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Abstract Visible-light-driven degraded organic pollutant

with high efficiency is crucial in the current photocatalysis

research. A new kind composite photocatalyst with high

visible-light photocatalytic activity which consists of

Bi2Fe4O9 and reduced graphene oxide (RGO) has been

synthesized through one-step hydrothermal method at low

temperature. Pure Bi2Fe4O9 was formed with the addition

of graphene oxide (GO) when the concentration of NaOH

is 12 mol/L (M) at 180 �C for 72 h hydrothermal reaction.

At the same time, the GO was reduced to RGO and

adsorbed on the surface of Bi2Fe4O9. The resultant com-

posite photocatalyst showed higher absorption not only in

the UV range but also in the visible light than pure

Bi2Fe4O9 indicating more electron–hole pairs generated.

The band gap of photocatalysis was reduced from 1.91 to

1.69 eV and recombination of photo-generated electron–

hole pairs in composites were decreased through marrying

RGO with Bi2Fe4O9. As a result, the Bi2Fe4O9/RGO

composite photocatalyst displayed higher catalytic activity

for the degradation of methyl violet under visible light

irradiation than rare Bi2Fe4O9, promising the use of the

Bi2Fe4O9/RGO composite in visible-light photocatalysis.

1 Introduction

Photocatalysis is an environmentally friendly method to

eliminate organic compounds in wastewater by

mineralizing them into the simplest compounds like water

and carbon monoxide. In the past decade semiconductor

was generally used as photocatalyst to degrade organic dye

pollutant [1], which was difficult to be biodegraded [2].

Nowadays, TiO2, as one kind of metal oxide, has received

most attention in this field. However, it exhibits low pho-

tocatalytic activity under visible-light irradiation since its

activation is limited to UV light due to its wide band gap

(3.2 eV). Note that, the energy of UV light makes up only

3–5 % of the solar light and the visible light consisting of

43 % of the solar spectrum [3–5]. As a result, it is highly

desirable to develop new materials that are able to respond

to visible light irradiation. Among these, bismuth ferrites

have great potential as visible-light sensitive photocatalysts

due to their narrow band gap [6, 7].

As one kind of bismuth ferrites, mullite-type Bi2Fe4O9

is the current research focus as a visible-light active pho-

tocatalyst with a band gap of 1.9–2.1 eV [8–10]. Recently,

many literatures have reported that Bi2Fe4O9 can act as

photocatalyst for organic contaminant (methyl orange,

methyl red) degradation under visible-light irradiation [11,

12]. However, viewed from reported results up to now, the

photocatalytic efficiency of Bi2Fe4O9 under visible-light

irradiation is not high enough, because the photogenerated

electron–hole pairs have a large number of recombination.

Therefore, the increasing of the separated electron–hole

pair’s quantities in Bi2Fe4O9 is the key for the enhance-

ment of photocatalytic activity under visible light.

Graphene (GR) is a two-dimensional macromolecular

sheet, which possesses many unique properties such as a

large specific surface area (*2630 m2/g), high mobility of

charge carriers (charge-carrier mobility of 250,000 cm2

V-1 s-1 at room temperature),good chemical stability and

the smallest band gap (0 eV) [13, 14]. Owing to the perfect

two-dimension cycle planer structure, graphene can
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function as an excellent catalyst carrier. Ng et al. [15]

reported BiVO4/reduced graphene oxide (RGO) compos-

ites synthesized under a facile single-step condition and

showed remarkable tenfold enhancement in photoelectro-

chemical water splitting reaction compared with pure

BiVO4 under visible illumination. Gao et al. [16] observed

that the enhanced photocatalytic activity for the degrada-

tion of Rhodamine B (RhB) under visible light contributed

to the electronic interaction and charge equilibration

between RGO and Bi2WO6 which lead to the shift of the

Fermi level and decrease the conduction band potential.

Sun et al. [17] investigated that Bi25FeO40/RGO photo-

catalyst exhibited higher catalytic activity for the degra-

dation of methylene blue (MB) under visible-light

irradiation is due to enhanced MB adsorption and effective

suppression of electron–hole recombination via preferential

electron transfer from Bi25FeO40 to graphene.

Graphene oxide (GO), as one of carbon materials, con-

sists of graphite sheets covalently bonded with oxygen

functionalities like hydroxy and epoxide groups on basal

planes and carboxyl groups at the edges [18]. The presence

of abundant oxygen-containing groups at GO allows

interactions with the cations and provides reactive sites for

the nucleation and growth of micro-sheets [16]. This

characteristic of GO was used in our hydrothermal process,

where a facile one-step hydrothermal method was dem-

onstrated to obtain a Bi2Fe4O9/RGO composite via

hydrothermal reaction in the presence of GO. Because of

the unique properties of graphene, it not only improved the

separation and transport of photogenerated electrons, but

also might cause a smaller band gap indicating a wider

range of light absorption [19]. Thus, the Bi2Fe4O9/RGO

composite photocatalyst exhibited a very higher catalytic

activity for degradation methyl violet (MV) under visible

light irradiation as compared with bare Bi2Fe4O9.

2 Experimental

2.1 Synthesis of the Bi2Fe4O9/RGO composite

composites

Graphene Oxide (GO) was purchased from Nanjing

XFNANO Materials Tech Co., Ltd. Bi2Fe4O9/RGO com-

posite photocatalysts were fabricated by a facile one-step

hydrothermal method. First, [Bi(NO3)3�5H2O] and

[Fe(NO3)3�9H2O] in a stoichiometric ratio (1 : 1 in molar

ratios), as the starting materials, were dissolved in acetone

by ultrasonicating and stirring. After dilution by water,

concentrated ammonia was dropped in until the pH value

of the mixed solution reached 10–11. Then, a required

amount of GO dispersions (5 wt%) were added with stir-

ring. The resultant mixture was filtrated and washed by

distilled water until the pH value was neutral. Finally,

NaOH with different concentrations was added with stir-

ring for 30 min. Subsequently, the solution was transferred

to a sealed, Teflon-lined steel autoclave and heated at

180 �C for 72 h. The black powder obtained was washed

with distilled water and ethanol through centrifuging and

then dried at 70 �C for characterization. For comparison,

pure bismuth ferrite without GO was prepared using the

same method, which was denoted as Bi2Fe4O9 micro-

sheets.

2.2 Characterizations

The crystal structures and morphologies of the samples

were characterized by X-ray diffraction (XRD, PertPro,

PANalytical, Netherlands) and field-emission scanning

electron microscope (FESEM, Hitachi S-4800, Japan). To

get the microstructural information, Raman spectrum

measurements were used on a spectroscopy equipped with

a 514 nm laser (Jobinyvon U1000, France). Ultraviolet–

Visible diffuse reflectance spectroscopy (UV–Vis-DRS)

was performed at room temperature by UV–Visible spec-

trophotometer (UV-2550). X-ray photoelectron spectra

(XPS) were acquired on a VG Mulfilab 2,000 system

(Thermoelectron Corporation) equipped with a mono-

chromatized Al-Ka excitation source (hm = 1,486.6 eV).

The room temperature photoluminescence spectra were

measured on a fluorescence spectrophotometer (RF-

5301PC, SHIMADZU) at an excitation of 334 nm.

2.3 Measurements of photocatalytic activity

The photocatalytic activity of Bi2Fe4O9/RGO powders

were evaluated by the degradation of solution of MV

under a 125 W high pressure mercury lamp with a

400 nm cut-off filter as the source of visible-light irradi-

ation with stirring continuously. 30 mg prepared powders

were dispersed into 50 mL 30 mg L-1 MV solution in a

glass beaker. Before being irradiated, each sample was

stirred in the dark for 1 h to reach a complete adsorption–

desorption equilibrium. At given intervals of irradiation

time, 2 mL of the suspension was collected, and the

concentration of MV solution was determined by mea-

suring the absorbance with a UV–Vis spectrophotometer.

The change of relative absorbance was used to record the

change of concentration of MV solution, which was Ct/C0

(Ct and C0 referred to the concentration of MV solution at

time t and initial time, respectively). All experiments

were repeated for six times.
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3 Results and discussion

3.1 Structure and morphology of Bi2Fe4O9/RGO

composites

The effects of NaOH concentration on the crystallization of

bismuth ferrite were investigated. Figure 1a shows XRD

patterns of as-prepared samples which were prepared with

5 wt% GO and different concentration of NaOH at 180 �C

for 72 h. The samples are named as C6-M5, C8-M5, C10-

M5, C12-M5 and C14-M5, according to the concentration

of NaOH (M, mol/L) being 6, 8, 10, 12 and 14, respec-

tively. When the concentration of NaOH is below 12 M,

mixed phases of a sillenite-type Bi25FeO40 with the mull-

ite-type Bi2Fe4O9 were observed. Increasing of the con-

centration of NaOH from 6 to 10 M, the peaks intensity of

Bi2Fe4O9 is enhanced. At 12 M, all the peaks could be

indexed to the pure mullite phase Bi2Fe4O9 of the ortho-

rhombic structure (space group: Pbam), which are consis-

tent with the standard data (JCPDS No. 25-0090) showed

in Fig. 1b. When the concentration of NaOH exceeds

12 M, impurity of Bi is obtained. According to the litera-

tures [20, 21], the peak at *11.1� is ascribed to (002) of

GO due to the introduction of oxygen containing functional

groups attached on both surface and edges of carbon sheets,

while the reduction of GO can be confirmed by the

appearance of small bumps at *29� and *44� due to the

removal of a large number of oxygen-containing groups

and the formation of much more disordered graphene

sheets. For Bi2Fe4O9/RGO composite, the disappearance of

the GO peak suggests the complete exfoliation of GO due

to the insertion of NaOH under hydrothermal process. No

diffraction peak of RGO can be observed in the compos-

ites, which might be due to the low amount and the

extensive exfoliation of RGO. It is obvious that an appro-

priate alkaline precursor solution is considered favorable

for the formation of Bi2Fe4O9 when GO exist.

The presence of both Bi2Fe4O9 and RGO can be con-

firmed from the Raman spectra. In the Raman spectra of

carbon materials, D band (*1,350 cm-1) associating with

the defects of the material and G band (*1,580 cm-1)

refers to the presence of sp2 carbon-type structure that is

related to the order of the material, respectively. The ratio

of the intensity of D and G bands (ID/IG) has been widely

used to evaluate the quality of graphene materials coarsely.

Meanwhile, it has been reported that G- and D-bands

would blue-shifted when GO is reduced to RGO [22, 23].

Figure 2 shows Raman spectra of GO, Bi2Fe4O9/RGO

composite and pure Bi2Fe4O9. In the spectrum of GO, the

two characteristic peaks have been observed at 1332 cm-1

(D) and 1,590 cm-1 (G). In comparison, the G-band shifted

from 1,590 to 1,574 cm-1, whereas the D-band shifted

from 1,332 to 1,326 cm-1 for the Bi2Fe4O9/RGO
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composite. In the meantime, the ID/IG ratio of Bi2Fe4O9/

RGO composite (1.49) increased in comparison with pure

GO (1.10), indicating that the disorder ratio of composite

has been increased due to a decrease in the average size of

the in-plane sp2 domains upon reduction of the exfoliated

GO. This confirms the reduction of GO and presence of

RGO in the Bi2Fe4O9/RGO composite. The spectra for

pure Bi2Fe4O9 and Bi2Fe4O9/RGO composite display

peaks at 201, 322, 423, 548 and 636 cm-1 which are

consistent to the results reported by Iliev et al. [24] and

both Friedrich et al. [25].

XPS can further confirm the reduction of GO in

Bi2Fe4O9/RGO composite through identifying the oxida-

tion state of C elements. In Fig. 3, the XPS peaks of C1s

centered at the binding energies of 289.3, 287.5, 285.8, and

284.5 eV were assigned to the HO–C=O, C–O–C, C–OH,

and C=C, respectively. The XPS peak area ratios of the

HO–C=O, C–O–C, and C–OH bonds to the C=C bond were

calculated and the values are 4.2, 14.4 and 23.6 %. It is

obvious that most carbon atoms were sp2 hybridized, and

the amount of oxygen containing functional groups (HO–

C=O, C–O–C, and C–OH) on carbon sheets in Bi2Fe4O9/

RGO was decreased compared with that of GO (the values

are 11, 28 and 59 %) [26], indicating that GO in Bi2Fe4O9/

RGO was reduced to RGO via hydrothermal reaction.

The morphology of Bi2Fe4O9, RGO and Bi2Fe4O9–RGO

composite were observed with SEM as Fig. 4. Bi2Fe4O9

exhibited a structure of micro-sheet with the length and

width is about 2.0 lm (Fig. 4a). RGO clearly composed of

plicated nano-sheets (Fig. 4b). The Bi2Fe4O9–RGO com-

posite possessed a mixed morphology of micro-sheets and

nano-sheets: the assembling of Bi2Fe4O9 micro-sheets on

graphene sheets (Fig. 4c), and on the surface of the plates

were micro-sheets with the length and width of 1.5 lm

(Fig. 4d), which was smaller than that of conventional

Bi2Fe4O9 micro-sheets (Fig. 4a). This indicates that the

introduction of GO in the preparation process of Bi2Fe4O9

micro-sheets favors the crystallization of Bi2Fe4O9 micro-

sheets with smaller sizes.

3.2 Band gap engineering

Figure 5a shows the UV–Vis absorption spectra of

Bi2Fe4O9 and Bi2Fe4O9/RGO composite. The pure

Bi2Fe4O9 phase exhibited a high absorption in the UV range

(200–400 nm) but much low absorption of visible light. The

UV and Vis absorption of the Bi2Fe4O9/RGO composite

both increased when compared with the pure Bi2Fe4O9. In

such case, more electron–hole pairs can be generated in the

Bi2Fe4O9/RGO composite using the visible light irradiation.

Meanwhile, a red-shift to higher wavelength in the

absorption edge of the Bi2Fe4O9/RGO composites has also

been observed, indicating a narrowing of the band gap of

Bi2Fe4O9. Shown in Fig. 5b is a comparison between the

band gap of pure Bi2Fe4O9 microsheets and Bi2Fe4O9/RGO

composite. It is of significance to note that the band gap is

reduced from 1.91 eV to 1.69 eV with the introduction of

RGO which was calculated by the Kubelka–Munk method.

The band gap narrowing should be attributed to the chem-

ical bonding between Bi2Fe4O9 and RGO, that is, the for-

mation of COO–metal bonds, which were also found in the

case of TiO2/graphene [27], CdS/graphene [28], BiFeO3/

graphene [29] and YInO3/graphene [30] composites.

Because of the increased absorbance, the utilization of solar

energy can be more efficient. Therefore, coupling graphene

with Bi2Fe4O9 is an effective way to improve the photocat-

alytic activity in visible light.

3.3 Enhanced photocatalytic performance

The photocatalytic activities of pure Bi2Fe4O9 and

Bi2Fe4O9/RGO composite were evaluated by photocata-

lytic degradation of MV under visible light irradiation.

Figure 6 showed the photodegradation rate curves of MV

using pure Bi2Fe4O9 and Bi2Fe4O9/RGO composite as the

photocatalyst and the inset is UV–Vis spectra of MV

solution after different irradiation time with Bi2Fe4O9/

RGO composite as the photocatalyst. In the absence of

light, MV degradation is only 3.5 %, ruling out that light is

an essential element. After 3 h of visible light irradiation,

the photo degradation efficiency of MV increases from

19.9 % for pure Bi2Fe4O9 to 95 % for Bi2Fe4O9/RGO

composite.

The degradation kinetics of MB with Bi2Fe4O9 and

Bi2Fe4O9/RGO composite was fitted by the pseudo-first-

order kinetics which can be described as the follows:
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ln Ct

C0
¼ Kobst, where Kobs means the observed pseudo-first-

order rate constant. The fitting line is plotted in Fig. 7,

wherein the slope of the line equals the kinetics rate con-

stant. The Kobs of MV removal in the photocatalytic pro-

cess with Bi2Fe4O9/RGO composite was 0.01,639 min-1,

which was enormously enhanced compared to that in the

process of pure Bi2Fe4O9 (0.0012 min-1), showing

Bi2Fe4O9/RGO composite had better visible light photo-

catalytic performance. This can be explained by the

reduction of Eg and increasing of visible light absorption.

As for a photocatalyst, it is essential to investigate

recombination of photo-generated electron–hole pairs for

the study of the relevant photocatalytic activity. It is well

known, when the electron–hole pairs are induced in the

catalyst, they would separate effectively and then transfer

to the surface of the catalyst to participate in the redox

reaction. However, the recombination of electron–hole

pairs would occur in the photocatalyst inner or surface

during the transfer process which would lead to a lower

photocatalytic activity. In order to confirm the condition

about the recombination of induced electron–hole pairs,

photoluminescence (PL) spectra were measured for the two

samples of pure Bi2Fe4O9 and Bi2Fe4O9/RGO composite as

shown in Fig. 8. The samples exhibited different fluores-

cence intensity and the emission peak located at the same

wavelength of 465 nm. The Bi2Fe4O9/RGO composite

showed the lower intensity which could be attributed to the

less recombination rate of photogenerated electron–hole

(a) (b)

(c) (d)

Fig. 4 FESEM images of: a Bi2Fe4O9 micro-sheets, b RGO, and (c and d) Bi2Fe4O9/RGO composite
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pairs. The most likely reason for the less recombination

rate of photogenerated electron–hole pairs is the reduced

recombination on the catalyst surface. When photogener-

ated electrons are migrate to the Bi2Fe4O9/RGO composite

surface, they can be rapidly transferred by the high

mobility of photogenerated electrons carriers of RGO

which is uniformly distributed on the surface of Bi2Fe4O9

micro-sheet.

According to the above results, a probable mechanism

for the high photocatalytic degradation activity of Bi2Fe4

O9/RGO composite is illustrated in Fig. 9. Under visible

light irradiation, electrons are excited from the valence

band (VB) to the conduction band (CB) of Bi2Fe4O9,

leaving holes in the VB. The photogenerated electrons

rapidly transfer from the CB of Bi2Fe4O9 to RGO sheets

where they participate in reduction reaction. The holes left

on the surface of Bi2Fe4O9 oxidize MV to form CO2, NO3
-

and Cl- directly. The introduction of RGO in the Bi2Fe4

O9/RGO composite can reduce the probability of electron–

hole recombination, prolonged the lifetime of the charge

carriers, and thus enhance the photocatalytic activity.

Moreover, the RGO sheets allow the photocatalytic reac-

tions to take place not only on the surfaces of Bi2Fe4O9, but

also on the RGO sheets with significantly increased reac-

tion sites.

4 Conclusions

In summary, Bi2Fe4O9/RGO composite photocatalyst was

successfully obtained by one-step hydrothermal method

through adjusting the concentration of NaOH at low
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temperature in the presence of GO. The GO was reduced to

RGO during the hydrothermal process. The photocatalytic

activity of Bi2Fe4O9/RGO is greatly enhanced compared to

rare Bi2Fe4O9. Additional, the interface interaction and

charge migration between RGO and Bi2Fe4O9 lead to the

shift of the conduction band and decrease the band gap of

Bi2Fe4O9/RGO composite, which has a significant influ-

ence on photocatalytic process. The enhanced photocata-

lytic efficiency could be attributed to the reducing band gap

of Bi2Fe4O9/RGO and fast charge transfer rate, which may

be effectively utilized the low energy visible-light and

decreasing recombination of the e–h pairs. This work

provides an example of one kind of simple one-step

hydrothermal synthesis method for preparing graphene-

based composite photocatalyst and indicated that Bi2Fe4

O9/RGO is a very promising candidate for high perfor-

mance photocatalysts.
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