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Abstract

In this research, polycrystalline BiFeO; (BFO) and Bij g3_,La, ;7Y FeO; nanoparticles (BLY,FO NPs, x=0.0, 0.05, 0.10,
0.15, and 0.20) were prepared by sol—gel route. The effect of La®* and Y>* co-doped ions on crystal structure, magnetic, and
photocatalytic properties was reported. The Rietveld refinement of X-ray diffraction data confirms a consecutive structural
phase transition of R3c-Pbam-pnma from BFO to BLY, ,,FO compound. The investigation of field-emission scanning
electron microscopy (FE-SEM) images indicated that the morphology and distribution of nanoparticles are almost uniform.
The energy-dispersive X-ray (EDAX) analysis confirms the elemental concentration in BLY,FO NPs. All of BLY,FO NPs
revealed the weak ferromagnetic behavior. The highest magnetic parameters occur in the vicinity of the R3c/Pbam phase
boundary in sample with x=0. The change of magnetic behavior from BFO to BLY FO was discussed based on suppressing
spiral cycloid spin structure and lattice distortion in rhombohedral phase. In compounds with orthorhombic structure, only
lattice distortion can be affected magnetic behavior. The direct bandgap of all samples obtained from the UV—Vis diffuse
reflectance spectra using Kabelka—-Munk equation. The bandgap in BLY FO NPs decreases with substituting La ion and then
increases with increasing Y content. The photocatalytic activity of BFO and BLY ,FO NPs is evaluated by the degradation of
methyl orange in the presence of H,O, at pH value 2 under visible light. The photocatalytic properties enhance with doping
La in BFO. However, the photocatalytic activity dependence on Y concentration has a behavior more complicated and is
strongly depending on crystal structure.

1 Introduction

One of the interesting compounds based on perovskite
structure with chemical formula ABO; is BiFeO; (BFO)
compound. The BFO is a multiferroic material consists
of simultaneous antiferromagnetism and ferroelectricity
orders that from fundamental view point are very attractive
[1, 2]. Besides this, due to high Curie (T-=830 °C) and
Neel (7y=370 °C) temperatures of BFO, this compound is
a good candidate for technological applications above room
temperature [3]. The presence of the spiral spin structure
and leakage current limited magnetic and electrical practical
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applications in BFO, respectively [4, 5]. One of the methods
for optimizing magnetic and electrical properties of BFO
is doping various ions such as (La, Nd, Pr, Sm, Ho, Tb,
...y and (Ti, Cr, Co, Ni, Co, ...) at Bi and Fe sites, respec-
tively [6—18]. One of the intriguing behaviors of BFO is
the existence of numerous structural phases that depends
on doping level of various ions for replacing Bi ion [8, 9].
Such occurrences create the morphotropic phase binderies
(MPB). For instance, it was shown that substituting La>*
ion with lower ionic radius compared to that of Bi** in
Bi,_,La FeO;, first, the spiral cycloid spin structure (SCSS)
in rhombohedral phase is suppressed, and then with increas-
ing La®* content, the SCSS is completely destroyed and
polar rhombohedral structure is transformed into anti-polar
structure with Pbam space group, and finally with more dop-
ing, structure is changed into new non-polar orthorhombic
phase with Pnma space group and nonlinear G-type antifer-
romagnetism structure [10, 11]. The similar behavior was
observed in Bi,_ RE FeO, (RE =rare-earth ion and Y>")
compounds in lower x value because of smaller ionic radius
of rare earth (rgp) compared to rg;=1.172 A and r,=1.17
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A [12, 13]. Accordingly, various investigations have been
also performed on La and RE co-doped BFO [19, 20].

In addition to interesting occurrences in structural,
electrical, and magnetic properties of undoped and doped
BFO, recently, various reports were carried out on the
photocatalytic activity of BFO as a new candidate for
removal of organic dye from water due to its small bandgap
(2.0-2.5 eV) [21-24]. One of the challenges faced by pho-
tocatalytic degradation processes is to achieve high activity
photocatalyst in visible light region for BFO. One of the best
methods for improving photocatalytic properties of BFO is
doping RE ions for Bi site [21-24].

There is another family of ferrite materials with hex-
agonal structure based on molar formula BaFe,,0,4 (hex-
aferrite) that are also promising for practical application
[25-27]. In substituted M-type hexaferrite, the magnetic and
electrical properties enhance compared to simple barium
hexaferrite and consequently they can be also an excellent
candidate for such applications. For instance, they have a
ferrimagnetic structure with a total magnetic moment of 20
pB in the ground state [28—30]. Recently, were discovered
in barium hexaferrites substituted by diamagnetic cations a
large spontaneous polarization and multiferroic properties
at room temperature. Furthermore, the remarkable magneto-
electric characteristics of M-type hexaferrites are observed
at room temperature that fabricated by a modified ceramic
technique [31-33].

Previous reports on the synthesis of undoped and doped
BFO samples by solid-state reaction route indicate that they
have deficiency oxygen and Bi evaporation during prepara-
tion [34]. Moreover, when A site in perovskite structure was
substituted by divalent cations, the charge balance in com-
pound may have changed. These factors were caused the cre-
ation of oxygen vacancy, impurities, and unbalanced com-
pound [35-37]. The presence of oxygen vacancy decreases a
fraction of the oxidation degree of 3d ions to a lower value.
This mechanism can be affected by total magnetic moment
and the Curie temperature via the change of super exchange
interaction strength [38, 39]. The substitution of trivalent
rare-earth (RE=La, Nd, ...., and Y) ions in Bi site decreases
impurity and oxygen vacancy [10, 40, 41]. Furthermore, the
chemical methods of synthesis decrease Bi evaporation and
oxygen loss. There are many chemicals routs such as sol-gel,
sol—gel autocombustion, hydrothermal, and co-precipitation
for preparing of various magnetic materials nanoparticle [35,
36, 42-44].

In the previous studies, it was observed that physical
properties such as magnetic, electrical, and piezoelectric
properties are strongly affected in various structural phases
of Bi,_ La(RE) FeO; compounds [10-13]; however, there
is no reliable information on photocatalytic behavior at
the MPB. In this work, we first prepared BiFeO; and
Bijg;_,Lag 7Y, FeO; (x=0.0, 0.05, 0.10, 0.15, and 0.20)
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nanoparticles by sol-gel method and studied their structural
evolution. Finally, their magnetic properties and especially
photocatalytic activity across the structural phase transitions
investigated.

2 Experimental methods

The nanoparticles of BiFeO; (BFO) and Bi g;_,La, ;;Y,FeO;
(BLY,FO NPs, x=0.0, 0.05, 0.10, 0.15 and 0.20) were pre-
pared by the sol-gel technique, which the details of syn-
thesis route were reported in our previous work [37]. High
purity nitrates containing Bi(NOs);-5H,0, La(NO5);-9H,0,
Y(NO;);-6H,0, and Fe(NO3);-9H,0 in a stoichiometric
molar ratio were dissolved in a HNOj solution. After that,
the tartaric acid was added as complexation.

The structural analysis was evaluated by X-ray diffrac-
tion (XRD) and Fullprof program. The microstructural
properties were investigated by field-emission scanning
electron microscopy (FE-SEM) method. The magnetic
properties were performed by vibration sample magnetom-
eter (VSM) analysis under applied magnetic fields up to 20
kOe at 300 K. The optical properties were measured by dif-
fuse reflectance spectra (DRS) using Avantes spectrometer
(Model: Avaspec-2048-TEC with Ava Lamp DH-S Setup)
at room temperature. The photocatalytic activity test is stud-
ied by the degradation of methyl orange (MO) under vis-
ible light of 150 W mercury lamp. Here in, 100 mg catalyst
was added to 5 mg/L of MO solution in an immersed well
reactor under magnetic stirring at room temperature. Before
illumination, the solution with catalyst is stirred for 30 min
to attain absorption and desorption equilibrium. During the
experiment, 2 mL of dye is taken out regular intervals and
centrifuged to remove the catalyst. The concentration of MO
was measured using UV-visible spectrophotometer (Varian
Cary Bio 50 model). The degradation is calculated from
relation C/C, where C is the primary concentration at start
the reaction and C, is the concentration at time 7.

3 Results and discussion

Figure 1a—c displays XRD pattern of BFO and BLY ,FO NPs
at the room temperature. It is clear that all nanoparticles are
approximately single phase. However, a small amount of
Bi,0; and YO, 4s¢ phases corresponding to the JCPDS files
no. 01-074-1374 and 00-039-1063 are observed in BFO and
BLYFO samples, respectively. These were demonstrated
by (@) and (&) symbols in the XRD patterns of BFO and
BLYFO NPs, respectively. If one considers the Fig. la—
carefully, the two characterizations are visible. First, the
peaks at the same diffraction angle (26) in XRD patterns
shift gradually toward higher 26 with substituting La>* and
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Fig.1 a The XRD patterns, and b, ¢ the enlarged XRD patterns for
BFO and BLY ,FO compounds

Y3*. According to the Bragg’s law, this implies that the unit
cell volume decreases. Second, while doublet peaks in BFO
merge to single peaks in sample with x=0, themselves split
into doublet or triplet peaks in samples with x=0.15 and
0.20, again. On the other hand, the new peaks are emerged
in XRD patterns with increasing La>* and Y>* substitution
that were indicated with symbols (*) and (#). Furthermore,
the appearance of new peaks by symbol (*) in x=0 grows
slowly in samples with x=0.05 and 0.10, and then disappear
in x=0.20. This trend indicates that we deal with multist-
ructure phase transition in BLY ,FO samples. Such behavior
was observed in several previous reports [10, 11, 45]. To
obtain the crystal structure information of BFO and BLY ,FO
NPs such as the lattice parameters, coexistence phases and
phase percentages were used Fullprof software. For running
Fullprof program, the lattice constants and atomic posi-
tions of BFO [46], PbZrO; [47], and LaFeO;—YFeO; [48]
for R3c, Pbam, and Pnma space groups were used as input
data, respectively. Figure 2a displays the Rietveld refine-
ment of XRD pattern for BFO sample with R3c space group.
However, the result of Rietveld refinement with R3c space
group for BLYFO sample was not satisfied. The existence
of peaks with (*) symbol confirms that the orthorhombic
phase with Pbam space group contributes in this sam-
ple [19]. This result is consistent with phase evolution of
Bi,_,La FeO; system [10, 11]. Therefore, the XRD pattern
of BLYFO refined simultaneously by two space groups of
R3c and Pbam, as exhibited in Fig. 2b. Starting Y>* substi-
tution in BLY(FO sample, the contribution of R3c phase
strongly suppressed and crystal structure can be successfully
described as the mixture of Pbam and Pnma phases in the
concentration range of x <0.15 (see Fig. 2¢). Finally, with
increasing Y>* content (x=0.20), the crystal structure was
refined only with Pnma space group, as shown in Fig. 2d.
This trend is very comparable to that of Bij gLa,,_ Pr FeO;
compounds [11].

Unlike hexaferrite (BaFe ,0,9) and spinel ferrite
(MFe,0,, M is a divalent or trivalent cations) structure, the
number of atomic sites is equal to 1 for A and B cations
in perovskite structure with R3¢ and Pnma space groups.
Therefore, La** and Y>* cations occupy only the related Bi
site [49-51]. In addition, the Rietveld refinement parameters
of BFO and BLY ,FO sample are summarized in Table 1.
Since, the unit cell volume is different in the various phase
of ABOj; perovskite structure, the unit cell volume per ABO;
formula is defined as v=V/z, where z is the number of ABO;
formula in every unit cell [51]. Table 1 shows the doping
La** and Y** ions with smaller ionic radius respect to that
of Bi** lead to decreasing v. Finally, the X-ray pattern of the
BFO and BLY ) ,FO samples was indexed based on R3c and
pnma space groups, respectively.

Figure 3 presents the FE-SEM micrographs of BLY,FO
NPs with x=0.0, 0.10, and 0.20. It is clear that the
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Fig.2 The Rietveld refinement of XRD analysis for BFO, x=0.0, »
0.15, and 0.20 with R3c, R3c+Pbam, Pbam+ Pnma, Pnma models,
respectively

distribution of particles size is almost uniform and less than
100 nm. Comparing the images, it can be deduced that the
average nanoparticle size decrease slightly with increasing
Y3* content. It means that with increasing rate of crystal-
lization process in grains with Y>* substitution under the
same thermal treatment condition for sample with Y>*-free.
Furthermore, to confirm the elemental concentration in
BLY,FO NPs, the energy-dispersive X-ray (EDAX) analy-
sis was performed. The EDAX spectrum of corresponding
FE-SEM images is shown in Fig. 4. The results demonstrate
that samples only consist of Bi, La, Y, Fe, and O elements
and the mole ratio of Bi:Y in BLY FO NPs is 0.8 —x:x, that
of Fe:O:La=1:1:0.2 is almost constant.

The magnetic hysteresis loops of BFO and BLY FO NPs
are shown in Fig. 5. It is obvious that while BFO displays an
antiferromagnetic treatment, other samples have a weak fer-
romagnetism behavior. Among them, sample with x=0.0 is
exhibited the highest remnant magnetisation (,) and coer-
cive field (H,). Moreover, with increasing Y>* content up
to x=0.10, both M, and H_ decrease, and then enhance in
sample with x=0.15, and finally decrease in x=0.20 sample,
again. These results are a common feature in Bi;_ RE,FeO;
compounds [12, 52-54]. Since, Y*>* and La*" ions have no
magnetic moment, thus magnetic behavior is only due to Fe
ion sublattice [53]. On the other hand, Fe ion concentration
is equal in all samples, and therefore, the difference in the
magnetic behavior of studied samples is the result of differ-
ent FeOg octahedra distortion by various doping levels. The
strength of super exchange interaction strongly depends on
the Fe—-O-Fe bond angle in FeO,, octahedra. Previous reports
on the magnetic properties of Bi;_,RE,FeO; compounds
indicate that the highest ferromagnetism behavior occurs in
the intersection region of rhombohedral and orthorhombic
phases [12, 53-55]. In this region, not only the SCSS is sup-
pressed but also the Fe—O-Fe bond angle is reduced [55]. In
the sample with x=0 because of both decreasing rhombohe-
dral phase percent (66%) and Fe—-O-Fe bond angle compared
to that of BFO, the weak ferromagnetism behavior observes
in this compound. In other compounds with orthorhombic
structure, there is not the spiral spin structure and it is com-
pletely destroyed. Therefore, only FeO octahedra distortion
can be affected magnetic feature. For instance, increasing
Fe—O-Fe for Pbam phase in x=0.05 compared to that of
the orthorhombic phase of x=0 sample is caused reducing
of M and M.. This postulate explain enhancing the weak fer-
romagnetism behavior for sample with x=0.15 compared to
that of x=0.10 and 0.20, based on Fe—O—Fe data for Pnma
phase in Table 1. Finally, the magnetic parameters obtained
from the M—H loops are listed in Table 2.
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Table 1 The crystal structure parameters for BFO and BLY FO compounds derived by the Rietveld refinement of XRD analysis

Sample a(A) b (A) c(A) V(A% cla Z v(A%) %phase Fe-O-Fe R,, R, GOF
BFO 5.576(4) 5.576(4) 13.866(9) 373.444 2487 6 6224 100 161.5 222 157 131
x=0R3c 5.580(4) 5.580(4) 13.776(8) 371.551 2469 6 6192 666 156.2 857 6.66 121
x=0 pbam 5.578(3)  7.929(5) 11.177(6) 494.421 2.004 8 6180 334 109.6, 131.2 857 6.66 1.15
148.3,175.3
124.7%
x=0.05pbam  5.553(9) 7.914(5) 11.134(0) 489.419 2005 8 61.18 71.1 138.8, 144.7 695 545 1.12
152.6, 146.1
163.38
x=0.05pnma  5.571(8) 5.599(5)  7.827(7) 244221 1405 4 61.05 289 - 695 545 123
x=0.10pbam  5.506(7) 7.834(2) 11.186(8) 482.612 2031 8 6033 572 - 647 504 1.15
x=0.10pnma  5.509(6) 5.590(7)  7.839(5) 241479 1423 4 6037 428 163.7,173.7* 647 504 117
x=0.15pbam  5.464(1) 7.819(0) 11.192(6) 478.199 2.048 8 5977 186 - 508 401 133
x=0.15pnma  5.463(8) 5.599(1)  7.820(3) 239.239 1431 4 5981 814 132.0, 157.0 508 401 120
x=020pnma  5.450(1) 5.603(6)  7.804(4) 238349 1432 4 5959 100 131.1, 165.3 6.85 545 121

“There are five (two) different bond angles in orthorhombic structure with Pbam (Pnma) space group

To study the optical properties of BFO and BLY FO
NPs, the UV-Vis diffuse reflectance spectra (DRS) were
carried out in 100-1200 nm wavelength. Figure 6 shows
the adsorption [F(R)] spectra of all compounds that were
calculated using Kabelka—Munk (K-M) formula [56]. For
instance, the [F(R)hv]? versus hv (photon energy) curve for
sample with x=0.05 were observed the inset of Fig. 6. Using
such plotted curve for all compounds, the direct band gap of
BFO and BLY FO NPs (x=0.0, 0.05, 0.10. 0.15, 0.20) was
determined about 2.03, 1.93, 2.05, 2.07, 2.09, and 2.10 eV,
respectively. It is clear that while the band gap deceases with
substituting La ion in BFO, it increases with doping Y ion
in BLYFO compound. These results are agreement with
literature data [22, 57-59]. It is generally known that the
band gap in REFeO; (RE =rare earth and Bi) is originated
from overlap of Fe-3d and O-2p orbitals [1]. In addition, the
change in particle size, morphology, and lattice constants of
undoped and doped BFO can be affected the band gap [58].
It should be noted that the thermal treatment for synthesizing
our compounds is similar, thus as shown in Fig. 3, it can be
approximately assumed that the particle size and morphol-
ogy of studied compounds are almost equal together. On
the other hand, a comparison between the variations of c/a
parameter and E, of our samples indicated that increasing
(decreasing) of c¢/a in thombohedral (orthorhombic) phase
are corresponding to decreasing (increasing) of E,. Such
result is also reported in Ref. [58].

The photocatalytic activity of the BFO and BLY ,FO NPs
is evaluated by degradation of typical organic contaminant
MO under visible light at pH value 2 and 0.5 mL H,0,,
and the time-dependent photodegradation of MO is illus-
trated in Fig. 6a. At the first step, degradation is tested in
the stability of MO dye that called photolysis (without any
catalyst). After 120 min, the degradation efficiency of MO is

negligible. In next step, the photocatalytic activities of MO
are performed for BFO and BLY,FO NPs. The photocata-
lytic process for the degradation of MO can be described
as having begun in the radiation effects of catalyst excita-
tion irradiation is continued through the formation of elec-
tron—hole pairs at the catalyst surface. The hole, due to its
high oxidation potential, can convert the MO into a reactive
intermediate compound. Another intermediate compound
is -‘OH radical which can increase the separation of elec-
tron-hole and destroy the MO dye [59]. Therefore, H,0, can
generate -OH radicals by dissociation or photo-fenton reac-
tion [60]. The BFO surfaces positive charge at pH value 2 (at
pH © 6.7, the isoelectric point of BFO) and MO is bunch of
azo anionic dyes, so it is well adsorbed in the acidic solution
by the catalyst surface and catalytic activity is progressing
[61].

It is clear in Fig. 7a, and the degradation of MO for BFO
and BLY ,FO NPs is 52, 76, 95, 41, 63, and 100%, respec-
tively. Therefore, the type and amount of RE (La and Y) ion
concentration plays a significant role in the degradation of
the MO dye. It is generally known that the photocatalytic
activity in BFO family is depending on many factors such
as morphology, particle size, and band gap and structure
[62, 63]. Our results indicate that the degradation of MO
with sample with x=0 increases compared to BFO sam-
ple. According to finding of our optical measurements,
this enhancement can be due to decreasing E, with La sub-
stitution as reported previously [22]. Moreover, based on
our structural investigations, the phase boundary between
rhombohedral polar and orthorhombic non-polar structure
starts in this sample. The presence of a mixture structure
can affect the photocatalytic activity in doped BFO, as well
[21, 22]. On the other hand, the variation of degradation
of MO for Y-doped BLY FO samples is very complicated
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Fig.3 The FE-SEM images of BLY,FO compounds for x=0.0, 0.10,
and 0.20

and ambiguous. While photocatalyst activity increases
for sample with x=0.05, but degradation of MO strongly
decreases for x=0.10, and then, it enhances with more Y
doping, again. As it was mentioned before, the morphology
of studied samples is similar together. Furthermore, previ-
ous report on the size particle effect on photocatalyst activ-
ity of BFO exhibits that the particles size in the range of
50-100 nm has only 5% difference in photocatalyst activity
[62]. Therefore, the reduction of photocatalyst activity for

@ Springer

x=0.10 sample compared to samples with x=0.05 and 0.15
cannot be due to morphology and size effects. On the other
hand, according to the optical results, the Eg increases with
Y doping. Therefore, decreasing of photocatalyst activity
for x=0.10 may be attributed to increasing E,. Moreover,
as another possibility, the presence of equal mixed-phase of
anti-polar (pbam) and non-polar (pnma) may be influenced
on decreasing of photocatalyst activity in x=0.10 sample.
Finally, with increasing of non-polar phase contribution by
more doping Y ion, the photocatalyst activity increases and
is maximum in sample with x=0.20.

The kinetic behavior between dye molecules and photo-
catalyst is shown by the Langmuir model (based on Eq. 1).
The model is used to determine the relationship between the
apparent constant of the pseudo-first-order reaction rate and
the initial concentration of the organic dye [64]. As shown
in Fig. 7, the photodegradation of MO is followed by Eq. (1)
of the pseudo-first-order kinetics equation:

InC,/Cy = —Kppls 1)

where C, and C, are the concentration at time #, and zero
time, respectively, and K, is the pseudo-first-order rate
apparent constant. The rate constants obtained for BFO and

BLY,FO NPs are shown in Fig. 6c.

4 Conclusion

In summary, we have successfully synthesized BFO and
BLY ,FO NPs by tartaric acid sol-gel route. The Riet-
veld refinement of XRD analysis confirms a serial phase
transition of R3c—Pbam—pnma as a morphotropic phase
boundary in these compounds. Doping La** and Y** ions
with smaller ionic radius respect to that of Bi** leads to
decreasing the unit cell volume per formula unit. The mor-
phology and particles size of BLY FO NPs were estimated
by FE-SEM images. It is founded that the distribution of
particles size is almost uniform and less than 100 nm.
While BFO displays an antiferromagnetic treatment, other
samples indicate a weak ferromagnetism behavior. The
sample with x=0.0 is exhibited the highest remnant mag-
netisation (M,=0.09 emu/g) and coercive field (H,=5414
Oe). The band gap of BFO and BLY FO NPs (x=0.0,
0.05, 0.10. 0.15, 0.20) were determined about 2.03, 1.93,
2.05,2.07, 2.09, and 2.10 eV, respectively. The photocata-
lytic activity of the BFO and BLY FO NPs is evaluated
by degradation of typical organic contaminant MO under
visible light at pH value 2 and 0.5 mL H,O,. The results
indicate that with increasing La doping concentration from
0 to 17% in BFO, the degradation of MO enhances from
52 to 76%. The photocatalytic activity dependence on Y
concentration has a behavior more complicated, while the
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Fig.4 The EDAX spectrum of
BLY,FO compounds for x=0.0,
0.10, and 0.20

Element | Weight%  Atomic%
OK 22.06 63.60
FeK 29.16 2408
YL 0.00 0.00
Lal 13.94 463
BiM 34.84 7.69
Totals 100.00

Element | Weight%  Atomic%
OK 21.02 61.13
FeK 29.51 24.80
YL 5.39 2.59
LaL 13.80 4.65
BiM 30.29 6.83
Totals 100.00
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keV
Element | Weight%  Atomic%
OK 19.48 57.74
Fe K 30.79 26.14
YL 10.67 5.69
Lal 13.63 4.65
BiM 25.42 5.77
Totals 100.00

e e e e A T
1 2 4 s 6 7 8 9
Full Scale 114 cts Cursor: 0.000 keV keV

photocatalytic activity for x=0.05 and 0.20 samples is 95
and 100% respectively, but for x=0.10 and 0.15 samples

are 41 and 63%, respectively. These compounds with
the MPB characterization can be considered as practical
functionalities.
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