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Preparation of stable BiFeO3 nanocrystal suspensions through a simple, low-cost precipitation technique is described. Amorphous
precursors are ﬁrst precipitated from metal nitrate salts in highly basic KOH solutions, and a short high-temperature annealing step
is then performed to induce crystallization. Nanoparticles are characterized by X-ray diﬀraction (XRD), TEM, DLS and ζ-potential
measurements, and the synthesis conditions optimized after a systematic variation of the KOH concentration within the range of
1–12 M. The presence of residual impurities (mainly Bi25FeO39 and Bi2Fe4O9) quantiﬁed from XRD and mean nanocrystal size is
found to be strongly inﬂuenced by the initial KOH solution content. A concentration at about 3–4 M is optimal in terms of BiFeO3
phase-purity and nanocrystal size. Stability of aqueous dispersions of the amorphous precursors and of the purest crystallized
nanoparticles is also characterized between pH = 2 and pH = 13. After preparation of stable, almost phase-pure BiFeO3
nanocrystal suspensions, second and third harmonic scattering (SHS and THS) at excitation wavelengths of 1064 nm and
1250 nm are reported from nonlinear optical scattering measurements and compared with other recently published literature values.

1. Introduction
Bismuth ferrite (BiFeO3) is today a well-known single-phase
magnetoelectric material that combines room temperature
ferroelectricity and antiferromagnetic ordering and as such,
has attracted a considerable amount of attention due to its
multiferroic properties [1, 2]. BiFeO3 exhibits a rhombohedrally distorted perovskite structure (space group R3c) for
which noncentrosymmetry arises from the rotation of the
oxygen octahedrons around the pseudocubic [111] axis
[3, 4]. Among potential applications based on bismuth ferrite,
photocatalysis under ambient light [5], nonvolatile memory
[6], spintronics [7, 8], and energy harvesting [9] can be
mentioned as well as its increasing interest in bioimaging

due to intrinsic, very high second [10, 11] and third harmonic
[12] properties. Harmonic nanoparticles (HNPs) [13] based
on BiFeO3 not only display a low cytotoxicity [14] but also
display several “optical” advantages in terms of excitation
wavelength tunability for deep-imaging [15], of photostability
for long-term observations [16, 17], and of improved sensitivity due to speciﬁc harmonic signatures against endogenous
signals [18–20].
Synthesis of BiFeO3 nanoparticles has also been the
subject of intense research, and several chemical routes that
include, for instance, hydrothermal conditions [21–24],
solvent evaporations [25], sol-gel polymerizations [26–29],
sonochemical reactions, and microemulsion techniques [30]
have already been studied. Hydrothermal syntheses with or
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without chelating agents and sol-gel processes are indeed
well-established approaches giving rise to phase-pure samples even if size- and shape-control in the case of BiFeO3
are clearly issues [31], especially without use of expensive,
microwave-assisted solvothermal conditions. Ideally, a facile,
green, and scalable synthesis route which yields monodisperse and monocrystalline nanoparticles stabilized in aqueous solutions would be very convenient for the above-cited
bioapplications, as it then allows surface modiﬁcation of bare
nanocrystals so as to improve their ﬁnal biocompatibility and
speciﬁcity for cell-targeting. To this end, we further explored
the simple and cost-eﬀective coprecipitation route already
investigated [32–34] with the aim to prepare stable BiFeO3
nanocrystal suspensions. Metal nitrate salts without any
other organic additive and KOH solutions at diﬀerent
concentrations have been employed for the precipitation of
the primary amorphous precursors. After a short annealing
step at 720°C used here to promote crystallization and to
inhibit as much as possible Ostwald ripening, it was found
that an initial KOH concentration ﬁxed at about 3–4 M is
the best compromise in terms of size and residual impurities.
The latter have been quantitatively assessed through Rietveld
reﬁnements for all the samples prepared from a KOH concentration varying between 1 M and 12 M. After optimization
of the chemical synthesis, phase-pure nanopowders prepared
at 4 M of KOH are dispersed in deionized water and stability
of the resulting suspensions studied with DLS and ζ-potential
measurements. Finally, a quantitative assessment of the averaged <χ(2)> susceptibility at 1064 nm under femtosecond
laser excitation is compared with recently available literature
values and discussed according to the synthesis process here
developed. When the laser excitation wavelength is shifted to
1250 nm, preliminary optical characterizations indicate that
the second and third harmonic scattering signals are easily
monitored from ensemble measurements in the NIR biological transparency window.

2. Materials and Methods
For the preparation of BiFeO3 nanocrystal suspensions,
1.58 mmol of bismuth pentahydrate (Bi(NO3)·5H2O, 0.77 g,
Sigma-Aldrich, >98%) and stoichiometric amounts of iron
nitrate nonahydrate (Fe(NO3)·9H2O, 0.64 g, Sigma-Aldrich,
>99.9%) are weighed and dissolved without further puriﬁcation in 3 mL of a 2 M nitric acid (HNO3) solution. After
dissolution of the precursors, the solution is slowly added
into 17 mL of freshly prepared potassium hydroxide (KOH)
solution of varying concentrations (between 0.1 M and
13 M) that is allowed to stir vigorously and continuously
for 5 min. The as-obtained brownish precipitate is then
treated for 1 h with a standard sonic bath, and the primary
amorphous precipitate is ﬁnally collected by centrifugation
at 15700 rpm. Five successive washings with deionized water
and three more with ethanol are applied before a 12 h drying
step at 85°C. The powder is then grounded with a mortar,
carefully spread onto a thick alumina sample holder, and
quickly annealed in air between 2 min 30 and 4 min, to
promote crystallization at 720°C. Various amounts of crystallized powders can thus be obtained showing the scalability of

Journal of Nanomaterials
the chemical process. Stability studies and optical measurements were all performed from an initial mass concentration
ﬁxed at 1 mg/mL. Typically, 7 mg of dried powders were sonicated for 30 min in 7 mL of aqueous solutions (or in ethanol)
and then left to settle for several days to allow sedimentation
of the remaining aggregates. Finally, DLS measurements and
weighing of the residual fraction (assuming spherical nanocrystals) allow to estimate the number density of nanocrystals in the supernatant at the end of the sedimentation period.
Physicochemical characterizations were carried out by
XRD (using Co Kα radiation from an INEL CPS 120 instrument and an acquisition time of 2 h per pattern and from a
PANalytical X’Pert3 Powder diﬀractometer with a zerobackground silicon sample holder), TEM (JEOL 2100 HT
operating at 200 kV), and by ζ-potential and dynamic light
scattering (DLS) measurements (Malvern Zetasizer Nano).
Nonlinear optical properties were measured by probing
the second and third harmonic scattering signals as previously reported [12, 35, 36] except that the excitation source
is here provided by a tunable (700–1300 nm) femtosecond
Laser (Insight X3 Spectra-Physics) vertically polarized. SH
and TH signals are collected perpendicularly to the fundamental beam and focused through two 5 cm focal length
lenses onto the slit of a spectrometer (Andor Shamrock
193) combined to a CCD camera (Andor iDus 401 BVF).
No analyser is used in the detection arm but a short pass ﬁlter
to remove the excitation wavelength and a Dove prism to vertically rotate the image focal point along the spectrometer
entrance slit.

3. Results
3.1. XRD Characterizations. As detailed in Materials and
Methods, bismuth and iron nitrate precursors are ﬁrst
dissolved in 3 mL of 2 M nitric acid. Precipitation of the
amorphous precursors is then obtained after mixing this acid
precursor solution with 17 mL of a highly basic potassium
hydroxide (KOH) solution of varying concentrations. To
reduce as much as possible the amount of impurities after
the calcination step, a homogeneous dispersion and concentration of the Fe3+ and Bi3+ ions is highly desirable and the
local basic environment is to be stable enough during the precipitation process. We observed that addition of the KOH
solution into the acid precursor one systematically results
in very high impurity content (data not shown) whereas
pouring the dissolved precursors into KOH solution under
continuous stirring is much more favourable. In addition, a
slow addition is vitally important as shown in Supplementary
Material (Figure S1). A higher amount of the Bi-rich
Bi25FeO39 phase is indeed present when the acid precursor
solution is quickly poured whereas impurities are hardly
visible for a drop-wise or very slow addition from a burette.
For a slow addition, amounts of impurities were also
found to be very dependent on the initial KOH concentration
that was allowed to vary between 0.1 M and 13 M. At 0.1 M of
KOH, the XRD pattern indicates that α-Bi2O3 is the main
crystallized phase produced after the short annealing step
(data not shown). At higher KOH concentration, the BiFeO3
phase is systematically obtained as the major phase, but the
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Figure 1: XRD patterns of BiFeO3 samples depending on the initial amount of KOH and after 2 min 30 of annealing at 720°C. Peaks denoted
as ∗ belong to the aluminium sample holder. The BiFeO3 reference proﬁle (ICSD#15299) is shown in red at the bottom of the graph. Inset:
peaks belonging to Bi25FeO39 (light gray square) and Bi2Fe4O9 (light gray circle) are shown for the two most impure samples obtained at
KOH = 1 M and 12 M.
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Figure 2: (a) Mean BiFeO3 nanocrystal diameters obtained from the Le Bail ﬁtting procedure versus initial KOH concentration used for
precipitation. (b) Weight fraction of residual impurities (Bi25FeO39 and Bi2Fe4O9) as derived from FullProf considering a structural model
for each phase. Lines are a guide for the eye.

impurity content strongly varies as depicted in Figure 1.
After the 2 min 30 crystallization step performed with
10 mg of amorphous precursors, residual impurities identiﬁed as Bi25FeO39 and Bi2Fe4O9 are particularly visible in
the low 2θ region, namely, between 30° and 40°, of the diffraction patterns. A small amorphous contribution is also
observed whatever the initial KOH concentration is. A
zero-background sample holder has then been used in the
following series of experiments to better investigate the
amount of residual amorphous precursors and to eventually reduce their content.

For each sample, the mean diameter of BiFeO3 nanocrystals is ﬁrst derived after extraction of the integrated intensities within FullProf according to the Le Bail global ﬁtting
procedure [37]. Isotropic broadening of the diﬀraction peaks
(without contribution of the Gaussian part in the FWHM)
and the absence of residual strain are assumed. Quasispherical nanocrystals are thus considered for the ﬁnal calculation of the mean diameter which is estimated below 40 nm
in Figure 2(a) and with a trend to decrease when the KOH
concentration is raised from 1 M to 12 M (see Figure S2 for
the ﬁtted proﬁle of the sample precipitated at 3 M of KOH).
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The mean crystallite size being derived, quantitative assessment of the weight fraction of the two impurity phases is then
obtained from the scale factors after a full reﬁnement (including structural models) of the XRD proﬁles within FullProf.
The atomic positions from the ICSD ﬁles #15299, #68627,
and #262861 corresponding to the BiFeO3, Bi25FeO39, and
Bi2Fe4O9 phases, respectively, are used as inputs and kept
constant. Only the scale factors, cell parameters, and mean
nanocrystal size of each phase are allowed to vary. In the case
of BiFeO3, we noticed that assuming an anisotropic broadening improves to some extent the overall quality of the ﬁts leading to slightly elongated particles along the [101] direction.
The as-obtained mean diameters are still very consistent
though with the ones plotted in Figure 2(a). Interestingly,
the total amount of impurities in terms of weight fraction of
the total mass shows in Figure 2(b) a well-deﬁned minimum
for the initial KOH concentration ﬁxed at about 4–5 M. For
the two corresponding samples, the mass fractions are found
below 0.5% and 3.5% for the (heavy) Bi-rich Bi25FeO39 phase
and the (light) Fe-rich Bi2Fe4O9 phase, respectively. At 1 M of
KOH, the total weight fraction for the two impurities attains
24% and reaches about 11% for the 12 M sample but with only
the Bi25FeO39 phase present (see also Figure S3 for the ﬁtted
proﬁles of these two most impure samples).
3.2. Reproducibility and Scalability of the Chemical Process.
Larger numbers of BiFeO3 amorphous precursors, namely,
20 mg, have also been annealed by using as before a small
round alumina crucible (see Supplementary Material,
Figure S4). A longer annealing period of 3 min, still at
720°C, is however necessary to promote crystallization
without experimental evidence from the XRD proﬁles of a signiﬁcant amorphous background arising from an incomplete
crystallization (a cleaved-silicon zero-background sample
holder is here used). When the initial KOH content is systematically varied in the range of 1–8 M, almost phase-pure
BiFeO3 nanocrystals are again produced at 3–4 M of KOH
while the mean nanocrystal size obtained from Scherrer’s
formulae and the (012) reﬂection at 2θ~26.3° again decreases
as long as the initial KOH content is raised till 4 M (inset of
Figure S4). It can be noticed though the absence of a Fe-rich
phase in these syntheses since only the Bi25FeO39 and the
trigonal metal Bi phases have been detected as residual impurities at high KOH content despite initial stoichiometric
amounts of Bi and Fe.
For larger numbers of amorphous precursors, a ﬂat
alumina crucible has also been tested for which 40 mg of
almost phase-pure ~30 nm nanocrystals could again be produced at 4 M of KOH and for a prolonged annealing time
of 4 min at 720°C (see in Figure S5 the XRD patterns of
BiFeO3 samples depending on the initial amount of KOH).
Comparatively to the thicker round crucible, the presence
of impurity phases are more clearly visible at low and high
KOH concentrations, but scalability of the chemical process
is not prevented at 4 M of KOH. For an initial mass of precursors further increased at 200 mg, phase-purity and mean
nanocrystal XRD size at ~30 nm have again been found in
good agreement with previous results (Figure S6).
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3.3. Suspension Stability. For the studies of the suspension
stability, powders were all issued from the 200 mg precipitate
obtained at 4 M of KOH, and mass concentration for both
amorphous and crystallized particles was ﬁxed at 1 mg/mL.
Desired amounts of HNO3 or KOH in deionized water were
used to adjust the pH in the range of 2–13. Note that amorphous and crystallized particles dissolve very quickly at
pH = 1 whereas they are chemically stable above pH = 2. As
seen in Figure 3(a), ζ-potential measurements versus pH
indicate an isoelectric point at pH~5 for both amorphous
and crystallized nanoparticles and that stability is better for
the three samples dispersed at pH above 10. A ζ-potential
value below −30 mV is then observed whereas the DLS size
distribution by number is found to be centred at 90–100 nm
for each sample. After a sedimentation period of 5 days, pictures included in Figure 3(a) are consistent with ζ-potential
data (taken 3 days after the sonication process), especially
the transparent vial at pH = 5 for which the absence of suspended particles can be noticed. Because of the size increase
induced after calcination, nanocrystals are also found less
stable than their amorphous counterpart. Only aqueous
solutions with a pH ﬁxed below 4 and above 9 are thus suitable (transparency of the supernatant shows no colour
change after weeks) for any further surface chemical modiﬁcation. Otherwise, nanocrystals are even more stable in
ethanol. Regarding TEM imaging in Figure 3(b), amorphous
powders precipitated at 4 M of KOH are composed of poorly
shape-deﬁned precursors of average size below ~10 nm.
After calcination, representative TEM images are shown
in Figure 4 for the two samples precipitated at 3 M and 4 M
of KOH (corresponding XRD patterns are given in Figure 1).
The mean nanocrystal diameter is on average smaller for the
3 M sample, and nanocrystals are slightly elongated. The
absence of morphology control can also be noticed which
is consistent with the developed chelating agent-free chemical synthesis and short annealing step. In addition, if larger
particle size can be expected from DLS measurements
because of the measured hydrodynamic diameters, size distributions by number centred at 90–100 nm are signiﬁcantly larger than the nanocrystal sizes derived from XRD
as later discussed.
3.4. Preliminary NLO Properties. As previously reported
[12, 35, 36], the orientation-averaged susceptibility
2

2

2

χNPs = χNPs of nanoparticles (NPs) from SHS measurements can be conveniently assessed by using a hyperRayleigh scattering conﬁguration and through a two-step
procedure. Brieﬂy, the external reference method is ﬁrst
used with para-nitroaniline (pNA) molecules dissolved in
methanol so as to calibrate the SH response of our experimental setup at 1064 nm under femtosecond excitation.
For a nanocrystal suspension where V is the mean
(DLS) nanocrystal size and N is the number density, the
scattered SH signal can be expressed according to the
2

2

excitation intensity I ω as I 2ω = G ⋅ N ⋅ T 2ω χNPs ⋅ V 2 ⋅ I 2ω
where G includes the experimental collection eﬃciency
and fundamental constants arising from a nonlinear radiating dipole. T 2ω is a reduction ﬁeld factor allowing to
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Figure 3: (a) ζ-Potential variations as a function of pH for amorphous precursors precipitated at KOH = 4 M (blue) and after crystallization
(red). Inset: pictures taken just after dispersion (ﬁrst row) and after a sedimentation period of 5 days (second row) for the crystallized
powders dispersed at pH values ﬁxed at 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 10.0 (from left to right). (b) TEM image of the amorphous powders
precipitated at KOH = 4 M.
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Figure 4: Representative TEM images of crystallized samples precipitated at 3 M (a) and 4 M (b) of KOH. Corresponding DLS sizes by
number are centred at 90 nm and 100 nm, respectively.

describe the macroscopic ﬁeld within the nanocrystal
2
volume. For quasi-spherical nanocrystals T 2ω = t 2ω ⋅ t 2ω
2
2
2
with t ωi = 3nsol ωi / 2nsol ωi + nNPs ωi
where nsol ωi
and nNPs ωi stand for the solvent and nanoparticle average refractive index at ωi , respectively.
Linear dependence of the SH signal versus the nanocrystal number density (N) after dilution of a stock
solution with N 0 = 2 75 × 1011 cm−3 is demonstrated in
Figure 5(a). For a vertically polarized incident ﬁeld and
no analyser in the detection arm, the squared nanocrystal
second-order susceptibility isotropically averaged over all
2

2

2

2

2

2

orientations becomes χNPs = χXXX + χZXX =
6/35 χ233 + 32/105 χ231 + 8/21 χ222 + 44/105 χ215 + 4/21
χ31 χ33 + 4/35 χ15 χ33 + 16/105χ15 χ31 with X, Y, Z the
laboratory frame as deﬁned in [35]. For a 90 nm DLS

size, the as-derived average SH coeﬃcient is found to
2
be d = χNPs /2 = 60 pm/V for a 1064 nm excitation.
Finally, shifting the excitation in the second NIR biological transparency window with a 1250 nm excitation wavelength has also been tested from ensemble measurements
since BiFeO3 nanocrystals recently emerged as an almost
ideal candidate for tumour tissue labelling [19] and stem
cell localization in the development of new therapeutic
approaches [20]. Simultaneous acquisition and colocalization of the SH and TH signals indeed improve the imaging
selectivity, but nonlinear eﬃciencies are not easily derived
from imaging of individual, diﬀraction-limited nanocrystals.
Polarization-resolved measures require complex mathematical ﬁtting procedures whose expressions depend both on the
nanocrystal orientation and the number of independent coefﬁcients of the relevant crystal class and NLO order [12, 38].
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Figure 5: (a) Linear variation of the SH intensity according to the BiFeO3 nanocrystal concentration at 1064 nm excitation. (b) Spectrally
resolved trace conﬁrming the only detection of SH and TH when the excitation wavelength is shifted to 1250 nm. Inset: quadratic
dependence of the SH signal at 625 nm according to the excitation intensity.

Surprisingly, the TH signal emitted from individual BiFeO3
nanocrystal has also been found well higher than the SH
one in a recent study under tight focusing conditions when
the excitation wavelength was further shifted to 1560 nm
[39]. If high excitation intensities favour higher NLO orders,
the above results obtained with microscopy approaches
appeal for a full quantitative assessment of the wavelengthdependence of the SH and TH properties of BiFeO3. If this will
be the topic of a forthcoming article, we here observed that
preliminary ensemble measurements at 1250 nm under particular experimental conditions, namely, an average optical
power adjusted at 500 mW and a focusing of the incident
beam with a 5 cm focal length, results in SH (625 nm)
and TH (417 nm) signals with very similar intensities as
depicted in Figure 5(b). A full quantitative assessment of
the orientation-averaged second- and third-order susceptibilities from ensemble measurements is thus readily achievable in the ﬁrst two NIR transparency tissue windows
(600–1000 nm and 1100–1350 nm).

4. Discussion and Concluding Remarks
Optimization of the coprecipitation conditions to prepare
phase-pure BiFeO3 nanocrystals was performed from amorphous precursors precipitated in very high alkaline KOH
solutions of varying concentrations between 1 M and 12 M.
Homogeneity of the reaction medium during precipitation
has been found to be crucial because only slow addition
of the acid solution containing the dissolved metal salts
into a large volume of KOH under magnetic stirring
results in XRD phase-pure powders. Comparatively to former studies for which precipitation was done from weaker
alkaline solutions at pH = 9 [32, 33] or at pH = 12 [34],
similar impurity phases (namely, Bi25FeO39 or its isomorph γ-Bi2O3 and Bi2Fe4O9) were also observed but with
a gradual disappearance as long as temperature of the 1 h
calcination step was increased from 450°C to 500°C and to

600°C. A solid-state reaction between Bi-rich and Fe-rich
phases was then proposed to account for the formation
of pure BiFeO3 at the highest temperature. In the present
work, a very short annealing step of 3–4 min at 720°C is
applied to induce crystallization well above the crystallization
temperature of amorphous precursors found at 470–480°C
from DTA analysis. Our results obtained from higher alkaline solutions and with a well shorter calcination time seem
to indicate a diﬀerent crystallization mechanism. First, if
Fe(OH)3 and Bi(OH)3 are known to precipitate in alkaline
media, a dissolution-crystallization mechanism is currently
accepted for the preparation of pure BiFeO3 under hydrothermal conditions [31]. Second, when crystallization is done
in air, temperature-resolved XRD patterns of amorphous
precursors indicate no evolution from RT till 425°C, but a
local order seems already present after the RT precipitation
as evidenced by two broad bands [33] (pp 2195) in the
XRD patterns that we also observed (see Figure S7). Note
that this local order is diﬀerent from that of the characteristic 2-line ferrihydrite XRD response [40]. Last, solid state
reactions are unlikely to occur between Bi25FeO39 and
Bi2Fe4O9 because these latter are slightly more thermodynamically stable than BiFeO3 in the temperature range of
447°C–767°C [41]. A direct transformation from stoichiometric, amorphous precursors into crystalline BiFeO3 could
be an alternative as supported from our high-temperature
short-annealing approach. It is our opinion that formation
of the diﬀerent impurity phases may rather be related to
solubility issues and to the existence of amorphous bismuth(III)-iron(III) hydroxide solid-solutions as already evidenced in the case of chromium(III) and iron(III) [42].
This is supported by the following observations.
Solubility of amorphous Bi(OH)3 and crystalline α-Bi2O3
in alkaline solutions is known to be identical leading to a
concentration of Bi3+ ions below 10−5 M in 0.1 M NaOH
solutions, but this concentration rapidly increases for stronger alkaline solutions [43]. In our experiments, α-Bi2O3 is
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the major phase when the KOH content is ﬁxed at 0.1 M during precipitation whereas BiFeO3 is the main compound in
the 1–12 M range. On its side, solubility of ferrihydrite is even
smaller with a minimum at pH~8 and a concentration of
Fe3+ varying from 10−10 M to 10−5 M as long as the pH is
raised from 8 to 14 [44, 45]. Ferrihydrite is thermodynamically unstable and then transforms with time into either
crystalline α-FeO(OH) (goethite) or α-Fe2O3 (haematite)
through a dissolution/reprecipitation mechanism or by dehydration, respectively, and this actually depends on the pH
range and other parameters in strongly alkaline media [46].
Here, only traces of goethite have been found in our series
of experiments at 8 M and 12 M of KOH and for an initial
mass of 20 mg and 40 mg (see Figures S4 and S5).
It thus turns out from the above literature survey that
Bi(III) oxide/hydroxide compounds and Fe(III) hydroxides
have very similar solubilities in 1 M OH− solutions, that solubility of bismuth ferrite is not known in aqueous solutions,
and that precipitation in stronger alkaline solutions of stoichiometric amounts of Bi3+ and Fe3+ has, to the best of our
knowledge, not yet been speciﬁcally investigated. On the
other hand, the absence of the characteristic ferrihydrite
signature among the amorphous precursors but that of a
stable order till 425°C are to be considered so that the hightemperature short-annealing approach here developed supports the formation of amorphous bismuth(III)-iron(III)
hydroxide solid-solutions for which stoichiometry is easily
achieved at 3–4 M of KOH. Starting from high alkaline solutions, the homogeneous dispersion of the two metal cations
in the stoichiometric amorphous precursors seems thus
achievable because of solubility issues and more importantly,
without use of any chelating agent whose eﬀect is precisely to
ensure this homogeneous dispersion in the traditional sol-gel
chemistry routes [47].
Finally, the simple and low-cost chelating agent-free precipitation route here developed has however some drawbacks
in terms of size- and shape-control of the as-produced nanocrystals. This is clearly demonstrated from the TEM observations. Regarding SH properties, the estimated average SH
coeﬃcient derived at d = 60 pm/V is similar to the eﬃciency recently measured at 70 pm/V for BiFeO3 nanocrystals obtained from the autocombustion method [11]. For
monocrystalline and relatively well-monodisperse cubicshape nanocrystals produced with mucic acid as the chelating
agent, the averaged SH eﬃciency measured at 220 pm/V [48]
is however signiﬁcantly higher. This is in agreement with the
eventual presence of residual amorphous precursors (Fe-rich
and Bi-rich phases are not systematically observed here
according to the KOH content), the formation of polycrystalline particles (the DLS size centred at 90–100 nm is well
larger than the nanocrystal sizes derived from XRD) and
the overall lack of well-deﬁned size and shape particles whose
polydispersity is known to decrease the orientation-averaged
SH eﬃciency [36].
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Supplementary Materials
Figure S1: XRD patterns in the low 2θ region showing the
eﬀect of a rapid/slow addition of a 4 M KOH solution on
the ﬁnal impurity content. Peaks belonging to the Bi25FeO39
(light gray square) are clearly more present when the acid
precursor solution is quickly poured into KOH. Figure S2:
zoom in the low 2θ region of a FullProf reﬁnement with the
Le Bail procedure (without structural model) applied to the
XRD proﬁle for the sample precipitated at 3 M of KOH.
The excluded region at 45° is due to a parasitic reﬂection
arising from the Al sample holder. Figure S3: representative
FullProf reﬁnements including structural models of the
BiFeO3, Bi25FeO39, and Bi2Fe4O9 phases for the two most
impure samples obtained from an initial KOH content at
1 M and 12 M. Figure S4: XRD patterns of 20 mg BiFeO3
samples depending on the initial amount of KOH and after
3 min of annealing at 720°C in a 1.5 mm thick alumina
(round) crucible. Peaks denoted as ∗ belong to the presence
of the trigonal metal Bi phase (ICSD#64703) whereas light
gray squares and open circles correspond to Bi25FeO39 and
to the orthorhombic goethite Fe(OO)H phase (ICSD#71808),
respectively. The BiFeO3 reference proﬁle (ICSD#15299) is
shown in red at the bottom of the graph. Inset: mean crystallite
size derived from the (012) reﬂection at ~26.3° and Scherrer’s
formulae after correction of the instrumental broadening.
Figure S5: XRD patterns of 40 mg BiFeO3 samples depending
on the initial amount of KOH and after 4 min of annealing at
720°C in a larger alumina (ﬂat) crucible. Peaks denoted as ∗
belong to the presence of the trigonal metal Bi phase
(ICSD#64703) whereas light gray squares and open circles
correspond to Bi25FeO39 and to the orthorhombic goethite
Fe(OO)H phase (ICSD#71808), respectively. The BiFeO3 reference proﬁle (ICSD#15299) is shown in red at the bottom of
the graph. Figure S6: XRD pattern of a 200 mg BiFeO3 sample
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at 4 M of KOH after 4 min of annealing at 720°C in the large
alumina (ﬂat) crucible. Figure S7: XRD pattern of amorphous precursors precipitated at 4 M of KOH only showing diﬀraction peaks arising from the Al sample holder.
(Supplementary Materials)
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