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Abstract
One-dimensional, single-crystalline bismuth ferrite  (BiFeO3) nanorods were successfully prepared by polyvinylpyrrolidone-
assisted hydrothermal process. The crystal structure and morphology of the as-prepared  BiFeO3 sample were characterized 
by X-ray diffraction (XRD), field emission scanning electron microscope and transmission electron microscopy. The XRD 
analysis reveals that single-phase  BiFeO3 sample was obtained. Morphology observation shows that the as-formed  BiFeO3 
nanoparticles are the shape of nanorods. The band gap of the as-prepared  BiFeO3 nanorods was identified by ultraviolet–vis-
ible diffuse reflectance spectrum. Meanwhile, the photocatalytic properties of the as-prepared  BiFeO3 nanorods were evalu-
ated by degrading Rhodamine B. The result revealed that the as-prepared  BiFeO3 nanorods exhibit photocatalytic activity 
under visible light irradiation (λ ≥ 400 nm).

1 Introduction

Over the past few years, perovskite-type bismuth ferrite 
 (BiFeO3, denoted as BFO), as a typical multiferroic mate-
rial, became more and more attractive due to its potential 
applications in information storage, sensors, spintronic 
devices [1-3]. Recently, BFO has also been demonstrated 
as a promising visible-light driven photocatalyst because of 
its suitable band gap (2.2 eV), good chemical stability and 
intrinsic electric polarization field [4-6]. Many studies have 
been carried out on its photocatalytic ability to degrade vari-
ous pollutants such as Congo red, methyl orange, methylene 
blue and Rhodamine B (RhB) [7-9].

The activity of a photocatalyst is closely related to its 
optical absorption properties (band gap), the separation effi-
ciency of photo-induced electron–hole pairs as well as the 
transport of electron–hole pairs. Therefore the morphology, 
particle size, phase purity and crystallinity of a photocata-
lyst would significantly influence its photocalytic activity. 
Accordingly, BFO has been prepared in many forms such 
as thin films, microparticles, nanoparticles and nanocom-
posites, and these forms have been studied for their pho-
tocatalytic activities under visible light [10-14]. However, 

recent studies show that the photocatalysts in the form of 
one-dimensional nanostructures, such as nanotubes, nanofib-
ers and nanowires, in comparison with bulk material, have 
demonstrated enhanced efficiencies for photocatalytic water 
splitting or Congo red [15-18]. The reduced radial dimen-
sion and the high surface-to-volume ratio promote rapid 
diffusion of photogenerated electrons/holes to the surfaces 
of nanowires before recombination can occur, and thus can 
improve separation efficiency of charge carriers [18, 19]. 
Consequently, the one-dimensional BFO nanostructures, 
such as nanowires [20, 21], nanotubes [22, 23] and arrays 
[24] of BFO, have been prepared by various methods.

The synthesis of the BFO nanorods and nanotubes com-
monly need anodized aluminum oxide (AAO) template 
[23], high voltage electrospinning techniques [25], sur-
factant and polymer (polyvinylpyrrolidone, PVP) auxiliary 
hydrothermal techniques [26]. And most BFO prepared by 
these methods are polycrystalline structures, which seriously 
affect their properties and applications. Li and his cowork-
ers reported that the single crystal nanowire is considered 
to be more active because the charge transport along the 
wire axis is much more effective than the diffusive transport 
in polycrystalline material [18]. Recently, one-dimensional 
single-crystalline BFO nanowires and nanorods have been 
synthesized by hydrothermal method [20, 27]. However, it 
is still a challenge for scientists and engineers to synthesize 
one-dimensional, single-crystalline BFO nanorods in large 
amounts due in part to the kinetics of phase formation in the 
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 Bi2O3–Fe2O3 system [28]. In addition, there are few reports 
on the application of BFO nanorods in photocatalysis. 
Therefore, the design of one-dimensional, single-crystalline 
BFO nanorods with novel and well-defined morphologies is 
important for both fundamental research and the application 
of photocatalysis.

In this work, single-crystalline BFO nanorods were pre-
pared by polyvinylpyrrolidone (PVP)-assisted hydrother-
mal process. The crystal structure, surface morphology 
and optical properties of BFO sample were investigated. 
Meanwhile, the photocatalytic properties of the as-obtained 
BFO nanorods were evaluated by degrading Rhodamine B 
(RhB), one common pollutant. On the basis of these experi-
mental results, a possible photocatalytic mechanism of BFO 
nanorods was critically discussed.

2  Experimental section

2.1  Fabrication of  BiFeO3 nanorods

Bismuth nitrate (Bi(NO3)3·5H2O), ferric chloride hexahy-
drate  (FeCl3·6H2O) and Rhodamine B were purchased from 
Aladdin Chemical Reagent. Sodium hydroxide (NaOH) 
and Polyvinylpyrrolidone K-30 (PVP) were obtained from 
Huzhou Feiying Chemical Reagent Management Depart-
ment, PR China. All chemicals were of analytical grade and 
used without further purification.

BFO nanorods were synthesized by a hydrothermal 
method, similar to a recent report by Li et al. [21]. In a 
typical synthesis, Bi(NO3)3·5H2O and  FeCl3·6H2O in a stoi-
chiometric ratio (1:1 in molar ratios) were dissolved in eth-
ylene glycol (50 mL, 98%) and sonicated for 30 min. Then 
deionized (D.I.) water (200 mL) and concentrated ammonia 
were added under vigorous stirring until the pH value of the 
solution reached 10–11. The sediment was centrifuged out 
and washed with DI water several times until the pH value 
was neutral. Next, the red co-precipitate was redispersed in 
40 ml of DI water. Under vigorous stirring, 0.5 g of PVP and 
8 g NaOH were added into the suspension. Next, the solution 
was placed inside a stainless steel autoclave with a Teflon 
liner and heated at 160 °C for 48 h. After cooling down 
to room temperature, the precipitate was collected by cen-
trifugation, washed with DI water and absolute ethanol for 
several times, respectively, and then dried at 60 °C for 8 h.

2.2  Characterization

The obtained sample was characterized by XRD on a X’Pert 
PAN alytical x-ray powder diffractometer with Cu Kα radia-
tion (λ = 1.54060 Å) operated at 40 kV and 40 mA in the 
2θ range of 10°–90° with a step size of 0.01°. Scanning 
electron microscopy (SEM) measurements were carried out 

on a field-emission scanning electron microscopy (FE-SEM, 
FEI Inspect F50). Transmission electron microscopy (TEM) 
and high-resolution TEM (HRTEM) studies were performed 
on a FEI TECNAI G2 F20 microscope under an accelera-
tion voltage of 200 kV. The light absorption ability of the 
prepared sample was investigated by ultraviolet–visible 
(UV–Vis) diffuse-reflectance spectra (DRS) on a Jindao UV 
2600 spectrometer in the wavelength range of 300–800 nm 
equipped with an integrating sphere, and  BaSO4 was used as 
a reflectance standard. The room temperature photolumines-
cence (PL) properties were measured in ambient conditions. 
PL measurement was taken on a Hitachi F-4600 spectropho-
tometer using Xe lamp as excitation source.

2.3  Photocatalytic measurements

The photocatalytic performance of the as-prepared sample 
was evaluated by the degradation of 5 mg/L RhB in aqueous 
solution under visible light irradiation (Xe lamp, 300 W; 
visible cut-off filter ≥ 400 nm). In experiment, 30 mg of the 
BFO photocatalyst was suspended in an aqueous solution 
(80 mL) of RhB in a reactor chamber. Before visible light 
irradiation, the suspensions were magnetically stirred in the 
dark for 1 h to ensure the adsorption–desorption equilibrium 
between photocatalyst and RhB. After the dark reaction, the 
solution was irradiated using visible light. At appropriate 
time intervals, 5 mL of suspension was collected and centri-
fuged at 9000 rpm for 10 min to separate the catalyst powder 
from the solution. The concentration of RhB solution was 
then determined by measuring the maximum absorbance at 
554.0 nm using a UV–Vis spectrometer (UV 2600 spec-
trometer). The degradation percentage was calculated using 
the following equation: (C0 − C)/C0 × 100%, where C0 and C 
denote the absorbance of the characteristic peak of RhB at 
554.0 nm before and after illumination. To prevent any self-
degradation of RhB, the RhB solution was also photolyzed 
in the absence of photocatalyst in the same condition.

3  Results and discussion

3.1  Crystal structure

To identify the structure and the phase purity of the pre-
pared sample, we had performed powder X-ray diffraction 
(PXRD) studies. Figure 1 shows the X-ray diffraction pattern 
of BFO powder synthesized under hydrothermal tempera-
ture for 48 h. All the diffraction peaks can be indexed with 
respect to R3c space group of  BiFeO3 (JCPDS No. 20-0169), 
and the crystal structure of the BFO sample is rhombohedral 
structure, in good agreement with the literature data [20]. In 
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addition, no impurity peaks are observed in the XRD pat-
tern, confirming the high purity of the BFO products.

3.2  Morphological analysis

It is well known that PVP, as an important surfactant, is usu-
ally used to control the morphologies of nanomaterials [29-
31]. Figure 2 shows the morphology of the as-synthesised 
BFO sample using the 0.5 g of PVP surfactant. Figure 2a 
shows the FESEM image of BFO nanorods at low magnifi-
cation and Fig. 2b is the FESEM image of BFO nanorods at 
high magnification. Figure 2 shows the existence of a large 
number of BFO nanorods of different sizes, and the length 
of the observed BFO nanorods is approximately hundreds of 

nanometre or several microns, the BFO nanorods have the 
diameters of 45–350 nm.

To further observe the morphology and the crystal char-
acteristics of the BFO sample, TEM image of the BFO 
nanorods was displayed in Fig. 3. Figure 3b shows the mag-
nified TEM image of an individual BFO nanorod. Figure 3c 
is a HRTEM image of a typical portion of a corresponding 
BFO nanorod, displaying an intact, orderly, single-crystal-
line structure. The selected area electron diffraction (SAED) 
pattern is presented in Fig. 3d. The planes with interplanar 
spacing of 0.258, 0.482 and 0.278 nm are corresponding to 
the (111) (100) and (110) crystal faces, respectively.

3.3  UV–Vis DRS analysis

The optical property of BFO sample was invesitgated by 
UV–Vis diffuse reflectance spectroscopy, as shown in 
Fig. 4. The absorption spectrum shows that the absorption 
band edge of BFO nanorods appeared at 565 nm, which 
was similar to those previously reported [4, 32], indicating 
that BFO sample absorbs an amount of visible light. This 
absorption can be attributed to the electronic band gap tran-
sition from the valence band (O 2p orbital) to the conduction 
band (Fe 3d orbital)  (O2p

2− → Fe3d
3+) [33, 34]. The band 

gap energy (Eg) of BFO could calculated from the plot of 
the Kubelka–Munk function [35] [(Ahv)2 as photon energy 
(hv)] for the direct band gap semiconductor, as shown in the 
inset of Fig. 4. This relationship gives the Eg by extrapolat-
ing the straight portion of (Ahv)2 against hv plot to the point 
(Ahv) = 0. The band gap is estimated about 2.16 eV by the 
linear extrapolation, which is quite comparable with previ-
ous results 2.16 eV [36] and 2.18 eV [8] and smaller than 
that of the bulk BFO (2.8 eV) [37]. Therefore, such narrow 
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Fig. 1  XRD pattern of the as-synthesized BFO power by hydrother-
mal process

Fig. 2  a FESEM image of BFO nanorods at low magnification. b FESEM image of BFO nanorods at high magnification
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band gap is beneficial for implying possible application in 
potential sunlight driven photocatalyst.

3.4  PL spectrum analysis

As known, the PL properties of semiconductor can reflect 
the capture and transfer behaviour of charge carriers in semi-
conductors [38, 39]. The PL emission intensity can reflect 
the recombination of photoexcited electrons and holes, and 

the stronger PL emission intensity represents higher recom-
bination rate of photoexcited electrons and holes [39]. Fig-
ure 5 shows the PL spectrum of BFO nanorods at the excita-
tion wavelength of 400 nm. The main peak of PL emission at 
602 nm is corresponding to the radiative emission due to the 
recombination of electron–hole pairs. However in PL spec-
trum a kink is appearing before main peak at 602 nm, which 
is similar to what has been reported by Liu [40]. As for the 
origin of this kink, there was scant literature available. In 
principle, any other emissions, except for the intrinsic emis-
sion from the band-to-band transition, should originate from 
the defects/impurity levels inside the bandgap [41].

3.5  Photocatalytic performance

The photocatalytic activity of BFO sample was evaluated by 
the photodegradation of RhB aqueous solution under visible 
light (λ ≥ 400 nm) irradiation after adsorption/desorption 
equilibration. Figure 6a shows the photocatalytic degrada-
tion of RhB by BFO photocatalyst under visible light. The 
blank experimental result is also shown in Fig. 6a, which 
indicates that the RhB concentration was nearly unchanged 
during the whole irradiation time without the photocata-
lyst, suggesting that RhB is a stable pollution. When BFO 
photocatalyst particles were added into the RhB aqueous 
solution, RhB was gradually degraded during the visible 
light irradiation process. After 270 min irradiation time, the 
decomposition rate was 25.4%, which was slightly higher 
than that of the previous results (22.3%) with 0.3 g of the 
BFO nanoparticle photocatalyst suspended in an aqueous 
solution (100 mL) of RhB [4], and the catalytic perfor-
mance is not too considerable, which may be attributed to 
the surface defects of one-dimensional BFO nanorods with 
high surface-to-volume ratio. The surface state plays a very 

Fig. 3  TEM image of BFO nanorods (a), individual BFO nanorod 
(b), HRTEM image of a typical portion of a corresponding BFO 
nanorod showing the crystalline structure (c), SAED pattern of an 
individual BFO nanorod (d)
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important role in determining carrier transport and optical 
excitation/recombination properties [42].

The reaction kinetics of RhB degradation for BFO 
nanorods photocatalyst was analyzed by fitting the experi-
mental data in Fig. 6a according to the Langmuir–Hinshel-
wood model, as expressed by the following equation [43]:

 where C0 and C are the concentrations of RhB at t0 and 
t, respectively, and k is the pseudo-first-order rate constant 
of photodegradation  (min−1). The linear fitting curves of 
ln(C0/C) versus irradiation time (t) are shown in Fig. 6b. 
From the linear fitting curves, the RhB degradation rate con-
stant k was calculated to be 1.38 × 10–4, 1.12 × 10–3 min−1 for 
the blank sample and BFO, respectively.

Based on the above experimental results, a possi-
ble mechanism of RhB degradation by BFO sample 

(1)ln
C0

C
= kt

is as follows. Under the illumination of visible light 
(λ ≥ 400 nm), with photon energy exceeding the band gap 
of the BFO, the photogenerated electrons and holes are 
generated, which could be either trapped at defect sites 
or diffused toward the surface of the photocatalyst. The 
photoinduced electrons transferred from the bulk BFO to 
the surface of the photocatalyst could capture the adsorbed 
 O2 and reduce it to superoxide radical anion ( O∙−

2
 ) and 

hydroxyl radicals ( OH∙ ), which then participate in photo-
catalytic degradation of RhB. Finally, the organic pollut-
ants may be decomposed into  CO2,  H2O, or inorganic ions. 
The proposed photodegaradation mechanism of BFO for 
RhB could be described as follows: [44]

where e−CB and h+
VB stand for the electron in the conduction 

band and hole in the valence band, respectively.

4  Conclusions

In this work, one-dimensional, single-crystalline BFO 
nanorods with rhombohedral crystal structure were suc-
cessfully prepared by polyvinylpyrrolidone (PVP)-assisted 
hydrothermal process. FESEM and TEM images indicate 
that the as-prepared  BiFeO3 nanoparticles are the shape 
of nanorods with different sizes. The energy band gap is 
found to be about 2.16 eV, which are suitable for photo-
catalytic degradation of RhB dye under visible-light irra-
diation. The photocatalytic result revealed that the as-pre-
pared BFO nanorods exhibit photocatalytic activity under 
visible light irradiation (λ ≥ 400 nm), and 25.4% RhB was 
decomposed after 270 min irradiation time. Meanwhile, a 
possible photocatalytic mechanism of BFO nanorods was 
critically discussed.
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