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Abstract: A wet-chemical synthesis process was designed to obtain reproducible 

single-phase multiferroic BiFeO3 nanoparticles. The phase purity, single crystallinity, 

and size of the nanoparticles are confirmed through the analysis of x-ray diffraction 

patterns, Raman spectroscopy, and high resolution transmission electron microscopy 

experiments. Crystal nucleation happens within the amorphous-rich area in multiple 

seeds, leading to the formation of single crystalline nanoparticles with no preferential 

faceting. Crystallization mechanisms of BiFeO3 nanoparticles were investigated 

following the Kissinger-Akahira-Sunose approach, indicating that two crystallization 

steps are responsible of the complete BiFeO3 nanoparticle formation. The first 

crystallization step involves a maximum of 70% of the final crystal volume, arises from 

nanocrystal nucleation and growth. The second step occurs above this threshold 

crystal volume fraction, and is related to nano-crystallite coalescence process. 

Analysis of the thermodynamic process of the crystallization of BiFeO3 nanoparticles 

following Ostwald rules suggest a relatively low energetic barrier for crystal nucleation, 
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highlighting that phase pure, single crystalline BiFeO3 nanoparticles are obtained using 

the present optimized wet-chemical synthesis process, with temperatures as low as 

450 °C.

INTRODUCTION

Bismuth ferrite (BFO), a promising room temperature multiferroic material, has 

attracted strong attention because of its relatively low bandgap (Eg  2.6-2.8 eV), large 

ferroelectric polarization and antiferromagnetic order, all coexisting at room 

temperature (RT), opening the path to the potential control of optical, electrical or 

magnetic properties using different external stimuli1. At RT, BFO crystallizes in 

rhombohedral R3c structure with ferroelectric polarization along the [111]R direction (Tc 

= 830 °C), and exhibits an antiferromagnetic G-type order (TN = 370 °C), together with 

a spin cycloid arrangement of 62nm-period1. Obtaining high quality samples and 

controlling their size play a significant role to tune and exploit the dimensionality effects 

in ferroelectric and magnetic properties and the ferroelectric/magnetic potential 

coupling in these multiferroic materials. Importantly, reduced dimensionality and 

parameters inherent to the synthesis processes are shown to affect not only the final 
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4

multiferroic properties of BFO specimens2-5, and also the crystalline purity. Indeed, the 

multiferroic R3c-BFO perovskite is thermodynamically in competition with other phases 

(mostly, Bi2Fe4O9 and Bi25FeO40)4, 6. Different approaches aiming at synthesizing pure 

R3c phase specimens have been explored, using different chelates and employing wet 

chemical methods4, 7-9. A summary of different methods for synthesizing BFO particles 

and their correspondent secondary phases can be found in the review of Silva et al7 In 

view of obtaining parasitic phase-free nanosized BFO particles, wet-chemical 

processes using low temperature treatments were employed by Selbach et al4, who 

compared the effect of different chelates. More recently, Ortiz-Quiñonez et al8. 

developed an easy method to obtain high purity BFO nanoparticles, using even lower 

synthesis temperatures than those in previously reported processes. These wet 

chemical routes to synthesize BFO nanoparticles exploit the transformation from an 

amorphous phase to a crystalline one, which are dependent on the solvent, chelates 

and temperature treatment. This process follows different thermodynamic steps, 

including nano-crystal nucleation, crystal growth and coalescence, which are poorly 

understood to date for materials containing volatile elements or for those having 

crystalline phases with similar Gibbs free energy, such as BFO. Deeper knowledge on 
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5

the crystallization process can be obtained from calorimetry results analyzed using out 

of equilibrium models, as the Kissinger-Akahira-Sunose (KAS) one10-13, to determine 

the characteristic parameters of the crystallization mechanisms. Finally, combining 

KAS model analysis with characterization techniques granting the nanoparticle phase 

nature, homogeneity, size, structure and functional properties, both at the atomic scale 

and at the microscale, provides a unique opportunity to link nanoparticles 

crystallization mechanisms and corresponding properties to achieve the final goal of 

tuning them on demand.

In this work, we present a detailed study on the crystalline growth mechanisms of 

pure phase BFO nanoparticles, combining experimental evidences of the nanoparticle 

crystalline quality and thermodynamic analysis. Following a facile wet-chemical 

method based on sol-gel reaction and calorimetry analysis, we explicitly get 

information from the synthesis temperature process, and establish the parameters to 

obtain single crystalline, phase-pure, BFO nanoparticle synthesis conditions. We show 

that BFO nanoparticles undergo a two-step crystallization process, deduced from a 

non-isothermal KAS analysis of the calorimetry data. Through studying the 

nanoparticles crystallization mechanisms, the particle crystallization process can be 
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6

consequently controlled. Our study on BFO growth mechanisms highlights the 

complexity of the crystallization process in these nanoparticles, which is of high 

importance, and must be considered to widely capture the structure-property 

relationships. 

EXPERIMENTAL SECTION

All chemical reagents were of analytical grade and used without any further 

purification. In a typical synthesis process, an aqueous solution of 12 mL was first 

prepared by blending nitric acid (4 mL) in deionized water (8 mL), then Bi(NO3)35H2O 

(0.005 mol), Fe(NO3)39H2O (0.005 mol) were dissolved in the solution while stirring at 

room temperature. After stirring continuously for 20 min, the solution became clear and 

light yellow. Then, tartaric acid (TA) (0.01 mol) and ethylene glycol (EG) (0.01 mol) 

were added to the solution, maintaining the continuous stirring. Finally, the mole ratio 

of metal ions, TA and EG in the solution was held at , which 𝑛(Bi3 + + Fe3 + ):𝑛TA:𝑛EG = 1:1:1

contributes to the formation of cross-linked structures by esterification between TA and 

EG, and maintains stoichiometric chelation. Once the reagent in solution was 

completely dissolved, the mixture was heated up to 80°C via slow temperature ramping 
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7

rate (10 °C/h), and stirred continuously to ensure complete cation complexing. The 

solution displayed a homogeneous yellow colour which deepen gradually with time 

increasing. Maintained the temperature at 80 ºC until the solvent evaporated 

completely, while the viscosity increased. Then, the mixture was transferred to the air-

blast oven, and kept under 100 °C for 10h. The mixture of uniform viscosity was 

converted into a dry porous polymeric precursor. This precursor mixture was ground 

into a fine powder using an agate mortar. Phase-pure BFO nanoparticles were 

synthesized by calcining the precursor powder in air for 2 h under 450 °C. 

Differential scanning calorimetry (DSC) experiments were performed with TG-DSC 

92 SETARAM setup using different temperature ramps. Once the temperature range 

related to the exothermal peaks, identified as the occurrence of the degradation of 

solvents and chelants, was determined, multiple temperature steps were applied to 

optimize the sintering process, to keep the chemical stoichiometry, and synthesize 

pure phase BFO nanoparticles. Crystal phases, structure and phononic fingerprint 

were determined by x-ray diffraction (XRD) on a Bruker D2 Phaser diffractometer using 

Cu Kα radiation  in theta−theta configuration, and by micro-Raman analysis using a 

Labram-Horiba spectrometer under He-Ne laser excitation (632.8 nm). XRD data was 
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8

typically collected with angular step size of 0.01° and scanning speed of 0.01°/s, 5 sec 

stop at every step point, to provide enough signal to noise ratio for Rietveld refinement 

procedures of the unit cell parameters, crystallite size and microstrain (using FullProf 

suite of programs14). A reference LaB6 sample data, measured in the same conditions, 

were used to determine the diffractometer resolution function. BFO nanoparticles were 

also characterized by high resolution transmission electron microscopy (HRTEM) 

using an FEI Titan ETEM, operated at 300 kV, equipped with a Gatan OneView CMOS 

detector, and a Gatan imaging filter Tridiem 965 ER. An electron energy-loss 

spectroscopy (EELS) resolution of ~1 eV, and a dispersion of 0.1 eV/channel were 

used for the acquisition of core-level excitation spectra.

RESULTS AND DISCUSSION

During the synthesis procedure, the use of tartaric acid as cationic chelate captures 

the different cations by exploiting the chelation of OH-groups with the metallic ions, 

which is beneficial to obtain the pure phase at low synthesis temperature. Furthermore, 

ethylene glycol, as an auxiliary solvent, can react with tartaric acid through 

esterification, which forms a homogeneous network with the metallic ions fixed inside 
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it. In practice, ethylene glycol has been identified as a suitable solvent to prepare metal 

oxides (e.g. SrBi2TaO9 and Ba0.5Sr0.5TiO3)15-16 as a result of the presence of two 

terminal hydroxyl groups in its molecular structure, which ensure the protection of its 

heterometallic units during the hydrolysis reaction. Furthermore, it was reported that 

linear structured molecules, such as ethylene glycol, favour the sol stabilization17. 

Hence, ethylene glycol as a solvent can prevent the hydrolysis of bismuth cation, and 

keep the stoichiometric ratio of bismuth and iron within the cross-linked network, 

despite their different electronegativities18. This network structure may reduce the 

energy required for successful dissolution and recrystallization to form pure BFO 

during the wet-chemical process. In other words, the reaction kinetics of BFO are 

remarkably accelerated by using ethylene glycol as solvent18-19. Thus, the network 

structure can give rise to homogeneous nucleation by reaction of ethylene glycol with 

tartaric acid, and it is the precondition for the formation of pure phase BFO20-23.

Using the precursors previously mentioned, calorimetric and XRD results leading to 

optimized sintering conditions of BFO nanoparticles are included in Figure 1. Initially, 

for the precursor sintering process, a one-step thermal process is applied, as shown 

in Figure 1(b). In this procedure, the precursor is heated up to the synthesis 
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10

temperature (450 ºC) at a given ramp (5 ºC/min), kept at this temperature for two hours, 

then slowly dropped to RT by self-cooling. The corresponding XRD patterns of the final 

products indicate the presence of parasitic phases, as shown in Figure 1(d). 

Remarkably, bismuth being a more volatile cation compared to iron within the sintering 

temperature range, Fe-rich phases, such as Bi2Fe4O9, are detected through phase 

identification in the XRD pattern. This parasitic phase stabilization is attributed to the 

higher local temperature inducing the evaporation of the volatile Bi-cation4, 24. A second 

approach for the sintering process was to adjust the temperature and time to degrade 

the solvents and chelants within the precursor powders, and prevent Bi-volatility. DSC 

experiments were performed as shown in Figure 1(a). Two exothermic peaks appear 

successively from 200 °C to 350 °C, and no other peaks are detected at higher 

temperatures. These two exothermic peaks are related to the stepwise decomposition 

of tartaric acid, ethylene glycol and the network structure created by the esterification. 

Since the decomposition temperature of tartaric acid and ethylene glycol is close to 

200 °C, a great amount of heat exchange for a very short time induces local 

overheating of the precursor, which promotes the evaporation of Bi, and then leads to 
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11

Bi:Fe:O stoichiometry of the final products away from the expected 1:1:3 of the pure 

perovskite unit cell24.

In order to avoid non-stoichiometry, a three-step temperature procedure is set 

(Figure 1(c)) to dissipate the heat-shock that the precursor mixture can experience 

within the thermal windows of the exothermic transitions. For that, the starting 

temperature point of each exothermal peak (T1 and T2 in figure 1(a): 200 °C and 250 

°C) is held for a relatively long time (60 min) and the heating rate from T1 to T2 is kept 

slowly (1 °C/min) on the promise of other temperature parameters identical. This 

operation prevents the interference from heat-shock for Bi-stoichiometry in the whole 

synthesis process, and suppresses parasitic phase formation to the utmost extent. The 

success of the three-step method displayed in Figure 1(c) in preventing parasitic phase 

formation is confirmed by the XRD pattern shown in Figure 1(e). This pattern is 

characteristic of pure BFO phase, obtained after sintering of an equivalent precursor 

mixture as that used with the single step process. Remarkably, pure phase BFO 

nanoparticles were naturally formed without extra treatment process and free of 

parasitic phase. We provide evidences of stoichiometry of the pure phase 

nanoparticles using x-ray photoelectron spectroscopy (XPS) (See Supporting 
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12

Information XPS Analysis). A Bi:Fe atomic ratio of approximately 1:1 has been found 

(18.9:16.2  1:1), confirming the expected stoichiometry in BFO nanoparticles 

synthesized by the three-step temperature process. Furthermore, the XRD pattern of 

the amorphous phase after sintering at 400°C for 2 hours is shown in Figure S1. It is 

clear that there is no crystalline phase after annealing below 450°C.

The Rietveld refinement of the XRD patterns of 450°C nanoparticles is shown in 

Figure 2(a). From the XRD data, BFO nanoparticles belong to the R3c space group, 

and present a mean crystallite size of ~36 nm. The pseudotetragonal normalized lattice 

parameters an and cn are consistent with values reported elsewhere25-26. This means 

that the polarization, which is directly proportional to the square-root of the distortion25, 

can be believed to remain almost unchanged in the studied size (see Table 1). From 

Rietveld analysis the lattice microstrain is evaluated (isotropic and anisotropic strain 

values, Table 1), arising from surface imperfection, vacancies and dislocations. In BFO 

nanoparticles, inhomogeneous strain from local distortions is smaller for larger BFO 

nanoparticles (corresponding results from nanoparticles synthesized at 600 °C also 

included in Table 1), where strain relief mechanisms exist25, 27. 
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13

The inset of Figure 2(a) shows the acquired HRTEM image on pure 450°C BFO 

nanoparticles. It is worth mentioning that the crystalline size deduced from Rietveld 

refinement of the XRD pattern is in agreement with the nanoparticle size observed by 

HRTEM. Clear lattice texture is observed, indicating the internal defect-free nature of 

the sample with high degree of crystallinity. It is worth noting that some amorphous 

phase surrounds the crystal, which is related to the low synthesis temperature, where 

precursors cannot be fully transformed into crystal. As deduced from the almost 

equivalent values of isotropic and anisotropic strain (Table 1), the remaining 

amorphous phase, which has no preferential site distribution, can be at the origin of 

the development of micro-strain in the nanoparticles with no particular anisotropy.

The structure of BFO nanoparticles is also studied using micro-Raman spectroscopy 

at room temperature, as shown in Figure 2(b). The peaks assigned as A1 and E are in 

agreement with previous calculated and experimental results28-29 corresponding to the 

R3c-BFO compound. The lower wavenumber vibration modes below 170 cm-1 arise 

from Bi motions, oxygen motions strongly dominate the modes above 267 cm-1, and 

Fe motions are mainly involved in the modes between 152 and 261 cm-1. Modes higher 

than 600 cm-1 belong to the second-order Raman scattering, and are related to the 
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14

electron-phonon interaction in BFO. The mode assignment in BFO nanoparticles 

(Figure 2(b)) is consistent with reported results28-29, suggesting that BFO nanoparticles 

keep the R3c space group with no change crystal structure. A detailed list of the 

different assigned modes can be found in Supporting Information (Figure S5 and Table 

S3).

To get more insight into the local electronic structure of BFO nanoparticles, EELS 

measurements at the O K and Fe L2,3 edges were performed, and are shown in Figure 

2(c) and (d), respectively. Overall, the energy-loss near edge structures (ELNES) O K 

and Fe L2,3 edges can be qualitatively identified as those of rhombohedral BFO in thin 

film or bulk forms30-35. The ELNES of the O 1s excitation has been previously 

interpreted by multiple scattering calculations for R3c-BFO31, 33. Fine structure A1 just 

above the Fermi level (see Figure 2(c)) arises from hybridized O 2p – Fe 3d states, 

while fine structure A2 has been interpreted in divergent ways as hybridized O 2p – Bi 

5d32, O 2p – Bi 6sp35, or O 2p – Bi 6p – Fe3d33 states. The crystal field splitting of the 

Fe 3d states into t2g and eg symmetry, is contained within peak A1 and not observable 

with the energy resolution used to acquire the spectra in figure 2(c). Indeed, the crystal 

field splitting is visible in spectra acquired with higher energy resolution in EELS31, and 
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15

x-ray absorption spectroscopy data32, 34-35. At higher energy, fine structure B can be 

assigned to hybridized O 2p – Fe 4sp32-33  with the contribution of Bi p and d states33. 

While the fine structures are broadened by the energy resolution (~1 eV), the variation 

of intensity of A2 relative to A1, and A1,2 relative to B, compared to spectra in the 

literature can arise from the nanometric size of the particles32, as well as the different 

strain state when compared to thin films30, 34. The Fe L2,3 ELNES, shown in Figure 2(d), 

exhibits two main features, L3: Fe 2p3/2→Fe 3d and L2: Fe 2p1/2→Fe3d, with a spin-

orbit splitting of ~13.0 eV, in agreement with previously reported values in the literature 

for BFO nanoparticles31. The t2g-eg crystal field splitting can be identified from the small 

shoulder (t2g) at the L3 edge onset (see arrow). Similarly, two distinct features can be 

observed at the L2 edge (see arrow). The more intense L2 eg compared to the L2 t2g, 

also confirms the agreement with rhombohedral BFO31, 35.

The FFT of different area of the nanoparticles, as shown in Figure 3(d)-(e), have 

equivalent diffraction spots, indicating that the individual nanoparticles can be 

considered as single crystals (FFT of different area of other nanoparticles are shown 

in Figure S1). The FFT patterns are indexed with spots corresponding to (012) and 

(104) planes of the Hexagonal lattice, which correspond to d-spacing values in 
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agreement with those deduced from XRD Rietveld refinement analysis (details on 

these values are included in the Supporting Information Table S1, Table S2 and Figure 

S4). The amorphous phase is visible at the surface of nanoparticles, as seen in the 

inset of Figure 2(a), and also in other areas further away from the nanoparticle (Figure 

3(a), solid-line square). Remarkably, when the precursor solution is prepared, the 

heating leads to the formation of a gel, at higher temperature than the gel temperature 

itself, the pyrolysis process thus creates an amorphous metal-oxygen network36. The 

final crystallization takes place under continuous heating at relatively low temperature 

(450 °C), thus becoming rather difficult to obtain the amorphous phase completely 

pyrolyzed. The intermediate products, between amorphous metal-oxygen bond 

structure and the final crystallite, are consequently found within the final products 

together with the BFO nanoparticles. Lattice fringes are detected in ~5 nm large nano-

crystallites, as shown in Figure 3(b, c) and Figure S2(b). The presence of these nano-

crystallites embedded in an amorphous matrix could be an intermediate phase leading 

to BFO nanoparticle crystallization. To get more information on the details of the 

process leading to the BFO crystalline phase formation, we have performed 

calorimetry experiments.
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Differential scanning calorimetry (DSC) measurements were carried out using BFO 

precursors in order to determine the crystallization parameters leading to the formation 

of BFO nanoparticles. The non-isothermal crystallization kinetics of Bi-Fe-O 

amorphous were investigated using different heating ramps on the same precursors, 

leading to different thermodynamic processes, as depicted in Figure 4. In Figure 4(a), 

the DSC curves of Bi-Fe-O amorphous crystallization exhibits two exothermic peaks 

above 450 °C, and these peaks are shifted to higher temperature with increasing 

heating rate due to thermodynamic effect. To determine the origin of the DSC peaks, 

we investigated the size, morphology and crystallinity of nanoparticles synthesized at 

low temperatures (450 °C) and compared these results with those obtained on 

nanoparticles synthesized at high temperature (600 °C). The case samples studied 

here would help us investigating BFO nanoparticles at the early stages of 

crystallization, since their synthesis temperature corresponds either to that of the onset 

(450 °C) of the observed exothermic peaks, or to a temperature (600 °C) well above 

them. Macroscopic XRD-experiments corresponding to nanoparticles synthesized at 

450 °C (Figure 2(a)) and 600 °C (Supporting Information, Figure S2) are used to 

determine the structure parameters, and are summarized in Table 1 (particle size 
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obtained from scanning electron microscopy, not shown here). The XRD patterns of all 

nanoparticles correspond to pure phase R3c BiFeO3. We note that very close values 

of crystal and nanoparticle sizes are observed for nanoparticles synthesized at 450 °C 

(36 nm), whereas nanoparticles synthesized at 600 °C are larger (190 nm) than their 

crystal size (94 nm) (Table 1). These results suggest that 450 °C nanoparticles can be 

considered as single crystal nanoparticles whereas 600 °C ones are polycrystalline 

ones. Besides, for the first stages of crystallization, the HRTEM images on 

nanoparticles synthesized at 450 °C (Figure 3(a)) revealed the existence of BFO single 

crystal nanoparticles, coexisting with remaining amorphous matrix. From these results, 

we conclude that the DSC exothermic peaks can be attributed to different processes: 

the low temperature exothermic peak should capture the nanocrystal nucleation and 

growth processes, leading to the observed single crystal nanoparticles, and the high 

temperature exothermic peak arises from the single crystal nanoparticle coalescence, 

leading to polycrystalline nanoparticles as final product.

The whole crystallization scenario can be summarized to the following: nano-

crystallites of reduced size surrounded by the amorphous matrix appear in large 

number at the early stages of crystal nucleation. The crystallization of the remaining 
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amorphous matrix continues at the surface of some of these nano-crystallites, leading 

to single crystal nanoparticle growth. Thus, single crystal BFO nanoparticles coexist 

with part of the amorphous matrix at this stage. On the other hand, at higher synthesis 

temperature, the process of nano-crystallite growth is no longer favorable against 

merging of individual nano-crystallites into larger polycrystalline nanoparticles, formed 

from coalescence of individual nano-crystallites.

According to the morphology observed in Figure 3(a), the synthesis process of BFO 

nanoparticle process is sketched in Figure 5. It can be seen that the esterification 

reaction (see Supporting Information Sol-gel process) occurs under heating at 80°C 

during the 2nd step of the heating process. When the precursor decomposition 

temperature is attained at the 3rd step of that process, the metal-oxygen bond structure 

exists in an amorphous phase, which is shown in 4th step. Further heating up to 450°C, 

the nucleation of nanocrystals is more favorable than the disordered metal-oxygen 

bond structure, the energy barrier for this formation is overcome by thermal 

fluctuations. Thus, the crystal nuclei start to appear in 5th step of the heating process. 

The following process consist of the coalescence of nanocrystals and continuous 

Page 19 of 41

ACS Paragon Plus Environment

Submitted to Inorganic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20

crystallization of the remaining amorphous phase, which are indicated in 6th step. This 

process is avoided if the final annealing temperature is set below 450 ºC.

The crystallization difficulty or energetic barrier is evaluated by the apparent 

activation energy Ea within different crystallization kinetics models. On the basis of the 

dynamic DSC measurements for different heating rate, the Kissinger-Akahira-Sunose 

(KAS) model enables the determination of the individual apparent activation Ea(x) 

values37, at each step of the crystallization process, indicated by the crystallized 

volume fraction values x, and over a wide range of x, according to equation38-39

 ,  (1)ln ( 𝛽
𝑇2

𝑥
) = ln ( 𝐴𝑅

𝐸𝑎(𝑥)) ―
𝐸𝑎(𝑥)
𝑅𝑇𝑥

where Tx is the temperature that the crystallised fraction reaches x,  stands for the 

heating rate, R is the gas constant, A is a kinetic parameter. As a consequence of the 

thermodynamic effects, leading to a difference in the crystallization ratio as a function 

of the heating rate, Tx depends on the heating rate β. Inspecting equation (1), the left 

side term  linearly depends on the inverse temperature 1/Tx, and the second term ln ( 𝛽
𝑇2

𝑥
)

of the right side of the KAS equation as well. Thus, the apparent activation energy Ea(x) 

can be evaluated just from this terms for the whole x range by a linear fit (details are 

included in the Supporting Information Figure S6). The dependence of the local values 
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of activation energy Ea(x) on the crystallization volume fraction x is illustrated in Figure 

6. In the initial stages, the higher values of Ea(x) suggest a high-energy barrier for 

crystallization, the large initial slope determined from Ea(x) vs x indicates that the first 

crystallization steps allow to go beyond a crystallization threshold, representing a very 

reduced amount in volume fraction of the overall precursors (dEa(x)/dx is shown in the 

Supporting Information Figure S7 (c)). Once the crystallization is initiated, the 

activation energy Ea(x) begins to drop off until ~70% of crystallization fraction, then 

upwards again. Furthermore, the apparent activation energy Ea(x) having a minimum 

at ~70% indicates that the crystallization reaction becomes easier when the crystalline 

fraction is close to this value. Figures 4(b)-(e) show the Gaussian fitted exothermal 

peaks for different heating rate. As explained above, the first peak is related to crystal 

nucleation and growth, the second one arises from the coalescence process. The 

shaded areas represent the 70% crystallization fraction for different heating rates. For 

the 10 °C/min heating rate DSC curve, the corresponding 70% crystallization area is 

essentially dominated by the nucleation and growth peaks, with no major contribution 

of the crystal coalescence process. For DSC experiments with higher heating rates, 

the corresponding peaks have larger temperature spreading and they are centered on 
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temperature values closer one to another. Thus, a higher correlation between 

nucleation, crystal growth and coalescence exists for the largest heating rates (the two 

peaks evolution vs heating rate are shown in Supporting Information Figure S7 (a) and 

(b)). From the minimum effective barrier height observed at ~70% of crystallized 

volume fraction, this percentage is deduced to set the boundary between nucleation, 

growth and coalescence mechanisms of these nanoparticles following the present 

synthesis process. Above ~70% of crystallized volume fraction, the effective activation 

energy Ea increases (Figure 6). 

Such behavior can be explained from the wider picture of the whole crystallization 

process based on thermodynamic arguments and considering that the activation 

energy during the crystallization process is not a constant, which is consistent with 

Ostwald rule40. In the initial stage of crystallization, the activation energy is expected 

to be the highest and energy barrier can be overcome by thermal fluctuation, leading 

to a fast transition via atomic displacement. Based on non-equilibrium 

thermodynamics, the Ostwald’s step rule minimizes the entropy in this initial 

transformations process41. Crystallization often starts in such a way that a 

thermodynamically unstable phase appears first followed by recrystallization to 
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thermodynamically stable phase40. From a thermodynamic point of view, it is worth 

noting that the process from nucleation to growth is transient and strongly overlapping 

within the temperature range and ramp conditions used in the synthesis process. 

Taking into account these thermodynamics constraints, the first stages of the 

nanoparticle crystallization are described as independent nucleation processes 

followed by crystalline growth immediately4, which are accompanied by a decrease of 

the system disorder. This crystallization process is related to the intermediate 

crystalline phase formation from an amorphous solid (Figure 3(b)) accompanied by an 

activation energy reduction. Few studies report the detailed chemical stability of 

amorphous and crystalline phases of BFO, and essentially focus on the comparison 

between different crystalline phases of Bi oxides, Fe oxides, or Bi-Fe oxides 

nanoparticles42 or thin films43, rather than between the stability of amorphous vs 

crystalline phases of BFO precursors. Although it is not possible to disentangle the 

contributions of the amorphous and crystalline particle formation energies to the 

measured enthalpy change, an amorphous to crystalline phase transformation is 

intrinsically related to a reduction of disorder, thus coupling to entropy changes. This 

phase transformation can be responsible of the activation energy Ea decrease, leading 
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to the crystallization of up to 70% of the volume into crystals (nucleation and growth 

process), the formation of energetically stable nano-crystallites that have overcome 

the energy barrier along with their subsequent coalescence are favorable for further 

transition at high temperature. Above concentration ~70%, the increase of activation 

energy Ea contributed from the surface energy of nano-crystallites, which should be 

taken into account the coalescence process. We note that the surface chemical 

potentials in perovskite oxides are typically larger than the bulk counterparts44-45. The 

increase in Ea for crystalline volume fraction larger than ~70% can account for the 

crystal growth mechanisms that are related to the number of available crystalline 

particles as well as to their mutual interaction, which is based on particle rotation 

induced particle coalescence mechanism. In addition, from DSC analysis, we note that 

the integral intensity of the first exothermic peak is larger than that of the second one. 

This result can be explained by a larger energy barrier for nucleation and growth (lower 

temperature peak) than for coalescence (higher temperature peak), which supports 

the results shown with Figure 6. The variation of Ea(x) can thus be attributed to the 

crystal nucleation, growth and coalescence in the crystallization process. The present 

results and analysis highlight that the combination of all afore-mentioned processes, 
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leading to particle transformations from single nanocrystal into grown (coalescent) 

nanocrystals, can promote the activation energy Ea to increase for crystallization 

fractions above 70% based on the previously explained surface energy arguments.

CONCLUSIONS

In summary, single crystal BFO nanoparticles are synthesized via wet chemical 

method under elaborate temperature process. The optimized chelation for pure phase 

is discussed, which indicated that tartaric acid and ethylene glycol are the optimal 

combination pure phase BFO. HRTEM images reveals that the BFO nanoparticles are 

single crystalline, and that the average crystal size is around 36 nm, in agreement with 

Rietveld refinement analysis of the XRD patterns. The nanoparticles crystalline growth 

mechanisms are studied by DSC using a Kissinger-Akahira-Sunose model of non-

isothermal transformations. The local activation energy Ea(x) are calculated to illustrate 

that in the range of 0-70% crystallization fraction, the crystallization process is 

dominated by nucleation and growth process. Above 70%, the crystallization process 

is consistent with a nano-crystallite growth via coalescence dominated by the reduction 

of surface energy. These findings suggest that controlling the process temperature and 
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employing appropriate chelates are key factors to obtain pure phase nanoparticles, 

especially oxides containing volatile elements such as Bi, Pb, etc. 
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Figure 1. (a) Heating and cooling ramps of DSC experiments using BFO precursor 

powders. In (b) and (c), the different heating processes for BFO nanoparticles 

synthesis are depicted, being (b) the single step one and (c) the three step one. In (d) 

and (e), XRD patterns of nano BFO synthesized by (d) the single step heating process 

shown in (b), and by (e) the three step heating process shown in (c). The peaks 

identified with cross symbols shown in (d) arise from parasitic phases.
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Figure 2. (a) X-ray diffraction data (symbols) and corresponding Rietveld refinement 

(lines) of BFO nanoparticles. Inset: a characteristic BFO nanoparticle observed by 

HRTEM, scale bar of 20 nm. (b) Raman spectrum of BFO nanoparticles, E modes and 

A1 modes are indicated and the corresponding spectrum range arising from phonons 

primarily related to Bi, Fe or O ions. In (c) and (d), EELS spectra from BFO 

nanoparticles: (c) O K edge spectrum indicating A1, A2, and B peaks, and (d) Fe L3,2-

edge spectrum indicating the corresponding L3 and L2 edge position. For more details 

in the analysis, see the text.
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Figure 3. HRTEM images capturing the different formation steps of the BFO 

nanoparticle crystallization and corresponding analysis. In the central area of the 

image, to a representative nanoparticle surrounded by nanocrystals. The zoom in a 

nanocrystal captured within an amorphous rich area region located at the top left corner 

and left bottom indicated by the solid-line square is shown in (b) and (c), the insets 

shows the corresponding magnified FFT respectively. The FFTs shown in (d) and (e) 
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correspond to different areas within the same nanoparticle, indicated by the dashed 

line squares, (d) from the large square area and (e) from the small square area.

Figure 4. Study of the crystallization of BFO nanoparticles from DSC data collected at 

different heating rates on the same amorphous powder. (a) Detail of the raw DSC data 

collected around the crystallization thermal window of the amorphous powder (b-e) 

Gaussian fitted exothermal peaks related to nucleation and growth, the shaded areas 

denote the achievement of 70% volume crystallization (base-lines have been 

subtracted from DSC curves). 
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Figure 5. Sketch of the BFO nanoparticle crystallization process following the present 

sol-gel method.

Figure 6. Dependence of local activation energy Ea(x) (by KAS model) on the degree 

of crystallized volume fraction x.

Table 1. BFO nanoparticles synthesis temperature and corresponding values of 

particle size, crystallite size, normalized lattice parameters (an and cn)25 , isotropic and 

anisotropic strain values.
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The Supporting Information (X-ray diffraction studies of the amorphous phase after 2h 

400°C sintering and of the 600°C crystalline phase (and corresponding Rietvield 

refinement), additional high resolution transmission electron microscopy images and 

corrresponding analysis, details on the Raman spectroscopy analysis, methods for 

fitting the differential scanning calorimetry data to results with the used KAS kinetic 

model, explaination of the sol-gel process, X-ray photoelectron spectroscopy analysis) 

is available free of charge on the ACS Publications website at DOI: http://pubs.acs.org.
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SYNOPSIS

BiFeO3 nanoparticles have been successfully synthesized via an optimized two-step 

wet chemical method. Based on a thermodynamic analysis, the initial stages of 

nanoparticle formation, related to nucleation and growth are investigated. The 

activation energy for BiFeO3 crystallization as a function of the crystallized volume 

fraction was determined via Kissinger-Akahira-Sunose model, which shows a 

threshold value of 70% volume fraction as the limit between nucleation and growth 

against coalescence.
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