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Single-crystalline Bi2Fe4O9 synthesized by low-

temperature co-precipitation: Performance as photo- 

and Fenton catalysts† 

Zhong-Ting Hu,a Bo Chen,b Teik-Thye Lim*ac  

Multi-functional, self-assembled mullite bismuth ferrites (Bi2Fe4O9) have been synthesized by a facile co-

precipitation method under a low temperature of 95°C. The Bi/Fe precursor molar ratio and the reaction 

time were investigated for their influences on the resulting Bi2Fe4O9 nanopads. The Bi2Fe4O9 nanopads 

were formed via self-assembled crystal growth along the (001) plane, with an average thickness of 170 

nm. The most well crystalline nanopads were produced at a reaction time of 36 h, beyond which the 

nanopads started to dissolve. The produced pure Bi2Fe4O9 nanopads exhibit a high degree of elemental 

stoichiometry with uniform elemental distribution. The Bi2Fe4O9 exhibits double bandgaps of 1.9 and 2.3 

eV, and shows surface area of 5.8 m2 g-1. It can be photoexcited by visible light of up to 656 nm. The 

Bi2Fe4O9 can be used as a photocatalyst and Fenton catalyst. Its catalytic activities were evaluated using 

bisphenol A (BPA) as the model pollutant. Under visible-light irradiation from a solar simulator, 34% of 

BPA could be removed (compared to only ~3% with Evonik P25) via visible-light photocatalysis. With 

addition of H2O2 (16 mM), 54% and 73% of BPA could be removed within 1 h via dark Fenton-like and 

visible-light photo-Fenton reactions, respectively. The Bi2Fe4O9 also exhibits a weak magnetism of 0.99 

emu g-1. The multi-functional Bi2Fe4O9 nanopad has a potential to be used for continuous solar catalytic 

treatment of wastewater over alternate day/night cycle and is recoverable via magnetically-enhanced 

gravity separation. 

1. Introduction 

Heterogeneous photocatalysis has the ability to degrade almost 
all organics with the exception of perfluorinated chemicals.1 
The widely used TiO2 (P25, Evonik) has a large bandgap which 
renders it photo-excitable by UV only.2 Furthermore, the 
dispersed nanocatalysts are difficult to separate from the treated 
water. These two disadvantages have hindered a large-scale 
application of photocatalysis in water and wastewater 
treatment. To overcome these, a novel catalyst which can be 
photoexcited  
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by solar light or indoor illumination, and meanwhile can be 
easily recovered from the treated water is much sought after. In 
recent years, much attention has been paid on the use of 
bismuth ferrites in water treatment due to its narrow bandgap of 
~2.2 eV and its magnetic property at room temperature.

3, 4
 

These two properties allow efficient utilization of solar energy 
and possible catalyst recovery via a magnetic separation 
technique. 
 Since 1950’s, many synthesis methods have been attempted 
to produce bismuth ferrites. Royen and Swars are the first to 
successfully synthesize perovskite bismuth ferrites using solid 
state reactions.5 Thereafter, different methods such as 
electrospinning,6 microwave,7 sol-gel,8 hydrothermal,9 spark 
plasma sintering,10 rapid liquid phase sintering11 and rapid two-
stage solid state reaction method12 were reported. In recent 
years, the hydrothermal method with or without the assistance 
of microwave became popular for preparation of bismuth 
ferrites. Liu et al. investigated the effect of NaOH concentration 
and reaction time on the synthesis of mullite bismuth ferrites 
and found that a highly crystalline bismuth ferrites nanoplates 
with exposing crystal faces (001) could be synthesized in 12 M 
NaOH at 160ºC for 2 h using a microwave hydrothermal 
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method.13 Moreover, Sun et al. reported that perovskite and 
sillenite bismuth ferrites could be prepared by a hydrothermal 
method while adjusting the reaction temperature at 120 and 
100ºC, respectively.14 Furthermore, Zhang et al. discovered that 
the crystal growth direction of mullite bismuth ferrites could be 
tuned through adjusting the concentration of NaOH and 
successfully synthesized mullite bismuth ferrite with varied 
morphologies using a hydrothermal synthesis at 200ºC. It was 
proved that nanoplate-like catalysts with exposing facets (001) 
achieved higher photodegradation performance for methyl 
orange than that of other morphologies.15 However, the 
hydrothermal method still has some challenges for scale-up 
because of the use of higher pressure and temperature and the 
detrimental scale-up effect on the resulting product (e.g., easier 
phase separation, worse element distribution). Herein, we 
propose a facile co-precipitation method to synthesize bismuth 
ferrites under a significantly lower temperature (i.e. 95ºC) than 
that of typical hydrothermal methods. To the best of our 
knowledge, this is the first report on the synthesis of bismuth 
ferrites using co-precipitation method at such low temperature. 
 The effects of synthesis parameters for the mullite bismuth 
ferrites (Bi2Fe4O9) and its catalytic performance for organic 
degradation in aqueous system were evaluated. The crystal 
growth of Bi2Fe4O9 was investigated through adjusting the 
molar ratio of Bi/Fe and reaction time. A self-assembled growth 
of Bi2Fe4O9 crystallite is proposed as its evolution mechanism. 
The characteristics of Bi2Fe4O9 were investigated 
systematically using various characterization techniques 
including XRD, TEM, SEM, EDS, BET, ICP-OES, FT-IR, 
DRS and VSM. The efficiencies of bisphenol A (BPA) removal 
through photocatalysis, dark Fenton-like reaction and visible-
light photo-assisted Fenton-like oxidation were examined. A 
proposed reaction mechanism is presented to depict the high-
efficient catalytic performance of Bi2Fe4O9 in BPA removal. At 
last, the magnetic property of Bi2Fe4O9 was evaluated using 
VSM. 
 

2. Experimental 

2.1. Materials 

All the chemicals were of analytical grade and used without 
further purification. Bismuth (III) nitrate pentahydrate (≥ 98%, 
VWR), ferric (III) nitrate nonahydrate (≥ 99%, Merck), sodium 
hydroxide (pellet, Schedelco), nitric acid (1N, Merck), absolute 
ethanol (99.9%, Fisher chemical), bisphenol A (AR, Merck), 
hydrogen peroxide (35%, Alfa Aesar), and acetonitrile (HPLC 
grade, TEDIA) were used in this study. Milli-Q ultrapure water 
(18.2 MΩ cm) was used for all the experiments. 

2.2. Synthesis 

 Bi2Fe4O9 nanopads were prepared via the co-precipitation 
method under low temperature (co-precipitation/low-
temperature dehydration route). Typically, a mixture of 
Bi(NO3)3·5H2O and Fe(NO3)3·9H2O in individual 
stoichiometric proportions, such as 0.5:1, 0.48:1 and 0.46:1 by 

molar ratio, was dissolved in 20 ml of 1 M HNO3 by 
ultrasonication for 5 min. Then, 73 ml of 1 M NaOH was 
instantly added into the solution to adjust the pH to ~8 with 
rapid stirring. The reaction was carried out at room temperature 
and ended after 20 min. A brown suspension was obtained and 
the corresponding cake was collected by centrifugation at 10 
000 rpm for 5 min followed by washing with 100 ml of water to 
remove the residual of nitrate ions (noted as “precursor”). 
Thereafter, the precursor was dispersed into 80 ml of 12 M 
NaOH. Then the suspension was transferred into a Teflon 
vessel and heated at 95°C with constant stirring for 48 h in an 
oil bath. For further study on the effect of the reaction time, 
several precursors were prepared at the Bi/Fe molar ratio of 
0.48:1 and dispersed into 12 M NaOH following the above 
mentioned procedure but the reactions were carried out in the 
oil bath for varied reaction times of 6, 12, 36 and 48 h. The 
formation of Bi2Fe4O9 can be depicted as follows: 

Bi�� + 2Fe�� + 9OH�  
				�				
�����  Bi(OH)� + 2Fe(OH)� (1) 

2Bi(OH)� + 4Fe(OH)�  
		∆	����¯�				
��������  Bi�Fe�O� + 9H�O (2) 

After the dehydration process was completed, the reaction was 
cooled down to room temperature under ambient environment. 
The precipitate was filtered and then washed with water, 
followed by rinsing with 10 ml of absolute ethanol twice. At 
last, the final product was dried using a vacuum freeze dryer at 
-44ºC overnight. 

2.3. Characterization 

The crystal growth was investigated using field emission 
scanning electron microscopy (FESEM, JEOL JSM-7600F) and 
X-ray diffraction (XRD, Bruker D8 Advance) with Cu-Ka (λ = 
1.5418 Å) operated at 40 kV and 40 mA in a 2θ range of 10-70º 
with a step size of 0.0266º and a scan speed of 1.05 s/step. The 
purity of products was analyzed by XRD pattern associated 
with Match software (version 2.1.3). Moreover, the chemical 
composition and elemental distribution were examined by X-
ray Energy Dispersive Spectroscopy (EDS, Oxford Xmax80 
LN2 Free). The corresponding cationic stoichiometry was 
determined by acid digestion followed by analysis of the 
digestate with inductively coupled plasma-optical emission 
spectrometer (ICP-OES, Perkin Elmer Optima 2000DV). The 
Bi2Fe4O9 powder were further characterized using transmission 
electron microscopy (TEM, JEOL JEM-2010), Fourier 
transform-infrared spectra (FT-IR), UV-vis diffuse reflectance 
spectra (DRS, Perkin Elmer Lambda 35) and vibrating sample 
magnetometer (VSM, LakeShore 7400). The specific surface 
area was calculated using the Brunauer-Emmet-Teller (BET) 
equation through N2 adsorption/desorption measurements 
(Quantachrome Autosorb-1). 

2.4. Catalytic evaluation 

The resulted Bi2Fe4O9 was evaluated for its performance in 
heterogeneous photocatalysis, Fenton-like reaction and photo-
assisted Fenton-like oxidation of bisphenol A (BPA) used as 
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the model compound. The pH of the reaction system was rather 
constant at circumneutral value. Typically, the desired amount 
of the catalyst, which corresponded to 1.5 g L-1, was added into 
100 mL of solution containing 15 mg L-1 of BPA followed by 
continuous stirring for 1 h in dark to achieve 
adsorption/desorption equilibrium. Thereafter, for the 
heterogeneous photocatalytic reaction, the suspension was 
illuminated with visible light (420-630 nm) using a solar 
simulator (Newport, 150 W Xenon arc lamp, one sun) equipped 
a polycarbonate filter for UV cut-off. A small amount of 
solution was drawn out from the reaction vessel at each 
designated time interval, filtered using 0.45 µm cellulose 
acetate syringe membrane filter, and then determined for BPA 
concentration. For the Fenton-like reaction, the experiment was 
carried out in dark with the assistance of 1.63 mmol of H2O2 
(16.3 mM). For the photo-assisted Fenton-like oxidation, the 
reaction was carried out with the assistance of visible-light 
irradiation and 16.3 mM of H2O2 concurrently. A high-
performance liquid chromatograph equipped with Hypersil 
GOLD C18 column and Series 200 UV/Vis detector was used 
to determine the concentration of BPA (HPLC, Perkin Elmer 
Series200). The conditions were at 220 nm of detector 
wavelength, a mobile phase of acetonitrile/water (60/40, v/v) 
and a flow rate of 0.75 mL min-1. 
 

3. Results and discussion 

3.1. Effect of the Bi/Fe molar ratio on crystal growth 

In the standard crystal unit cell of mullite bismuth ferrites, it is 
composed of FeO6 octahedra, FeO4 tetrahedra and approximate 
BiO6 octahedra, simultaneously.16 Eventually, Bi3+ is 
surrounded by eight O via attracting another two O from the 
other polyhedra centered by Fe3+. This special structure causes 
the polyhedral shape with a slight distortion, especially for the 
BiO6 octahedra. Through this kind of dragging structures, the 
bismuth ferrite crystallites prefer to grow along the plane of 
(001), (110) and (1 10), individually. Among them, the crystal 
growth orientation favors along the (001) plane since it has the 
lowest surface energy.13, 15, 17, 18 
 Herein, to investigate the influence of the relative amounts 
of Bi and Fe sources on the crystal growth, the experiment of 
the varied molar ratio of Bi/Fe was performed. A series of 
reactions were carried out at maintaining other conditions as 12 
M NaOH at 95ºC for 48 h. Fig. 1 shows the XRD patterns of 
the as-prepared bismuth ferrites with different initial Bi/Fe 
molar ratios of 0.50, 0.48 and 0.46. According to the standard 
XRD pattern of mullite bismuth ferrite (JCPDS PDF 04-009-
6352), it indicates that the as-prepared samples all are mullite 
bismuth ferrites (this will be discussed in detail later) and have 
no obvious evidence of impurities while tuning the Bi/Fe molar 
ratio from 0.50 to 0.46. In addition, the high intensities of 
diffraction peaks exhibit that the as-prepared bismuth ferrites 
have high crystallinity. The main diffraction peaks are 
attributed to different facets such as (001), (121), (211), (002), 
(112), (022), (131), (212), (003), (330), (332) and (004). 

Among them, it is worth noting that the diffraction intensities 
along the particular facets (ab planes, marked as *) have a 
significant change while altering the molar ratio of Bi/Fe. As 
shown in Fig. 1, when the molar ratio of Bi/Fe is 0.50 (scan 2), 
the maximum diffraction peak is located at 2θ of 28.2º 
corresponding to the crystal face (121). As Bi/Fe molar ratio 
decreases to 0.48, the highest diffraction intensity is replaced 
and the corresponding facet has shifted to (001) (scan 3). It 
suggests that the dominating orientation of the crystal growth 
has changed or the crystal is more favorable to grow along the 
(001) plane, which is beneficial to form a crystal with a large 
facet (001). With the Bi/Fe molar ratio further reduces to 0.46, 
the diffraction intensity of facet (001) becomes stronger and the 
crystal growth along the other ab planes are more active, 
indicating that the lower Bi/Fe molar ratio not only promotes 
the crystal growth along the (001) plane, but also causes it to 
grow along the [001] direction. It will lead to an increase in 
thickness of crystals. According to a previous report, 
photocatalytic activities of mullite bismuth ferrites with 
exposing facet (001) have the order of significance following 
nanosheet > nanoplate > nanocube.15 The following discussion 
will be based on the Bi/Fe molar ratio of 0.48. The product is 
labeled as Bi2Fe4O9. 

 
Fig. 1. XRD patterns of standard mullite structure of Bi2Fe4O9 (1) and Bi2Fe4O9 

samples synthesized at various Bi/Fe molar ratio of 0.50 : 1 (2), 0.48 : 1 (3) and 

0.46 : 1 (4) (* highlights ab planes). 

3.2. Effect of reaction time on crystal growth 

Since the crystal growth is a slow process under a normal 
atmospheric pressure without high energy, the reaction time 
becomes very important. Through controlling the reaction time, 
the morphology and size of crystallites can be tuned. Thus, it is 
worth to study the reaction time to reveal the evolution of the 
crystal growth of Bi2Fe4O9 crystallites. Fig. 2 exhibits SEM 
images of the Bi2Fe4O9 synthesized with varied reaction time of 
6, 12, 36 and 48 h. It is obvious that the particle size of 
Bi2Fe4O9 increased from nanometers to micrometers and the 
morphology changes from sphere-like nanoparticles to square 
nanopads with an increase in the reaction time. Bi2Fe4O9 
nanopads show a higher XRD intensity than that of Bi2Fe4O9 
nanoparticles (Fig. S1). As shown in Fig 2a, uniform 
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nanoparticles of Bi2Fe4O9 formed in 6 h had a typical size of 
~ 6 nm. In Fig. 2b, it is evident that there were various 
coexisting morphologies of Bi2Fe4O9 in 12 h reaction time 
along with the formed nanopads, and some of them were 
undergoing formation of nanopads. Fig. 2c shows that regular 
Bi2Fe4O9 nanopads with flat surfaces are formed after 36 h. The 
size of crystallite has the side length of ~1.5 µm and thickness 
of ~170 nm. With the reaction time further extended to 48 h, 
the flat nanopads had turned into broken nanopads with 
fragmented pieces and uneven surfaces (Fig. 2d). 

 
Fig. 2. SEM images of Bi2Fe4O9 samples at different reaction times of 6 h (a), 12 h 

(b), 36 h (c) and 48 h (d). 

 Based on the above results, a self-assembled evolution of 
the crystal growth along the plane was proposed. In general, the 
crystal growth is random along with different orientations and 
rates due to their different surface energies.19 However, there is 
a lower surface energy while Bi2Fe4O9 crystallites grow up 
along the particular crystal faces in the synthesis process, which 
may contribute to the self-assembled growth of Bi2Fe4O9 along 
a specific plane. Moreover, adjusting the molar ratio of Bi/Fe 
can help the Bi2Fe4O9 crystallites to grow along facet (001). 
Hence, it is possible to synthesize Bi2Fe4O9 nanopads that grow 
along the (001) plane. As illustrated in Fig. 3, the evolution 
mechanism of Bi2Fe4O9 crystallites includes 4 steps: nucleation 
and nanoparticle formation, crystal growth with self-assembly, 
crystal densification and crystal dissolution. In the nucleation 
and nanoparticle formation stage, the concentration of precursor 
reaches the critical supersaturation state to nucleate. Nucleation 
and growth of small crystallites happen simultaneously to result 
in forming Bi2Fe4O9 nanoparticles. With the increase of the 
reaction time, Bi2Fe4O9 nanoparticles tend to aggregrate 
together along with spontaneous self-organization. This kind of 
self-organization is going on with the main way of epitaxial 
extension while subsequently attracting the surrounding 
Bi2Fe4O9 nanoparticles. It will not end until Bi2Fe4O9 
nanoparticles are exhausted. This kind of crystal growth is 
similar to self-epitaxy of bismuth ferrites which was reported 
by Wang et al.20 In contrast with pulsed laser deposition (PLD), 
the facile co-precipitation method is low cost, low energy 

consumption and easy scale-up. Furthermore, the Bi2Fe4O9 
nanopads composed of nanoparticles will be formed into dense 
and flat Bi2Fe4O9 nanopads. If further prolonged reaction time, 
the Bi2Fe4O9 nanopads will dissolve and recrystallize. The flat 
surfaces are damaged while generating a lot of pores and 
forming some fragmented pieces. Thus, the following 
discussion will be based on the Bi/Fe molar ratio of 0.48 and 
reaction time of 36 h. 

 
Fig.3. Schematic illustration of the evolution mechanism of Bi2Fe4O9 crystallites 

included nucleation and nanoparticle formation (1), crystal growth with self-

assembly (2), crystal densification (3) and crystal dissolution (4). 

3.3. Phase purity analysis of Bi2Fe4O9 nanopads 

Fig. 4 shows XRD patterns of the as-prepared Bi2Fe4O9 and 
different standard samples. Herein, Match software as a fast 
phase purity analysis is used to characterize the phase 
compositions of the as-prepared samples. As shown in the 
figure, it has many crystal plane diffraction peaks marching 
well with the standard mullite bismuth ferrites (Bi2Fe4O9, 
JCPDS PDF 04-009-6352),17 indicating the as-prepared 
Bi2Fe4O9 belongs to the space group of orthorhombic crystal 
system (Pbam) along with many crystal faces and the 
corresponding diffraction peaks. The main characteristic peaks 
are located at 2θ of 14.8º, 26.9º, 28.2º, 28.9º, 29.8º, 30.9º, 33.6º, 
33.7º, 39.1º, 47.3º and 56.7º.  

 
Fig. 4. Phase purity analysis of Bi2Fe4O9 sample. The XRD pattern is an 

experimental sample (1). The standard XRD patterns correspond to mullite 

Bi2Fe4O9 (2), perovskite BiFeO3 (3), sillenite Bi25FeO40 (4), Bi2O3 (5), hematite 

Fe2O3 (6) and magnetite Fe3O4 (7). 
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Obviously, it is hard to match with the other standard patterns 
such as perovskite BiFeO3 (04-014-1679),21 sillenite Bi25FeO40 
(01-073-9538),22 Bi2O3 (01-074-2351),23 hematite Fe2O3 (01-
088-2359)24 and magnetite Fe3O4 (04-009-8443),25 
respectively. For examples, the other phases for bismuth ferrites 
are the perovskite and sillenite structures. The main diffraction 
peaks at 2θ for perovskite are 22.6º, 31.8º and 32.5º and for 
sillenite are 27.7º, 30.4º, 32.9º and 52.4º. Moreover, the 
possible separated phases of Bi2O3, Fe2O3 and Fe3O4 are also 
shown in Fig. 4. Bi2O3 has main 2θ of 27.9º, 32.7º and 46.3º, 
Fe2O3 has 23.9º, 32.9º and 35.1º, and Fe3O4 has 30.0º, 35.3º and 
62.2º, respectively. Thus, through the fast phase purity analysis 
by Match software, it has been shown that the as-prepared 
sample synthesized using a facile co-precipitation method 
under low temperature fits well with the standard mullite 
structure of bismuth ferrites. 

3.4. Structure and composition 

TEM micrographs of Bi2Fe4O9 nanopads at low and high 
magnifications are shown in Fig. 5a and b. The inset is the 
corresponding selected area electron diffraction (SAED) pattern 
along the zone axis [001], confirming the main exposing facets 
is (001) plane. The TEM image (Fig. 5a) reveals Bi2Fe4O9 
nanopads have a regular square morphology with the side 
length of 1.5 µm, which confirms with the result of SEM (Fig. 
2c). Moreover, the sharp diffraction spots shown in SAED 
pattern deduces that the as-prepared Bi2Fe4O9 nanopads are 
single-crystalline,7, 9 while the Bi2Fe4O9 nanoparticles with 
electron diffraction ring-patterns are poly-crystalline (Fig. S2). 
Furthermore, the high-resolution TEM (HRTEM) image 
displays clear lattice fringes with d-spacing of 0.357 nm, which 
corresponds to the mullite Bi2Fe4O9 crystal plane (210) based 
on JCPDS PDF 04-009-6352. 

 
Fig. 5. TEM images of Bi2Fe4O9 nanopad and the corresponding SAED pattern (a) 

and HRTEM image (b). 

In addition, in order to monitor the presence of chemical 
elements and the distribution of them within Bi2Fe4O9 
nanopads, X-ray Energy Dispersive Spectroscopy (EDS) 
equipped to the SEM was used to analyze the as-prepared 
Bi2Fe4O9 (Figs. 6 and 7). The chemical elements of Bi, Fe and 
O are shown in Fig. 6, where the element of C mainly 
originates from the carbon tape. It reveals that the 
stoichiometric ratio of Bi/Fe is 0.475, which is similar to the 
result obtained from digestion of the sample (i.e., 0.476) and is 

close to the experimental dosage ratio of 0.480. The absolute 
error ( ∈ ) is less than 0.005. Moreover, the elemental 
distributions of Bi, Fe and O within the Bi2Fe4O9 nanopads are 
very uniform through profiling their elemental distribution 
mapping (Fig. 7b-d). Thus, it can be concluded that the 
Bi2Fe4O9 nanopad prepared using co-precipitation has the Fe-
rich single-crystalline mullite structure along with the uniform 
elemental distribution. 

 
Fig. 6. EDS of Bi2Fe4O9 nanopads and the corresponding table of elemental 

contents (the inset). 

 
Fig. 7. SEM image of Bi2Fe4O9 nanopads (a) and the corresponding elemental 

distribution mapping of Bi (b), Fe (c) and O (d). 

3.5. Surface area and surface property 

The photocatalytic activity of a catalyst is directly proportional 
to its specific surface area because a catalyst with higher 
surface area possesses more active sites and possibly promotes 
the separation of electron/hole pairs.26 Fig. 8a shows the 
nitrogen sorption isotherm of Bi2Fe4O9 nanopads. The specific 
surface area as calculated using the Brunauer-Emmet-Teller 
(BET) equation is 5.8 m2 g-1 which is larger than that of the 
bulk Bi2Fe4O9 (0.53 m2 g-1) synthesized by solid state 
reaction.27 It is also larger than the flower-liked Bi2Fe4O9 of 
4.32 m2 g-1, which was prepared using a hydrothermal 
method.28 It indicates that a co-precipitation method is 
beneficial to prepare catalyst with a higher surface area. 
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Additionally, Bi2Fe4O9 nanoparticles synthesized at 6 h show a 
higher specific surface area (Fig. S3). 

 
Fig. 8. Nitrogen adsorption/desorption isotherm (a), FT-IR transmittance spectra 

in the 1000-400 cm
-1

 (b), and UV-vis absorption spectra and the corresponding 

Kubelka-Munk transformed reflectance spectra (c) of Bi2F4O9. 

 On the other hand, the chemical bonds of Bi2Fe4O9 
nanopads were characterized for FT-IR spectroscopy. As shown 
in Fig 8b, the FT-IR transmittance spectrum of Bi2Fe4O9 shows 
three band groups in the 900-800, 800-600 and 600-400 cm-1 

regions. The single sharp peak at 811 cm-1 is assigned to Fe-O 
stretching vibration of the FeO4 tetrahedral unit. Moreover, a 

very broad band from 722-555 cm-1 centered at 634 cm-1 is 
attributed to Fe-O stretching vibration of the FeO4 tetrahedra at 
648 cm-1, Fe-O-Fe bending stretching with Fe on both FeO4 
tetrahedral sites at 600 cm-1 and Bi-O stretching vibration of the 
BiO6 octahedra at 570 cm-1. In general, wavelengths at 524 and 
494 cm-1 are noted as O-Fe-O bending vibrations of the FeO4 
tetrahedral sites. Furthermore, the other broad absorption band 
from 478-410 cm-1 centered at 448 cm-1 is possibly combined 
by two Fe-O stretching vibrations of the FeO6 octahedra at 471 
cm-1 and 437 cm-1, respectively. All of the peak positions 
shown above are similar to the previous reports,18, 29, 30 which 
further confirms that Fe-rich mullite bismuth ferrites have been 
successfully prepared via a facile co-precipitation method under 
low temperature and indicates the polyhedra present in 
Bi2Fe4O9 crystallites still consist of tetrahedral FeO4, octahedral 
FeO6 and octahedral BiO6 groups simultaneously. 

3.6. Optical property 

As shown in Fig. 8c, the UV-vis diffuse reflectance spectra 
(DRS) of Bi2Fe4O9 nanopads and TiO2 (P25, Evonik) exhibit 
the different absorption spectra in the wavelength range of 300-
700 nm. The result shows that TiO2 only exhibits 
photoresponse at wavelengths < 400 nm with an optical 
bandgap of 3.13 eV, whereas the absorbance of visible light in 
the range of 400-656 nm becomes stronger for Bi2Fe4O9 
coupling with two edges of the absorption bands at ~544 and 
~656 nm. The corresponding optical bandgaps of 2.3 and 1.9 
eV are calculated by the Kubelka-Munk function.31 It reveals 
that Bi2Fe4O9 is a specific semiconductor with double bandgaps 
which might correspond to the d-d transitions of Fe.28 This 
implies that Bi2Fe4O9 can be a visible-light induced 
photocatalyst. Incidentally, all physicochemical properties of 
bismuth ferrites, including the as-prepared Bi2Fe4O9 and the 
reported previously, are summarized in Table 1. 

Table 1. Physicochemical properties of bismuth ferrites for the as-prepared 
sample and the previous reported 

Characteristics Experiment 
results 

Ref. results Ref. 

aMorphology 
(nm) 

Nanopads 
with the 
thickness 
(170) 

Nanoparticle (10-150) 
Nanoplate (100-200) 
Nanocube (400-800) 
Nanofiber (220-480) 

6, 7, 13, 15, 

28, 32, 33 

bSSA (m2 g-1) 5.8 0.53 27
 

cEg (eV) 1.9, 2.3 1.68 - 2.2 3, 14, 34 

dD-spacing (nm) 0.357 0.23 - 0.42 7, 15, 33 

eBi/Fe (by mole) 0.476 0.5, 1.0, 25.0 18, 35, 36 

fMs (emu g-1) 0.99 0.13 - 3.17 6, 14, 37-39 

a Particle size was measured through FE-SEM. 
b Specific surface area was determined by the BET equation. 
c Band gap energy was derived using Kubelka-Munk function. 
d Crystal lattice spacing was measured by HRTEM. 
e Molar ratio of Bi/Fe was analyzed by ICP-OES. 
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f Magnetization was measured by VSM. 

3.7. Evaluation of potential applications 

3.7.1. Visible-light driven photocatalysis 

Fig. 9a shows the degradation of BPA through photolysis and 
photocatalysis under visible-light irradiation. During 4 h of 
visible-light irradiation at the wavelength region of 420-630 
nm, the removal efficiency of BPA can be negligible (≤ 0.4%) 
in the absence of Bi2Fe4O9 because BPA has an excellent 
photostability. Photocatalytic degradation with P25 shows only 
3% of the initial removal rate of BPA after 1 h (5% for 4 h) 
because of its limited photoresponce at λ ≥ 420 nm. As 
compared to P25 at the same catalyst loading, Bi2Fe4O9 
nanopad exhibits a significant enhancement in the 
photocatalytic degradation (PCD) rate where 34% of the BPA 
is removed in the same time period (47% for 4 h) while 
Bi2Fe4O9 nanoparticle also shows the visible-photocatalytic 
activity (Fig. S4). As shown in the figure, the PCD rate of BPA 
slows down after 1 h. It could be that the intermediates 
produced and the products would compete with BPA for active 
sites on the surface of catalysts. Another plausible postulation is 
that Bi2Fe4O9 shows a lower yield of hydroxyl radicals (OH●) 
under visible-light irradiation, which will be discussed later. 

 

Fig. 9. Performance of Bi2Fe4O9 nanopads for degradation of BPA through various 

processes: (a) photocatalysis, (b) Fenton-like reaction and photo-assisted 

Fenton-like oxidation. 

3.7.2. Fenton-like and photo-assisted Fenton-like reactions 

Fig. 9b shows the degradation of BPA through Fenton-like 
reaction and photo-assisted Fenton-like oxidation. As shown in 
the figure, the removal efficiency of BPA in the dark by H2O2 
is only 5% without Bi2Fe4O9, whereas it reaches 54% through 
Fenton-like reaction in the presence of Bi2Fe4O9 and H2O2 at 1 
h (67% for 4 h). Furthermore, it is evident that the removal 
efficiency of BPA has a significant improvement with the 
introduction of visible-light irradiation (420 ≤ λ ≤ 630 nm) as 
compared with that of Fenton-like reaction in dark. Through 
photo-assisted Fenton-like oxidation, 73% of BPA can be 
removed within 1 h (more than 97% after 2.5 h). Commonly, 
Fenton-like reactions can be induced under an aqueous system 
containing iron ions at low pH ~2.8 and it can be negligible for 
iron ions under circumneutral pH.40 During the entire reaction 
process, the pH measured was consistently a range of 6.3-6.5, 
which suggests the occurance of Fenton-like reaction induced 
by fictitious Bi2Fe4O9(Fe3+) cations. Meanwhile, the fictitious 
Bi2Fe4O9(Fe3+) would be used to discuss the high-efficient 
photo-assisted Fenton-like oxidation rather than the 
conventional concept of photodissolution of iron oxides. This is 
due to the fact that iron oxides are photostable at longer 
wavelengths (≥ 420 nm) at pH ~741 and the iron concentrations 
as detected in the solution are quite low (e.g., < 0.3 mg L-1) in 
our reaction solution during the process. In summary, Bi2Fe4O9 
could exhibit visible-light photocatalysis, Fenton-like reaction 
and photo-Fenton oxidation, or hybrid advanced oxidation 
processes (HAOPs). The corresponding reaction mechanisms of 
HAOPs will be discussed later. 

3.7.3. Magnetic property 

For the application of heterogeneous catalytic advanced 
oxidation processes (AOPs) in water treatment, a catalyst 
owing magnetic properties has attracted considerable interest in 
recent years.42 Bismuth ferrites as a kind of multiferroic oxides 
have more than one property. It has been reported that 
perovskite bismuth ferrite (BiFeO3) shows a saturation 
magnetization from 0.13 to 1.55 emu g-1,6, 38 while sellinite 
bismuth ferrite (Bi25FeO40) exhibits a larger saturation 
magnetization about 2.6-3.17 emu g-1.14, 39 However, there are 
few studies on the magnetism of mullite Bi2Fe4O9. Herein, we 
investigated the magnetic property of the as-prepared Bi2Fe4O9. 
The M-H hysteresis loop of the Bi2Fe4O9 nanopads was 
measured at T = 300 K under an appropriate applied field of 
14.5 kOe. As shown in Fig. 10, the result exhibits that the 
saturation magnetization is ~ 0.99 emu g-1, indicating that 
Bi2Fe4O9 nanopads have ferromagnetic properties at room 
temperature. The magnetic intensity of Bi2Fe4O9 is between 
those of BiFeO3 and Bi25FeO40. Although the pristine magnetic 
intensity of bismuth ferrites is not strong enough, it rightly 
implies that it has a potential for catalyst recovery from the 
treated water using magnetic separation technology. 
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Fig. 10. M-H hysteresis loop of Bi2Fe4O9 nanopads measured at T = 300 K. 

3.8. Proposed mechanism 

Fig. 11 shows the schematic illustration of ROSs generation 
through Bi2Fe4O9-based HAOPs including enhanced 
photocatalysis by auxiliary H2O2, Fenton-like reaction and 
photo-Fenton oxidation. Typically, during the photocatalytic 
process using Bi2Fe4O9 under visible-light irradiation at pH 6.3-
6.5, the mechanism of generation of OH● (Eo(H2O2/OH●) = 0.8 
V vs NHE at pH 7)43 by conduction band electrons (CBE) can 
be depicted in Eqs. (3)-(8). The process involves formations of 
the corresponding reactive oxygen species (ROSs) such as 
superoxide radicals (Eo(O2/O2●

-) = -0.28 V),44 hydroperoxyl 
radicals (HO2●, Eq. (5))45 and autogenerated hydrogen 
peroxides through termination reactions (Eq. (6))46 and/or 
through Eq. (7) (Eo(O2●

-/H2O2 = 0.92 V, pH 7).43 Here a 
limited amount of OH● was formed under such conditions of 
both a weak acidic solution and a lower valence band hole 
about 1.3 V vs NHE (conduction band electron is -1.0 V) for 
Bi2Fe4O9,

28 resulting in a lower degradation rate of BPA (Fig. 
9a). The reasons are summarized as follow: 1) the amount of 
autogenerated H2O2 is limited by that of HO2● and O2●

- 
formed; 2) it is thermodynamically impossible for the 
generation of OH● through photogenerated h+ because of 
Eo(OH●/H2O) = 2.27 V at pH 7.44 Nevertheless, the h+ might 
contribute to continuous production of O2 and stability of pH in 
the photoreactor (Eq.(9)), where the Eo(O2/H2O) = 0.83 V at pH 
7.44 Interestingly, an enhanced photocatalysis might improve 
BPA degradation with the assistance of auxiliary H2O2 (Fig. 
11). 

Bi�Fe�O� + hν → h� + e�    (3) 

e� + O� → O�●�
   (4) 

O�●�
 + H� ↔ HO�●  pK1= 4.8

45
  (5) 

HO�● + HO�● → H�O� + O�   (6) 

(or O�●�
 + e� + 2H� → H�O�)   (7) 

H�O� + e� + H� → OH● + H�O    (8) 

4h� + 2H�O → 4H� + O�    (9) 

 Another plausible reaction can be the Fenton-like reaction, 
which can be induced by Bi2Fe4O9 in dark at pH 6.3-6.5.47 
Herein, fictitious Bi2Fe4O9(Fe3+) cations are introduced to 
explain reaction mechanisms, which have a similar function as 
Fe3+ (ionic state), and possibly caused by oxygen vacancies and 
interactions between Fe and Bi atoms. The interconversion 
between Bi2Fe4O9(Fe3+) and Bi2Fe4O9(Fe2+) can be described 
by Eqs. (10)-(11). Similar as a conventional Fenton-like 
reaction, the fictitious Bi2Fe4O9(Fe3+) cations will be 
transformed to Bi2Fe4O9(Fe3+)(HO2

-) complexes through Eq. 
(10a) followed by generation of HO2● via Eq. (10b). The 
corresponding iron-like cycle is shown in the dotted line square 
(Fig. 11). However, Eq. (10) is a rate-limiting step during the 
entire Fenton-like process since the reaction rate constant (k) 
for Eq. (10a) is much lower (k10 = 0.001-0.01 M-1 s-1 for 
formation of Fe(HO2)

2+ at pH 2.8) than that of Eq. (11) (k11 = 
70 M-1 s-1),48, 49 which leads to retardation of the BPA 
degradation rate (Fenton-like in Fig. 9b). 

Bi�Fe�O�(Fe
��) + H�O� → Bi�Fe�O�(Fe

��) + H� + HO�●   (10) 

Bi�Fe�O�(Fe
��) + H�O� ↔ Bi�Fe�O�(Fe

��)(HO�
�) + H�  (10a) 

Bi�Fe�O�(Fe
��)(HO�

�) → Bi�Fe�O�(Fe
��) + HO�●  (10b) 

Bi�Fe�O�(Fe
��) + H�O� → Bi�Fe�O�(Fe

��) + OH� + OH●      (11) 

 Furthermore, it has been proved that photo-Fenton oxidation 
can enhance the regeneration rate of Fe2+ at pH 2.8 efficiently 
and can be induced by irradiation with wavelength up to 650 
nm (λmax) in the presence of H2O2.

50-52 Here an overall equation 
of the Bi2Fe4O9-based photo-Fenton reaction can be described 
as Eq. (12) (details are shown in ESI). The generated 
Bi2Fe4O9(Fe2+) can also drive Fenton reaction (Eq. (11)). Thus, 
an iron-like cycle will be activated between Eqs. (11) and (12), 
which is shown in the bottom right-hand corner of Fig. 11. It 
also contributes to control the concentration of dissolved O2 
and pH value in the entire system. 

Bi�Fe�O�(Fe
��) + 2H�O� + hν → Bi�Fe�O�(Fe

��) + OH● + H�O + O� + H�  (12) 

 Hence, with the presence of both visible light (420-630 nm) 
and H2O2, the resulting HAOPs can exhibit an enhanced 
efficiency of Bi2Fe4O9 in BPA degradation (photo-assisted 
Fenton-like in Fig. 9b) that is ascribed to the interaction among 
enhanced photocatalysis, photo-Fenton oxidation and Fenton-
like reaction. In this HAOPs system, H2O2 can be 
autogenerated via photocatalysis and initiated Fenton-like 
reaction, while the solar-driven self-renewal of O2 also can be 
used to promote HAOPs (Fig. 11). In the absence of visible 
light, the auxiliary H2O2 needs to be introduced to ensure 
continuity of AOP in this system, albeit at a slow reaction rate. 
Nevertheless, it is expected to realize a continuous treatment of 
wastewater at all hours of the day and night through alternation 
of AOPs. 
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Fig. 11. Schematic illustration of ROSs generation through Bi2Fe4O9-based HAOPs 

(Note: reactions of BPA with ROSs are not shown and simulated visible light at a 

range of 420-630 nm with UV/IR cut-off). 

4. Conclusions 

We have successfully developed a facile low-temperature co-
precipitation method to prepare self-assembled Bi2Fe4O9 
nanopads with exposing facet (001). Through investigation of 
synthesis parameters, it was found out that the molar ratio of 
Bi/Fe and the reaction time have significant effects on the 
crystal growth. A corresponding evolution mechanism is 
proposed. The resulting Bi2Fe4O9 have single-crystalline 
structure with double bandgaps, and possess a high degree of 
phase purity, crystallinity, element stoichiometry and uniform 
elemental distributions, and exhibit a relatively higher surface 
area. It shows its multifunctionality in respect of visible-light 
photocatalysis, dark Fenton-like reaction and photo-Fenton 
oxidation. In the presence of both visible light and H2O2, a 
plausible mechanism of hybrid advanced oxidation processes 
(HAOPs) is illustrated to explain the high efficiency of 
Bi2Fe4O9 in BPA degradation. Bi2Fe4O9 also exhibits a weak 
magnetism at room temperature. This study has a great 
significance in the synthesis of highly efficient Bi2Fe4O9 by an 
easier scale-up method with low cost and energy saving. It is 
expected to realize a continuous treatment of wastewater at all 
hours of the day and night through alternation of solar-driven 
HAOPs and dark Fenton-like reaction, and catalyst recovery 
from the treated water by magnetically-enhanced gravity 
separation. 
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