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Bismuth-containing semiconductor material is a hot topic in photocatalysts because of its effective absorption under
the visible light. In this paper, we expect to explore a new bismuth-based photocatalyst by studying the subsolidus phase
relations of the BipO3-Fe;O3-Lay03 system. The X-ray diffraction data shows that in this ternary system the ternary
compound does not exist, while seven binary compounds (including one solid solution series Bij_,La, O 5 with 0.167 <
x < 0.339) are obtained and eight compatibility triangles are determined.
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1. Introduction

In the quest for environmental purification, the photo-
catalytic decomposition of organic pollutants by employing
semiconductors is one of the most promising methods. To
effectively harvest the visible light, constructing a photo-
catalysis system with high visible-light activity is essential.
Bismuth-containing semiconductor material has attracted con-
siderable attention because of its effective absorption under
visible light.['-3! Bismuth oxide (Bi,O3) is a visible-light-
active semiconductor with a direct band-gap of 2.8 eV-2.9 eV,
and has thus emerged as an alternative photocatalyst to con-
ventional photocatalysts.[*! However, the photocatalytic effi-
ciency of Bi; O3 must be further improved due to its low quan-
tum efficiency and instability. This instability is attributed to
the phase transformation and the reaction with aqueous solu-
tion during photocatalytic activity.[>¢!

Since ionic radii of La’t and Bi*t are similar, La3t
ions can enter into the lattice of Bi;O3, thus the optical
response of Bi;O3 can be modulated.!”) In addition, dop-
ing Fe,O3 with a narrow band gap of 1.9 eV is expected
to make up the shortage of composite material in utilizing
visible-light.’®! The oxides of Bi**, La**, and Fe** possi-
bly form perovskite or perovskite-related structure in an ideal
chemical formula ABOj3, which has fascinating physical and
structural properties. ) Perovskite-type samples with the com-
mon formula ABO3 have been studied extensively as promis-
ing photocatalysts.[!%!! Such materials could combine high
visible-light photocatalytic activity with the merits of stabil-
ity by structure regulation. The superior visible photocatalytic
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performance of LaFeOs3 has been confirmed,®'?! implying
that the perovskite-based materials are feasible and promis-
ing. Therefore, we choose to clarify the phase relations of the
BiyO3-Fe,03-Lay 03 system and hope to explore novel pho-

tocatalysts.

1.1. Bi;03-Fe; 03 system

The BiyO3-Fe,;03 binary system was intensively inves-
tigated,!'3-151 and five compounds with Bi»O3:Fe;O3 molar
ratios of 1:2 (BizFesOy), 3:5 (BizFes03), 1:1 (BiFeOs3),
20:1 (BigoFezOg3), and 25:1 (BipsFeOy) were reported in
Refs. [14], [16]-[25]. Their space groups and lattice param-
eters are listed in Table 1.

The phase diagram of this system was also determined
by Koizumi er al.,''3! Speranskaya et al.,!'*] and Maitre et
al.l'>] However, the determined phase equilibriums are dif-
ferent from each other. Only two compounds, Bi;Fe4O9 and
BiFeOs, were found in the system Bi;O3—Fe;O3 according to
Koizumi et al.’s!"3 results. Speranskaya et al.!'*! reported on
three compounds Bi;Fe4Og, BiFeOs, and BisgFe,Og3. For the
compound BisgFe;Og3, nothing else was reported except for
the X-ray powder diffraction data. According to Maitre’s re-
sults, BioFe4Og, BiFeO3, and BiysFeOyg were existent in this
system.

The authors in Ref. [26] have thought that the compound
BiysFeQqg, should be BiysFeOsg. But, according to the report
of Craig and Stephenson,!?>! Bi>sFeO39 should be considered
to be BiysFeOyg (Bi2+43Bi+5Fe+3040) as the valence of one Bi

ion changes to +35.
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The compound BiFeOs; is intensively studied since it is
a promising candidate of multiferroic materials.>’->° How-
ever, its difficult synthesis and large current leakage have ham-
pered its practical applications. Recently, some authors have
reported that, by using a so-called rapid liquid-phase sinter-
ing method, single phase BiFeOs can be synthesized.**31 Tn
addition, single phase BiFeOs has been synthesized by tra-
ditional solid-state reaction (SSR) using ultrapure grade raw
material.[3?] They considered that the impurities in the start-
ing material crucially influenced the phase composition of the
reaction product. 32!

1.2. Bi;0O3-La;03 system

In the Bi;O3-Lay03 system, six compounds BiyLasOo,
BiLa;0,, Biz4Laz 015, BigLajpO27, Bisggla. 1409, and
a solid solution series Bi;_,La,O;5 (0.16< x <0.33) were

33-38] Their space groups and lattice parameters are

reported. |
shown in Table 1.

Four compounds Bi;LasO0y, Biz 4Laz 01 5, BiglajnO»7,
and solid solution series Bij_,La,O; 5 (0.16 < x <0.33) were
found by Chen and Eysel,[*8! according to their study of a bi-

nary phase diagram.

Table 1. Crystallographic data of compounds for the Bi; O3—Fe;03-La O3 system.

Lattice parameters

Phase Space group Ref.
alA c/A al(°) BI(®) YI(°)

BLFe.O Pham 7965(4)  8.440(4) 5.994(4) [16]
12keatls Pbam 7957(2)  8.423(2) 5.992(1) this work

BizFesO1n 1a3d 12.6469 [17]

Cm 5.7900 5.6899 4.1739 91.990 [18]

Prma 5.5849 7.6597 5.3497 (18]

P2y /m 561483)  7.9725(1)  5.6467(1) 90.0154)  [19]

Cc2/m 17.4022 77024 5.4282 108.132 [20]

BiFeO; R3R 5.459 60.36 [21]

R3mR 3.9620 89.5200 [22]

R3mR 3.9520 89.6000 [23]

R3cH 5.5775 13.8616 [24]
R3cH 5.5799(4) 13.8736(9) this work

_ 23 10.1789 [25]
BizsFeOup 123 10.181(2) this work

Bi_xLa,O; 5 (0.16< x <0.33) R3mH  4.006-4.045 27.831-27.450 [38]
Bij_,La,0;5 (0.167<x<0.339)  R3mH  3.940-4.040 27.802-27.400 this work

2/m 6.829 3.9887 4.0524 125.095 [33]

BiLaso R3mH 3.9630 9.9640 [34]

121489 Pl 3.9200 4.0230 5.6280 87.630  89.710  89.910 (35]
c2/m 6.8222)  3.983(1) 4.051(1) 125.07(2) this work

BiLa,0, 14/mmm 4.0848 13.9866 (36]

Bis.4La3 609 R3mH 3.96017(5) 9.9691(2) [33]

BiLarO Immm 12.083 16.340 4.0989 (33]
1858105527 Immm 12.047(2)  16.331(3) 4.093(1) this work

BiygsLay 1400 P2/c 9.4956 3.9742 7.0425 104.700 (37]

LaFe;0g Cme2 9.4024 11.8294 5.7079 [39]

Prma 5.5674 7.8551 5.556 [40]

LaFeO; Pi3m 3.9260 [41]
Prma 5560(1)  7.844(2) 5.549(1) this work

LaFen0 P63 /mme 5.8858 22.8887 [42]

12519 Cmem 5.9025 10.1593 22.7883 [42]

1.3. Fe;03-La03 system system. [43]

Three compounds were reported in this system with
Fe;03:LayO3 molar ratios of 1:3 (LagFeOé),[”] 1:1
(LaFe03),1041] and 12:1 (LaFe;3019).1*?! An Fe304-based
solid solution Lag 14Fe304, which belongs to the cubic sys-
tem with space group (SG) Fd3m, was also reported in this

1.4. Bi;O3-Fe;03;-La;0; system

For this system, only one BiFeO3-based solid solution
Bi;_,La,FeOs; was reported. Bi;_,La,FeOs belongs to a

trigonal system with space group R3cH[P** or to an or-
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44]

thorhombic system with space group Imma'* or Pnma'** or

Pbam.!*4

2. Experiment

Analytical grade and ultrapure grade Bi»O3, Fe;O3, and
La;0O3 (Sinopharm Chemical Reagent Co. Ltd.) were used
to prepare the specimens by SSR and quenching methods in
air. The powders of the raw materials with a certain chemi-
cal composition were mixed in an agate mortar to get homo-
geneity, and then pressed into pellets, each with a diameter
of 10 mm and thickness of 1 mm-2 mm at a pressure around
10% Pa. The samples were sintered at different temperatures
between 600 °C and 1000 °C according to different compo-
sitions and quenched in atmosphere. The sintered samples
were ground into powder and identified by the X-ray pow-
der diffraction (XRD) method. Then, the powder was again
pressed into pellets and sintered at the same temperature un-
til the powder diffraction patterns showed no change, which
showed that equilibrium was achieved.

The temperature of the furnace was measured with a Pt—
PtRh thermocouple and precisely controlled within +2 °C up
to 1200 °C with an intelligent controller. XRD diffraction data
were collected at room temperature on a PANalytical X Pert
Pro diffractometer with Cu K« radiation (40 kV x40 mA) us-
ing continuous mode at a rate of 260 = 4 °/min.

3. Results and discussion
3.1. Binary systems

The phase relations of the three binary systems, BioO3—
Fe,;03, Bi;03-Lay03, and LayO3-Fe,03, are investigated.
The lattice parameters of the binary compounds are refined
using the program Jade 5.0. The obtained results are listed in
Table 1.

3.1.1. Bi;03—Fe; 03 system

In the BiyO3-Fe;O3 binary system, three compounds
with the BiyO3:Fe, O3 molar ratios of 25:1, 1:1, and 1:2 are
observed in our experiments, which accords well with Maitre
et al.’s results.['! The samples BiysFeOyo and BipFe4Og are
sintered at 700 °C for 72 h in a stove. The results show that
BiysFeOq4p belongs to a cubic system with space group 723
and BipFesO9 belongs to an orthorhombic system with S.G.
Pbam. For the compound BiFeO3, seven different phases have
been reported in Refs. [18]-[24]. According to the phase di-
agram, BiFeOs can be obtained via SSR and it undergoes a
phase transition around 825 °C.!3 We attempt to use several
methods to synthesize BiFeOs (a detailed discussion is given
in Subsection 3.2.3), and finally obtain single phase BiFeO3
using SSR at 800 °C for 5 h by starting with ultrapure grade
Bi, 03 and Fe;O3. The BiFeOs belongs to rhombohedral sys-
tem with space group R3cH. It can keep stable after being
annealed under 800 °C for 2 days.

3.1.2. Bi;03-La;0; system

Only two compounds (BigLa;9O27 and BipLasOy) and a
solid solution are confirmed to exist in this work. This result
differs from that reported in Ref. [33]. Although compound
Bi, 4LLa3 ¢O9 was found in Ref. [33], it does not exist under
our experiment’s conditions. XRD patterns of Bi;_,La,O 5
at room temperature show that they crystallize in a rhombohe-
dral system with S.G. R3mH for 0.176 < x < 0.3. No appre-
ciable changes in the XRD patterns of the compounds with
0.176 < x < 0.3 are observed, except that the positions of
Bragg reflections are slightly shifted, indicating the lattice pa-
rameters and unit cell volume of the compounds vary with La
content x. For x values between 0.176 and 0.3, the samples
each have a pure hexagonal structure. The patterns for x = 0.1
and x = 0.16 samples each consist of two phases. The x = 0.5
sample also consists of two phases. The dependences of lat-
tice parameters and unit cell volume on the La content (x) are
shown in Fig. 1, and the corresponding values are listed in Ta-
ble 2.
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Fig. 1. (color online) Dependences of lattice parameter and unit cell
volume on the La content (x) of Bi;_,La,0 5.
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In the single-phase region, the lattice parameter a and the
unit cell volume (V) increase linearly with La content (x) while
the lattice parameter ¢ decreases. In the two-phase region, the
lattice parameters of each phase are unchanged, which is con-
sistent with the phase rule for a binary system. The cell pa-
rameter a and the unit cell volume increase with the increase
of La content (x) because the radius of La" is larger than that
of Bi3T. Nevertheless, Bi;_,La,0; 5 is a layer-like compound,
whose interlayer bond strength plays a leading role in lattice
parameter c. We presume that c-lattice parameter decreases as
interlayer bond strength increases with the increasing La con-
tent (x). The solid solution limit is determined based on the
variations of lattice parameters with composition, and a solid
solution region with 0.167 < x < 0.339 is confirmed. This re-
sult is similar to those in Ref. [38].

3.1.3. La;03-Fe; 03 system

In the La;O3-Fe,;0O3 binary system, only one 1:1 com-
pound LaFeOs is obtained via SSR under 1000 °C for 72 h.
No any other reported compounds were observed in this work.
This result is in good agreement with the previous result. [46]
Relative space groups and lattice parameters are shown in Ta-
ble 2.

Table 2. Dependences of lattice parameter and unit cell volume on La
content (x) of Bi;_,La,Oq 5.

X alA oA VIA3
0.10 3.994 (1) 27.802(7) 384.07
0.16 3.994 (1) 27.801(5) 384.06
0.176 3.996(2) 27.790(2) 384.29
0.19 4.002(1) 27.735(8) 384.68
0.25 4.016(1) 27.610(7) 385.63
0.30 4.030(2) 27.480(6) 386.49
0.50 4.040(1) 27.400(5) 387.28

3.2. Bi;03-Fe;03-La,03 ternary system
3.2.1. Ternary compound

No ternary compound in Bi;O3—Fe;03-Lay 03 system is
obtained in this work.

3.2.2. Subsolidus phase relations of the system La; 03—
F8203—Bi203

According to the results of phase identification of 54
samples, the subsolidus phase relations of BiyO3—Fe,O3—
LayO3 system under our experimental condition are shown in
Fig. 2. There are seven binary compounds and eight three-
phase regions in this ternary system. The subsolidus phase
relation of the ternary system consists of seven tie lines:
LaFeO3—Bi2Fe409, LaFeO3—BiFeO3, La_FeO3—Bi25FeO40,
BiysFeOy49—Bi;—La,O; 5 (x = 0.167), LaFeO3-Bi;_,La, Oy 5
(0.167 < x < 0.339), LaFeO3-Bigla;9gO,7, and LaFeO3—
BiyLasOg, which divides the Bi, O3—Fe,03-La; O3 phase dia-
gram into eight compatibility triangles: (i) Fe,Oz-LaFeO3—
Bi2F6409, (ii) LaFeO3—BizFe409—BiFeO3, (iii) LaFeO3—
BiFCO3—Bi25FGO4(), (IV) LaF603—Bi25FeO4o—Bi1,xLaxOl,5

(x = 0.167), (v) BipsFeO490—BiyO3-Bij_La,015 (x =
0.167), (vi) LaFeO3-BigLa;gO27-Bi;_;La,015 (x = 0.339),
(vii) LaFeO3-Bigla;gO,7-Bi;LasO9, and (viii) LaFeOs—
Bi;LasO¢-Lay0s.

Fey03 8 10 LasO3

9
L aFeOg

Fig. 2. Subsolidus phase relation of the system La;O3—Fe;03-Biy O3
(e: single phase, o: two phases, ¥: three phases, and the gray re-
gion indicates pseudo-binary system LaFeO3;—Bij_yLa,O;5, 0.167 <
x<0.339).

3.2.3. Synthesis of BiFeO;

Synthesis of pure phase BiFeO3 by SSR has been inten-
sively studied, such as La-substitution sintering, [*7*8 rapid
liquid-phase sintering,3%-3!! and traditional SSR with using ul-
trapure grade reactants.3?) We first tried to synthesize BiFeOs
by traditional SSR with analytical grade Bi,O3 and Fe;Os.
However, we could not obtain single-phase BiFeOs, even by
an extensive variation of sintering temperature, time, and at-
mosphere. Secondary phases are always found in XRD as
BiysFeOq4 and BiyFesOy. However, studying the samples of
two-phase region (BiFeO3;-LaFeOs3), we find that the impu-
rity phases (BipsFeOup and Bi;FesOy) decrease as the con-
tent of LayO3 (x) increases (see Fig. 3). When the content of
Lay O3 reaches 0.3, the decomposition of BiFeOs can almost
be suppressed and the impurity phases disappear completely.
This infers that a ternary phase Bi;_,La,FeO3 perhaps exists
in BiFeO3-LaFeO3; pseudo-binary system around x = 0.3, as
shown in Fig. 4. However, the pure phase of BiFeOs; can
be obtained by rapid liquid-phase sintering in our experiment.
Moreover, the impurity phase of Bi;Fe4QOq is observed in each
of the samples of BiFeOs3-La,Bi;_,FeO3; pseudo-binary sys-
tem (see Fig. 3). This means that the samples are not in
equilibrium, which may be caused by impurities in the start-

1321 To further confirm the phase-diagram, single

ing materials.
phase BiFeOs is finally synthesized by traditional SSR using
ultrapure reactants. A series of Bij_,La,FeO3 samples is pre-
pared using ultrapure grade Bir O3, Fe;O3, and LayO3 by SSR,
as shown in Fig. 5. The results show that there is no interme-

diate compound in the BiFeO3—LaFeO3 system.
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Fig. 3. (color online) X-ray diffraction patterns of Bij_,La,FeOs (pre-

pared using AR raw material) for different x values: (a) 0; (b) 0.02; (c)
0.04; (d) 0.1; (e) 0.2; () 0.3; (g) 0.4.

Bi25FeO4g

B12F8409

LaFeO;;

Fig. 4. Possible phase relations in the case where the ternary phase
La,Bi;_,FeOs3 exists.
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Fig. 5. (color online) X-ray diffraction patterns of Bi;_,La,FeO3 pre-
pared using ultrapure grade raw material for different x values.

4. Conclusion

The subsolidus phase relations of the Bi;O3—Fe,O3—
Lay O3 ternary system are determined. There are seven binary
compounds and eight ternary-phase regions in this system. No
ternary compound is found in this system. A solid solution se-
ries Bij_,La,O; 5 in this system is determined and its region
with 0.167 < x < 0.339 is confirmed.
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