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Structural and thermo-analytical studies were carried out to understand the phase formation kinetics of the single 
phase Bi5TisFeO15 (BTFO) nanocrystals in Bi2O3-Fe2O3-TiO2, during the polymerized complex (PC) synthesis 
method. The crystallization of Aurivillius phase BisTiaFeOz layered perovskite was found to be initiated and 
achieved under the temperature conditions in the range of ~800 to 1050 oC. The activation energy for grain growth 
of Bi5TisFeO15 nanocrystals (NCs) was very low in case of NCs formed by PC (2.61 kJ/mol) than that formed by the 
solid state reaction (SSR) method (10.9 kJ/mol). The energy involved in the phase transformation of Aurivillius 
phase Bi5TisFeO15 from Bi2Os-Fe2Os-T iO2 system was 〜69.8 kJ/mol. The formation kinetics study of BisTiaFeOz 
synthesized by SSR and PC methods would not only render a large impact in the nanocrystalline material 
development but also in achieving highly efficient visible photocatalysts.
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Introduction

The remarkable progress of photocatalysis in last decade was 
limited to ultraviolet (UV) light region although the visible 
light is far more abundant and useful for an efficient photo
catalysis under solar light. Thus the development of the visible 
light photocatalysts has become an important topic in the photo
catalysis research today. To date, several research groups have 
developed visible active photocatalysts of oxide, sulfide, oxy
nitride such as PbBizNbzOg, (Ga1-xZnx)(N1-xOx), Zr-S co-doped 
TiO2, NixIn1-xTaO4, TaON, TiO2-xNx, TiOzxCx, and AgGa「x 
InxS2, etc.1-9 In search of the highly efficient photocatalysts 
under visible light irradiation, we have recently discovered a 
novel single oxide photocatalysts, PbBi2Nb2O9, with an Auri- 
villius-phase perovskite as well as nanocomposite and p-n 
junction nanodiode, etc.10-14 But, we still need highly efficient, 
small band gap (ca. 1.9 〜2.1 eV) photocatalyst which will effi
ciently absorbs the visible light photons from the solar spec
trum.

Recently, Sun et al. reported that Bi5Ti3FeO15 showed a sig
nificant photocatalytic activity for the decomposition of the 
Rhodamine B and acetaldehyde under visible light irradiation.15 
They synthesized Bi5Ti3FeO15 using a high pressure synthesis. 
We have also succeeded in fabricating a layered perovskite 
phase of the Aurivillius phase, Bi5Ti3FeO15, by the polymerized 
complex (PC) method and found that the photocatalytic activity 
of Bi5Ti3FeO15 nanocrystalline was much higher than that of 
TiO2-xNx for IPA photodegradation and hydrogen production 
under visible light (入 > 420 nm). It is important to note that the 
conditions required for the crystallization and ultimately de
sired phase formation of pure nanocrystalline Bi5Ti3FeO15 are 
very different in each method. Thus the present work on the 

formation kinetics of Bi5TisFeO15 made by different methods 
is very important thus enable one to optimize the crystal struc
ture and particles size of visible light active photocatalyst.

In the present study, the thermal properties and formation 
kinetics of sin이e phase Bi5TisFeO15 crystals in Bi2O3-Fe2O3- 
TiO2 synthesized by polymerized complex method were inves
tigated using differential thermal analysis and X-ray diffraction 
and further compared with Bi5TisFeO15 crystals made by solid 
state reaction (SSR) method. The activation energies for the 
grain growth and the crystallization of single Bi5Ti3FeO15 in 
Bi2O3-Fe2O3-TiO2 were obtained from these data. We also in
vestigated the particle morphology and a layered structure of 
Bi5TisFeO15 by scanning electron microscopy and high-resolu
tion electron microscopy.

Experiment시

Nanocrystalline Bi5Ti3FeO15 was synthesiszed by the PC 
method according to the procedure in described in our previous 
work.16,17 Bismuth nitrate pentahydrate (Bi(NO3)3,5H2。, 99.5%, 
Aldrich), iron nitrate hydrate (Fe(NOs)3,9H2O, 98%, Aldrich), 
titanium(IV) isopropoxide (Ti[OCH(CHs)2]4, 97%, Aldrich), 
ethylene glycol (C2H6O2, Kanto Chemicals) and citric acid 
(C6H8O7, Wako) were used as starting materials. under constant 
agitation, at the temperature of 60 - 70 oC. Next, the titanium 
isopropoxide dissolved in isopropyl alcohol (IPA) solution was 
added in CA-EG solution to obtain Ti-citrate complex. Finally, 
the salts of bismuth nitrate pentahydrate and iron nitrate hydrate 
were added and dissolved in Ti-citrate complex solution. The 
mixture was kept on hot plate (70 oC) till it became a transparent 
colorless solution. The colorless solution was condensed at 
110 oC to promote the polyesterification and then heated at 
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130 oC for several hours to obtain a polymeric gel. The viscous 
polymeric product was pyrolyzed at about 300 - 500 oC to form 
the precursor powders. Thus the powder obtained was pressed 
in the form of pellets, which were calcined in range temperature 
range of650 - 1100 oC for 4 h in an electric furnace to obtain the 
nanocrystalline BisTiaFeOz. The schematic procedure of syn
thesis of BisTi3FeO15 by polymer complex method is shown in 
Figure 1. On the other hand, for the purpose of the comparison, 
BisTisFeO15 was also prepared by the conventional SSR method. 
Crystalline Bi5Ti3FeO15 powders were formed by heating a 
ground mixture of Bi2O3 (99%, Aldrich), TiO2 (99%, Aldrich) 
and Fe2O3 (99%, Aldrich) at 800 - 1100 oC for 4 h, respectively.

The BisTisFeO15 samples prepared by the PC were charac
terized by X-ray Diffractometer (Mac Science Co., M18XHF). 
X-ray diffraction (XRD) results were compared with the Joint 
Committee Powder Diffraction Standards (JCPDS) data for 
phase identification. The glass transition, Tg and crystallization 
peak, Tx, temperatures were determined using differential ther
mal analysis (Shimadzu, DTA-50).18 DTA were carried out at 
in the temperature range of 30 - 1000 oC with various heating 
rates of 10, 20, 30 and 40 oC/min. The morphology was deter
mined by scanning electron microscopy (SEM, Hitachi, S- 
2460N).

Results and Discussion

Structural characterization of SSR and PC samples were 
carried out to analyze and compare the crystallization behavior

Figure 1. A schematic of Bi5Ti3FeO15 synthesis followed in the polymer 
complex method.

of the samples prepared at various calcination temperatures. 
Figure 2 and 3 show the XRD patterns of SSR and PC samples, 
respectively. It is evident from Figure 2 that the temperature 
(1030 oC) of formation of single phase of Bi5Ti3FeO15 was 
crucial in case of samples made by SSR method. Moreover the 
Aurivillius phase of Bi5TisFeO15 was not retained at the tem
perature around 1060 oC. Evidently it can be observed that the 
Bi5Ti3FeO15 cannot be formed at temperature lower than 1030 
oC, a different impurity phase is observed at the temperature 
above 1060 oC. On the contrary in case of samples made by PC 
method, the initiation and formation of Aurivillius Bi5TisFeO15 

structure was found to occur in the temperature range of 800 
to 1030 oC. This indicated that Bi5TisFeO15 could be crystallized 
at such low temperatures (〜800 oC) without any impurity 
phases unlike to the SSR samples. The PC sample did display 
similar behavior to that of SSR, in which the samples exhibited 
Bi5TisFeO15 phase only upto 1030 oC and no pure Bi5TisFeO15 

phase was observed at 1060 oC. The lattice parameters of Bi5 

TisFeO15 were estimated to be a = 5.45 A, b = 5.46 A, c = 41.2 
A(JCPDS). Thus the crystallization behavior of PC sample of 
Bi5Ti3FeO15 was significantly different from that of SSR 
samples as shown in Figure 3.

The crystallite size of the Bi5Ti3FeO15 crystallites formed 
by SSR method (see Figure 2, a typical sample prepared at 1030 
oC) and by PC method (see Figure 3, a typical sample prepared 
at 1030 oC) was estimated from the FWHM of main XRD 
peak by using the Scherrer's equation:19

D = 0.9 入 / BcosO (1)

Here 入 is the wavelength of X-ray radiation (入=0.154 nm),

Figure 2. XRD patterns of Bi5Ti3FeO15-SSR samples calcined at (a) 
650 oC, (b) 800oC, (c) 900 oC, (d) 1000 oC, (e) 1030 oC, (f) 1060 oC, (g) 
1090 oC, (h) 1100 oC, for 4 h.
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Figure 3. XRD patterns of BisTbFeOis-PC samples calcined at (a) 
800 oC, (b) 900 oC, (c) 1000 oC, (d) 1030 oC, (e) 1050 oC, (f) 1100 oC, 
for 4 h.
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Material Sintering Temperature (oC) Crystal size (nm)

Table 1. The relationship between sintering temperature and crystallite 
size of Bi5Ti3FeO15 prepared by PC and SSR method.

PC sample 800 26
PC sample 900 28
PC sample 1000 29
PC sample 1030 28
SSR sample 900 17
SSR sample 1000 15
SSR sample 1030 27

B is FWHM of the peak (in radians) corrected for instrumental 
broadening, 0 is Bragg angle, and D is the crystallite size (A). 
The crystallite sizes for both the samples are nearly same lying 
in the range of 17 - 29 nm indicating that pure BisTiaFeO^ phase 
particles have been formed under respective conditions. This 
demonstrates that a pure phase can be obtained at a relatively 
lower temperature in case of PC samples than SSR sample. 
Crystallite size for the calcined SSR and PC samples are given 
in Table 1. Crystallite size of PC sample was larger than that of 
SSR sample.

The crystal structure of Aurivillius phase layered perovskite 
BisTisFeO15 is shown in Figure 4. BisTisFeO15 has a general 
formula of [Bi2O2] 2+[Bm-1 MmO3m+1 ]2-, where B is the 12-fold 
coordinated cation with low valence in the perovskite sublattice, 
M denotes the octahedral site occupied by the ions with high 
valence, and m is the number of perovskite layers between the 
[Bi2O2]2+ layers.20,21 The perovskite sheets of BisTisFeO15 are 
composed of MO6 octahedrons and 12-fold coordinated Bi3+

Figure 4. The crystal structure of Layered perovskite Bim+1Ti3Fem-3 

O3m+3 Aurivillius phase with m = 4.

and are four layers in the thickness with the disordered Ti4+ to 
Fe3+ (3:1 ratio) in the M sites as shown in Figure 4.15 Such 
layered structures are important in attaining a better efficiency 
than simple binary unlayered metal oxides.

Figure 5 shows SEM images of BisTisFeO15 crystals prepared 
by PC method at various temperatures. The particle sizes of Bi5 

Ti3FeO15 increased with the increasing calcination temperature. 
The crystallite sizes of PC samples estimated by the Scherrer’s 
equation are in the range of26 - 29 nm. The correlation of XRD 
and SEM studies indicates that the particles observed in SEM 
are the agglomerates of 26 - 29 nm crystallite size. Despite the 
similarity in the crystal sizes, it is seen that the average particle 
size for BisTi^FeOz formed in the PC sample is larger compared 
to those formed in the SSR sample. It is important to understand 
this observation in context to activation energy required for 
grain growth as described in following section below. These 
activation energies for the single phase Bi5Ti3FeO15 can be 
estimated by using the Arrhenius plot and crystal size of the 
samples shown in Table 1.

According to Coble's theory,22 the activation energy for the 
grain growth can be calculated from the Arrhenius equation:

d ln k/dT = E/RT2, (2)

where k is the specific reaction rate constant, E is the activation 
energy, T is the absolute temperature and R is the ideal gas 
constant. Jarcho et al.23 discovered that the value of k was
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Figune 5. SEM images of BisTiaFeO^ crystal prepared by (a) SSR 
(calcined at 1030 oC), and (b) PC (calcined at 1000 oC) method.

related with the grain size directly. Thus the modification and 
integration of Eq. (2) yields the grain size as:

log D = (-E/2.303 R)/T + A, (3)

where D is the grain size and A is intercept from the plot of log 
D versus the reciprocal of absolute temperature (1/T) from 
Eq. (3), as obtained as a straight-line in Figure 6. The slope of 
this line gives the activation energy for grain growth in the 
single phase BisTi3FeO15 formed by Bi2O3-Fe2O3-TiO2 system 
in PC (Figure 6a) and SSR (Figure 6b) methods. The activation 
energy of the grain growth of the single phase Bi5Ti3FeO15 

was estimated to be 2.61 kJ/mol for PC sample and 10.9 kJ/mol 
for SSR sample. This implies that in PC sample the i) particles 
are susceptible to grow faster than in SSR and ii) the phase 
transformation starts at much lower temperature as evident 
from the above analyses. Thus the above consideration is impor
tant for preparing the nanocrystalline Bi5Ti3FeO15.

Further it is surprising to note that the occurrence of phase 
formation in PC and SSR samples is very different. Accordingly, 
nanocrystalline powders (PC sample) are ideal for phase trans- 
formation/crystallization studies, as ensemble of particles can 
be treated as an amorphous system. The thermal behaviors of 
Bi-Fe-Ti precursor powder (PC sample) were investigated by 
DTA. Figure 7 shows DTA patterns for the Bi-Fe-Ti precursor 
powder (PC sample) in the temperature range of 200 - 600 oC 
for various heating rates of 10, 20, 30 and 40 K minute-1. At a 
heating rate of 10 oC/min, an exothermic peak of Bi-Fe-Ti 
precursor powder was observed at around 416 oC, and the peak 
shifted to the high temperatures with the increasing heating 
rates (20, 30 and 40 oC/min). The respective values of the first 
exothermic peak for Bi-Fe-Ti precursor powders are given in 
Table 2.

The energy of formation of the BisTisFeO15 phase in Bi2O3- 
Fe2O3-TiO2 containing precursor system may be calculated 
from crystallization onset temperature (Tx) values in Table 2
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Figure 6. A plot of log (grain size of BisTbFeOg formed in the B12O3- 
TiO2-Fe2O3 system heat-treated at various temperatures) versus the 
reciprocal of absolute temperature (1/T) x 1000 K-1 for (a) PC sample 
and (b) SSR sample.

Table 2. Values of heating rate and exothermic temperature for BisTi3 

FeO$ PC sample in the temperature range of200 - 600 oC with different 
heating rates.

Material Heating rate (oC/min) Exothermic Temp. (oC)

PC sample 10 416.04
PC sample 20 438.91
PC sample 30 452.50
PC sample 40 464.89

using the equations of Kissinger or Redhead as follows:24

ln(①/T p 2) = -E/RTp + const. (4)

where ① is the heating rate, Tp is the peak temperature, R is the 
ideal gas constant. As shown in Figure 8, the plot of ln(①/T2p) 
vs. (1000/Tp) for the Bi2O3-Fe2O3-TiO2 containing precursor 
system showed a straight line. The energy required for the



Formation Kinetics of Layered BisTisFeOis Perovskite Bull. Korean Chem. Soc. 2009, Vol. 30, No. 12 3015

Figuie 7. The DTA patterns for the PC sample precursor in the tem
perature range of200 - 600 oC for various heating rates of 10, 20, 30 
and 40 K minute"1.

0.84 0.960.88 0.92

1000 / Tp2

Figure 8. The plot of In(①/T2p) vs. (1000/ T2p) for the PC sample to 
obtain the activation energy involved in crystallization in the phase 
transformation from Bi2O3-Fe2O3-TiO2 containing precursor system 
to the Aurivillius phase BisTiaFeO^.

phase transformation from BizOa-FezOa-TiO? containing pre
cursor system to the Aurivillius phase BisTiaFeO^ was found 
to be 69.8 kJ/mol as estimated from the slope of the straight 
line. This crystallization energy is one of the important factors 
to consider for the fabrication of the BisTiaFeO^ photocatalysts. 
This is because in case of SSR sample, BisTiaFeO^ phase form
ed at 10a0 oC, whereas in PC sample it was found crystallize 
at a temperature of at least 1a0 oC lower value. Therefore, with 
the knowledge of the activation energy one can always optimize 
the fabrication of high crystallinity/high specific surface as 
required for the visible light active photocatalyst.

Conclusions

We have synthesized single phase BisTiaFeO15 (BTFO) nano
crystals by simple polymerized complex method. The phase 
formation kinetics was studied by using structural and thermal 
analysis indicating that the crystallization of BisTiaFeO15 lay
ered perovskite exhibiting Aurivillius phase was achieved in 
the temperature range of 800 to 1050 oC. The activation energy 
for grain growth of BisTiaFeO15 crystals in the BizOa-FezOa- 
TiO2 system formed by PC method was much lower than that 
for SSR method. That is, the pure BisTiaFeO15 phase formation 
was found to occur at a relatively lower temperature by the PC 
method than by SSR method. Therefore, the study on the forma
tion kinetics of BTFO has an important meaning in effective 
synthesis of nanocrystal materials as well as the development 
of highly efficient visible photocatalyst.
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