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Being a visible-light responsive semiconductor, BiFeO3 (BFO) is considered as a potential material for photocatalysis. To
enhance the photocatalytic efficiency, in this work, BiFeO3 was dispersed with various amount of Ag. Morphologies and phases
of the as-synthesized samples were evaluated by using scanning electron microscopy (SEM) and X-ray diffraction (XRD),
respectively. UV-Vis diffuse reflectance spectroscopy (DRS) was used to analyse the absorption properties. The photocatalytic
activities of the products were evaluated via the photocatalytic degradation of aqueous rhodamine-B (RhB) solution under
simulated solar-light irradiation. The results indicated the important role of Ag nanoparticles on improving catalytic efficiency
of BiFeO3. The enhancement in the photocatalytic activity is explained on the basis of surface plasmon resonance effect of the
dispersed Ag nanoparticles over the surface of BiFeO3. 
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Introduction

Titanium dioxide and zinc oxide are the most
commonly investigated semiconductor photocatalysts for
organic pollutants degradation and water splitting [1-4].
These materials have characteristics corresponding to
good photocatalysts, such as low cost of fabrication, high
stability in room temperature and non-toxicity. However,
due to their relatively larger band gap values (3.2 eV for
TiO2, and 3.4 eV for ZnO), the application is limited only
in UV light that comprises about 4-5% of the total solar
light radiation [1-4]. Recently, BiFeO3 is considered as a
potential visible light photocatalyst for both pollutants
degradation and water splitting, due to its high chemical
stability and narrow band gap (2.0 eV-2.8 eV) [5-7]. In
addition, with perovskite structure, BiFeO3 is known as
one of several compounds that demonstrate the coexistence
of ferroelectric and antiferromagnetic orders above room
temperature (tN ~ 370 oC, tC ~ 830 oC) [5, 6, 8]. The
ferroelectric properties of BiFeO3 with spontaneous
polarization has a significant influence on the separation
of charge carriers, such properties help to inhibit the
recombination of holes and electrons, resulting to
increasing the lifetime of photo-induced charge carriers
[9]. However, the practical application of BiFeO3 is
limited by the leakage current problems because of
secondary phases as well as other impurities. 

In order to promote photocatalytic activities, semi-
conductor materials were decorated noble metals (Ag

[10, 11], Au [11, 12], Pt [13], etc). These noble metal
nanoparticles efficiently capture the photo-generated
electrons and leave behind the holes on the photocatalyst
surface. Thus, they could inhibit the recombination of
photo-generated electron-hole pairs and enhance the
photocatalytic activity [10]. In addition, the localized
surface plasmon resonance (LSPR) effect also has an
important influence on improving photocatalytic activity.
This effect serves to scatter the incident radiation in the
visible region and to increase the photon trapping
capability. Among the modified noble metals, Ag
nanoparticles have been extensively investigated because
this metal is less expensive, nontoxic and has unique
photocatalytic properties [14]. 

In this work BiFeO3 was synthesized by ultrasound, a
method arises from acoustic cavitation which is related to
the formation, growth and implosive collapse of bubbles in
liquid medium, therefore, influences on chemistry reactions
and reduces particle size. Meanwhile, Ag/BFO was
prepared by photodeposition method based on the
degradation of AgNO3 in UV irradiation. Such green
methods do not need high temperature or any
surfactant, thereby reduce the investment and costs. 

Experiment Details

Bismuth Nitrate (Bi(NO3)3 • 5H2O) 99.99% from
Aldrich, Ferric Nitrate (Fe(NO3)3 • 9H2O) 99+% from
Acros, Silver Nitrate (AgNO3) 99.8% from DaeJung,
and Ammonia 70% solution from Duksan were used
without further purification. RhB from Alfa Aesar was
used as received. Ethanol and other chemicals were
analytical grade and used without further purification.
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De-ionized water was used for all synthesis and
treatment process. 

Synthesis of BFO
A solution of 5 mmol Bi(NO3)3 • 5H2O was sonicated

in water for 10 min using 1 ml HNO3 70% to form
transparent solution. Then, 5 mmol Fe(NO3)3 • 9H2O was
dissolved in 25 ml of distilled water in a separate beaker.
Two aqueous solutions were mixed together and poured
into a 100 ml beaker, the final concentration of each
metallic ions were made to 0.1 M. The solution in the
beaker was then subjected for ultrasonic treatment at
400 W ultrasound operating at 20 kHz with a titanium
13 mm-probe dipped in the solution (ultrasonic processor
750 W, model VC750). During the sonication, 30 wt%
NH4OH solution was added drop by drop to adjust pH 9
for the complete precipitation. Sonication time was
chosen as 1 h for the present study. The subsequently
formed brown orange precipitate was then separated out
by centrifuging several times with de-ionized water and
finally with ethanol. The products were dried in an oven
at 80 oC and then calcined for 1 h at 600 oC with 5 oC/
min heating rate. 

Synthesis of Ag/BFO 
First of all, 100 mg of as-prepared BFO was placed in a

glass reactor with 10 ml of ethanol and ultrasonicated for
10 min. Then, 10 ml of ethanol solution with different
contents of AgNO3, corresponding to 1, 2, 3 wt% of Ag,
after vigorously stirring in 10 min, was added to the
reactor. The mixture was ultrasonicated for 5 min to
ensure the complete disaggregation of agglomerated
particles. Afterwards, the slurry was maintained for 1 h
under magnetic stirring at 200 rpm and under UV light
irradiated with two 20 W UVC lamps. Then, the
suspension was placed on a hotplate at 80 oC to
evaporate the ethanol. The solid was completely dried
overnight in an oven at 80 oC.

The crystalline structure of the obtained catalysts was
identified by X-ray diffraction (XRD, Rigaku X-Ray
Diffractometer) employing Cu Kα (λ = 1.54 Å) radiation in
the 2-theta range from 10 o to 90 o. Morphology and particle
size of the samples were examined with scanning electron
microscope (SEM, JEOL-2020). The light absorption
ability was recorded by UV-Vis diffuse reflectance
spectrophotometer (DRS, UV-Vis spectrophotometer NIR
JASCO 570). Photocatalytic activities of BiFeO3 and Ag/
BFOs were carried out by RhB degradation in a
photoreactor using solar simulator (portable solar simulator
PEC-L01, Pecell). Absorption spectrum of the dye was
measured by using a UV-Vis spectrophotometer
(SCINCO UV-Vis Spectrophotometer Mega 2100).

The photocatalytic activities of the as-synthesized
BFO and Ag/BFO samples were evaluated by studying
the photocatalytic degradation of RhB in aqueous
solution. In a typical experiment, 50 mg of the catalyst
sample was added to 70 ml of 20 ppm RhB solution in

a Pyrex glass vessel. The pH value of the mixture was
adjusted at 2 by using HCl. At this pH value, RhB
shifts to acidic form which interacts with the surface of
BFO more easily [15]. The solution was continuously
stirred in dark for 30 min to ensure the samples
adsorption/desorption equilibrium. Then the solution
was irradiated under simulated solar light without UV
cut-off filters. After certain intervals of time, 5 ml of
the suspension was sampled and separated from the
solution by external magnetic field. The change in
concentration of RhB was measured by the intensity of
absorbance peak at 553 nm.

Results and Discussion

Fig. 1 shows the XRD patterns of as-prepared
samples. XRD patterns of Ag/BFOs are compared with
that of BFO powder without Ag particles. It is evident
that BiFeO3 has rhombohedral structure belonging to
the R3c group (JCPDS 86-1518). In XRD patterns of
all samples, there is not any peak for other impurities
or secondary phases observed. However, the clear
peaks for Ag were not detected in Ag/BFOs samples. It

Fig. 1. XRD patterns of BiFeO3 and Ag/BFO with different
contents of Ag. 

Fig. 2. SEM images of; a) BiFeO3, b) BFO.Ag1, c) BFO.Ag2, and
d) BFO.Ag3 samples.
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might be due to the small quantity of dispersed Ag
particles that might be below the detection limit by
XRD.

The morphology of BiFeO3 sample was investigated
by SEM image Fig. 2(a), which shows the clear uniform
spherical particles of about 300 nm in size. This
morphology is also observed in SEM images of Ag/BFO
samples Fig. 2(b-d). Compared to the reference BFO
sample, Ag/BFO particles were found to be disaggregated
because of Ag decorating process. On these images, Ag
particles are not seen due to the limit of SEM machine,
thus, EDX analysis was performed to elucidate the
presence of Ag (Fig. 3). The results show the appearance
of Ag peak, indicating that silver nanoparticles were
successfully dispersed onto the photocatalyst powder. 

UV-Vis diffuse reflectance spectra of as-prepared
BiFeO3 and Ag/BFOs samples are shown in Fig. 4. It is
evident that the BiFeO3 and Ag/BiFeO3 catalysts have
shown the visible light absorption in the range of 400-
530 nm. All Ag loaded BFO samples have shown
another strong absorption band at 600-725 nm, attributed
to the LSPR effect caused by the Ag nanoparticles [16].
The band gap energy of the samples was evaluated by

applying the Tauc equation [17]. As shown in inset of
Fig. 4, the band gap energy of BFO was about 2.2 eV,
indicating BiFeO3 powders can exhibit an excellent
photocatalytic properties for the degradation of organic
pollutants in the visible light range. Meanwhile the
band gap of Ag dispersed BFO samples were around
2.15 eV, slightly smaller than that of BFO. The
reduction of band gap energy indicated that photon-
excited electrons jumped from the valence band to an
energy band which is lower than the conduction band
of the semiconductor. In another word, the presence of
Ag nanoparticles on BFO surface causes the localized
energy levels in the band gap of the semiconductor and
results the decrease in the band gap energy of the
catalyst.

In order to evaluate the photocatalytic activity of
BiFeO3 and Ag/BFO powders, the degradation of
aqueous RhB solution was carried out under simulated
solar light irradiation. Fig. 5 shows the time-dependent
degradation efficiency of RhB by the BFO and Ag/
BFO samples. As presented, in all the cases, there was
a negligible initial adsorption of RhB (~2%) by
catalysts under dark condition. In the visible light
irradiation, there was a sharply decrease of RhB
concentration with the irradiation time, demonstrating
the excellent photocatalytic activities of BiFeO3 and
Ag/BFO photocatalysts. After 20 min of irradiation,
RhB dye in solution was degraded by 78%, 89%, 95%
and 87% with BFO samples loaded with 0, 1, 2 and
3 wt% of Ag, respectively. After 30 min of irradiation,
the color of RhB changed to almost colorless for Ag/
BFOs while there was still fade color remained for BFO
sample at this interval, indicating that the presence of Ag
in BFO enhances the photocatalytic activity. Similar
observation in enhancement of photocatalytic activities
of different host materials, dispersed with Ag
nanoparticles, has been reported in the past by different
authors [10,16,18]. Kinetics of photodegradation was
calculated by Langmuir-Hinshelwood model [15].
Based on this model, the half-life time and rate

Fig. 3. EDX analysis of Ag/BFO with 2 wt% of Ag.

Fig. 4. UV-Vis diffuse absorption spectra of BiFeO3 and Ag/BFOs
with different contents of Ag. Inset is the Kubelka-Munk function
vs. band gap energy plot. 

Fig. 5. The degradation of RhB (20 ppm) at pH = 2 by BiFeO3 and
Ag/BFO samples.
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constants of reaction were determined by assuming
pseudo-first-order reaction kinetics. These kinetics
parameters were shown in Table 2. The degradation rates
of RhB were 0.098 min−1, 0.137 min−1, 0.165 min−1,
0.143 min−1 with catalysts were BFO samples dispersed
with 0, 1, 2 and 3 wt% of Ag, respectively. It is evident
that 2 wt% Ag dispersed BFO sample has the highest
reaction rate, that is nearly two times higher than that of
reference BFO sample. Particularly, the photocatalytic
degradation rate increases following the increase Ag
contents, but slightly decreases at 3 wt% of Ag sample.
This fall in degradation rate might be attributed to the
formation Ag cluster which plays a role as charge
recombination center, thus inhibits photocatalytic
activity [16].

To assess the mineralization ability of as-prepared
photocatalysts, an analysis of total organic carbon
(TOC) was performed with the RhB aliquot taken out
after 1 h of simulated solar light irradiation. The
percentage of TOC in the catalyst free solution is
summarized in Table 1. According to the presented
TOC values, as the Ag content increases in BFO, the
mineralization percentage of RhB dye also increased
from 14% in BFO case to 26% in BFO.Ag2. It is
noteworthy that TOC value of BFO.Ag2 was higher
than that of other Ag loaded samples, which is well
supported by the kinetics (C/C0) results. Hence, it can
be concluded that photocatalytic activity is enhanced
with the increase Ag content in the samples. However,
if the percentage of Ag is too high, photocatalytic
activity might be inhibited due to the formation of
metal cluster on the surface of semiconductors [16].

Conclusions

Pure BiFeO3 powders were synthesized successfully by
ultrasonic method without the use of any surfactants in a
short time at room temperature. Ag particles were loaded
successfully on BFO powders by photodeposition method.

Spectroscopic and microscopic analyses revealed the
formation of pure and uniform BFO particles in all the
synthesized samples. The band gap energies of Ag/
BiFeO3 samples were slightly smaller than the pure BFO
sample. The photocatalytic degradation of aqueous RhB
solution and the total organic carbon measurement
revealed the strong influence of Ag in improving
photocatalytic activities. 

Acknowledgments

 This research was supported by the Global Research
Lab. Program of the National Research Foundation of
Korea (NRF) funded by the Ministry of Education,
Science and Technology (MEST) of Korea (Grant
number: 2010-00339).

References 

1. J. Schneider, M. Matsuoka, M. Takeuchi, J. Jang, Y.
Horiuchi, M. Anpo and D. M. Bahnemann, Chem. Rev.
114[19] (2014) 9919-9986.

2. D. M. Fragua, R. Abargues, P. J. R. Canto, J. F. S. Royo, S.
Agouram and J. P. M. Pastor, Adv. Mater. Interfaces 2[11]
(2015) DOI: 10.1002/admi.201500156.

3. L. Y. Yang, S. Y. Dong, J. H. Sun, J. L. Feng, Q. H. Wu
and S. P. Sun, J. Hazard. Mater. 179 (2010) 438-443. 

4. S. O. Fatin, H. N. Lim, W. T. Tan and N. M. Huang, Int. J.
Electrochem. Sci. 7 (2012) 9074-9084.

5. G. Catalan, and James F. Scott, Adv. Mater. 21[24] (2009)
2463-2485.

6. M. S. Bernado, Bol. Soc. Esp. Ceram. Vidr. 53[1] (2014)
1-14.

7. M. Humayun, A. Zada, Z. Li, M. Xie, X. Zhang, Y. Qu, F.
Raziq, and L. Jing, App. Catal. B: Environ. 180 (2016)
219-226.

8. D. P. Dutta, B. P. Mandal, R. Naik, G. Lawes, and A. K.
Tyagi, J. Phys. Chem. C 117[5] (2013) 2382-2389. 

9. S. Park, C. W. Lee, M. G. Kang, S. H. Kim, H. G. Kim, J.
E. Kwon, S. Y. Park, C. Y. Kang, K. S. Hong, and K. T.
Nam, Phys. Chem. Chem. Phys. 16 (2014) 10408-10413.

10. L. J. Di, H. Jang, G. Hu, T. Xian, J. Y. Ma, J. L. Jiang, R. S.
Li, and Z. Q. Wei, J. Mater. Sci: Mater. Electron. 25[11]
(2014) 2463-2469.

11. X. Zhang, B. Wang, X. Wang, X. Xiao, Z. Dai, W. Wu, J.
Zheng, F. Ren, and C. Jiang, J. Am. Ceram. Soc. 98[7]
(2015) 2255-2263. 

12. J. Zhang, Z. Wang, S. -W. Cao, and C. Xue, J. Phys. Chem.
C 117[49] (2013) 25939-25947. 

13. F. Niu, D. Chen, L. Qin, T. Gao, N. Zhang, S. Wang, Z.
Chen, J. Wang, X. Sun, and Y. Huang, Sol. Energy Mater.
Sol. Cell. 143 (2015) 386-396. 

14. G. Sharma, and P. Jeevanandam, Eur. J. Inorg. Chem.
2013[36] (2013) 6126-6136. 

15. T. Soltani, and M. H. Enterazi, Chem. Eng. J. 223 (2013)
145-154.

16. G. Gyawali, R. Adhikari, B. Joshi, T. H. Kim, V. R.
Gonzalez, and S. W. Lee, J. Hazard. Mat. 236P (2013) 45-51.

17. S. Das, S. Rana, S. M. Mursalin, P. Rana, and A. Sen,
Sensors and Actuators B 218 (2015) 122-127.

18. R. Su, Y. Shen, L. Li, D. Zhang, G. Yang, C. Gao, and Y.
Yang, Small 11[2] (2015) 202-207.

Table 1. The total organic carbon (TOC) in the RhB solutions
after 1 h irradiation in simulated solar light. 

Sample
RhB 

solution
BFO BFO • Ag1 BFO • Ag2 BFO • Ag3

% TOC 100 86 77 74 80

Table 2. The kinetics parameters of photocatalytic degradation
reaction of RhB by BFO and Ag/BFOs with different contents of Ag.

Sample BFO BFO.Ag1 BFO.Ag2 BFO.Ag3

Half-life 
time
(min)

7.07s 5.06 4.20 4.85

Rate 
constant
(min−1)

0.098 0.137 0.165 0.143


