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Rapid synthesis, structure and photocatalysis of pure bismuth A-site

perovskite of Bi(Mg3/8Fe2/8Ti3/8)O3
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Ranbo Yu*, and Xianran Xing*’
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Bi(MgysFeysTiyg)0;, a member of a small group of pure Bi*" A site perovskites, exhibiting a high

ferroelectric Curie point (7,), was rapidly synthesized by a sample method of molten salt synthesis. The

purity of Bi(MgsgFe,sTiz5)O3 samples are directly affected by the reaction conditions such as soaking

temperature, heating and cooling rates. The as-prepared Bi(Mgs;sFe,5Ti35)O0; particles are well-formed,

cube-shaped single-crystals ranging from 200-300 nm. The chemical states of Bi and Fe ions are Bi*" and

Fe**

in Bi(Mg;sFe,5Ti35)0;5. UV-vis diffuse reflectance spectra and preliminary photocatalytic

experiments indicate that the pure Bi** A site perovskite of Bi(MgysFeysTiys)O; has a suitable energy

bandgap (1.86 eV) and shows an obvious photocatalytic activity for decolorization of methyl blue under

visible-light irradiation. The present work suggest a potential future applications of Bi(MgzgFe,5Ti35)03

in photocatalysis and ferroelectric photovoltaic effect.

Introduction

Due to the unique electron configuration of easily polarizable
lone-pair 6s®, bismuth-based perovskite materials have attracted a
great deal of attention due to many fascinating functional
properties of multiferroic, piezoelectric, and photocatalytic.' For
example, BiFeO; is well known to be one of the bismuth-based
multiferroics, which exhibits high ferroelectric Curie point (7, ~
827 °C)® and G-type antiferromagnetic Néel point (Ty~ 367 °C).°
It also shows a potential candidate for photocatalytic materials
due to its small bandgap (2.1-2.8 eV).” BiMnO; another highly
distorted bismuth-based perovskite is ferromagnetic below -173
°C and ferroelectric temperature, and promising results for
practical applications have been obtained on thin film samples
showing large second and third harmonic generation.®'' Other
bismuth-based perovskite such as Bi(Mg;,Ti;;)O; and
Bi(Ni;,Ti;;,)O; also have been used to improve the high-7, and
high performance of PbTiO; based piezoelectrics. For example,
0.51Bi(Ni;;Ti;2)05-0.49PbTiO; compositions possess a 7, of
400 °C and good piezoelectric properties.12 (1-x)Bi(Mg, 2 Ti;2)O03-
xPbTiO; ceramics were also been reported to have a high 7, (430
°C), good piezoelectric properties (dz; ~ 255 pC/N), and high
remnant polarization (P, ~ 38 pC/cm?) for the MPB composition
(x ~ 0.37)."% It is well known that pure A-site Bi** perovskites can
be stabilized by introduction of other perovskite like PbTiO3 or
BaTiOs.'>!* However, very few pure A-site Bi*" perovskites are
stable under ambient pressure by conventional bulk-synthesis
condition, due to the small size of the Bi** ions, which can cause
instability in the AO;, polyhedra. So far, there are only four pure
A-site  Bi*" perovskites of BiFeO;, Biy(Mny;Niy3)Os,
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Bi(Ni3gFe,5Tiz5)O3 and Bi(MgsgFe,sTisg)O3 which can be
obtained by conventional methods at the atmosphere pressure.'>!’

Bi(Mg;5Fe,5Ti35)O5 is polar in the thombohedral R3¢ space
group with a refined average structure similar to that of BiFeO;,'®
which arises from A-site and B-site displacements along [111]; in
relation to the Pm3m parent perovskite structure.'® It was first
synthesized via solid-state reaction at ambient pressure by Craig
A. Bridges etc.!” The synthesis of Bi(Mg;gFeysTi35)O3 sample
involves complex procedure which needs a high temperature and
have to sinter the staring materials several times at various
temperature. It is a challenge to obtain Bi(MgzgFe,5Tiz5)O3 by a
simple method of chemical preparation. In the present work, a
simple, large-scale synthesis method of molten salt synthesis
(MSS) is performed to prepare Bi(Mg;sFe,5Tisg)O5 particles in
NaCl-Na,SO, salts. The phase composition, microstructure,
chemical states and binding energy of Bi and Fe ions, and
temperature  dependence  of  dielectric  properties  of
Bi(MgssFeqsTi38)03 were investigated. We also observed that
the Bi(Mg;gFey5Ti33)O5 particles have a suitable energy bandgap
(1.86 eV) and an obvious photocatalytic property under the
irradiation of visible light. Both of these implies that
Bi(MgssFe,5Ti35)03 may be an candidate for photocatalysis and
related areas in visible range.

Experimental Procedure

Bi(Mg;5Fe,5Ti35)O; samples were prepared using MSS.
Analytical reagent grade Bi,0;, 4MgCO;*Mg(OH),*4H,0, TiO,
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Fig. 1 Rietveld refinement for Bi(MgysFeysTiz5)O; from powder X-ray
diffraction.

and Fe,03, were mixed according to the stoichiometric ratio and
s ground for 20 min in an agate mortar. Then salts of NaCl and
Na,SO,4 were added in a molar ratio of NaCl : Na,SO, : Bi,0; =5
:5:1, and ground for 60 min. The resulting powders were placed
in an alumina crucible and loaded into a furnace, where the
temperature was hold at 830 °C. After chemical reaction for 1h,
10 the sample was quenched to room temperature in air. The sample
was washed one time with dilute nitric acid, then several times
with distilled water to remove NaCl, Na,SO, and a small amount
of impurities. The remaining slurry was dried in an oven for 12 h
at 100 °C. For impedance and dielectric measurements, the dried
powders were mixed with a polyvinyl alcohol based binder and
pressed into pellets under a pressure of 20 MPa. The pellets were
pretreated at 550 °C for 1 h, and then sintered at 840 °C for 30
min before quenching to room temperature in air.
X-ray powder diffraction data (XRD) were collected using a
20 PANalytical X'Pert PRO diffractometer with Cu Ka radiation to
examine the phase composition. The XRD data were analysed by
Rietveld refinement wusing Fullprof. The morphology
microstructure and energy dispersive spectroscopy (EDS) of the
powder samples were investigated with scanning electron
»s microscope (SEM, Supra 55, Zeiss) and high-resolution
transmission electron microscope (HRTEM, JEM-2010). The
composition and ion oxidation states were analyzed by X-ray
photoelectron spectroscopy (XPS, PHI-5300 ESCA). Differential
scanning calorimetry (DSC) and thermogravimetric analysis
30 (TGA) were employed to study the thermo-stability of
Bi(Mg;5Fe,5Tizg)O; sample. For dielectric and impedance
measurements, both surfaces of the pellets were coated with Pt
paint to make electrodes. Dielectric properties were investigated
as a function of frequency and temperature using an impedance
analyzer (HP4294A, Hewlett-Packard, Palo Alto, CA) in the
frequency range of 10*> ~ 10° Hz from room temperature to 800
°C. UV-vis diffuse reflectance spectra of the samples were
obtained on an UV-vis spectrophotometer (UV2250, Shimadzu)
using BaSO, as reference. Photocatalytic activities of the samples
40 were evaluated by the photocatalytic decomposition of methyl
blue (MB) under visible light at the natural pH value. A 300 W
Xe lamp was used as the light source with a 420 nm cutoff filter
to provide visible light irradiation. The initial concentration of
MB was 10 mg L' with a catalyst loading of 2.5 g L. Before
45 illumination, the suspensions were stirred in the dark for 1 hour to

o

w
s

ensure the
establishment of absorption-desorption equilibrium between the

(-102)  (-114)
L] . .

. .
. ™ . #(012)s
. - . L] .
[22-1]* . . o I 26m ¥ e

SRR S -

Fig. 2 (a) SEM image, (b) TEM image, (c) Selected area electron
so diffraction pattern of a typical individual crystal, and (d) HRTEM image
of a single Bi(Mgj3;sFe,5Ti35)O5 particle.

photocatalyst and MB. Then the solution was exposed to visible
light irradiation under magnetic stirring. At given time intervals,
a small quantity of the solution was taken and centrifuged, then

ss the concentration of MB was determined by measuring the value
at approximately 664 nm using a UV-vis spectrophotometer.

Results and discussion

The synthesis of Bi(MgsgFeysTisg)O; is limited in a very
narrow range of reaction conditions in molten NaCl-Na,SO, salts.
60 Bi(Mgs;gFey5Ti35)O0;5 can be formed only by rapid reaction at a
temperature range of 830 = 15 °C and quenching to room
temperature. The high heating and cooling rates which can avoid
the formation of impurities, such as Bi;,TiO,, and BiysFeOy, are
important factors of the present synthesis method. Another
¢s important factor of the synthesis of Bi(MgsgFe,5Tizg)05 is
temperature. If the sample was reacted at a lower temperature
such as 810 °C or a higher temperature such as 850 °C, the
content of impurities, such as Bi;TiOy, BiysFeOyy and Fe;0y,
will increase rapidly (Fig. S1 in the supporting information). The
70 present method of MSS for preparation of Bi(MgssFe,5Tiz5)O0; is
similar to the preparation of another pure A-site Bi perovskite of
BiFeO;.”
The Rietveld refinement of powder X-ray diffraction data of
Bi(Mg;5Fe,5Tizg)O5 at room temperature was performed on the
75 basis of the rhombohedral R3¢ structure (Fig. 1). It is revealed
that the sample is highly crystallized, exhibits a perovskite
structure and only a small amount of impurities can be detected.
Bi(MgssFeygTi3 )03 crystallizes in the R3c space group, but
cations displacement away from the rhombohedral axis ([111] in
so the parent cubic perovskite unit cell). The refined unit-cell
parameters of Bi(MgysFe,sTiz5)0; are a = b= 5.5771 A and ¢ =
13.7988 A. The Bi-O and Fe-O bond lengths are 2.412-2.546 A
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and 1.798-2.270 A, respectively. Compare to BiFeO; (JCPDS 86-

1518, space group R3c, a = b = 5.5775 A, ¢ = 13.8618 A, Bi-O

bond lengths 2.314-2.523 A, Fe-O bond lengths 1.940-2.115 A),

the ¢ axis of Bi(MgsgFe,sTizg)05 is smaller, the Bi-O bond
s lengths are longer, and the Fe-O bond lengths are very similar. It

formula of Bi(Mg;sFe,5Ti35)Os.
In order to clarify the crystal structure of Bi(Mgs/sFe,5Ti35)O3,
30 the chemical states and binding energy of Bi and Fe ions were
investigated by XPS (Fig. 3). For the evaluation of XPS, the
backgrounds have been subtracted from the spectra by the Shirley
method. For the Bi(Mg;/sFe,5Ti3/5)O3, the Bi 4f;/, and Bi 415,
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35 Fig. 4 Temperature dependence of dielectric constant (black lines) and
loss (blue lines) measured at 1 MHz and 100KHz for
Bi(Mgjs/sFeysTiss)Os.

(b) Fe2p3a
peaks are observed at 158.79 eV and 164.02 eV, respectively,
both of which match the data well for the Bi*" ions (Fig. 3a).

40 Compared to the BiFeO; sample (Bidfs, 164.97 eV and Bi4f;,

159.73 eV), * the binding energy of Bi is smaller in

Bi(MgssFe,sTiz )05 (Fig. 3a), which indicates that the Bi-O

bond length is longer in Bi(Mg;sgFey5Tis5)0;. The increase in

length of Bi-O bond indicates the decrease in Bi-O hybridization
and lattice distortion, indicating a decrease in the P, for the

Bi(Mg;sFe,5Tis5)O05. This conclusion is consistent with the

result of Rietveld refinement of XRD. For Fe 2p lines of

Bi(Mg;5Fe,5Tisg)05, the peaks at 724.89 eV and 711.09 eV

corresponds to the 2p;,, and 2ps, orbit peaks of Fe** (Fig. 3b),

with a spin-orbit splitting energy of 13.8 eV for Fe 2p. It can be
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Fig. 3 XPS patterns of (a) Bi 4f and (b) Fe 2p for as-prepared sample of
Bi(MgssFeysTisg)0s.

is interest to observe that Bi(Mg;sFe,5Tis5)O; behaves a large
10 spontaneous polarization (P,) 73.9 uC/cm® lower than that of
BiFeO; (90-100 pC/ecm?®).*'* The displacements of Bi** lead to
the decrease in lattice distortion, ¢ axis and ¢/a,19 finally impact
the P, value and T, of Bi(Mgs;gFe,5Ti3/5)0;.

The SEM and TEM images of Bi(Mgs;Fe,5Ti35)0; powders
are shown in Fig. 2a and 2b. It can be seen that the sample is
made up of well-formed, cube-shaped particles, typically 200-300
nm in dimension. Selected area electron diffraction (SAED) data
taken from individual particle show the presence of sharp
diffraction spots, which are indicative of the formation of well-
formed, single-crystalline Bi(Mgz;sFe,sTi35)05 (Fig. 2¢). In Fig.
2d, the HRTEM image obtained from individual
Bi(MgssFe,sTiz )05 particle is displayed in order to further
confirm the a single-crystalline nature of as-prepared
Bi(Mg;5Fe,5Tis5)O5 samples. In addition, EDS attached to SEM
was used to measure the Bi : Fe : Mg : Ti ratio in the sample. The
quantitative analysis reveals the ratio of Bi : Fe : Mg : Ti is 8 :
2.08 : 2.90 : 3.11, which coincides with the normal chemical

o

S

o

confirm that the oxidation state of Fe ion is Fe*", but not Fe?".*

The binging energy of Fe in Bi(Mgs;gFe,5Tizg)0; is similar to
that in BiFeO, (Fe2p,, 172.90 eV and Felpsy, 711.14 eV)>
which indicates that the Fe-O bond lengths are similar. The result
is also in good consistence with the XRD Rietveld refinement.

As  the thermal  decomposition  temperature  of
Bi(Mg;5Fe,5Ti3)O;5 is about 850 °C (Fig. S2 in the supporting
information shows the DSC data of Bi(Mgs;Fe,;5Ti35)0;), we
investigated the temperature dependence of dielectric constant
(g;) and loss (tand) of Bi(MgzgFe,5Tis5)O3 range from 50 °C to
800 °C at 1 MHz and 100 KHz (Fig. 4). The peak in permittivity
at 760 °C is characteristic of high 7. of Bi(Mgs;gFe,sTi35)05 (left
axis of Fig. 4) similar to the sample prepared by the conventional
solid-reaction method by Craig A. Bridges etc (730 °C).17 It
needs to note that the T, of the present pure Bi A-site composition
of Bi(Mg;ssFey5Tiz5)O0; is lower than that of BiFeO; (7, = 830
°C). The P, of Bi(Mgs;sFe,gTi35)05 is slightly lower than that of
BiFeOj;. The relative lower 7, of Bi(MgsgFe,;5Tizg)0; can be
well understood according to the Landau theory,” T, ~oP.?,

70 where T, is highly correlated to the square of polarization.

Dielectric loss remains low up to 400 °C that may be a reflection

This journal is © The Royal Society of Chemistry [year]
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of the low conductivity of the Mg®" containing material. The
intensity of the peak for the dielectric constant is increasing with
the increasing of frequency. The locations of the peak for the
dielectric constant at different frequencies are similar indicates
the high 7. was frequency independent.

The UV-vis diffuse reflectance spectra of the as-synthesized
Bi(Mgs/sFe,sTi38)03 sample shows that the absorption cut-off
wavelength of the sample is about 600 nm, which implies the
possibility of photocatalytic activity under visible light irradiation
(Fig. 5). The energy bandgap of the sample can be estimated from
the tangent line in the plot of the square root of Kubelka-Munk
functions F(R) against photo energy,® as shown in the inset of
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Fig. 5§ UV-vis diffuse reflectance spectra of the as-synthesized
Bi(MgssFeysTis5)Os. The inset shows the calculation of bandgap by
Kubelka-Munk function.

Fig. 5. The tangent line, which is extrapolated to (F(R))"*=0,
indicates the energy bandgap of Bi(Mgz,sFe,sTi35)O05 1s 1.86 eV.
Such an energy bandgap is smaller than the bandgap of TiO, (3.2
eV), Bi,O; (2.84 eV),? and any other reported Bi-based
perovskite such as bulk (2.8 eV) and nanoparticle (2.18 eV) of
BiFeO;. 2~ % The suitable bandgap of Bi(Mgs;sFe,sTisg)0;
indicates a possibility of utilizing more visible light for
photocatalysis and ferroelectric photovoltaic effect.

In order to test the property of visible light photocatalysis for
the present composition of Bi(MgzgFe,5Tis5)0s, the preliminary
experiments were performed to evaluate the time-dependent
degradation of the typical organic contaminant MB under visible
light illumination (Fig. 6). Blank test (MB without photocatalyst
of Bi(Mg;sFe,5Ti35)O0; particles) under visible light exhibits
little photolysis, which shows that the self-degradation of MB is
slow. Only 18% of MB was photolyzed after 5.5 h. However,
with Bi(Mgs;sFe,sTi3 )05 particles as photocatalyst, more than
85% of MB was decolorized after 5.5 h under visible light
irradiation, showing efficient photocatalytic activity of
Bi(MgssFe,sTi3 )03 particles under visible light illumination.
Compared with the normal photocatalyst TiO,,%’ which only has
response to UV irradiation, Bi(Mg;sFe,5Ti35)O5 particles show
their obvious advantage making use of the visible light. It is
worth pointing out that the stability of a given photocatalyst
during photoreaction is a curial factor for any practical
applications. To study the stability of Bi(MgsgFe,;sTizg)03
particles, the crystal structure of the Bi(MgsgFeygTizg)03
particles were investigated by XRD spectra after the reaction with
MB (Fig. S3 in the supporting information). The position and the

50

55

60

o
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ratio of peaks are the same as those of fresh photocatalyst, clearly
indicating the high stability against chemical reaction of
photocatalysis. The present pure bismuth A-site perovskite of
Bi(Mg;5Fe,5Tizg)O; may be an attractive candidate for
photocatalysis and ferroelectric photovoltaic effect .

Conclusions

A pure bismuth A-site perovskite Bi(Mgs;Fe,5Ti35)O0; particles
ranging from 200-300 nm were prepared by a sample molten salt
synthesis. The purity of Bi(Mgs;gFe,5Tiz5)O; samples are directly
affected by the reaction temperature, heating and cooling rates of
the synthesis method. The as-prepared single-crystalline
Bi(Mg;sFe,5Ti38)O; particles exhibit a perovskite structure and

1.0-T\.\.\.
\.\-
0.8 e e
L 061 \\
@) ¥
o 0.4 1 \\
NG
024  —«—blank .
— 7 Bi(Mg;gFe,gTizs)04
R SRR TR S S S
Time (h)

Fig. 6 Photocatalysis of Bi(Mgs;sFe,sTi35)Os particles on degradation of
methyl blue under visible light irradiation.

have a high P, value which is in well agreement with the
observed high 7, (760 °C). The chemical states of Bi and Fe ions
are Bi** and Fe’* in Bi(MgysFe,sTiys)05. UV-vis diffuse
reflectance  spectra and photocatalytic —experiments of
Bi(Mg;5Fe,5Tizg)O;5 indicate that Bi(MgsgsFe,sTi35)O0; particles
have a suitable energy bandgap (1.86 eV) and show obvious
photocatalytic ability for decompose of methyl blue under
visible-light irradiation, suggesting potential future applications
of Bi(Mgs;sFe,sTiz )03 particles in photocatalytic and related
areas in visible range.
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Fig. S1 The XRD patterns of Bi(MgssFe,5Ti35)O3 obtained at
synthesizing temperature of 810 °C, 830 °C, and 850 °C.
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Fig. S2 The DSC-TG patterns of as-synthesized Bi(MgssFe,sTis5)Os.

The falling branch of the heat flow curve indicates that the
Bi(MgssFeysTis5)O3 sample begins to decompose at 850 °C
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10 Fig. S3 The XRD patterns of the used and fresh powders of

Bi(MgssFe,sTi35)O5 for the photocatalytic experiment.
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A pure bismuth A-site perovskite Bi(Mg3/8Fe2/8Ti3/8)03 particles were prepared by a sample molten salt
synthesis.
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