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Abstract
A novel flower-like Bi2O4/ZnO heterojunction photocatalyst was synthesized

through a facile two-step hydrothermal method and characterized by different

technologies. The characterization results indicated that the photoluminescence

spectrum of pure ZnO was greatly reduced by the formation of heterojunction at the

interface of ZnO and Bi2O4 and the photocurrent intensity of the catalyst was

6.4 lA, which was 4.9 times higher than that of pure ZnO, resulting in an efficient

separation of electron–hole pairs. The experimental results displayed that the as-

prepared heterojunction of (1:3) Bi2O4/ZnO effectively prevented the agglomeration

of nano-ZnO in aqueous solution and had a great high photocatalytic activity on

degrading methylene blue and tetracycline under visible light. The photodegrada-

tion rates of (1:3) Bi2O4/ZnO for methylene blue and tetracycline were approxi-

mately 380 and 309.5 times higher than those of pure ZnO, respectively, and

95.68% of methylene blue and 85.68% of tetracycline were degraded under visible

light within half an hour. The mineralization results showed that the two pollutants

were firstly decomposed into intermediate products and then further fully miner-

alized. The results also indicated that the catalyst of (1:3) Bi2O4/ZnO had good

stabilization and high reusability. Moreover, reactive species of �O2
- and h? were

proved to play a dominant role on accelerating the process of degradation. In the

end, the detailed mechanism of photocatalytic degradation was proposed.
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Introduction

Photocatalytic technology has attracted much attention owing to its high efficiency,

low energy consumption, easy operation and mild reaction conditions in the control

of water pollutants [1–4]. At present, most studies use titanium dioxide (TiO2) as a

photocatalyst [5–7]. However, as we know, the production process of TiO2 is

complex and even difficult to be used for bulk sewage treatment due to its high cost.

Nowadays, highly photocatalytic semiconductor photocatalysts of zinc oxide

(ZnO) with low price, non-toxicity and good stability has become the new research

focus on the degradation of various water pollutants [8]. ZnO is a direct transition

semiconductor with a forbidden band width of 3.2 eV. Moreover, ZnO has potential

values of valence band (VB) and conduction band (CB) similar to anatase TiO2, as

well as higher electron mobility than anatase TiO2 [9–11].

Nano-ZnO has huge surface energy, which seriously affects the dispersity of

nano-ZnO powder in water and the performance of final product, easily resulted in

the occurrence of agglomeration [12–14]. In addition, like TiO2, ZnO only responds

in the UV range, which has great constraints on its practical application [15–17].

Therefore, it is necessary to broaden the range of absorption spectra of ZnO.

Common methods mainly form semiconductor composites through simple combi-

nation, heterophase combination, doping metal and non-metal ions or form multi-

layer structure with narrow band gap semiconductor materials [18–20].
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The semiconductor composites can overcome the disadvantage of low quantum

efficiency, enlarge the specific surface area, increase the active sites, reduce the

forbidden band width, improve the kinetic conditions of photocatalytic reaction and

charge separation efficiency and extend spectral response range of a single

semiconductor catalyst. Some semiconductor composites such as CdS [21], In2S3
[22], NiO [23], CuO [24], SnO [25], Zn2TiO4 [26], CeO2 [27], Bi2O3 [28], BiVO4

[29], ZrO2 [30] and Bi2WO6 [31] are commonly employed.

Recently, a new visible-light-driven photocatalyst of Bi2O4 was synthesized and

used to photodegrade organic contaminants [32]. It is a simple oxide with a narrow

band gap (* 2.0 eV) and a mixed valence of Bi3? and Bi5?, exhibiting better

photocatalytic activity than other visible light catalysts such as CdS and Bi2O3

[33–35]. However, there is a paucity of literature reporting about the complex

semiconductor composites of Bi2O4 except Fe3O4/Bi2O4 [36], Bi2O4 @TiO2 [37]

and Bi2O2CO3/Bi2O4 [38].

As we know, a heterojunction with a space charge region at the interface of

different semiconductors is formed owing to the diffusion of electrons and holes

when different semiconductors are combined together. The formed heterojunction is

very conducive to the photocatalytic activity of semiconductors.

In view of the importance of heterojunction for photocatalysis, some new

discoveries about semiconductor heterojunction have been reported, such as

Bi@BiOCl [39], BiOCl/BiOBr [40] and Bi2WO6/ZnO [41].

In this study, to improve the photocatalytic activity of nano-ZnO and

simultaneously prevent its agglomeration, a novel and flower-like heterojunction

photocatalyst of Bi2O4/ZnO was synthesized through a facile two-step hydrothermal

method. Meanwhile, the photocatalytic activity of the as-prepared heterojunction

photocatalyst of Bi2O4/ZnO was determined through degrading dyes and antibiotics

under visible light irradiation. In the end, the mechanism of photocatalytic

degradation of heterojunction Bi2O4/ZnO was predicted based on experimental and

characterization results.

Materials and methods

Chemicals and reagents

Sodium bismuthate hydrate (NaBiO3�2H2O, 85.0%), citric acid (99.5%), zinc

acetate dihydrate, sodium hydroxide (NaOH, 96%), sodium oxalate (Na2C2O4),

Isopropanol (IPA) and 4-hydroxy-2, 2, 6, 6-tetramethylpiperidinyloxy (TEMPOL)

were of analytical grade. Both methylene blue (MB, C 92%) and tetracycline

(C 98%) were procured from Macklin Reagents (Shanghai) Co., Ltd.

Synthesis of ZnO sample

A certain amount of zinc acetate (0.02 mol) and citric acid (0.014 mol) were

dissolved in a certain volume of ethanol solution (80 mL, 20%, v/v). The mixed

solution was stirred vigorously, and then a certain amount of NaOH solution (10 M)
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was added to adjust the solution pH to 13 measured via a pH instrument. After that,

the solution was transferred into a Teflon-lined autoclave at 423 K for 15 h. After

cooling down, the obtained solid substance was washed and filtered and then dried

at 373 K. Finally, the products were calcined at 773 K for 2 h to obtain ZnO

nanoparticles.

Synthesis of Bi2O4/ZnO photocatalysts

A certain amount of 0.632 g NaBiO3�2H2O was dissolved in bottled deionized water

(80 mL) and then treated by sonication for 30 min. After that, as-prepared ZnO

nanoparticles were added into the solution with varied molar ratios of Bi2O4 and

Zn = 1: 1, 1: 3, 1: 5 and 1: 10 and sonicated for 30 min. A suspension containing

ZnO nanoparticles was formed.

The suspension was transferred into a Teflon-lined autoclave and retained for

12 h at 413 K. After cooling down, the obtained samples were washed, filtered and

then dried at 333 K overnight. The final products were marked as (1:1) Bi2O4/ZnO,

(1:3) Bi2O4/ZnO, (1:5) Bi2O4/ZnO and (1:10) Bi2O4/ZnO based on the various

molar ratios of Bi2O4 and ZnO.

Characterization

X-ray diffraction (XRD) profile was determined via an X-ray diffractometer (Bruker

D8, Germany). Scanning electron microscopy (SEM, FEI Quanta FEG250, USA)

and transmission electron microscopy (TEM, JEM-2100, Japan) were used to detect

the morphology of Bi2O4/ZnO. The chemical composition was determined by an

X-ray photoelectron spectrometer (XPS, Escalab 250Xi, USA). UV–visible diffuse

reflectance spectroscopy (UV–DRS, Shimadzu UV-3600, Japan) was measured on a

UV–vis spectrophotometer. Photoluminescence (PL) spectroscopy spectra and

photocurrent intensity were measured on a Horiba iHR-550 fluorescence spec-

trophotometer and an electrochemical workstation (CHI 660E, Chenhua Instrument

Company), respectively.

Photocatalytic activity

The photocatalytic activity of Bi2O4/ZnO catalysts was determined through

degrading methylene blue (MB) [42] and tetracycline under vis-light irradiation.

Typically, 50.0 mg of Bi2O4/ZnO were dissolved in a given amount of MB

(100 mL, 10 mg/L) or tetracycline solution (100 mL, 20 mg/L). The mixed solution

was stirred vigorously in the dark for 30 min until adsorption equilibrium was

obtained. A 500 W xenon lamp equipped with a 420-nm cut-off filter was used to

simulate a visible light source.

During the process of photodegradation, a certain amount of mixed solution

containing catalysts was taken at certain intervals, filtered and then measured by

UV-DRS to determine residual concentration of MB at an adsorption wavelength of

664 nm or tetracycline at 350 nm. Degradation efficiency was calculated based on
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the equilibrium concentration (C0, mg/L) and the residual concentration (Ct, mg/L)

after irradiation at any time t (min).

Active species trapping experiments

In order to explore the photocatalytic mechanism of Bi2O4/ZnO catalysts and

determine what predominant active species was during the process of photocatal-

ysis, trapping experiments with a several active radicals were examined. In general,

main active species involved in photocatalysis include superoxide radicals (�O2
-),

holes (h?) and hydroxyl radicals (�OH). In the present experiment, a given amount

(1.0 mmol/L) of isopropanol (IPA), Na2C2O4 and 4-hydroxy-2, 2, 6, 6-tetram-

ethylpiperidinyloxy (TEMPOL) were employed as scavengers to capture �OH, h?
and �O2

-, respectively [43–45].

Results and discussion

Structural and morphology characterizations

XRD

The purity and phase structure of the prepared samples were characterized by XRD,

as shown in Fig. 1. It can be seen that the diffraction peaks of ZnO nanoparticles

coincided with those of hexagonal wurtzite ZnO (JCPDS No. 36-1451) [46], and the

main characteristic peaks of ZnO nanoparticles appeared at 31.8�, 34.4�, 36.3�,
47.7�, 56.7� and 63.0�, corresponding to the crystal planes of (100), (002), (101),

(102), (110) and (103), respectively. The main characteristic peaks of Bi2O4

appeared at 26.9�, 29.5�, 30.4� and 32.5� and coincided with those of monoclinic
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Fig. 1 XRD of the photocatalysts
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phase Bi2O4 (JCPDS No. 83-0410), assigned to crystal planes of (111), (-311),

(400) and (-202) [47].

XRD patterns of four samples showed that no other impurity peaks were

observed except the characteristic peaks of ZnO and Bi2O4, indicating that

composite materials of Bi2O4/ZnO were successfully synthesized through incorpo-

rating Bi2O4 into ZnO by a hydrothermal method.

Compared with pure ZnO and Bi2O4, the relative peak height were changed

obviously with the increase of Bi2O4 content, indicating that Bi2O4 may be

incorporated into the lattices of ZnO to produce some crystal defects or form a kind

of new composites of Bi2O4/ZnO heterojunction. In addition, the relative peak

intensities among Bi2O4/ZnO heterojunctions were closely related to different molar

ratios of Bi2O4 and ZnO (1:1, 1:3, 1:5 and 1:10).

SEM

Figure 2a, b are SEM figures of the as-prepared ZnO nanoparticles, which clearly

showed that the samples completely consisted of a micron-sized nanostructured

pompon-like flower with a diameter of 4.6 lm. Figure 2c is the SEM figure of

Bi2O4 nanoparticles with granular structure. Figure 2d and 2e shows that Bi2O4

nanoparticles were attached onto the flower-like structure of ZnO, which was

conducive to preventing the agglomeration of nano-ZnO in aqueous solution.

Moreover, there were no other impurity peaks observed except the characteristic

peaks of ZnO and Bi2O4 based on the diffraction peak of XRD as shown in Fig. 1.

Figure 2f is the picture of as-prepared catalyst of (1:3) Bi2O4/ZnO.

From the TEM image of the sample shown in Fig. 3a, it can be seen that the

pompons are inlaid by many small particles. In addition, the HRTEM (Fig. 3b) and

XRD images also further confirmed that Bi2O4 particles were successfully attached

onto the flower-like structure of ZnO.

HRTEM

The lattice spacing measured from the HRTEM figure was 0.26 nm, conforming to

the (002) plane of hexagonal wurtzite ZnO, and the lattice spacing of 0.332 and

0.294 nm corresponded to the (111) and (400) planes of monoclinic phase Bi2O4,

respectively. It can be seen from the HRTEM figure that the two n-type

semiconductor materials are in close contact, due to the diffusion of electrons

and holes, an n–n junction will be formed at the interface with the space charge

region [48–50]. In addition, the porous structure property indicated that Brunauer–

Emmett–Teller (BET) values of ZnO and (1:3) Bi2O4/ZnO were 3.81 and 9.69 m2/g

(Fig. S1), respectively. These structural and morphology characterizations were all

conducive to enhancing the photocatalytic performance of catalysts.

Analysis of chemical state

Figure 4a is the XPS survey spectra of (1:3) Bi2O4/ZnO, which mainly consisted of

Bi, O, Zn and C elements, indicating that there was no impurity introduced into the
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composite material. Figure 4b spectra shows that the Bi 4f5/2 (or Bi 4f7/2) peak in

(1:3) Bi2O4/ZnO heterostructure can be resolved well into two bimodal peaks at

binding energies of 163.6 and 164.4 eV (or at 158.2 and 159.1 eV). According to

previous literature, the two observed peaks are attributed to Bi3? and Bi5?,

respectively [51].

As shown in Fig. 4c, the asymmetric O1s peak can be decomposed into three

peaks at 530.3, 531.2 and 533.2 eV. It is indicated that there were three types of

oxygen in (1:3) Bi2O4/ZnO heterostructure. The binding energy at 530.1 eV can

be indexed to lattice oxygen in Zn–O bonds [52]. The two peaks located at 529.9

and 531.0 eV correspond to O - Bi3? and O - Bi5? bonds in Bi2O4,

respectively [51].

(f) (e) 

Bi2O4
 ZnO 

(d) (c) 

(b) (a) 

Fig. 2 SEM of ZnO (a) and (b), Bi2O4 (c), (1:3) Bi2O4/ZnO (d) and (e) and picture of (1:3) Bi2O4/ZnO
(f)
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In Fig. 4d, the binding energies exhibited by Zn 2p were located at 1021.6 and

1044.7 eV, respectively, corresponding to Zn 2p3/2 and Zn 2p1/2 [52]. This shows

that Zn element was in the form of Zn2? in Bi2O4/ZnO heterostructure. The peak

located at 284.6 eV was indexed to C 1 s (Fig. S2), which was caused by foreign

carbon on the surface of the equipment, but it had nothing to do with the sample.

ZnO 

Bi2O4

(a) 

(b) 

Fig. 3 TEM (a) and HR-TEM (b) images of (1:3) Bi2O4/ZnO heterojunction
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DRS property

Photocatalytic efficiency of catalysts is closely related to the absorption properties

for light [53]. The test method used the integration sphere method to collect all the

diffuse light. As shown in Fig. 5a, the pure Bi2O4 sample showed a wide range of

light absorption with an edge located at 610 nm in the visible light region. The as-

prepared ZnO nanoparticles only had a fundamental absorption band in the

ultraviolet region. However, the absorption bands of four types of catalysts of

Bi2O4/ZnO shifted to the visible region due to the narrow band gap of Bi2O4. The

absorption wavelength of Bi2O4/ZnO composites was extended to the visible region

and red-shifted from original 650 nm of Bi2O4 to 800 nm.

By comparison, the absorption of catalysts of Bi2O4/ZnO in the visible region

increased remarkably due to the addition of Bi2O4 with visible light response. The

band gap energy of the catalysts can be calculated using the following formula:

a ¼ A hm�Eg

� �n=2
=hm ð1Þ

where, a, A and h are absorption coefficient, a constant and Planck’s constant,

respectively. Eg, m and n are the direct transitions with energy, incident light fre-

quency and a value of 1, respectively [54]. The corresponding reflected spectra of
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Fig. 4 XPS patterns of survey scan (a), Bi 4f (b), O 1s (c) and Zn 2p (d) of (1:3) Bi2O4/ZnO
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the Kubeka-Munch transform showed that the value of the point of intersection of

the tangent to the interpolated curve and the horizontal axis in Fig. 5b were the

values of band gap energy. The obtained band gap energies of ZnO particles, Bi2O4

particles, (1:1) Bi2O4/ZnO, (1:3) Bi2O4/ZnO, (1:5) Bi2O4/ZnO and (1:10) Bi2O4/

ZnO were 3.2, 2.0, 1.67, 1.54, 1.64 and 1.59 eV, respectively.

Evaluation of photocatalytic activity

The colored organic dyes in water bodies released from the textile and dye

industries are hardly biodegradable and can severely damage aquatic ecosystems

and aquatic organisms. The photocatalytic degradation of organic pollutants under

visible light or ultraviolet light is an important method to eliminate pollution, as it

can quickly and thoroughly eliminate pollutants without leaving any harmful

residue. Rajabi et al. achieved a series of remarkable results using methylene blue

doped with metal ions to remove dye [55–57].

300 400 500 600 700 800
0.0

0.3

0.6

0.9

1.2

1.5

1.8(a)

Wavelength (nm)

A
bs

or
pt

io
n 

(a
.u

.)

 ZnO
 Bi

2
O

4

 (1:1) Bi
2
O

4
/ZnO

 (1:3) Bi
2
O

4
/ZnO

 (1:5) Bi
2
O

4
/ZnO

 (1:10) Bi
2
O

4
/ZnO

1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 4.4
0

2

4

6

8

10

1.5 1.6 1.7 1.8 1.9 2.0
0.5

1.0

1.5

2.0

2.5

3.0(b)

hv (eV)

(α
hv

)1/
2  (e

V
)1/

2

ZnO
 Bi2O4

 (1:1) Bi 2O4/ZnO
 (1:3) Bi 2O4/ZnO
 (1:5) Bi 2O4/ZnO
 (1:10) Bi 2O4/ZnO
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Tetracycline, a type of antibiotic substance used in planting and breeding areas,

widely exists in surface water, groundwater and soil because it has limited

biodegradation and is not efficiently degraded by traditional water treatment

technology [58–60].

Hence, the activity of the as-prepared catalysts was evaluated by degrading MB,

as well as tetracycline. To verify that the degradation of MB and tetracycline was

not caused by photolysis, the experiments were firstly carried out without catalysts

under the irradiation of visible light. As shown in Fig. 6a, c, there was no obvious

degradation observed under the conditions of irradiation and without catalysts,

indicating the stability of MB and tetracycline under the irradiation of visible light.

After the catalysts were added into the solution, the concentration of MB and

tetracycline in solution decreased gradually with the increasing time, as shown in

Fig. 6a, c. Moreover, the position of maximum adsorption peak of the two organic

pollutants had scarcely any shift while the peak intensity decreased gradually with

the increasing time and finally disappeared after 30 min irradiation, as shown in

Fig. 6b, d [61].

Figure 6 also showed that the optimum catalyst of (1:3) Bi2O4/ZnO) had the

highest degradation efficiency of 98.5% for MB and 90.5% for tetracycline within

30 min compared with the other four catalysts.
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Kinetics

The kinetic model of Langmuir–Hinshelwood [62] was employed to further

describe the degradation behaviour of MB and tetracycline through fitting the

degradation data. The plots of –ln(Ct/C0) versus irradiation time of t are shown in

Fig. 7. Based on the data, all degradation data were well fitted by the Langmuir–

Hinshelwood model and have very high correlation coefficient (R2[ 0.92) as listed

in Table 1.

Based on the fitting results shown in Fig. 7, the pure ZnO catalyst had little

photocatalytic ability for MB or tetracycline. However, the photodegradation

efficiency of the as-prepared catalyst of (1:3) Bi2O4/ZnO for MB was approximately

241 times higher than that of pure ZnO, and for tetracycline, the figure was 244.8

times.
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Meanwhile, the photodegradation rate of the catalyst of (1:3) Bi2O4/ZnO for MB

was about 380 times higher than that of pure ZnO, and for tetracycline, the

figure reached 309.5. The results indicated that the incorporation of Bi2O4 into ZnO

was great beneficial for the promotion of photocatalytic performance of ZnO, which

can be attributed to effective separation of electron–hole in the composite Bi2O4/

ZnO. The corresponding values for different catalysts were listed in Table 1.

The degradation effect of (1:3) Bi2O4/ZnO in the present study surpassed the

photocatalytic performance for MB and tetracycline by many other existing

catalysts reported recently, as listed in Table S1.

In order to investigate the effect of the photocatalyst dosage on the photocatalytic

effect, MB was selected as the target contaminant for the experiment [63–65]. The

initial concentration and volume of MB solutions were 10 mg/L and 100 mL,

respectively. The dosages of (1:3) Bi2O4/ZnO were selected as 0.03, 0.05, 0.07 and

0.1 g. After a dark reaction, a certain volume of supernatant was taken every half an

hour to analyse the residual concentration of MB, and the results obtained are

Table 1 Photocatalytic results of MB (10 mg/L) and tetracycline (20 mg/L)

Catalysts Photocatalytic efficiency (%) Rate constant k (min-1) R2

MB Tetracycline MB Tetracycline MB Tetracycline

(1:1) Bi2O4/ZnO 77.65 79.59 0.0494 0.0525 0.9913 0.9889

(1:3) Bi2O4/ZnO 96.58 85.68 0.1139 0.0619 0.9984 0.9941

(1:5) Bi2O4/ZnO 64.8 72.63 0.0371 0.0427 0.9595 0.9957

(1:10) Bi2O4/ZnO 51.29 70.89 0.0258 0.0302 0.9379 0.9918

ZnO 0.40 0.35 0.0003 0.0002 0.9796 0.9267
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Fig. 8 Different dosages of (1:3) Bi2O4/ZnO degradation MB. Conditions: pH = 7, C0 = 10 mg/L and
T = 298 K
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shown in Fig. 8. It can be seen from the figure that the photocatalytic efficiency

gradually increased with the increase of (1:3) Bi2O4/ZnO dosage, indicating that the

dosage of photocatalyst was favourable to the light utilization and the photocatalytic

efficiency.

Mineralization

In fact, good photodegradation effect for organic compounds does not definitely

mean complete mineralization because some intermediate products may be

produced [36]. Therefore, in order to further and deeply confirm the effect of as-

prepared catalysts on MB and tetracycline, the values of total organic carbon (TOC)

were determined at any irradiation time, and the results are shown in Fig. 9.

From Fig. 9, it can be seen that the removal efficiencies of TOC with catalyst

(1:3) Bi2O4/ZnO for MB and tetracycline 35.2 and 42.8%, respectively. Meanwhile,

the efficiencies of pure ZnO were nearly zero. The results indicated that there was

about 70% TOC of MB or 60% TOC of tetracycline in the solution, namely, a great

deal of intermediate products had being formed accompanying by the process of

photocatalysis, although a great high photodegradation effect was achieved.

The experimental results also showed that the two pollutants were completely

mineralized into H2O and CO2 with the prolonging of time to 3 h. Obviously, the

as-prepared composite (1:3) Bi2O4/ZnO had the advantages of quick and complete

degradation for MB and tetracycline and was a potential and promising photocat-

alyst, compared with pure ZnO.
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Fig. 9 Mineralization of MB (10 mg/L) and tetracycline (20 mg/L) over ZnO and (1:3) Bi2O4/ZnO
(0.5 g/L) under visible light irradiation
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Reusability

The reusability of photocatalysts is of quite importance for their application in the

environmental remediation. For this consideration, the XRD patterns of (1:3) Bi2O4/

ZnO before and after the photocatalytic reaction [66] and the recycling experiments

of catalysts were carried out to evaluate their reusability after five recycling

photocatalytic reactions for the degradation of MB and tetracycline at the same

conditions as before [67]. When each recycling experiment finished, the catalysts

were filtered and washed with deionized water for 30 min.

There was clearly no remarkable change in peak shape and addition peaks

appeared, demonstrating that the excellent crystal structure of (1:3) Bi2O4/ZnO as

shown in Fig. 10a.
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Fig. 10 XRD patterns of (1:3) Bi2O4/ZnO before and after photocatalytic reaction (a); Recycling
experiments for degradation of MB (10 mg/L) and tetracycline (20 mg/L) over (1:3) Bi2O4/ZnO (0.5 g/L)
(b)
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From Fig. 10b, it can be seen that no remarkable decline of photocatalytic

capability was observed after five recycling experiments, exhibiting good

stabilization and high reusability. Despite the high reusability, the real application

parameters and efficiencies should be considered carefully and deeply in further

research.

Photoluminescence and photocurrents

The PL spectrum is an effective and convenient technology to evaluate recombi-

nation efficiency of charge carriers. In general, PL intensity is proportional to

recombination rate of photo-generated carriers, and high intensity implies low

photocatalytic efficiency [68, 69].

PL spectra of pure ZnO and Bi2O4 were presented in Fig. 11. For the composite

materials, the intensity of the emission band was significantly reduced. This results

show that the Bi2O4 can improve the separation of photoelectron–hole pairs through

being incorporated into ZnO.

The electrical properties of the obtained catalysts were investigated by testing

their photocurrent intensities under visible light. Under lighting, the current quickly

appeared and reached a relatively stable stage after 200 s, as shown in Fig. 12. The

photocurrent produced by the composites of Bi2O4/ZnO was about 6.4 lA under

visible light irradiation, which was 4.9 times higher than that of pure ZnO.

The results show that the separation efficiency of photocatalytic electron–hole

pairs of the composite Bi2O4/ZnO was obviously enhanced, which was in coincident

with the excellent photocatalytic performance of the composite Bi2O4/ZnO as

presented above.
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Fig. 11 PL spectra of photocatalysts
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Photocatalytic mechanism

From the trapping experiment results shown in Fig. 13a, three types of scavengers

including TEMPOL, IPA and Na2C2O4 had a different degree of inhibition against

the photodegradation of MB. When IPA (�OH quencher) was added, the effect of as-

prepared composites on photodegradation of MB was not obvious, which meant that

�OH was not the main active factor.

Photocatalytic degradation of MB was significantly inhibited due to the addition

of TEMPOL (�O2
- quencher) and Na2C2O4 (h? quencher), resulting in a little

photodegradation of MB, indicating that �O2
- radicals and h? played a dominant

role during the process of photocatalytic degradation, compared to �OH radicals.

The corresponding values of rate constant k also indicated these results, which were

113.90, 56.28, 0.11 and 2.41 min-1 presented in Fig. 13b.
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Fig. 12 Transient photocurrent response of ZnO, Bi2O4 and (1:3) Bi2O4/ZnO samples
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From Fig. 13, it can be concluded that the order of active radicals were �O2
-

(major), h? (major) and �OH (minor or negligible) radicals based on their roles in

the photocatalytic degradation of MB.

The relative band positions of Bi2O4 and ZnO were calculated according to

following Eq. (2) to further explore the mechanism of Bi2O4/ZnO heterojunction.

ECB ¼ X � 0:5Eg þ E0 ð2Þ

where ECB, Eg, E0, and X are the conduction band (CB) value, band gap energy of

catalysts, energy of free electrons on hydrogen and electronegativity of semicon-

ductors (here, 5.79 eV), respectively [70]. The band gap energies of ZnO and Bi2O4

were 3.2 and 2.0 eV, respectively. The values of ECB and valence band (VB) of ZnO

and Bi2O4 were - 0.31 and - 0.37 eV, 2.89 and 1.63 eV on the basis of Eq. (2),

respectively.

Based on the experimental results and energy band theory, the possible

mechanism of photo-degradation of organic compounds with Bi2O4/ZnO hetero-

junction is predicted in Scheme 1.

Bi2O4 has relatively narrow band gap energy of about 2.0 eV and can be excited

under visible light. Electron–hole pairs are generated on the VB of Bi2O4 by visible

light excitation, and these photogenerated electrons are transferred onto the CB of

Bi2O4, leaving light-induced holes on the VB of Bi2O4. Then, the holes directly

oxidize organic matter. Meanwhile, as the CB potential of Bi2O4 is more negative

than that of O2/�O2
- (- 0.33 eV) [71], the electrons on the CB of Bi2O4 react with

adsorbed oxygen [O2](ad.) to produce �O2
-, which further combines with H? to

generate hydroxyl radicals or directly oxidize organic contaminants.

It is clear that both of the values of ECB and EVB of ZnO were higher than those

of Bi2O4. In addition, the CB band potential of Bi2O4 (- 0.37 V vs. NHE) was more

negative than that of ZnO (- 0.31 V vs. NHE), so these photoexcited electrons on

the CB of Bi2O4 can easily transfer onto the CB of ZnO through the formed

heterojunction between ZnO and Bi2O4.

Scheme 1 Schematic illustration of photodegradation process over Bi2O4/ZnO
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In addition, the CB potential of ZnO is more positive than that of O2/
�O2

-

(- 0.33 eV), but more negative than that of the reaction: eCB
- ? O2 ? H? ? H2O2

(? 0.682 V vs. NHE) [72]. Therefore, these electrons transferring onto the CB of

ZnO react with adsorbed oxygen [O2](ad.) and H? to form H2O2, which may be

further reduced to �OH radicals. The generated H2O2 and �OH radicals can degrade

organic pollutants through oxidation.

Based on the experimental results, the analysis of energy band theory and the

decreased band gap energy of (1:3) Bi2O4/ZnO from 3.2 eV (ZnO) to 1.54 eV ((1:3)

Bi2O4/ZnO), the modification of ZnO with Bi2O4 benefited the separation of photo-

generated charge carriers and the photocatalytic activity of the Bi2O4/ZnO

photocatalysts. This photodegradation process can be described in the following

equations:

Bi2O4 �!
hv ½e��Bi2O4

þ ½hþ�Bi2O4
ð3Þ

Pollutants ����!
½hþ�Bi2O4

Degraded products ð4Þ

O2½ � ad:ð Þþ½e��Bi2O4
! �O�

2 ð5Þ

�O�
2 þ 2Hþ ! 2 � OH ð6Þ

�O�
2 þ Pollutants ! Degraded products ð7Þ

½e��Bi2O4
þ ZnO ! ½e��ZnO ð8Þ

½e��ZnO þ O2½ � ad:ð Þþ2Hþ ! H2O2 ð9Þ

H2O2 þ ½e��ZnO ! �OHþ OH� ð10Þ

Pollutantsþ H2O2 ! Degraded products ð11Þ

Pollutantsþ �OH ! Degraded products ð12Þ

where ½e��Bi2O4
and ½hþ�Bi2O4

stand for the electrons and holes on Bi2O4,

respectively.

Conclusions

In summary, based on the characterization and experimental results, a highly

efficient heterojunction photocatalyst of Bi2O4/ZnO has been successfully synthe-

sized by facile hydrothermal method. Because of the formation of a heterojunction

at the interface between ZnO and Bi2O4, the separation efficiency of photogenerated

electron–hole pairs was greatly increased. The as-synthesized heterojunction

photocatalyst of Bi2O4/ZnO showed efficient degradation and high reusability for

dyes and antibiotics under visible light. The mineralization results showed that less
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50% of TOC of two pollutants were degraded within 30 min; however, the two

organic pollutants were completely mineralized into H2O and CO2 after about 3 h.

The results of free radical scavengers indicated that �O2
- and H? played a

dominant role in the decomposition of organic pollutants. Finally, the photocatalytic

degradation mechanism of the heterojunction photocatalyst of Bi2O4/ZnO was

proposed. This study shows that Bi2O4/ZnO composite is a novel and efficient

photocatalyst for the remediation of polluted water.
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