towards BPA were only 15.3% 
and 51.8% after three cycles, respectively, indicating that the photo
catalytic activities and stability of LaCoO3/AC/Ag3PO4 (2:1:10) had 
been improved compared with Ag3PO4 and LaCoO3/Ag3PO4 (2:10). The 
XRD pattern of the LaCoO3/AC/Ag3PO4 (2:1:10) composite after three 
cycles (Fig. 4d) showed no significant changes in the crystal phases, 
while the peak at 38.1◦ could be ascribed to the Ag0 particles. It sug
gested that Ag+ on the surface of the catalyst had been reduced to Ag0. 
Ag3PO4 had been photocorroded and resulted in photocatalytic activ
ities reduction [62]. However, the degree of photocorrosion and pho
tocatalytic activities reduction of the LaCoO3/AC/Ag3PO4 (2:1:10) 
composites was greatly decreased when LaCoO3 and AC was introduced 
to Ag3PO4. 

Fig. 4. (a) Effects of different catalysts on BPA photocatalytic degradation, (b) Linear simulation curve of the kinetics of BPA photocatalysis degradation by different 
materials, (c) Photocatalytic degradation recycle experiment of BPA, and (d) XRD patterns of LaCoO3/AC/Ag3PO4 (2:1:10) photocatalyst before and after 
three cycles. 
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3.3. Possible mechanism of enhanced photocatalytic performance 

Aimed to detect the active species produced in the photocatalytic 
system, an active species capture experiment was performed. EDTA-Na2 
(h+ scavengers), DBQ (•O2

− scavengers) and IPA (•OH scavengers) were 
used to trap h+[29,51,55], •O2

− [18,40,55], and •OH [18,29,40,51,55], 
respectively. As depicted in Fig. 5a, when IPA and DBQ were added in 
the reaction system, the photodegradation efficiency of BPA decreased 
by 44.6% and 50.7%, respectively, while it changed little when EDTA- 
Na2 added. The results suggested that •OH and •O2

− were the predomi
nant active species for BPA photodegradation catalyzed by the LaCoO3/ 
AC/Ag3PO4 (2:1:10) composite. 

The optical absorption properties of catalysts were detected on the 
UV–vis diffuse reflectance spectrophotometer, and the spectra were 
displayed in Fig. 5b. As observed, Ag3PO4 exhibited an intense absorp
tion within the visible light region with a steep band-edge at wavelength 
about 600 nm, higher than that reported by Chen et al [42]. LaCoO3 

presented a strong absorption in the entire visible light region, consis
tent with that reported by Yao et al [46]. AC showed a weak absorption 
in the visible light region, consistent with that reported by Kristy 
Talukdar et al [40]. After combining Ag3PO4 with AC and LaCoO3, cut- 
off absorption-edge the LaCoO3/AC/Ag3PO4 (2:1:10) composite was 
extended up to about 750 nm, which is beneficial for utilizing the wider 
visible light region. In addition, the LaCoO3/AC/Ag3PO4 (2:1:10) com
posite presented obviously increase of visible light absorption in a wide 
response range from the visible region for Ag3PO4 to near-infrared re
gion for LaCoO3, and exhibited stronger visible light absorption than 
Ag3PO4. These were resulted from that the synergistic effect among 
LaCoO3, Ag3PO4 and AC probably accelerated the charge transfer from 
Ag3PO4 to LaCoO3 by AC, led to an obvious red shift. The formed het
erostructure of LaCoO3/AC/Ag3PO4 (2:1:10), cut-off absorption-edge 
was extended up to about 750 nm, which was beneficial for utilizing the 
wider visible light region. Moreover, LaCoO3/AC/Ag3PO4 (2:1:10) 
exhibited stronger visible light absorption than Ag3PO4, which was 
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helpful to enhance photocatalytic activity. 
As showed in Fig. 5c, the direct band gap energy (Eg) of the photo

catalysts can be calculated by the Kubelka-Munk equation (Eq. (3)) 
[14,32]:  

αhv = A(hv − Eg)1/2                                                                        (3) 

where α, v, h and A were the absorption coefficient, light frequency, 
Planck’s constant and a constant, respectively. The Eg of Ag3PO4 and 
LaCoO3 were calculated as 2.18 and 2.58 eV in Fig. 5c, respectively. The 
valence band and conduction band positions of Ag3PO4 and LaCoO3 
could be calculated by formulas (4) and (5) [63]:  

ECB = χ – Ee – 0.5Eg                                                                       (4)  

EVB = ECB + Eg                                                                             (5) 

where EVB and ECB represented the valence band and conduction band 
edge potentials of the semiconductors, respectively, and χ was absolute 
electronegativity. The χ values of Ag3PO4 and LaCoO3 were about 5.97 
eV [64] and 5.64 eV [33], respectively. Ee was the energy of free elec
trons with the hydrogen scale (about 4.5 eV vs normal hydrogen elec
trode (NHE)). Based on the above calculation, the conduction band 
potential of Ag3PO4 and LaCoO3 were 0.38 eV and − 0.15 eV, and the 
valence band potential were 2.56 eV and 2.43 eV, respectively. 

In general, the separation, migration and recombination processes of 
photogenerated charge carriers of the heterostructure materials can be 
evaluated by photoluminescence (PL) spectra measurements. As shown 
in Fig. 5d, the Ag3PO4 sample had highest fluorescence intensity 
centered at around 530 nm due to the recombination of the photo
generated electrons and holes [50]. The stronger the fluorescence in
tensity was, the faster the recombination rate between photogenerated 
electron-hole pairs, the shorter the lifetime of photogenerated charge 
carriers [65]. However, the LaCoO3/AC/Ag3PO4 (2:1:10) composite 
showed a decrease in the PL intensities compared to the pure Ag3PO4 
and LaCoO3/Ag3PO4 (2:10) samples, implying that the synergistic ef
fects between the LaCoO3/AC and Ag3PO4 help to successfully prohibit 
the recombination of charge carriers, and there were higher separation 
efficiency between photogenerated electron-hole pairs in the LaCoO3/ 
AC/Ag3PO4 (2:1:10) ternary systems. 

Moreover, EIS measurement was also conducted to further investi
gate the photoelectrochemical properties of the photocatalyst. It was 
generally believed that the diameter of the semicircle on the EIS Nyquist 
diagram corresponded to charge transfer resistance, and the smaller arc 
radius represented an improved charge carrier migration, lower charge 
transfer resistance and higher charge transfer efficiency in a semi
conductor material [66]. As depicted in Fig. 5e, LaCoO3/AC/Ag3PO4 
(2:1:10) showed smaller arc radius, corresponding to lower resistance 
than that of LaCoO3/Ag3PO4 (2:10) and Ag3PO4. According to the above 
photocatalytic property evaluation results, it can be concluded that the 
LaCoO3/AC/Ag3PO4 (2:1:10) composite possessed the optimum 
e− –h+pairs separation and transfer efficiency. 

According to the above results, the mechanism of BPA photo
degradation catalyzed by the LaCoO3/AC/Ag3PO4 (2:1:10) composites 
could be proposed and illustrated in Fig. 6. Under visible light irradia
tion, the electron-hole pairs (e––h+) of Ag3PO4 and LaCoO3 could be 
excited by high-energy photons. Then, e– on the valence band (VB) 
migrated to the conduction band (CB), while h+ remained on the 
respective VB. The e– on the CB of Ag3PO4 were not combined with h+

on the VB immediately but transferred to the VB of LaCoO3 through 
mediator and recombined with h+ at the VB of LaCoO3; that is, AC, 
served as e– transfer mediator, can help photogenerated e– on the CB of 
Ag3PO4 transfer to the VB of LaCoO3. There are mainly two reasons: 
First, the VB of LaCoO3 is lower than that of Ag3PO4, making its e– drop 
path shorter; secondly, a heterojunction is formed between LaCoO3 and 
Ag3PO4 owing to AC served as mediator; AC served as e– transfer 
mediator, which leads to the easier transfer of e– from the CB of Ag3PO4 

to the VB of LaCoO3, on the VB of LaCoO3, e– from the CB of Ag3PO4 are 
continuously obtained, and then recombined with h+ at the VB of 
LaCoO3, and e– on the VB of LaCoO3 migrated to the CB the LaCoO3. In a 
word, the VB potential of LaCoO3 was less negative than the CB potential 
of Ag3PO4, the photogenerated e– from the CB of Ag3PO4 can migrate 
rapidly through AC to the VB of LaCoO3 and combined with h+ of 
LaCoO3. Consequently, the photogenerated e– in the CB of Ag3PO4 and 
h+ in the VB of LaCoO3 were efficiently separated. The EVB of both 
LaCoO3 and Ag3PO4 were more positive than OH− /•OH (2.27 eV vs 
NHE) [67], the h+ left on the VB of Ag3PO4 can oxidize OH− from H2O 
into •OH. Since the ECB (− 0.15 eV) of LaCoO3 was less negative than 
O2/

•O2
− (− 0.33 eV vs NHE) [68,69], it seems that the electrons in the CB 

of LaCoO3 cannot react with oxygen in water to form •O2
− . However, 

according to the formula: λ = 1240/Eg (Eg is the energy bandgap) 
[69–72], the highest electronic energy level of LaCoO3 can reach − 0.52 
eV when the excitation wavelength is less than 449 nm. In other words, 
under visible light (λ = 449–420 nm) irradiation, the e– on the VB of 
LaCoO3 could be excited up to a more negative potential edge position 
(− 0.52 eV ~ − 0.33 eV) [68,69,71,73]. In this case, the reformed high- 
level-energy electrons in CB of LaCoO3 had more negative potential than 
the standard redox potential of O2/

•O2
− (− 0.33 eV vs NHE) 

[68,69,71,73], and •O2
− can be generated. Therefore, •OH and •O2

− play 
a major role in the degradation of BPA by LaCoO3/AC/Ag3PO4 (2:1:10), 
which was consistent with the free radical capture experiment. There
fore, the Z-scheme heterojunction photocatalytic system was formed, 
and the Z-scheme mechanism was highly consistent with the free radical 
capture experiments results. 

3.4. Degradation pathway of BPA 

In order to speculate the possible degradation pathway of BPA, the 
main degradation intermediate products were detected by HPLC-MS and 
were listed in Fig.S2. Based on degradation intermediates analysis re
sults, the potential BPA degradation pathways catalyzed by the LaCoO3/ 
AC/Ag3PO4 (2:1:10) composites under visible light illumination were 
summarized in Fig. 7, including hydroxylation, oxidation, ketonization 
and cyclic cleavage [41,74,75]. One degradation pathway was that the 
hydroxylation of BPA took place, which could cause the formation of 
hydroxylated BPA, and then further degraded to 4-isopropanol o-phenol 
and p-phenol. In addition, another degradation pathway was the broken 
of the C-C bond in BPA to form p-phenol and 4-isopropyl phenol, which 
was then further oxidized to p-benzoquinone and 2-phenylpropionic 
acid. After further oxidation and ring opening, the aromatic molecules 
could be converted into H2O and CO2 eventually. 

Fig. 6. Schematic diagram of degradation of BPA by LaCoO3/AC/Ag3PO4 
(2:1:10) under visible light irradiation. 
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4. Conclusion 

In this work, the LaCoO3/AC/Ag3PO4 composites were successfully 
synthesized by a facile in-situ growth method, which exhibited excellent 
potential for BPA degradation under visible light irradiation compared 
with Ag3PO4 and LaCoO3/Ag3PO4. At the same time, AC, acted as the 
adsorption center and electron conductor in photocatalyst, provided a 
use for waste biomass. Through the cycle experiment, it was proved that 
the reusability and stability of the LaCoO3/AC/Ag3PO4 (2:1:10) com
posite was much higher than that of alone Ag3PO4 and LaCoO3/Ag3PO4 
(2:10). The dominant active radical species were •OH and •O2

− based on 
the active species capture experiments results. Furthermore, the pho
todegradation process of BPA involved hydroxylation, oxidation, keto
nization and cyclic cleavage according to the degradation intermediates 
of BPA analyzed by HPLC-MS. Z-scheme LaCoO3/activated carbon(AC)/ 
Ag3PO4 can be considered as an efficient photocatalyst and its practical 
applications in the removal of endocrine disrupting chemical is 
prospective. 
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