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Abstract In this paper, a novel photocatalyst, made up of

Ag/BiFeO3 nanocomposites activated by visible light, was

successfully synthesized using a sol–gel process, followed

by a chemical reduction method. The as-prepared BiFeO3

particles and Ag/BiFeO3 nanocomposites were character-

ized by X-ray diffraction, transmission electron mi-

croscopy, scanning electron microscopy and diffuse

reflectance spectroscopy. The results showed that the metal

Ag nanoparticles with diameter of 20–50 nm are anchored

on the surface of BiFeO3. Meanwhile, the photocatalytic

experiments demonstrated that the Ag/BiFeO3 composites

had excellent photocatalytic activity for the decomposition

of methyl orange in visible light, which far exceeded that

of the pure BiFeO3. These results revealed Ag loading

could significantly improve the photocatalytic property of

BiFeO3. Recycle experiments showed the nanocomposites

had an excellent recoverability, suggesting stable pho-

toactivity. Finally, we discuss the photocatalytic mechan-

ism of nanocomposites. The enhanced photoactivity of Ag-

decorated BiFeO3 photocatalyst is most likely attributed to

the electronic effect of Ag nanoparticles including surface

plasmon resonance.
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1 Introduction

Among all the perovskite materials with ABO3 structure

studied so far, BiFeO3 (BFO) shows ferroelectric properties

with a high Curie temperature (TC * 830 �C) and G-type

antiferromagnetic properties below the Néel temperature

(TN * 370 �C) [1–4]. Therefore, it has been widely used

in magnetic and ferroelectric devices [5]. Apart from fer-

roelectric properties, BiFeO3 is one of the materials with

the largest known electric polarizations and has a small

(&2 eV) band gap for which it is likely applied in con-

ducting domain walls, catalyst and fuel and/or solar cells

[6–11]. Recently, it has also been demonstrated that nano-

BFO exhibits photocatalytic activities under visible light

irradiation for water splitting and degradation of organic
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pollutants because of its narrow band gap and excellent

chemical stability [12–15]. Li et al. [12] successfully syn-

thesized BiFeO3 microcrystals with various shapes and

sizes, suggesting that photocatalytic activity of microcubes

was better than that of microspheres for the degradation of

Congo red under visible light irradiation. Wang et al. [13]

also demonstrated that the BiFeO3 nanoparticles with an

average diameter of 35 nm provided the better photocat-

alytic performance than the bulk in the degradation of

rhodamine B. Otherwise, Fei et al. [16] studied {111}

dominant pills and rods of BiFeO3 with a significant en-

hanced visible light response, and their results showed that

BiFeO3 with the designed structures could have a better

performance in photocatalytic applications.

Although nanocrystallization and controlling of topog-

raphy can improve properties of BFO over bulk materials,

the low photocatalytic activity of BFO hinders its com-

mercialization in photocatalytic field for the degradation of

organic pollution. Therefore, an important task is to im-

prove the photocatalytic activity of BFO for practical use.

In fact, doping of BFO with a foreign atom at either A or B

site of the ABO3 lattice has been proven to be a valuable

route to enhancing its properties [17–19]. Guo et al. [20]

demonstrated substitution of Bi3? with Gd resulted in re-

markable improvement of the photocatalytic activity of

BFO under visible light. Design and construction of

heterojunction is another useful method for increasing

photocatalytic efficiency [21, 22]. The heterojunction

usually is formed between two different semiconductors,

whose inner electric field can provide a driving force for

the separation of photogenerated charge carriers. Hetero-

junction, constructed by coating wide-gap semiconductor

on narrow-gap semiconductor, can utilize photoresponse

ability of both semiconductors. Otherwise, the hetero-

junction constructed by metal and semiconductor is called

Schottky junction. On the ideal condition, because the

Fermi level of metal is lower than semiconductor, photo-

generated electrons migrate to the surface of metal when

irradiated, which inhibit the recombination of electron and

hole and promote photocatalytic efficiency. Li’s group

fabricated BiFeO3–graphene nanohybrids through a facile

hydrothermal treatments, which had a significant enhanced

performance in the visible light photocatalytic activity

[23]. Sakar et al. synthesized the pure BFO and BFO/c-

Fe2O3 nanocomposite by auto-ignition technique and ex-

amined the visible light-driven photocatalytic activity of

both. As a result, the pure BFO showed a moderate pho-

tocatalytic activity, while BFO/c-Fe2O3 nanocomposite

exhibited enhanced activity by degrading methyl orange

dye [24]. But BiFeO3-based Schottky junction has rarely

been reported.

In this work, we synthesized Ag/BiFeO3 nanohybrids by

sol–gel method followed by a chemical reduction process.

UV–Vis diffuse reflectance spectroscopy was employed to

study the optical properties of Ag/BiFeO3. Their phase

structures and morphologies were characterized by X-ray

diffraction (XRD), scanning electron microscopy (SEM)

and transmission electron microscopy (TEM). Further-

more, the visible light photocatalytic behaviors of the as-

produced Ag/BiFeO3 composites were explored by the

degradation of methyl orange (MO) in aqueous solution

under visible light irradiation. Due to the surface modifi-

cation of BiFeO3 by Ag nanoparticles (Ag NPs), the ab-

sorption and photocatalytic performance of the as-prepared

photocatalyst Ag/BiFeO3 in the visible region was greatly

enhanced, which was attributed to surface plasmon reso-

nance effect.

2 Experimental

2.1 Reagents

Ferric nitrate (Fe(NO3)3�9H2O) and bismuth nitrate

(Bi(NO3)3�5H2O) were purchased from Sigma-Aldrich,

silver nitric (AgNO3) and methyl orange (MO) were ob-

tained from Shanghai Reagents Company (Shanghai, Chi-

na), and citric acid was obtained from Tianjin Chemical

(Tianjin, China). Other reagents were all from commercial

sources with analytical purity and used as received. All

stock solutions were prepared daily with deionized water

treated with a water purification system (Simplicity 185,

Millipore Corp., Billerica, MA).

2.2 Preparation of BiFeO3 nanoparticles and nano-

Ag/BiFeO3

A preciously reported sol–gel process was modified to

prepare BiFeO3 nanoparticles [25]. Simply, Fe(NO3)3-

9H2O (0.01 mol) and Bi(NO3)3�5H2O (0.01 mol) were

dissolved in acetic acid (20 mL), and a yellowy solution

was obtained. Then, citric acid of 10 g was added into the

solution under magnetic stirring as a complexant. The

mixture was vigorously stirred for 1 h at 50 �C to form the

sol, which was then kept at 150 �C for 2–3 h to obtain dry

gel. Finally, the dry gel was calcined at 550 �C for 3 h in a

muffle furnace.

Ag/BiFeO3 nanocomposites were prepared by chemical

reduction method [26]. PVP was used as reductant for the

preparation of Ag/BiFeO3 nanocomposites. In a typical

procedure, 1.88 g of poly(vinyl pyrrolidone) (PVP,

Aldrich, Mw = 30,000 g�mol-1) was added in 8.0 mL of

deionized water, and the mixture was heated to 60 �C in air

under magnetic stirring until PVP was dissolved com-

pletely. Then, 1.5 mmol BiFeO3 was added to the PVP

solution which was stirred for 20 min. After that, 3 mL
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AgNO3 solution was immediately poured to obtain a proper

Ag: BiFeO3 ratio. The reaction was carried out for 2 h at

80 �C under magnetic stirring. The product was collected

by centrifugation and washed with deionized water. The

samples were dried for further use. When the molar ratio

between BiFeO3 and AgNO3 was varied from 50, through

30 and 15 to 10, the samples prepared marked with Ag-

BFO-1, Ag-BFO-2, Ag-BFO-3, Ag-BFO-4, respectively.

The N-doped TiO2(N-TiO2) reference photocatalyst was

prepared by the nitridation of commercially available TiO2

powder (surface area 48 m2 g-1) at 500 �C for 10 h under

NH3 flow (flow rate of 350 mL min-1).

2.3 Photocatalytic activity measurement

The photocatalytic activity of Ag/BiFeO3 nanomaterials

was evaluated by the degradation of MO in aqueous so-

lution under visible light irradiation with a 450 W Xe lamp

(Newport Solar Simulators, Model: 9115X, a cutoff filter of

420 nm). In each experiment, 50 mL of MO (20 mg/L)

solution was added to a glass flask containing 50 mg

photocatalyst. The glass flask was in the dark for half an

hour to ensure that adsorption equilibrium was reached

before the measurements. The reaction temperature was

kept at room temperature by cooling water for eliminating

any thermal catalytic effect. After the degradation of a

period of time, the suspensions containing the sample

powders and dyes were sampled. The sample powders were

then separated by centrifuging, and the absorbance of the

dye solutions was measured using a UV–Vis spectropho-

tometer. The MO concentration was determined according

to absorbance and a standard curve.

2.4 Characterization

The crystal structures of products were characterized by

PANalytical X’Pert PRO X-ray diffraction (XRD) with Cu

Ka radiation (k = 1.54 Å) in the range of 10�–80�. The

micrographs of Ag/BiFeO3 composites were investigated

using a scanning electron microscope (SEM) and trans-

mission electron microscope (TEM).

3 Results and discussion

3.1 Component analysis of BiFeO3 particle and Ag/

BiFeO3 nanocomposites

The phase composition and structure of the samples prepared

under different conditions were examined by powder X-ray

diffraction (XRD). Figure 1 shows the XRD patterns of the

prepared BiFeO3 samples at different temperatures. All

diffraction peaks of the sample prepared at 550 �C (Fig. 1b)

are in excellent accord with JPCDS files No. 86-1518. This

indicated single-phase BiFeO3 was completely crystallized

into the perovskite phase at 550 �C with lattice constants

a = b = 0.5576 and c = 0.13866 nm. From Fig. 1c, we

observed the enhanced diffraction peaks of BiFeO3 samples

except for a small amount of miscellaneous peak. As in-

creasing the calcination temperature to 600 �C (Fig. 1c), the

crystallization of the sample slightly increased. The high

heating temperature induced the formation of the impurity

Bi2O3 and Bi25FeO40, which was marked with ‘‘asterisk’’

and ‘‘filled square box,’’ respectively. According to the lit-

erature, the high heating temperature tends to induce the

formation of the impurity when synthesizing of BiFeO3 by

sol–gel technique [13]. Furthermore, the lower heating

temperature would also induce impurity such as Bi2O3 [27].

Figure 1a is the XRD pattern of sample calcined at 400 �C.

From this curve, we can also observe the trace amount of

Bi2O3 and Bi25FeO40 with characteristic 2h values. These

results indicate we should choose a proper calcination tem-

perature for obtaining pure phase BiFeO3, which is prefer-

ably 550 �C in this method.

3.2 Topography characterization of Ag/BiFeO3

nanocomposites

Figure 2 exhibits the XRD patterns of Ag/BiFeO3 hybrid

materials. From curve b to d in Fig. 2, we can see the four

diffraction peaks at 38.1, 44.3, 64.2 and 77.5� which are,

respectively, corresponding to the (111), (200), (220) and

(311) crystalline planes of metallic Ag and are marked with

‘‘inverted filled triangle.’’ The positions of the four peaks

are perfectly matched with cubic phase Ag (metallic Ag,

JCPDS file: 65-2871). Moreover, the intensity of the four

diffraction peaks increases with the growth of AgNO3

dosage. The curve a is the XRD pattern of pure phase

Fig. 1 The XRD patterns of nano-BiFeO3 prepared at different

temperatures: a 450 �C; b 550 �C; c 600 �C
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BiFeO3 which was prepared at the temperature of 550 �C.

The diffraction peaks of BFO marked with ‘‘inverted open

triangle.’’ These results illustrate the formation of metallic

Ag and BiFeO3 composites and the content of metallic Ag

in composites increasing with the growth of AgNO3

dosage.

The morphology of the Ag/BiFeO3 nanocomposites is

exhibited in Fig. 3. The SEM image of the Ag/BiFeO3

nanocomposites (Fig. 3a) shows that the size of BiFeO3 is

not very uniform, and the Ag NPs are anchored to its

surface. To further confirm the presence of the Ag NPs in

Ag/BiFeO3 nanocomposites, we presented the TEM image

as shown in Fig. 3b. By closely observing Fig. 3b, we find

that many small Ag nanoparticles are dispersed on the

surface of BiFeO3, and the nanoparticles are irregular and

monodisperse with diameters of about 20–50 nm. These

results are in good agreement with the XRD data.

3.3 UV–Vis diffuse reflection spectra of Ag/BiFeO3

nanocomposites

The optical properties of the BiFeO3 nanoparticles and its

composites with Ag were investigated by UV–Vis diffuse

reflection spectroscopy. As shown in Fig. 4, the visible

light absorbance of BFO sharp declines when wavelength

is longer than 560 nm (curve a), while the absorption of

Ag/BiFeO3 at this region is obviously higher than BFO.

This could be attributed to surface plasmon absorption of

metallic silver on the BiFeO3 surface. BiFeO3 is decorated

with the silver nanoparticles with great many different di-

ameters, so Ag/BiFeO3 nanocomposites have the higher

absorption in the entire visible light range.

At the range with wavelength shorter than 560 nm, the

absorption of all samples is associated with the optical

band gap of BiFeO3. In addition, for the Ag/BiFeO3

composites, the absorbance at the range of 560–800 nm

Fig. 2 The XRD patterns of a BiFeO3 nanoparticles, b Ag-BFO-1,

c Ag-BFO-2 and d Ag-BFO-3. BiFeO3 nanoparticles were prepared at

550 �C

Fig. 3 a SEM and b TEM images of Ag/BiFeO3 nanocomposites (Ag-BFO-3)

Fig. 4 UV–Vis diffuse reflection spectra of the BiFeO3 nanoparticles

and Ag/BiFeO3 nanocomposites
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increases in the following order: Ag-BFO-1 ‹ Ag-BFO-2 ‹
Ag-BFO-3 & Ag-BFO-4. These results indicate the ab-

sorption intensity of the composites increases with the in-

creasing amount of AgNO3 in reaction system. According

to the XRD data, the amount of Ag nanoparticles on the

surface of BiFeO3 increases with the growth of amount of

silver nitric. Therefore, the increment of the absorbance of

composites is due to larger LSPR effect from more Ag

nanoparticles deposited on the BiFeO3 surface.

3.4 The photocatalytic performance of Ag/BiFeO3

nanocomposites

Many groups have studied the photocatalytic activities of

bismuth ferric nanomaterials by degrading rhodamine B

[28], Congo red [12], methylene blue [29] and methyl or-

ange [30] and so on. Results demonstrated BiFeO3 mi-

cro/nanocrystals can decompose such kind of dyes under

visible light irradiation. The photocatalytic efficiency is

dependent on the size, morphology, doping and other

modification of BFO.

As a typical organic contaminant, MO is commonly

chosen as an organic model compound in wastewater

photocatalytic degradation studies. There are two reasons.

One is that MO is very stable under visible light irradiation

without photocatalyst, and the degradation rate of MO

could be ignored after a long-time UV–Vis irradiation in

the absence of photocatalyst [30, 31]. The other one is that

the amount of absorbed on the catalyst surface could be

negligible [32, 33].

Visible light photocatalytic activities of the as-prepared

bismuth ferritic nanocrystals were monitored through the

degradation of methyl orange in aqueous solution. Figure 5

displays the concentration–time plot of MO photodegradation

with BFO nanocrystals obtained at different temperatures as

photocatalysts. It is clear that all samples have photocatalytic

activity, and the time-dependent change of concentration of

MO has a similar trend. The MO degradation rates reach only

about 26, 36 and 18 % for BFO nanocrystals synthesized at

450, 550 and 600 �C, respectively, indicating that the pho-

todegradation rate of BFO photocatalysts increases with the

increase in temperature from 450 to 550 �C. However, the

photocatalytic efficiency of BFO nanoparticles calcined at

600 �C is lower than those of other samples. This could be

ascribed to more impurities appeared in BFO nanocrystals at

higher or lower temperature. The above comparative results

signify that the photodegradation efficiency of BFO

nanoparticles is not extremely perfect even for pure phase

BiFeO3 nanoparticles compared with that of other visible light

photocatalysts containing bismuth element under the same

conditions, such as BiVO4 and Bi2WO6 [34, 35].

Figure 6 represents the concentration changes of MO as

a function of time with various Ag/BiFeO3 photocatalysts

under visible light irradiation. For comparison, we also

measured the photocatalytic activity of N-TiO2 in the same

condition. Obviously, BFO nanoparticles have much lower

photocatalytic activity than the Ag/BiFeO3 composites and

N-TiO2. After 120-min illumination with photocatalyst, the

degradation rate of MO was in the following order: BFO

nanoparticles\N-TiO2\Ag-BFO-1\Ag-BFO-2\Ag-BFO-

3\Ag-BFO-4, implying that modification with silver

nanoparticles can significantly improve the photocatalytic

efficiency of BFO, and the activity of the photocatalysts

increases further for the more dosage of AgNO3. In addi-

tion, MO can be completely decomposed within 90 min

under visible light using Ag-BFO-4, which shows that

photodegradation performance of Ag-BFO-4 was the best

compared with other samples. The kinetic linear simulation

curves of photocatalytic degradation of MO with BFO or

Ag/BiFeO3 nanocomposites are shown in Fig. 7. The

Fig. 5 Photocatalytic degradation of MO as a function of the

irradiation time under visible light by the bismuth ferritic nanocrystals

prepared at different temperatures

Fig. 6 The photodegradation efficiencies of MO as a function of

irradiation time under visible light by samples
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results show a linear relationship between ln(c/c0) (c0, the

initial concentration of MO before irradiation; c, the con-

centration of MO after irradiation) and irradiation time,

which illustrated the photocatalytic decomposition of MO

following first-order kinetics. The apparent first-order rate

constant k for BFO or Ag/BiFeO3 nanocomposites is 0.003,

0.0087, 0.018, 0.0353, 0.0483 min-1, respectively. Simply,

k(BFO) � k(Ag-BFO-1)\ k(Ag-BFO-2)\ k(Ag-BFO-3)

& k(Ag-BFO-4). The results reveal that metal Ag

decoration plays an important role for increasing BFO

composites photocatalytic activity, but this effect does not

enhance further when the molar ratio of BiFeO3 and Ag was

less than 18. This indicates that too much Ag NPs on the

surface would block the visible light absorption of BiFeO3.

Thus, excessive Ag NPs on the surface would not continue to

improve the photocatalytic performance of the nanocom-

posites. In fact, we immersed the catalyst sample in the MO

solution in the dark for half an hour to ensure that adsorption

equilibrium was reached before the measurements. The MO

concentration decreases *9 % when adsorption equilibri-

um was reached. And the photolysis of MO was studied by

making a measurement under illumination without the cat-

alyst. From Fig. 6, we can see that MO is only photolyzed by

about 3 % in the absence of photocatalyst. Thus, the results

are really due to photocatalysis instead of adsorption or

photolysis which is negligible.

The photocatalytic stability was studied by the cycling

degradation experiments. As shown in Fig. 8, although the

photocatalytic activity of the as-prepared Ag/BiFeO3

nanocomposites decreases by *15 % after five times re-

cycle experiment, the activity of Ag/BiFeO3 (Ag-BFO-3)

photocatalyst still maintains a high level. The slight de-

crease after each cycle would be attributed to the absorp-

tion of contamination and the decrease in active spots [36].

Fig. 7 Kinetic linear simulation curves of photocatalytic degradation

of MO with samples

Fig. 8 Recycle experiment of Ag/BiFeO3 (Ag-BFO-3) photocatalyst

in the decomposition of MO under visible light irradiation

Fig. 9 Photocatalytic

mechanism of Ag/BiFeO3

J Sol-Gel Sci Technol (2015) 76:50–57 55

123



On the basis of the above results, we think the Ag/

BiFeO3 nanocomposites can work as a stable and effective

visible light photocatalyst applied in the decomposition of

organic pollutants.

3.5 The photocatalytic mechanism of Ag/BiFeO3

nanocomposites

Figure 9 illustrates the photocatalytic mechanism of the

photoinduced charge separation, migration and degradation

process under visible light irradiation. Under visible light

illumination, the electrons of BiFeO3 could be excited and

then injected into the Fermi level of Ag directly or indi-

rectly. This is due to that the metallic silver nanoparticles

can accept the photogenerated electrons from the excited

semiconductor as an electron reservoir, thereby facilitating

dioxygen reduction by suppressing electron–hole recom-

bination and promoting interfacial charge transfer [36, 37].

Whereas hole is stay in the HOMO of BiFeO3 and oxidizes

OH- and/or H2O to OH•. Furthermore, the localized sur-

face plasmon resonance (LSPR) induced by the collective

oscillations of surface electrons on Ag nanoparticles could

enhance the visible light harvesting of photocatalyst and

help electron–hole separation [38]. As a result, Ag/BiFeO3

had a greater visible absorption ability and a quicker charge

separation velocity than BiFeO3 nanocrystals and thus had

higher photocatalytic efficiency.

4 Conclusions

In conclusion, Ag/BiFeO3 nanocomposites were success-

fully synthesized through a sol–gel process, followed by a

chemical reduction method. The visible light photoac-

tivities of as-prepared Ag/BiFeO3 photocatalyst were

evaluated through the decomposition of MO. The Ag-

loaded BiFeO3 nanocomposites showed the higher photo-

catalytic efficiency compared with the pure BFO particles

which could be ascribed to electronic effect of Ag

nanoparticles including LSPR and Schottky barrier.

Moreover, the photocatalytic activity was found to increase

with the further growth of the AgNO3 dosage. We have

demonstrated that the photocatalytic performance of

BiFeO3 was obviously improved by Ag decoration. The

composite photocatalyst retained 85 % activity after five

runs, suggesting very good recoverability. Otherwise, Ag/

BiFeO3 hybrids have some magnetism (data are not

showed in paper), so that the photocatalyst can be conve-

niently separated from aqueous solution through centrifu-

gation. Therefore, noble metal-loaded BiFeO3 composites

with high-efficiency photoactivity and magnetism could

promisingly expand the scope of the perovskite ABO3-

structured materials applied in photocatalysis.
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