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The effect of Ce doping on the structural and optical properties of BiFeO3 nanoparticles via sol-gel method is reported. All samples were a
pure phase with perovskite structure. The EDX results show the doped samples contain Bi, Fe, O and Ce elements. The vibrational properties
of samples were studied using Raman spectroscopy. Photoluminescence shows an intense peak at 398 nm, the peak strength enhanced greatly
and had redshift with the increase of Ce doping concentration. UV—vis results show the samples have a broad absorption band in the range of
500-600 nm. The bandgaps decrease with the concentration increase of Ce doping. It indicates the as-prepared BiFeO; can be used as visible

light catalyst.

1. Introduction: Due to the wide applications in spintronic
devices, modern optical, new information storage devices and
sensors as well as the superior physical properties, bismuth ferrite
(BiFeO;) raise wide attention of scientific research workers [1-3].
BiFeO; shows a rhombohedral distorted perovskite structure
and belongs to the R3c space group, which has lattice parameters,
a,=3.965 A and o, =89.43° at room temperature. BiFeO; material
has very high ferroelectric Curie temperature (7c ~830°C) and
shows G-type antiferromagnetism Neel temperature (7y ~370°C).
It belongs to those few single-phase multiferroic materials which
simultaneously possess ferroelectricity and antiferromagnetism
at room temperature [4—6]. BiFeO5; with smaller energy bandgap
(Eg=2.3-2.8 ¢V) also can be used as catalyst for the visible light
[7]. However, the researches of optical property are less and lack
of a comprehensive understanding.

Varied wet chemical methods have been applied to prepare
BiFeO; nanostructures, such as hydrothermal route [8], con-
ventional solid-state reaction [9, 10], ferrioxalate precursor
method [11] and sol-gel technique [12-14]. Among these
methods, the sol-gel method draws very attractively due to the
easy control of chemical composition. On the other hand, it is
well known that bi-site substitution with rare earth elements can
reduce the leakage current of BiFeO;. Considerable efforts have
been reported by doping La [15-17]. And we know that cerium
and lanthanum both belong to the lanthanides and the ionic
radius of Ce (1.03 A) is a little smaller than that of Bi (1.17 A).
Therefore, it is expected that Ce doping could reduce leakage
current and induce structure distortions to improve the electrical
properties of the BiFeO3; materials [18].

In this Letter, we have focused on the synthesis of Ce doped
Bi,_,CeFeO; (x=0, 0.02, 0.04 and 0.06) nanoparticles by the
sol-gel technique and we have investigated the effect of Ce and
its concentration dependence on the structural, size and optical
properties of BiFeOs.

2. Experimental
2.1. Preparation of samples: Bi;_,Ce,FeOs: (x=0, 0.02, 0.04 and
0.06) nanoparticles were prepared by the sol-gel technique. The
main chemical reagents used in the experiment are shown in
Table 1. All the chemicals were analytical grade and were pur-
chased from Shanghai Aladdin Biochemical Technology Co., Ltd
(Shanghai, China).

Firstly, we prepared the 40 ml (0.25 mol/l) solution. 0.01 mol
Bi(NO3)3-5H,0, 0.01 mol Fe(NO;5);-9H,0O and certain amounts
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of Ce(NO;);-6H,O (the molar ratio of Ce(NO3);-6H,O to Bi
(NO3);-5H,0 as 0, 2, 4 and 6%) were dissolved in 20 ml glacial
acetic acid under constant magnetic stirring. Then, citric acid in
1:1 molar ratio with respect to the metal nitrates was added to
the solution as a complexant. The mixture was stirred for about
30 min at 80°C, make samples dissolved absolutely, after being
cooled to room temperature, measuring 20 ml glycol into the four
groups of samples, respectively, continuously stirring at room
temperature for 3 h to obtain the transparent, uniform and reddish-
brown sol. Then, the sol was placed in a drying oven at 80°C until
the clear sol was completely turned to the dried yellowish-brown
gel and grounded into powders, the powders were preheated to
400°C at a ramp rate of 15°C/min for 1 h to remove the excess
CH,, and NO, impurities. Finally, the samples were annealed at
650°C in air for 2 h to get the Bi_,CeFeO; (x=0, 0.02, 0.04
and 0.06) nanoparticles.

2.2. Characterisation: X-ray diffraction (XRD, Philips X PPERT
MPD) was used to measure the purity and crystalline structures
of Bi;_,Ce,FeO; (x=0, 0.02, 0.04 and 0.06) samples. The mor-
phologies of Bi;_,CeFeO3; nanoparticles were characterised
by scanning electron microscope (SEM, LEO 1430VP), and the
elemental compositions of the as-prepared samples were roughly
estimated by energy-dispersive X-ray spectroscopy (EDX,
M18XHF22-SRA) attached with the above SEM. The micro-
structural properties of as-synthesised samples were investigated
by transmission electron microscopy (TEM, Hitachi H-600). The
Raman spectrum (Raman, JY-HR800) give the lattice vibration
characteristics of the samples. Fluorescent spectrophotometer
(Fluorolog-3 21 TC SPC) was used to characterise the photo-
luminescence (PL) properties of Bi;_,Ce,FeO; samples. UV—vis
absorption spectra of the samples were measured by UV—vis spec-
trophotometer (UV—vis, DRS, UV-2550) from 300 to 800 nm
wavelength range.

3. Results and discussion: The XRD patterns of Bi,_,Ce FeO;
(x=0, 0.02, 0.04 and 0.06) nanoparticles synthesised by the sol-
gel method is shown in Fig. 1. It can be found that all the diffraction
peaks (012), (104), (110), (006), (202), (024), (116) etc., are
indexed to the distorted perovskite phase of BiFeO; (JCPDS
Card No.71-2494, space group: R3c). The intense and sharp diffrac-
tion peaks imply the BiFeO; samples prepared are crystallised well.
It also can be observed that very small amounts of Bi,O3; and
BiysFeO4y were present in the samples, a small amount of
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Table 1 Main chemical reagents

No. Name Chemical Molecular Purity
formula mass
1 bismuth nitrate Bi(NOs);'5H,0 485.07 AR (99.0%)
2 iron nitrate Fe(NO3);-9H,0 404.0 AR (98.5%)
3 cerium nitrate Ce(NOs3);6H,O  434.22 AR (99.95%)
4 ethylene glycol HOCH,CH,OH 62.07 AR
5 citric acid C¢HgO7-H,0 210.14 AR (299.5%)
6 glacial acetic acid CH;COOH 60.05 AR (>99.5%)
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Fig. 1 XRD patterns of Bi;_CeFeO; (x=0, 0.02, 0.04 and 0.06)
nanoparticles

a XRD patterns when 26 from 10° to 80°

b Comparison of (012) diffraction peak positions to show the peak shift

impurities is hard to avoid in the process of sol-gel method. In
addition, compared with the pure BiFeOs, the diffraction peaks of
Bi_,Ce,FeO; (x=0.02, 0.04 and 0.06) nanoparticles had a slight
shift to big angle direction, which indicates the change of the
lattice caused by the substitution of the Ce*" ion. The shift of the
diffraction peaks is considered as a result of the different radius
of Bi** ion (r=1.17 A) and Ce*" ion (r=1.03 A).

Figs. 2a—d show the SEM and EDX images of Bi_,Ce,FeO;
(x=0, 0.02, 0.04 and 0.06, respectively) nanoparticles. The con-
centrations of Ce are calculated as x=0, 0.02, 0.04 and 0.06,
respectively. From these images, it can be seen that the pure
BiFeO; powders are made up of irregular tiny particles and gath-
ered denser. As observed from the images of doped samples, the
doped samples also exhibited irregular and scattered. The EDX
results show the doped samples contain Bi, Fe, O and Ce elements,
while the Ce element cannot be found in the sample of x=0. The
actual atom content percentages of Ce are 0, 1.92, 3.75 and
5.94%, respectively. It can be concluded that Ce** ions were suc-
cessfully doped into BiFeO; samples.

Figs. 3a and b show TEM images of the pure BiFeO;
and Big g625Ce0.0375F€O3 nanoparticles, respectively. It is very
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clear that the pure BiFeO; particles are almost spherical in nature
and agglomerated. The average particle size estimated about
150200 nm. Compared with pure BiFeO; nanoparticles, the
Big.0625Ce0.0375FeO3 sample turns to decentralised spherical nano-
particles with the average size about 60 nm and distributes uniform-
ly. The decrease in the crystal size can be attributed to the presence
of Ce—O—Fe on the surface of the catalyst in the doped samples,
which inhibits the growth of crystal grains.

Acting as a powerful tool, Raman spectroscopy can prospect
the structural and vibrational properties of the materials. Fig. 4
shows the room temperature Raman spectra of the as-prepared
pure BiFeO; and Big g655Ceq 0375F€03 sample, with an excitation
wavelength of 532 nm. For the BiFeOs;, it has a distorted rhombo-
hedral perovskite structure belonging to the space group of R3c at
room temperature. According to group theory, BiFeO; have 18
optical phonon vibration modes [19]:

Lo, p3c =44, + 54, + 9E

Ay (TO) and E (LO) are Raman and infrared active vibration
modes, respectively. And 54, is Raman inactive vibration mode,
so BiFeO3; have 13 Raman vibration modes [20]

FRama.n,RBc = 4A1 + 9E

Among, 4, and E are optical vibration modes, they can be divided
into two modes: longitudinal optical (LO) mode and the transverse
optical (TO) mode. We can know from Fig. 4, BiFeO; nanoparticles
with ten Raman vibration modes, which is consistently well with
the report by Zhiwu Chen earlier, all less than the theoretical
value, it may due to Raman peak too weak or Raman peak
overlap, etc. [21]. Stronger for three of the vibration frequency,
A1—1 A;-2 and A4;-3 vibration modes, which appeared in the
136, 168, 219 cm™', and the relatively weak vibration mode
A,—4 is located at 452 cm™!. In the rest of the 253, 277, 425,
364, 526 and 605 cm™! belong to E vibration modes, were identi-
fied as E-2, E-3, E-4, E-5, E—6 and E-7, respectively.
However, test wavenumber range does not include the £~1 mode
at 75 cm™!, we observed a small £ mode at 277 cm™!. Lattice vibra-
tion dynamic and transient information can be accurately recorded
by Raman spectroscopy at the molecular level, so, Raman vibra-
tional modes can reflect the influence of the Ce doping on the
lattice structure with the change of doping amount. Compared
with that of pure BiFeO3; nanoparticles, £—2 and E-5 vibrational
modes of the Bij 9425Ce 0375F€05 nanoparticles have the trend of
wide, 4;—1, A;—2 and A,—3 vibration peak strength increases,
the vibration frequency move to high frequency. These changes in-
dicate that Ce®" doped lead to Bi—O bond have changed in the
samples.

Fig. 5 shows the photoluminescence (PL) emission spectra of
Bi_,CeFeO; (x=0, 0.0192, 0.0375 and 0.0594) nanoparticles
from 300 to 550 nm with a 245 nm excitation wavelength at
room temperature. From Fig. 5, for the pure sample, it can be
seen clearly a strong emission peak generated at 398 nm. For
these doped samples, PL spectra have a slight red shift compared
with the BiFeO3 sample of x=0 and the peak intensity increased
greatly with Ce doping concentration. The intensity increase of
the PL spectra with Ce®" doping concentration pointed out the
increase in the recombination of e— and h+. There are two large
and asymmetric PL peaks seen from the inset of Fig. 5, demonstrate
the existence of oxygen vacancy defects inside the energy bandgap,
which is in accordance with the results reported by Moubah et al.
[22]. Oxygen vacancy defects can be acted as the traps or recombin-
ation centres, which provide the carriers an alternative path to trans-
fer energy and lead to the intense PL emission. The increase in the
recombination of e— and h+ can be attributed to the increased
amount of Ce that added up the oxygen vacancy defect sites
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Fig. 2 SEM and EDX patterns of Bi;_,CeFeO; nanoparticles
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Fig. 3 TEM images of samples
a Pure BiFeO;
b Big.o625Ce0.0375F€03
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which behaved as the centres for the recombination of e— and h+
[23]. From the results of PL spectra, it can be known Ce-doped
BiFeO; products have good luminescence properties in the
visible wavelengths.

The UV-vis absorption spectrum patterns of Bi_,Ce FeO;
(x=0, 0.0192, 0.0375 and 0.0594) nanoparticles are shown in
Fig. 6a. It can be observed that there are two absorption edges of
all BiFeO; nanoparticles. The report presented the one absorption
edge around 650 nm wavelength is because of metal-to-metal
transition, while the other one about 750 nm results from the
crystal-field transition [24]. The UV-vis absorption spectra of
Bi;_,Ce,FeO; nanoparticles show as-prepared samples have a
good visible light absorption indicating the materials can be used
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Fig. 4 Room temperature Raman spectra
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Fig. 5 PL spectra of Bi_,CeFeO; (x=0, 0.0192, 0.0375 and 0.0594)
nanoparticles at room temperature
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Fig. 6 Optical properties of samples

a UV-vis spectra of Bi_,Ce,FeO; (x=0, 0.0192, 0.0375 and 0.0594)
nanoparticles at room temperature

b Plot of (ahv)* versus photon energy (hv)
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as a visible light photocatalyst for application. The energy bandgap
(Eg) of Bi;_,Ce,FeO3 nanoparticles has been estimated from the
plot of (ahv)'? (a is absorption coefficient) versus photon energy
(hv) shown in Fig. 6b. The intercept of the tangent to the X-axis
gives well approximation to the energy bandgap of the as-prepared
samples. When Ce was introduced into the samples, the slight red
shift of absorption occurred, which indicated a decrease in the
bandgap energy of these as-prepared samples. The estimated
bandgap energies of all samples are 2.02, 2.01, 2.00, 1.97 eV,
respectively. The bandgap of the pure BiFeOj; is calculated as
2.02 eV, which is consistent with the report by Yang ef al. [25].
The results implied as-prepared Bi;_,CeFeO; samples could be
utilised in photocatalytic decomposition of organic contaminants
under visible light irradiation.

4. Conclusions: In summary, Ce®" ion doping BiFeO; nanoparti-
cles were successfully synthesised using a sol-gel route.
As-synthesised BiFeO3 nanoparticles are rhombohedral distorted
perovskite phase and belong to the R3¢ space group. The results
of XRD indicate that pure phase Bi;_,Ce,FeO; crystallites could
be obtained when Ce content is <6%. The results of SEM and
EDX indicate that the doped samples contain Bi, Fe, O and Ce
elements, and the particle size decreases with the concentration
increase of Ce doping. The PL shows an intense electronic transi-
tion peak at a wavelength of 398 nm, and the peak strength
enhanced greatly with the concentration increase of Ce doping.
From UV-vis results, it can be known BiFeO; has a wide absorp-
tion band in the range of 500-600 nm wavelength range. The
corresponding energy bandgap of the samples was calculated to
decrease with the concentration increase of Ce doping. The
results indicate the as-prepared Bi;_,Ce,FeO; nanoparticles have
potential application as a visible light photocatalyst.
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