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Bismuth ferrite (BiFeOs) is a promising Bi-based perovskite-type material, which is multiferroic due to the
coexistence of anti-ferromagnetism and ferroelectricity. During the preparation of pure BiFeOs
nanoparticles, however, the phase structures and species of bismuth—iron-based precursor (BFOH) were
still unclear, and so related precursors were prepared. X-ray diffraction, Raman, Fourier transform
infrared, and X-ray absorption near-edge structure techniques were used to probe the phase structure
and species of the precursors. It was found that the precursor BFOH is composed of
BisOs(NO3)4(OH),-2H,0, BigOs(NOsz)s(OH)3-3H,O, Fe(OH)s, and «-Bi,Os. Calcination treatment and
hydrothermal synthesis were used to prepare the pure BiFeOs phase from the precursor BFOH. The
calcination temperature was optimized as 400 °C for preparation of the pure BiFeOz phase. Meanwhile,
hydrothermal conditions for the synthesis of the pure BiFeOz phase were also optimized as follows: the
reaction solution was the mixture solution of Bi(NOs)3-5H,O and Fe(NOsz)3-9H,O with cetyltrimethyl
ammonium bromide (CTAB) as the surfactant and KOH as the mineralizer; the hydrothermal synthesis
was performed at 180 °C for 48 h; the concentration of KOH should be at least 3 M; and the surfactant

CTAB can be used to regulate the morphology of the as-prepared BiFeOs nanoparticles. From the point
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Accepted 2nd May 2020 of view of the microstructure, BiFeOs nanoparticles prepared by calcination or hydrothermal methods

have no notable differences. A formation mechanism from the precursor BFOH to the BiFeOs product is
proposed. By providing an understanding of the precursors, this work is very helpful in the synthesis of
bismuth—iron-based nanoparticles.
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1. Introduction

Magnetic and ferroelectric materials, as conventional research
subjects, have a wide and important range of applications" in
the field of electrical and sensor devices. Only a few materials
exhibit both ferroelectric and magnetic polarizations,> and
these are called multiferroic. Bismuth ferrite (BiFeOj) is
currently one® of the most studied multiferroic materials due to
its promising applications at room temperature. BiFeO; shows
a rhombohedrically distorted perovskite structure* with space
group R3c¢ at room temperature and atmospheric pressure. Its
cell parameters are a,, = by, = Crn, = 3.965 13, and o, = Bih = Yrh
= 89.3°. In addition, the BiFeO; structure is also frequently
described with a hexagonal unit cell,® in which @nex = Dhex =
5.58 A, Chex = 13.90 A, tthex = Bhex = 90°, and ypex = 120°. The
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ferroelectricity of BiFeO; originates from the stereochemically
active lone-pair orbital® of the bismuth ions, which are largely
displaced with respect to the octahedra and generate sponta-
neous polarization along the [111] axis of the rhombohedral
unit cell. Furthermore, BiFeO; is a G-type anti-ferromagnet® in
which all neighboring magnetic spins are oriented anti-parallel
to each other, and the BiFeO; structure presents spin canting,
which results in a weak magnetic moment in the unit cell
according to the Dzyaloshinskii-Moriya interaction” due to the
oxygen octahedral distortion. Typically, its ferroelectric Curie
temperature (7c) is about 830 °C, and the anti-ferromagnetic
Neel temperature® (Ty) is about 370 °C.

In the past decade, BiFeO; nanoparticles (NPs) with different
morphologies have been prepared, including nanospheres,’
micro**/nanorods,* nanowires,'>** nanotubes,"” and micro*®/
nanoplates.”” Among the many synthesis methods for BiFeO;
NPs, the hydrothermal method'**'**” is the most widely
accepted and used. In addition, V. A. Reddy et al.*® prepared
nano-crystalline BiFeO; samples using the spray pyrolysis
method. Nandini Das et al.*® synthesized nano-sized bismuth
ferrite powder through sonochemical and microemulsion
techniques. H. Ke,* M. Y. Shami** and H. Shokrollahi** et al.
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obtained nano-sized BiFeO; powders by using a chemical co-
precipitation method. S. Ghosh et al** produced bismuth
ferrite products by utilizing the solid-state reaction between
Bi,O; and Fe,0;. N. A. Lomanova et al* investigated the
influence of synthesis temperature on the formation of BiFeO;
NPs. C. Paraschiv et al.** obtained nano-sized BiFeO; by the
combustion of Fe(NOs);-9H,0/Bi(NOs);-5H,0/glycine or urea
systems. For all these methods, complicated synthesis steps are
involved. Even for calcination and hydrothermal methods,
many different types of starting materials, surfactants, or fuels
are needed. To our knowledge, the phase structures and
compositions of the precursors used in preparing BiFeO;, which
are very important for the synthesis of BiFeO; and its related Bi-
based nanomaterials, are rarely studied. The formation
processes for the precursors have puzzled researchers for a long
time. In addition, impurity phases, such as Bi,03, BiysFeO,o,
and Bi,Fe,O,, are easily produced during the preparation*** of
BiFeO; if the reaction conditions are not controlled properly.
How to prepare pure BiFeO; product is also an important issue.
In this paper, the bismuth-iron-based precursor (BFOH) and
other related precursors are prepared at room temperature. X-
ray diffraction (XRD), Raman, Fourier transform infrared
(FTIR), and X-ray absorption near-edge structure (XANES)
spectroscopies are used to investigate the phase structures and
compositions of the precursor BFOH for calcination and
hydrothermal methods. The influence of synthetic conditions
on the final products are systematically investigated, including
reaction time, mineralizer concentration, the type and amount
of surfactant in the hydrothermal synthesis, as well as the
calcination temperature in the calcination synthesis. The
optimal conditions to form pure BiFeO; product using calci-
nation synthesis or hydrothermal synthesis are described.

2. Experimental details
2.1 Materials

The reagents, including bismuth nitrate pentahydrate
(Bi(NO3);-5H,0, abbreviated as BNO), iron nitrate nonahydrate
(Fe(NO3)3-9H,0, abbreviated as FNO), cetyltrimethyl ammo-
nium bromide (C;¢H;3(CH;);NBr, abbreviated as CTAB), poly-
vinyl pyrrolidone ((C¢HoNO),, abbreviated as PVP),
ethylenediaminetetraacetic acid (C;oH;6N,Os, abbreviated as
EDTA), potassium hydroxide (KOH), and standard sample
bismuth oxide (Bi,O3-std) were purchased from Aladdin
Chemistry Co. Ltd. These reagents were analytical pure grade
and were not further purified for use. In addition, absolute
ethanol and distilled water were used in the sample prepara-
tion. A GSL-1600X/1400X double-temperature vacuum tube
furnace was purchased from Hefei Kejing Material Technology
Co. Ltd. The hydrothermal apparatus of a teflon-lined stainless
steel autoclave was purchased from Anhui Kemi Machinery
Technology Co. Ltd.

2.2 Preparation of precursors

In a typical synthesis process, BNO and FNO were used as metal
sources and distilled water was used as solvent. First, 4 mmol of
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BNO and 4 mmol FNO were, respectively, dissolved in 20 ml of
distilled water, then the two solutions were mixed to give 40 ml
of solution. An aqueous solution of 3 M KOH (40 ml) was added
dropwise into the mixture with vigorous stirring for 30 min,
forming a homogeneous reddish-brown colloid. The resulting
precipitate was collected after centrifuging the colloid. Finally,
the precipitate was dried at 60 °C for 6 h. After grinding the dry
precipitate, the bismuth-iron-based precursor powders were
prepared and labeled as BFOH. With a similar synthesis
process, precipitates were also obtained in the absence of FNO
and BNO, respectively, and the two precipitates were labeled as
BNO-KOH and FNO-KOH, respectively. In addition, the
hydrolysate of BNO was also specifically obtained, and labeled
as BNO-H,0.

2.3 Calcination of BFOH

To investigate the phase transition process, the precursor BFOH
was calcinated at temperatures of 25, 200, 300, 400, 500, and
600 °C, respectively, for 3 h in the GSL-1600X/1400X double-
temperature vacuum tube furnace. After cooling the furnace
to room temperature and grinding the calcination products into
powders, the final powders were collected and labeled as BFOH-
x, where x refers to the calcination temperature.

2.4 Hydrothermal treatment of BFOH

First, the as-prepared BFOH precursor was dispersed in 3 M
KOH aqueous solution. After vigorously stirring for 20 min, the
precursor solution was transferred into a 100 ml teflon-lined
stainless steel autoclave and maintained at 180 °C for 48 h.
Afterwards, the autoclave was cooled to room temperature and
the hydrothermal precipitate was collected by centrifugation.
After washing several times with distilled water and absolute
ethanol to remove impurities as much as possible, the precip-
itate was dried at 80 °C for 4 h to form the final product, denoted
as BFO. With a similar synthesis process as for the preparation
of BFOH, CTAB as surfactant was added into the reaction
solution, which was used to tune the morphologies of the final
products. After hydrothermal treatment, the resulting products
were also obtained after centrifuging and washing and were
labeled as BFOC-y, here y represents the amount (0.1, 0.3, and
0.5 g) of CTAB in the preparation. The synthesis conditions and
parameters for all the samples are summarized in Table 1.

2.5 Characterization

Powder XRD patterns were collected at the XRD station of
beamline 4B9A at the Beijing Synchrotron Radiation Facility
(BSRF), with incident X-ray energy of 8050 eV (1 = 1.5402 A).
Raman spectra were also collected with a Raman spectrometer
(HORIBA, LabRAM HR Evolution). FTIR spectra were recorded
on a Bruker TENSOR27 instrument equipped with a quartz
sample holder with KBr windows. The X-ray absorption spectra
for the Bi L;-edge and Fe K-edge were measured at the X-ray
absorption fine structure (XAFS) station of beamline 1W1B
and the XRD station of beamline 4B9A of BSRF, respectively, in
transmission mode. Scanning electron microscopy (SEM,
HITACHI S-4800) and high-angle annular dark field scanning

This journal is © The Royal Society of Chemistry 2020
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Table 1 Synthesis details for all precursors and their corresponding products

Sample types Starting materials Synthesis conditions Labels
Precursors 4 mmol BNO, 4 mmol FNO, Room temperature, mixing dropwise, BFOH
deionized water, KOH (3 M) and stirring
4 mmol BNO, deionized Room temperature, mixing dropwise, BNO-KOH
water, KOH (3 M) and stirring
4 mmol FNO, deionized water, Room temperature, mixing dropwise, FNO-KOH
KOH (3 M) and stirring
4 mmol BNO, deionized water Room temperature, mixing, BNO-H,0O
and stirring
Calcined products BFOH Calcined at 200 °C for 3 h BFOH-200 °C
Calcined at 300 °C for 3 h BFOH-300 °C
Calcined at 400 °C for 3 h BFOH-400 °C
Calcined at 500 °C for 3 h BFOH-500 °C
Calcined at 600 °C for 3 h BFOH-600 °C
Hydrothermal products 4 mmol BNO, 4 mmol FNO, Hydrothermal treatment at 180 °C for 48 h BFO
deionized water, KOH (3 M)
4 mmol BNO, 4 mmol FNO, Hydrothermal treatment at 180 °C for 48 h BFOC-0.1 g
deionized water, KOH (3 M), BFOC-0.3 g
CTAB BFOC-0.5 g

transmission electron microscopy (HAADF-STEM, FEI Titan G2
microscope, accelerating voltage: 300 kV, equipped with a probe
spherical aberration corrector, enabling sub-angstrom imaging
using HAADF-STEM detectors) were used to observe the
morphologies of the samples. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) analysis were
performed on a Mettler Toledo TGA/DSC1 STAR® system. The
samples were heated from ambient temperature to 1000 °C with
a heating rate of 10 °C min~ " under N, flow.

3. Results and discussion
3.1 Phase structures of precursors

To judge the structure of precursor BFOH in the preparation of
BiFeO;, first the Raman and FTIR spectra of the four precursors
BNO-KOH, BFOH, FNO-KOH, and BNO-H,O were collected, as
shown in Fig. 1. It can be seen that the Raman spectral char-
acteristics of BFOH are very similar to those of BNO-H,O and

FNO-KOH within the Raman shift region from 224 to 430 cm ™.
This result could imply that the Bi-O-Bi and Bi-OH bond
vibrations,*® as in BNO-H,O, as well as the Fe-O-Fe and Fe-OH
bonds vibrations,*” as in FNO-KOH, are combined and included
in the BFOH precursor. Similarly, the Raman spectral charac-
teristics of BFOH in the range 40-165 cm ', as shown in
Fig. 1(a), can also be attributed to a combination of the Bi-O
bond vibrations*® in BNO-H,0O and the Fe-O bond vibrations®’
in FNO-KOH, and even the Bi-Bi bond vibrations®® in BNO-
KOH. Several major absorption band features of the FTIR
spectrum of the BFOH precursor are visible, as shown in
Fig. 1(b). The feature at 538 cm ' corresponds to the Bi-O
vibrations**® of the BiOs coordination polyhedron. However,
the relatively wide feature near 538 cm™' in BFOH seem to be
a joint contribution of the 565 cm ™" feature in BNO-H,0 and
the 642 cm™ feature in FNO-KOH. The features around 849,
1036, 1325, and 1487 cm ™' correspond to the symmetric and
asymmetric stretching vibrations**™** of the nitro group, with
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(a) Raman spectra and (b) FTIR spectra of the four as-prepared precursors (BFOH, BNO-H,O, FNO-KOH, and BNO-KOH).
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the two features at 849 and 1036 cm™ ' also found in the FTIR
spectra of FNO-KOH and BNO-H,O at the same position. The
other two features, at 1325 and 1487 cm™ %, confirm that BFOH
is more similar to FNO-KOH than to BNO-H,0. The feature at
3356 cm ™' corresponds to the vibration mode of the water
molecule** or hydroxyl (-OH) group® stretching vibrations.
Similar features can be also found in the FTIR spectra of FNO-
KOH and BNO-H,O0. Generally, these Raman and FTIR spectra
imply that the BFOH precursor has some similar vibration
modes or molecular groups as the precursors FNO-KOH and
BNO-H,O0.

To further verify the composition and structure of the
precursors, transmission XAFS spectra of the four precursors,
BNO, and FNO were collected. The normalized Bi L;-edge XAFS
spectra of BFOH, BNO-H,0, BNO-KOH, BNO and the normal-
ized Fe K-edge XAFS spectra of BFOH, FNO-KOH, and FNO are
shown in Fig. S1 (ESIT). The Fe K-edge XAFS spectrum of BFOH
is almost the same as that for FNO-KOH. However, the Bi L;-
edge XAFS spectrum of BFOH is not completely overlapping
with that of BNO-KOH. This result means that the near-
neighbor structures around the Fe center are almost the same
in BFOH and FNO-KOH, but that the near-neighbor structures
around the Bi center are different from those of BNO-KOH. To
refine the fraction of each species, the linear combination
fitting (LCF) method was used to quantify the species in the
precursor BFOH performing the ATHENA program.*® Here, LCF
was performed for the normalized XANES spectra over the range
13 399 to 13 519 eV (Bi Lz-edge) or from 7092 to 7212 eV (Fe K-
edge), respectively. In the fitting of the Bi L;-edge XANES spec-
trum, BNO-KOH, BNO-H,0, and BNO were used as the refer-
ence species. And, FNO-KOH and FNO were used as the
reference species in the fitting of Fe K-edge XANES spectrum.
The XANES components and the fitting results are shown in
Fig. 2. From the Bi L;-edge spectrum, as shown in Fig. 2(a), the
fitting components of BFOH are BNO-KOH (48.5%) and BNO-
H,0 (50.1%), as well as extremely small amounts of BNO (about
1.4%). From the Fe K-edge spectrum, as shown in Fig. 2(b), the
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fitting result indicates that BFOH contains only the species of
FNO-KOH. These XANES results demonstrate that the main
components in the precursor BFOH could be the species BNO-
KOH, BNO-H,O and FNO-KOH, which is consistent with the
results of Raman and FTIR.

Based on the Raman, FTIR, and XAFS results, the phase of
precursor BFOH is still not completely determined. Therefore,
the XRD technique was further used to analyze the phase
content of the precursor BFOH. First, the XRD pattern of BNO-
KOH is shown in Fig. 3(a), which can be attributed to a mono-
clinic bismite (Bi,O3) structure with space group P2,/c as indi-
cated by the PDF code 41-1449, where a = 5.850, b = 8.170, and ¢
=7.512 A, a = v = 90°, 8 = 112.977°. For comparison, the XRD
pattern (Fig. S2, ESIf) of another purchased bismuth oxide
(marked as Bi,O;-std) was also measured and can be attributed
to the space group P4 2,/c as indicated by the PDF code 27-0050,
where a = 7.742, b = 7.742, and ¢ = 5.631 A, a = 8 = v = 90°.
Although both the precursor BNO-KOH and the purchased
standard bismuth oxide sample have the same chemical
formula (Bi,O3) and very similar molecule vibration modes
(Fig. S3, ESIt), their crystal structures (Fig. S2, ESIt) and colors
(Fig. S4, ESIY) are different. Actually, the precursor BNO-KOH
and the purchased bismuth oxide are the so-called a-Bi,Oj; (ref.
47) and B-Bi,03,*® respectively. Therefore, the following reaction
occurred as KOH was added dropwise into the BNO aqueous
solution:

2B1(NO3)35H20 + 6KOH + H20 - d-Bi203l
+ 6KNO; + 14H,0 (1)
Here, the reaction precipitate between BNO and KOH is a-Bi, O3,
instead of Bi(OH)3, as previously reported in the literature.*
Second, the XRD pattern of BNO-H,O is shown in Fig. 3(b). It
is well known that bismuth nitrate (BNO)**** is easy to hydrolyze
after dissolving it in distilled water, which seriously impedes
the synthesis of pure BiFeO; and the monodispersity of the
product particles. In our previous work, monodisperse and pure
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Fig.2 Normalized LCF XANES spectra of (a) Bi Ls-edge and (b) Fe K-edge for the precursor BFOH. The as-prepared BNO-H,0O, BNO-KOH, and
BNO were used as the standard species for the Bi Lz-edge spectrum, and FNO-KOH and FNO were used as the standard species for the Fe K-

edge spectrum.
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Fig. 3 XRD patterns of the as-prepared precursors (a) BNO-KOH and (b) BNO-H,O. The relevant XRD patterns of a-Bi, O3, BigOs(NO3)s5(OH)3-3H,O

and BigOg(NO3)4(OH),-2H,0 are also presented.

bismuth nanoparticles (Bi NPs)** were successfully prepared by
dissolving BNO in ethylene glycol (EG). Although distilled water
is still the best solvent in the synthesis of BiFeO,, the phase
structure of the BNO hydrolysate (BNO-H,O) puzzles many
researchers. X. Wang® and Q. Wang* et al. reported that
bismuth subnitrate (BiONO;) can be prepared by dispersing
BNO in distilled water, based on the following reaction:

2Bi(NO;);-5H,0 — 2BiONO;| + 4HNO; + 8H,0.  (2)

Y. He et al. reported™ that the hydrolysate of BNO is Bis-
O5(NO3)5(OH);-3H,0, according to the following hydrolysis
equation:

6Bi(NO3);-SH,0 — BigOs(NO3)s(OH);-3H,0 |
+ 13HNO; + 19H,0. 3)

In this work, the hydrolysate of BNO (BNO-H,O powder) was
also prepared. Evidently, its powder color (Fig. S5, ESIT), XRD
pattern (Fig. S6(a), ESIt), and molecular vibration (Fig. S6(b), ESIT)
are different from the starting material BNO. By carefully
comparing its XRD pattern with some known species and struc-
tures, it can be determined that the precursor BNO-H,O can be
attributed to a mixture consisting of BisOs(NO3)4(OH), - 2H,O (PDF
code 28-0654) and BigO5(NO3)5(OH);3-3H,O (PDF code 48-0575) as
shown in Fig. 3(b). A possible reaction process to form the mixture
phases can be described as below:

12Bi(NO3)3-5H,0 — BigOe(NO;3)4(OH),-2H,0
+ BigOs(NO3)s(OH);3-3H,O0
+ 27HNO; + 39H,0. (a)

To figure out the species and structure of the precursor
BFOH, XRD patterns of the four precursors BFOH, BNO-KOH,
FNO-KOH, and BNO-H,O are compared in Fig. 4. Obviously,
there is an amorphous bulge located at 20-40° on the XRD
pattern of the precursor BFOH, and some sharp diffraction
peaks superimposed on the amorphous background. For each
diffraction peak of BFOH, a corresponding diffraction peak can
always be found from the three XRD patterns of BNO-KOH,
FNO-KOH, and BNO-H,O. This result implies that the
precursor BFOH is a mixture containing these precursors of

This journal is © The Royal Society of Chemistry 2020

BNO-KOH, FNO-KOH and BNO-H,O0. The color changes of the
BFOH, BNO-KOH, FNO-KOH, and BNO-H,0 powders (Fig. S7,
ESIT) also support this result. We note that the diffraction
intensity for FNO-KOH is relatively weak. Several weak diffrac-
tion peaks in the XRD pattern of FNO-KOH mean that most of
the precursor FNO-KOH forms noncrystalline ferrite and
a small fraction forms a crystalline phase. The reflection at 23.5°
in the XRD pattern of FNO-KOH can only be attributed to
diffraction from crystalline Fe(OH); (PDF code 46-1436 (Fig. S8,
ESIT)). Previous research® claimed that the precursor FNO-
KOH was amorphous Fe(OH);, but in this work at least some
precipitates of Fe(OH); were crystalline. The formation of
Fe(OH); in the solution reaction can be described as follows:

FC(NO3)3’9H20 + 3KOH — FC(OH)3l + 3KNO3 + 9H20 (5)

On the basis of the above discussion, it can be concluded
that the amorphous bulge on the XRD pattern of BFOH may
come from the amorphous component of FNO-KOH. The
precursor BFOH may be a mixture containing the amorphous

BNO-KOH

Intensity (a.u.)

FNO-KOH

T T T - T T T T T T T T
10 20 30 40 50 60 70 80

2Theta (Deg)

Fig.4 XRD patterns of the four as-prepared precursors (BFOH, FNO—-
KOH, BNO-KOH, and BNO-H,0).
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component, Fe(OH);, and o-Bi,O3, BigO(NO3)4(OH), 2H,0,
and Big05(NO;)5(OH); - 3H,0.

3.2 Calcination of BFOH

To investigate the changes of structure and phase, the precursor
BFOH was further calcined at different temperatures from 25 to
600 °C. The calcined samples are marked as BFOH-x, where x
denotes the calcined temperature. Their XRD patterns and FTIR
spectra were collected as shown in Fig. 5(a) and (b), respectively.
Comparatively speaking, the first three samples (BFOH, BFOH-
200 °C, and BFOH-300 °C) have negligible diffraction intensities
compared with the other samples. Obviously, the noncrystalline
phase is the main component of the first three samples. When
the calcined temperature was 400 °C, significant diffraction
peaks can be observed from the corresponding XRD pattern
(BFOH-400 °C) and can be indexed as a hexagonal BiFeO; phase
with space group R3c, as indicated by JCPDS card no. 86-1518,
where a = b =5.587 A, c = 13.867 A, « = 8 = 90°, y = 120°. The
formation of BiFeOj; can be described by the following reaction:

a-Bi,O; + 2Fe(OH); — 2BiFeO; + 3H,0. (6)

When the calcined temperature was further increased to
500 °C, the diffraction intensities of the hexagonal BiFeO; phase
increased further, and several other weak peaks emerged at the
same time. The diffraction-intensity enhancement of the
hexagonal phase means that the BFOH-500 °C sample has
better crystallinity and larger particle size for the BiFeO; phase
than the BFOH-400 °C sample. These newly formed weak peaks
can be ascribed to the diffraction of Bi,O;, BiysFeQ,y, and
BiyFe, 0. This result demonstrates that a few impurity phases
appear in the sample with grain growth of BiFeO; hexagonal
phase. When the calcined temperature rose further to 600 °C,
the diffraction intensity of the BiFeO; hexagonal phase was
almost unchanged, but those of the impurity phases Bi,O3,
BiysFeOy, and BiFe, Oy clearly increased. In fact, the compo-
nents of BigOg(NO3)4(OH),-2H,0 and BigOs(NO;3)5(OH);-3H,0
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in the precursor BFOH have been decomposed at calcined
temperature of 500-600 °C as follows:

BigOg(NO3),(OH),-2H,0 + O, — 3Bi,0; + 3H,0 + 2N,0s. (7)

2BisO5(NO3)s(OH)3-3H,0 — 6Bi,05 + 9H,0 + 5N,0s.  (8)

26B1203 + 6FC(OH)3 - 2Bi25FeO40 + BizFe409 + 9H20 (9)

It is the reactions in eqn (7)-(9) that lead the appearance of
the impurity phases Bi,03, BiysFeOy4, and Bi,Fe,Oq.

The FTIR spectra of the calcined samples are shown in
Fig. 5(b). Similarly, the first three calcined samples (BFOH,
BFOH-200 °C, and BFOH-300 °C) have almost the same spectral
features, which can be ascribed to vibrations of the Bi-O
bond***° (not Fe-O%), nitro group,*** water molecule,** and
hydroxyl group.** The main differences between the three
samples focus on that fact the vibration of the water molecules
fades away, while the vibration of the hydroxyl group gradually
increases with increase in calcination temperature. This result
means that water in the sample was gradually evaporated and
the amorphous component was gradually crystallized. As the
calcined temperature increased to 400 and 500 °C, FTIR spectral
features of the two samples were already very similar to those>
of BiFeOj;. The appearance of Fe-O stretching vibration modes
and O-Fe-O and Fe-O-Fe bending vibration modes corre-
sponds to the formation® of the BiFeO; phase, in which the
bending vibration modes come from the tetrahedral sites.®*”
Because of the increase in content of the impurity phases Bi, O3,
Bi,sFeO,4, and Bi,Fe, Oy at the calcined temperature of 600 °C,
the FTIR spectrum of BFOH-600 °C differs slightly from those of
BFOH-400 °C and BFOH-500 °C.

To further confirm the structures and morphologies of the
calcination samples BFOH-400 °C and BFOH-500 °C, SEM,
TEM, and high-resolution TEM (HRTEM) images were recorded
and are shown in Fig. 6. The SEM images indicate that both
samples have a morphology of particle agglomeration. However,
the particle shape for BFOH-400 °C is irregular and the particle
size is small (Fig. 6(a)), while the particle shape for BFOH-500 °C

(a) B BiFeO, B Bi FcO, ® BiFeO, v Bi,O,
l BtiOS. JCPDS card No. 86-1518
l | . a
-~ ) 8
= 8_d =I5 :
! I = K] Bel mg LA
8 Lk LJ" =ee8, ,FEeY =8 BFOH-600°C
]
z
Z 8 g 8 8 § BFOH-500°C
2 8
= » B 8 8 8§ g BFOH400'C
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s .-
—— e
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Fig.5 XRD patterns (a) and FTIR spectra (b) of the as-prepared samples BFOH, BFOH-200 °C, BFOH-300 °C, BFOH-400 °C, BFOH-500 °C, and

BFOH-600 °C.
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0.279 nm

Fig.6 SEM (aandd), TEM (b and e), and HRTEM (c and f) images of the
calcination samples BFOH-400 °C (a—c) and BFOH-500 °C (d-f).

is approximately orthogonal hexahedron and the particle size is
large (Fig. 6(d)). TEM images further identified these particle
shapes, as well as the particle sizes. It was the increase in
calcination temperature from 400 to 500 °C that improved the
growth rate®®**¢* and activated growth® of BiFeO; particles,
resulting in the particle size increasing from 50 nm (Fig. 6(b)) to
100 nm (Fig. 6(e)). The HRTEM images of BFOH-400 °C and
BFOH-500 °C are shown in Fig. 6(c) and (f). The clear lattice
fringes illustrate the crystallization characteristics of the two
samples. In particular, the orthogonal fringes in Fig. 6(f) show
clearly the (100). crystal plane characteristics of the BiFeOjs
pseudo-cubic phase, or the projection characteristics along the
[421],, direction of the BiFeO; hexagonal phase, as confirmed by
the inset in Fig. 6(f). The fringe spacings of 0.279 or 0.397 nm
correspond to the d-spacing of the (110) or (012) planes in
crystalline BiFeO;, which again confirms that the dominant
crystalline phase is the BiFeO; nanocrystals in the BFOH-400 °C
and BFOH-500 °C samples.

The element types and distributions in the samples BFOH-
400 °C and BFOH-500 °C were also recorded, as shown in the
mapping pictures (Fig. S9, ESIT). The results demonstrate that
the three elements (Bi, Fe, O) distributed homogeneously in the
two samples BFOH-400 °C and BFOH-500 °C. In addition, the
thermostability of the BFOH-400 °C sample (crystalline BiFeO;
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—— BFOH-400°C
(BiFeO, NPs)

)
4 o
G 4] i
=] 828°C ;
5 5 i
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64 ! i
5 . . . . 1957 "c/ )
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Fig. 7
BFOH precursor.
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phase) was also examined by thermal analysis. Fig. 7(a) shows the
DSC curve of the BFOH-400 °C sample, where only two endo-
thermic features are distinguishable. The endothermic peak®
around 828 °C was claimed to correspond to the phase trans-
formation from ferroelectric to paraelectric, with the endo-
thermic peak®-®* at 957 °C corresponding to the melting point of
BiFeO;. These results excluded the possibility of thermal
decomposition of BiFeOs; in the temperature range of 500-600 °C.
Thermal analysis was also performed for the as-prepared BFOH
precursor and the corresponding TGA/DSC curves are shown in
Fig. 7(b). It can be seen that the BFOH precursor experiences
a significant loss of mass from room temperature to 400 °C.
Afterwards, the mass loss of the sample is negligible. In this
work, the calcination temperature of 400 °C is a key point to form
the BiFeO; phase. On the whole, there are no mutational and
remarkable endothermic or exothermic reactions occurring
below 900 °C. Several weak endothermic peaks can be found
around 459 °C, 665 °C, and 708 °C. The weak endothermic peak
at 459 °C could correspond to the decomposition of the two
mesophases  BigOg(NO3)4(OH),-2H,0 and  BigO5(NOs)s(-
OH);-3H,0 in the precursor BFOH. The origin of the other two
endothermic peaks, at 665 °C and 708 °C, are still unclear.
Generally, the calcination process has hardly any influence on the
precursor BFOH when the calcined temperature is lower than
300 °C. At 400 °C, only the BiFeO; crystalline phase can be
formed. Impurity phases Bi,Oj, Bi,sFeO,, and Bi,Fe,O4 appear
at higher calcination temperatures (500-600 °C).

3.3 Hydrothermal synthesis optimization

To optimize the hydrothermal synthesis process of BiFeOj;,
a series of reaction conditions, such as reaction time, type, and
amount of surfactant, and concentration of KOH (as mineral-
izer) have been investigated. All the hydrothermal synthesis
details are listed in Table 2. The hydrothermal reaction
temperature was chosen as 180 °C, as in a typical hydrothermal
synthesis'*** of BiFeOj;. Surfactants can be used to modify the
morphology®® of nanoparticles and act as structure-directing
reagents® in forming BiFeO; nanoparticles. In this study, the
surfactants PVP, EDTA, and CTAB were compared for the

(b)

DSC (mW/mg)

88

T T T T T
400 500 600 700 800

Temperature ('C)

T T T
100 200 300

(a) DSC curve of the BFOH-400 °C powder. Inset shows the enlarged view of the selected area. (b) TGA/DSC curves of the as-prepared
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Table 2 Synthesis details of the corresponding hydrothermal products

Starting materials Synthesis conditions Labels

4 mmol BNO, 4 mmol FNO, deionized water, KOH (3 M) Hydrothermal treatment at 180 °C for 24 h BFO-24 h
Hydrothermal treatment at 180 °C for 48 h BFO-48 h
Hydrothermal treatment at 180 °C for 72 h BFO-72 h

4 mmol BNO, 4 mmol FNO, deionized water, KOH (3 M), 0.5 g PVP Hydrothermal treatment at 180 °C for 48 h BFO-PVP

4 mmol BNO, 4 mmol FNO, deionized water, KOH (3 M), 0.5 g EDTA Hydrothermal treatment at 180 °C for 48 h BFO-EDTA

4 mmol BNO, 4 mmol FNO, deionized water, KOH (3 M), 0.5 g CTAB Hydrothermal treatment at 180 °C for 48 h BFO-CTAB

4 mmol BNO, 4 mmol FNO, deionized water, KOH (1 M) Hydrothermal treatment at 180 °C for 48 h BFO-1 M

4 mmol BNO, 4 mmol FNO, deionized water, KOH (2 M) Hydrothermal treatment at 180 °C for 48 h BFO-2 M

4 mmol BNO, 4 mmol FNO, deionized water, KOH (3 M) Hydrothermal treatment at 180 °C for 48 h BFO-3 M

4 mmol BNO, 4 mmol FNO, deionized water, KOH (4 M) Hydrothermal treatment at 180 °C for 48 h BFO-4 M

4 mmol BNO, 4 mmol FNO, deionized water, KOH (5 M) Hydrothermal treatment at 180 °C for 48 h BFO-5 M

optimum synthesis of BiFeO,. After a series of experimental
explorations of the hydrothermal processes (Fig. S$10-S12, ESIt),
the optimal hydrothermal conditions to synthesize pure BiFeO;
phase can be summarized as follows: the suitable reaction time
is 48 h; the preferred surfactant is CTAB; and the necessary
concentration of KOH is at least 3 M. The influence of the
amount of CTAB on the morphology of the final products was
also investigated. Fig. 8(a) shows the XRD patterns of three
samples (BFOC-0.1 g, BFOC-0.3 g, and BFOC-0.5 g) with
different amounts of CTAB. The three XRD patterns can all be
indexed as a pure BiFeO; phase. The main difference is that the
intensities of the (012) and (104) reflections increase with
increasing amount of CTAB, as shown in Fig. 8(b). This result
indicates that the [012] and [104] directions are the preferential
growth directions of BiFeO; grains in the presence of CTAB in
the hydrothermal solution. Fig. 9 shows the SEM images of
samples BFOC-0.1 g, BFOC-0.3 g, and BFOC-0.5 g ((a)-(c)), the
TEM images of sheet-like and flat-cylindrical particles ((d)-(f)),
and the HRTEM images of BFOC-0.1 g, BFOC-0.3 g, and BFOC-
0.5 g ((2)-(i)), respectively. Obviously, the particles with low
CTAB content (BFOC-0.1 g) are sheet-like. With the amount of
CTAB increasing to 0.3 g, the particles (BFOC-0.3 g) are
approximately flat-cylindrical. When the amount of CTAB

(a) (110)
(104)
o (202) (214)
024) (116) BFOC-0.5g
R LR cael
s
g
oy BFOC-0.3g
= | B o i
=
e
=
BFOC-0.1g
A A A
‘ I BiFeO,, JCPDS card No. 86-1518
1 l i ‘ P N T T Y
T L} T L] T > L] L} T
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Fig. 8 (a) XRD patterns of the as-prepared BFOC-0.1 g, BFOC-0.3 g,
reflections.
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increases to 0.5 g, these cylindrical particles (BFOC-0.5 g) grow
further, especially in height. The sheet-like or flat-cylindrical
shapes of the particles can be further confirmed by the TEM
images.

To acquire more structural details, HRTEM images of the
three samples are also shown in Fig. 9(g)-(i). In all three HRTEM
images, the lattice fringes with spacing of about 0.28 nm are
always visible, which corresponds to the spacing of the (110)
planes in the BiFeOj; crystal. This result implies that the surface
of the sheet-like particles, or the top and bottom surfaces of the
flat-cylindrical particles, are the (001) plane. Indeed, an increase
in the thickness of the flat-cylindrical particles relative to the
sheet-like particles implies an increase in the number of (001)
planes. It is the increment in particle thickness along the [001]
direction that results in the increase in the number of (012) and
(104) planes and enhancement of the (012) and (104) reflec-
tions. While the relative change in diameter of the flat-
cylindrical particles is small. This means that the efficient
volume for the (110) reflection is almost unchanged. Therefore,
the intensity of the (110) reflection does not show an obvious
change, as in Fig. 8(b). A set of fringes with spacing of about
0.55 nm can also be observed, as shown in Fig. 9(i). The 0.55 nm
spacing corresponds to interplanar spacing of the (100) or (010)

7/

(b) 110)

(104)

(012)

Intensity (a.u.)

7A )
31.0 315
2Theta (Deg)

T
23.0

and BFOC-0.5 g. (b) Diffraction peak comparison of (012) and (104)
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Fig. 9 SEM images of the as-prepared samples (a) BFOC-0.1 g, (b)
BFOC-0.3 g, and (c) BFOC-0.5 g. TEM images of (d) sheet-like particles
as well as (e) bottom view and (f) side view of flat-cylindrical particles.
HRTEM images of samples (g) BFOC-0.1 g, (h) BFOC-0.3 g, and (i)
BFOC-05g.

planes in the BiFeOj; crystal. By carefully observing the HRTEM
image in Fig. 9(i), a hexagonal atomic arrangement is distin-
guishable. This result again confirms that the fringes with
spacings of 0.28 nm and 0.55 nm are from the (110) and (010)
planes, respectively, of the BiFeOj; crystal. All of these findings
identify that the exposed plane of the sheet-like particles, or the
top and bottom surfaces of the flat-cylindrical particles, are the
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(001) plane of the BiFeOj; crystal, whereas previous work® sug-
gested that the exposed surface of BiFeO; flat plates, which
resembled hexagons, was the (104) facet.

Based on the above XRD, SEM and TEM results, it can be
concluded that CTAB plays a regulating role in the aggregation
and growth of BiFeO; NPs. When the amount of CTAB added into
the hydrothermal solution was low, the influence of CTAB on the
growth of BiFeO; particles was less. In this case, the BiFeO;
particles had a sheet-like shape. As the amount of CTAB added to
the hydrothermal solution increased, more CTAB molecules were
absorbed onto the side faces of the hexagonal BiFeO; crystallite
than onto the upper and lower surfaces, or the (001) plane. In this
case, the higher coverage of CTAB molecules on the side faces of
the BiFeO; crystallites further prevented or postponed crystal
growth along the normal directions of the side faces. In other
words, the [001] direction was a relatively easier growth direction,
which meant that the BiFeO; flat-cylindrical particles grew faster
in the direction of height than in the radial direction. The
increase of the crystallite thickness along the [001] direction also
increased the number of other (%kl) crystal planes with / # 0. As
a result, the (012) and (104) planes exhibit more intense XRD
peaks with increase in the amount of CTAB.

3.4 Method comparison of synthesized BiFeO;

In this work, calcination (CC) and hydrothermal (HT) methods
have been used to synthesize bismuth ferrite. Both methods
were optimized to synthesize pure hexagonal BiFeO; phase. The
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sample prepared by the calcination method is indicated as BFO-
400 °C, while the sample prepared by the hydrothermal method
is indicated as BFO. XRD, FTIR, and XAFS data for the two
samples were collected for comparison. The XRD patterns
shown in Fig. 10(a) verify that BFO and BFO-400 °C can be
attributed to pure hexagonal BiFeO; phases. The GSAS
program® was used to perform Rietveld refinement of the
lattice parameters. For BFO-400 °C, acc = bcc = 5.577 A, Ccc =
13.831 A and for BFO, ayr = byr = 5.581 A, cyyr = 13.867 A. The
unit cell is slightly smaller in BFO-400 °C than in BFO. FTIR
spectra of the two samples are shown in Fig. 10(b). The bond
vibrations of for Fe-O, Bi-O, nitro groups, and hydroxyl are
almost the same for both BFO-400 °C and BFO. In addition, the
Bi L;-edge and Fe K-edge XAFS spectra of the two BiFeO;
products are compared in Fig. 10(c) (also in Fig. S13, ESI{). The
results demonstrate that the X-ray absorption curves of BFO-
400 °C and BFO are almost overlapped, not only for the Bi L;-
edge, but also for the Fe K-edge, which implies that the two
samples have very similar atomic neighbor structures. Further
XAFS fittings, as shown in Fig. 10(d), verify that the near-
neighbor structural parameters (Table S1, ESIt) are almost the
same in both BFO-400 °C and BFO. These results demonstrate
that the final BiFeO; products prepared by the calcination
method or by hydrothermal synthesis have no obvious differ-
ences from the microstructural point of view.

4. Conclusion

In summary, the bismuth-iron-based precursor BFOH and
other related precursors have been prepared. The precursor
BFOH has been determined to be a mixture composed of Big-
06(NO;),(OH),-2H,0, BigO5(NO;)5(OH);-3H,0, a-Bi,0;, and
Fe(OH);. As a precursor to synthesize BiFeO;, the trans-
formation of BFOH to BiFeO; was further studied under calci-
nation treatment and hydrothermal synthesis. The mechanism
of synthesizing the BiFeO; phase has been proposed and dis-
cussed, and the synthetic conditions optimized. The optimal
calcination temperature to synthesize BiFeO; from the
precursor BFOH is 400 °C. The optimal hydrothermal condi-
tions include: a reaction time of 48 h, a preferred surfactant of
CTAB, a hydrothermal temperature of 180 °C, and a concentra-
tion of KOH of at least 3 M. The two, as-prepared BiFeO; NPs
prepared by calcination or hydrothermal synthesis have no
notable differences from the point of view of microstructures.
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