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ABSTRACT: In situ synchrotron X-ray powder diffraction is
used to elucidate the formation mechanism of multiferroic
BiFeO3 nanoparticles during moderate heat treatment at
ambient pressure of an amorphous precursor. A wet chemical
synthesis is used to obtain the precursor, formed after solvent
elimination of an aqueous solution containing iron and
bismuth nitrates and tartaric acid. The in situ experiments are
performed at two reaction temperatures and two heating rates,
both giving rise to the growth of BiFeO3 nanoparticles
without going through any intermediate crystalline phases. A
detailed XRD line profile intensity analysis as a function of time and temperature provides information on the nucleation rate,
growth kinetics, and size distribution of the nanoparticles.

■ INTRODUCTION

Harmonic nanoprobes for biomedical imaging1−5 have
motivated much of the recent research in bismuth ferrite
nanoparticles.6−8 BiFeO3 (or simply BFO) is also one of the
most widely studied multiferroic materials, as it is both
magnetic and a strong ferroelectric at room temperature:9

antiferromagnetic ordering with a reasonably high Neél
temperature (≲370 °C, depending on crystallite size)10 and
ferroelectric ordering with a high Curie temperature (∼825
°C).11−13 Applications in multifunctional devices,14 spin-
tronics,15−17 nonvolatile memory,18−20 energy harvesting,21,22

and optoelectronics23 are other innovative technologies seeing
in BFO a nearly ideal candidate. Nonlinear optical nanocryst-
als for harmonic generation offer a few advantages over
existing bioimaging techniques. Tunable frequency within
reasonable ranges (a very important ability for biomedical
applications), long-term observation,1,5 and, in the case of
BFO, low cytotoxicity combined with singular optical and
magnetic properties.8,24 The wide use of BFO nanoparticles is,
however, still inhibited by the difficulty in finding scalable
synthesis routes to yield monodisperse ensembles of
monocrystalline nanoparticles. There are many synthesis
methods in the literature that describe the synthesis of BFO
nanoparticles, although phase purity, size control, and
dispersion often fall within the category of major
challenges.25−27 Wet chemical methods are quite attractive
for being relatively simple and allowing controlled sizes of

well-dispersed nanoparticles.28−30 In particular, a promising
wet chemical method follows a facile synthesis route based on
solvent evaporation and tartaric acid as a chelating agent.31 It
provides monocrystalline single-phase BFO nanoparticles at a
relatively low temperature (<500 °C), without formation of
intermediate or secondary phases.8,27,28

Optimization of synthesis procedures for controlling phase
purity and manipulating the size and size distribution of
nanoparticles requires adequate tools to study the growth
kinetics. Synchrotron X-ray diffraction (SXRD) has been used
to investigate and elucidate the formation and growth of
nanocrystals in general,32−36 as well as of BFO nanocrystals
prepared by high-temperature, high-pressure aqueous solu-
tions of metal salts.37 Nevertheless, an understanding of the
formation and growth of BFO nanocrystals from amorphous
precursors is still lacking, which is necessary for scalable
production methods via promising wet chemical routes. In this
work, in situ SXRD is used to monitor the phase purity and
growth kinetics from an amorphous precursor to crystalline
BFO nanoparticles during heating ramps and for different
annealing temperature plateaus. The results lead to a
parametric equation describing crystallite sizes as a function
of time and temperature. Semiquantitative data analysis is
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performed to elucidate the temporal evolution of nanoparticle
population during nucleation and coarsening. Time-dependent
crystallite size distributions are proposed to describe size
dispersion in BFO nanoparticle systems.

■ EXPERIMENTAL SECTION
Material Preparation. Stoichiometric amounts of Bi(NO3)·

5H2O and Fe(NO3)3·9H2O were dissolved in 2 N HNO3 solution by
vigorous magnetic stirring. After the total dissolution of metal
nitrates, tartaric acid was added to the solution in a 1:1 molar ratio
with respect to metal nitrates. The resulting mixture was heated to
nearly 70 °C with continuous stirring on a hot plate until the
elimination of the solvent and thus formation of the precursor
material.
In Situ Analysis. Synchrotron X-ray diffraction was performed in

the multidetector powder diffractometer of the XRD1 beamline at
the Brazilian Synchrotron Light Laboratory (LNLS).38,39 The
acquisition time was 38 s for each diffraction pattern with subsequent
correction by the reference signal from the incident beam monitoring
system. Monochromatic 12 keV X-rays were used, exact wavelength λ
= 1.033012 Å, as calibrated by using a silicon NIST standard. It also
provides the instrumental peak broadening βinst(2θ) = 0.0294° + 2θ/
3655 for 2θ < 50° and diffractometer offset correction in 2θ
(<0.00005°). The precursor material was placed inside a glass
capillary with a diameter of 0.3 mm, and the glass capillary was fixed
in ferromagnetic stainless steel holders for heating by a hot air flow,
with Gas Blower GSB 1300 (FMB Oxford) equipment. The air
temperature T at the sample position was measured by a
thermocouple prior to the experiment, leading to T = 0.879Tgas +
1.32 °C, where Tgas is the nominal value at the gas blower system.
Electron Microscopy. Transmission electron microscopy (TEM)

and selected area electron diffraction (SAED) were conducted in a
JEOL 2100F instrument, operating with 200 keV electrons and a 112
μA beam current. It is equipped with a 11 megapixel CCD camera
(GATAN Orius). SAED patterns were acquired under similar
aperture and camera length conditions.

■ RESULTS AND DISCUSSION

Figure 1 shows the in situ crystallization analysis of the
precursor material under two different thermal treatments
(inserts). In Figure 1a, the sample undergoes heating at a
uniform rate of 5 °C/min (nominal value) until diffraction
peaks start to emerge at the end of the heating ramp (red-
yellow circle at the inset). Further crystallization and growth
takes place at the annealing temperature T = 400 °C for about
120 min, after which the sample is cooled at a rate of 10 °C/
min (nominal) until nearly room temperature. In Figure 1b,
the crystallization begins with heating, T ≃ 384 °C (red-
yellow circle at the inset), and continues at higher
temperatures for 168 min, being 67 min still with heating
and 101 min at T = 500 °C. In both processes, BFO
nanocrystals are obtained in a single step without intermediate
crystalline phases, such as the Bi2O3 phase observed to form
before the BiFeO3 nanocrystals during synthesis via an
aqueous solution of Bi(NO3)3 plus Fe(NO3)3·9H2O, using
KOH as a mineralizer agent.37 Also, no signals of residual
phases are present, as seen when similar routes are used with
different chelating agents.8,28

A detailed data analysis was performed on each SXRD
pattern by adjusting the line profile of a few previously
selected diffraction peaks (Figure 2a,d). This strategy of
individually adjusting each diffraction peak instead of
adjusting full patterns was chosen to ensure the best possible
fit of each region of interest in each pattern of the hundreds
analyzed here. Moreover, to improve accuracy in extracting

diffraction peak positions, peak widths (fwhm), and integrated
intensities (peak area above background), the number of
adjustable parameters was minimized by choosing simple
fitting functions that works for all patterns obtained along the
synthesizing processes. Fitting parameters were adjusted by a
genetic algorithm,40 and the background around each peak
was adjusted by linear interpolation. Figure 2 shows examples
of line profile fitting with Gaussian functions of the diffraction
peaks obtained at the beginning of crystallization and at the
end of heating (Figure 1b). The success of the chosen method
of data analysis in terms of fit quality and reliability during
both processes can be verified in Figure 3, where values
related to peak positions, widths, and integrated intensities
exhibit very consistent behaviors with a minimum of random
dispersion among themselves, revealing clear trends as a
function of time and temperature. Only the values related to
the peak widths of weak reflections, 006 and 202, show greater
dispersion than the other values, making clear that low signal
to noise ratio compromises first the reliability of width
measurements.
From the peak positions in 2θ, atomic interplane distances,

d = λ/2 sin θ, are obtained and presented in Figure 3a,d as
Δd/d for the sake of comparison. The d-spacing values
confirm the steady temperatures during annealing, as well as
the constant heating rate soon after the beginning of

Figure 1. In situ SXRD analysis of BFO nanoparticle synthesis as a
function of time and temperature T. Thermal treatments are shown
as insets. (a) Fast heating (nominal 5 °C/min), crystallization, 120
min of annealing at a steady temperature of T = 400 °C, and cooling.
(b) Slow heating (nominal 2 °C/min), crystallization with heating,
and 101 min of annealing at the steady temperature T = 500 °C.
Diffraction peaks are emerging (beginning of crystallization) at the
time instant and temperature indicated in the insets (red-yellow
circles). Only one phase is present at any instance of time in both
syntheses.
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crystallization in Figure 3d. Lattice parameters a and c as a
function of temperature were determined by linear inter-

polation of the mean d-spacing values from reflections 110
and 006 at steady temperatures: at 400 °C (from 100 to 160

Figure 2. Line profile fittings of BFO diffraction peaks in Figure 1b. (a−c) At the beginning of crystallization, time 198 min, and T = 384 °C. (d−
f) At the end of the heating ramp, time 264 min and T = 500 °C. A genetic algorithm is used to adjust the fitting curves (solid red lines) given
either by one or two Gaussian functions, as detailed in (b, c) and (e, f); horizontal lines stand for peak widths (fwhm), while shaded areas stand
for integrated intensities above the background. Difference curves (solid blue lines) are shown below all peaks. hkl reflection indexes are indicated
aside each peak in (d).

Figure 3. Extracted values (dots) from line profile fitting of the main diffraction peaks of BFO during crystallization (a−c) from the crystallization
in Figure 1a and (d−f) from the crystallization in Figure 1b. (a, d) Variation in d spacing regarding bulk values41 at room temperature. (b, e)
Peak widths (fwhm) deconvolved from instrumental broadening βinst(2θ) and shown as 1/fwhm for the sake of clarity. (c, f) Integrated intensities
(peak area above background). hkl reflection indices are indicated by colors as in (c, f). Instants of times (vertical dashed lines) when cooling
starts (a−c) or heating ends (d−f) are also indicated in either process, as well as color bars for temperature in (a, d).
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min in Figure 3a) d110 = 2.80314 ± 0.00005 Å and d006 =
2.32621 ± 0.00016 Å and at 500 °C (from 280 to 340 min in
Figure 3d) d110 = 2.80746 ± 0.00003 Å and d006 = 2.32943 ±
0.00007 Å. As a = 2d110 and c = 6d006, these values lead to

κ

κ

= + −

= + −

a T T T

c T T T

( ) 5.6063 Å ( ) and

( ) 13.957 Å ( )

a

c

0

0 (1)

where κa = (8.65 ± 0.04) × 10−5 Å/°C, κc = (19.3 ± 0.1) ×
10−5 Å/°C, T0 = 400 °C, and ±0.5 °C was the accuracy
attributed to the difference of 100 °C between the steady
temperatures for which the thermal expansion coefficients κa
and κc were calculated. This linear approach for a(T) and c(T)
provides a good agreement to all data above the crystallization
temperature, 384 °C ≲ T ≤ 500 °C; see section S1 in the
Supporting Information for detailed comparisons of eq 1 also
with the data acquired during heating and cooling. At the first
5 min of growth, time ≃200 min in Figure 3d, expansion
coefficients are much higher than those described in eq 1.
This fact has also been reported by other authors and
attributed to the behavior of small particles in which the
rhombohedral structure of BFO tends to be a cubic perovskite
structure.10,37

Peak widths provide an estimation of crystallite size (size of
small crystals or particles diffracting in powder samples) when
they are deconvolved from instrumental broadening βinst,
according to βs = (βexp

2 − βinst
2 )1/2, where βexp stands for the

actual fwhm extracted by line profile fitting. In the absence of
strain and other lattice imperfections, the Scherrer equation42

for crystallites of dimension Rg = 0.46λ/βs cos θ, can be
applied directly to the βs values presented in Figure 3b,e. The
dimension Rg stands for the apparent radius of gyration from
the perspective of a given reflection;43 for instance, spheres of
diameter D have =R D 3/20g and cubes of side L have Rg

= L/2. In both crystallization processes and at any instant of
time, Bragg reflections with respect to orthogonal directions of
the unit cell, in particular the 110 and 006 reflections have
practically the same widths, while reflection 202 along the
diagonal 101 direction is narrower by nearly 1/ 2 . These
facts led us to estimate crystallite sizes based on particles of
cuboid shapes of edge Ls = 2Rg = 0.92λ/βs cos θ, as also
assumed by other authors.8,31,44 As reflection 110 led to values
of peak width with much better statistics than reflection 006,
the particle sizes reported in Figure 4 were obtained from
peak fitting of reflection 110.
In the case of reflections with the same apparent radius of

gyration, their widths have to present variation only with the
1/cos θ factor. Lattice imperfections can also affect the
reflection widths, but their presence is strikingly evident only
for reflection 024, whose width is about twice that expected
by the 1/cos θ rule. This excessive broadening of reflection
024 occurs in both crystallization processes (Figure 3b,e) and
even after cooling (see also the Rietveld analysis in section S1
in the Supporting Information), clearly showing that the d
spacing along this direction can be under strain or the lattice
coherence of 024 Bragg planes has been affected by planar
defects such as stacking faults or twinning.45,46

Under steady temperatures, particle size as a function of
time can be reproduced by the simple parametric equation

= [ − ]τ− −L t L T e( ) ( ) 1 t t
s f

( )/0 (2)

as seen in Figure 4 with the parameters in the first and second
rows of Table 1. The constant growth rate observed during

heating is also reproducible by eq 2 when a linear variation of
the parameters previously determined for both steady
temperatures is used: that is, Lf(T) = 58.4 + 0.56(T − T0)
nm, τ(T) = 28.8 + 0.25(T − T0) min, and T0 = 400 °C. To
combine both solutions, that during heating and that under
steady temperature, t0 has to vary linearly from an empirical
value of t0 = 171 to 191 min, third row of Table 1, that is t0 in
eq 2 being replaced by t0,h(T) = 171 + 0.2(T − T0) min
during heating. For the purpose of comparing the crystal-
lization processes, particle sizes in Figure 4 were plotted as a
function of t − t0, where t0 = 50.6 min for the former
crystallization process (Figure 3b) and t0 = 171 min for the
latter process (Figure 3e). Although t0 has been adjusted
independently for each process, the curves of sizes in Figure 4
met each other at the beginning of both crystallization
processes where t − t0 ≃ 37 min. By changing the final
temperature T in Lf(T), τ(T), and t0,h(T), the curves of sizes
vary smoothly between the experimental curves, from 400 to
500 °C, as shown for a few intermediate temperatures in
Figure 4. To use these hypothetical curves as reliable
predictions of particle sizes during crystallization processes

Figure 4. Experimental (dots) and adjusted (solid red lines) values
of crystallite size Ls as a function of time in both crystallization
processes at 400 °C (t0 = 50.6 min) and at 500 °C (t0 = 171 min).
Values are based on the peak width of reflection 110 and fitting
parameters given in Table 1. Other size values (dashed lines) from eq
2 for intermediate annealing temperatures and heating rate of 2 °C/
min are also shown.

Table 1. Parameters Used in Eq 2 for Reproducing the
Crystallite Sizes as a Function of Time t, As Shown in
Figure 4

growth regime Lf (nm) τ (min) t0 (min)

steady T = 400 °C
(t > 82.5 min in
Figure 3b)

58.37 ± 0.01 28.8 ± 0.1 50.6 ± 0.7

steady T = 500 °C (t
> 264.6 min in
Figure 3e)

114.70 ± 0.03 53.82 ± 0.02 190.9 ± 0.1

ramp T: 400 °C →
500 °C (t: 207.7 →
264.6 min in Figure
3e)

58.37 → 114.7 28.8 → 53.82 171 → 191
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with a ramp of 2 °C/min and annealing temperature T,
further investigation is necessary.
Integrated intensities in Figure 3c,f are saturating: that is,

reaching maximum values while particles are still growing. It is
more evident in the case of crystallization at 500 °C where
saturation occurs around 250 min in Figure 3f, but diffraction
peak widths continue to narrow after 250 min in Figure 3e.
Within the kinematical theory of X-ray diffraction, saturation
of integrated intensities indicates that the total volume of
diffracting particles is stabilizing. Coarsening (particles
growing in size) under a constant volume of diffraction is
possible at the cost of small particles that dissolve providing
material to larger ones in a process widely known as the
Ostwald ripening phenomenon.37,47 Since first described by
Wilhelm Ostwald in 1896,48 the phenomenon has been
observed in a number of general nanocrystal growth systems
where a broad spectrum of particle sizes is present.49,50

The slight rise of integrated intensities during cooling
(Figure 3c for t > 200 min) is a direct consequence of a
reduction in atomic thermal vibrations at lower temperatures,
as also evidenced by Rietveld refinement (section S1 in the
Supporting Information). The smooth fall of integrated
intensities during annealing at 500 °C, mainly for strong
reflections in Figure 3f, t > 260 min, can be caused by a
combination of effects such as size-dependent changes in the
randomness of the spatial crystallite misorientation and X-
ray dynamical diffraction effects (absorption and rescattering)
becoming significant in the ensemble of diffracting particles.
Because of the transmission diffraction geometry in a spinning
capillary, as well as the fall smoothness, changes in the
misorientation randomness seem unlikely. As the main effect
of dynamical diffraction (or primary extinction) is to diminish
integrated intensities of large particles,43 other weighted values
by the intensity contribution from crystallites of different sizes
in a powder sample can also be affected by primary extinction,
such as the particle sizes obtained from peak widths.51

Although the observed diminishing of integrated intensity is
consistent with primary extinction, it is too small to imply in
significant corrections in the obtained values of crystallite sizes
(sections S3 and S4 in the Supporting Information).
In general, crystallites with dimensions in nanoscales, also

called nanocrystals, have integrated intensities proportional to
their volume Vc, following the so-called kinematic diffraction
regime. In powder samples with particle size distribution
(PSD) given by n(t,L), the integrated intensity P of the
diffraction peak I(2θ) is proportional to the total volume V of
diffracting particles

∫ ∫θ θ= = =P I K V L n t L L KV(2 ) d2 ( ) ( , ) dc (3)

K contains all terms that are independent of particle size L,
and

∫=N t n t L L( ) ( , ) d
(4)

is the population of diffracting particles at the time instant t. It
is convenient for the following discussion to write the PSD as
n(t, L) = N(t)n̅(t,L) where ∫ n̅(t,L) dL = 1.
In situ measurements of integrated intensities during the

growth of crystalline particles provide a direct route to access
fluctuation in the population of particles. The predominance
of either nucleation (dN/dt > 0) or Ostwald ripening (dN/dt
< 0) processes can be evidenced from the experimental

integrated intensity P(t) when it is compared to the
theoretical P0(t) = KN0 ∫ Vc(L)n̅(t,L) dL values for PSDs
with a constant number N0 of particles and with imposed
constraints to the determined Ls(t) particle sizes from the
Scherrer equation. In other words, when the peak width and
integrated intensity values can both be reproduced by time-
dependent PSDs with a constant number of particles (dN/dt
= 0), the only effective mechanism of crystallization in action
is size growth (coarsening) without further nucleation and
without dissolution of small particles (Ostwald ripening). It is
also possible that, when dN/dt = 0, nucleation and dissolution
processes undergo a balance situation where the population of
diffracting particles remains constant. Beyond this balance
situation, toward dN/dt < 0, nucleation ends when it is
overcome by dissolution, as nucleation and Ostwald ripening
are exclusive processes that can not coexist locally in the same
region of the sample. The chemical potential on the surface of
large particles, capable of dissolving small particles, is also
capable of suppressing the nucleation process.
The relative fluctuation in particle population is given by

N(t)/N0 = P(t)/P0(t), where P(t′) defines the initial
population, N0 ∝ P(t′) = P0(t′), at the time instant t′ when
the crystallization begins according to the detection capability
of the X-ray diffraction system. In the first crystallization,
Figure 1a or Figure 3a−c, t′ = 82.5 min. In the second
crystallization, Figure 1b or Figure 3d−f, t′ = 198 min. By
using log-normal PSDs52,53 and the integrated intensities from
reflection 110, the relative fluctuations N(t)/N0 of particle
population during both crystallization processes were obtained
as shown in Figure 5. The N(t)/N0 curves as well as their

Figure 5. Relative fluctuation N(t)/N0 in nanoparticle population
during synthesis. (a) Synthesis at 400 °C (Figure 3b,c). (b) Synthesis
under heating and annealing at 500 °C (Figure 3e,f), as indicated at
the bottom by a color bar for temperature. In both syntheses, Δt = t
− t′ = 0 regards the instant when diffraction peaks become
observable. Log normal PSDs at the time instants indicated by
numbered arrows are shown in the insets.

Crystal Growth & Design Article

DOI: 10.1021/acs.cgd.9b00896
Cryst. Growth Des. 2020, 20, 600−607

604

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00896/suppl_file/cg9b00896_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00896/suppl_file/cg9b00896_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.9b00896


derivatives, dN(t)/dt, are quite independent of PSD
parameters such as mode (most probable size) L0 and
standard deviation in log scale σ, as far as these parameters are
constrained to provide the observed particle sizes Ls(t) in
Figure 4. Snapshots of the used PSDs at different instants of
time are shown in the insets of Figure 5.
There are countless PSDs leading to diffraction peaks with

exactly the same width (section S4 in the Supporting
Information). For log-normal PSDs with fixed σ, the time
evolution of the PSD normalized term, n̅(t,L), follows a nearly
linear relationship in which its mode is constrained to the
particle size from the Scherrer equation as L0(t) ≃ f(σ)Ls(t).
X-ray energy, Bragg reflection, and even dynamical diffraction
effects change this f(σ) factor (section S4 in the Supporting
Information). To give a few examples when 12 keV X-rays
and reflection 110 are used, f(σ) ≃ 0.954, 0.824, and 0.645 for
σ = 0.1, 0.2, and 0.3, respectively. The N(t)/N0 curves in
Figure 5 were obtained by using PSDs with σ = 0.2 and L0(t)
= 0.824Ls(t). The choice of larger or smaller values of σ
implies a smaller or larger shift of L0 during growth, but the
N(t)/N0 curves remain unchanged.
In situ analysis of both synthesizing processes reveals that

nucleation ceases in about 15 min after the appearance of the
diffraction peaks and that the particle sizes at this time instant
are very similar: for instance, PSDs of mode L0 = 38 ± 1 nm
in both cases (insets of Figure 5a,b). Beyond this point where
dN/dt = 0, Ostwald ripening becomes the dominant process.
For the synthesis initiated under heating followed by
annealing at 500 °C, the maximum population of particles
at the end of nucleation falls by a factor of 6.8 during the next
150 min. Further reduction seems possible for a longer period
of times at 500 °C. On the other hand, for the synthesis at
400 °C, the maximum population falls by a factor of only 1.3,
and the final population is almost stabilized, dN/dt → 0, in
about 90 min. Spontaneous ending of Ostwald ripening
implies in PSD of limited spectrum of sizes in which the
chemical potential at the surface of larger particles are no
longer able to dissolve the smallest particles, at least for this

temperature (400 °C) of a few degrees above the minimum
temperature for initial nucleation (∼384 °C).
Nucleation without significant coarsening is observed in the

first 4 min of crystallization in Figure 5a, between points
indicated by arrows 1 and 2, when the temperature after the
fast heating (5 °C/min) may still be stabilizing inside the
sample aimed at the plateau of 400 °C. In this interval with
nucleation ratio of dN/dt = 0.58 min−1, the initial population
increases by a factor of 3.1 while the PSD mode undergoes a
small shift from 32.0 to 34.1 nm (PSDs 1 and 2, inset of
Figure 5a). After this fast nucleation, the ratio reduces to dN/
dt = 0.25 min−1 at point 2 (Δt = 3.8 min), which is practically
the same initial ratio of dN/dt = 0.24 min−1 (Δt < 2 min) of
the crystallization process at higher temperature and slower
heating ramp in Figure 5b. A similar increase in population, by
a factor of 3.2, is also observed on heating, but during the
whole nucleation stage where the shift of PSD mode is much
larger, going from 28.6 to 37.7 nm (PSDs 1 and 2, inset of
Figure 5b). Fast nucleation implies a spontaneous formation
of crystallites until a certain size for a given steady
temperature, above which both processes of nucleation and
coarsening compete for consumption of the precursor material
until Ostwald ripening begins to dominate. Fast nucleation
without coarsening corresponds to step I in a nucleation
mechanism recently discussed.54 For the precursor used at
ambient pressure, the temperature for fast nucleation seems to
be slightly lower than 400 °C, but the heating rate may play a
role.
Actual PSDs of samples synthesized at 400 and 500 °C, as

well as their crystallinity, were investigated ex situ by electron
microscopy. High-resolution TEM and SAED are presented in
Figure 6, while the PSDs from several TEM images of each
sample are shown in Figure 7. The particles have 3D shapes
with facets and similar dimensions in orthogonal directions,
the facets being more well-defined for larger particles as seen
in Figure 6e. Samples were shown to be monocrystalline as
the same crystal lattice extends throughout the particles, easily
visible in Figure 6b (inset), and the spot patterns have clean

Figure 6. (a, b) TEM and (c) SAED of nanoparticles synthesized at 400 °C. (d, e) TEM and (f) SAED of nanoparticles synthesized at 500 °C.
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arrays, without amorphous rings or multiple spots (many tiny
spots instead of single ones). PSDs are well represented by log
normal functions, and they are very compatible with those
expected from in situ SXRD data analysis. Synthesis at 400 °C
provides PSDs with a mode of around 40 nm, while at 500 °C
PSDs have a mode at around 100 nm.

■ CONCLUSIONS
A promising synthesis route based on solvent evaporation and
tartaric acid as a chelating agent has been shown to provide an
appropriate amorphous precursor to the controlled production
of monocrystalline, phase-pure BiFeO3 nanoparticles. The
controlled formation and growth of crystalline BiFeO3
nanoparticles can be achieved by proper adjustment of the
reaction temperature and annealing time. For harmonic
bioimaging applications, nanoparticles with a minimum of
size dispersion have optimum sizes of around 40 nm at the
end of the nucleation process. Particle size distributions with
modes above this value are possible at the cost of reducing the
population of particles and increasing the dispersion of sizes
due to growth by the Ostwald ripening process. As the
nucleation process ends in about 15 min from the beginning
of crystallization, customized procedures to scale up
production of large amounts of monocrystalline, phase-pure
nanoparticles may be envisaged. The detailed XRD line profile
and intensity analysis as a function of temperature and time
performed in this work also reveals that high temperatures
favor size growth in detriment to the nucleation rate. It
suggests another procedure to control size and size dispersion.
By adjustment of reaction temperatures to a few degrees
above the lowest temperature for nucleation to start, large
populations of particles with sizes below 40 nm can be
produced. This procedure is feasible since only the BiFeO3
phase is formed from the precursor material used.
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