
Research Article

Biomedical Research and Clinical Practice 

 Volume 5: 1-6

ISSN: 2397-9631

Biomed Res Clin Prac, 2020         doi: 10.15761/BRCP.1000199

Tuning the structural and the magnetic properties of 
BiFeO3 magnetic nanoparticles
Makridis A1,2*, Myrovali E1,2, Sakellari1,2 D and Angelakeris M1,2

1School of Physics, Faculty of Sciences, Aristotle University of Thessaloniki, 54124, Thessaloniki, Greece
2Center for Interdisciplinary Research and Innovation (CIRI-AUTH), 57001, Thessaloniki Greece

Abstract
The explosive expansion of multiferroics’ literature in recent years demonstrates the fast-growing interest in this field. Bismuth ferrite is one of the most extensively 
investigated multiferroic magneto-electric compounds that possesses anti-ferromagnetic and ferroelectric properties in room temperature. In this study, aqueous 
coprecipitation method is followed together with an annealing step at 700°C to form bismuth ferrite nanoparticles. The investigation of the impact of the final’s 
product Bi/Fe ratio on its structural as well as on its magnetic properties is one of the key issues of this work. Furthermore, the presence of impurity phases in the 
final bismuth oxide product may be controlled by simple synthetic modifications as proposed. At the same time, structural and magnetic properties of as prepared 
and post-synthesis annealed bismuth iron oxide samples reveal the significance of calcination on forming BiFeO3 single-phase nanoparticles, diminishing secondary 
bismuth oxide phases, crucial feature to bring out the unique multi-electric properties.
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Introduction
Materials that simultaneously possess two or more ferroic order 

parameters, have become a hot topic of research in recent years [1,2]. 
The link between magnetic and electric properties potentially allows the 
creation of novel devices if magnetic and electric order can be mutually 
controlled. Among the different types of multiferroic compounds, 
bismuth ferrite (BiFeO3) stands out because it is perhaps the only 
one exhibiting both anti-ferromagnetic and ferroelectric properties, 
observed at room temperature [1-5]. Therefore, during the past decade, 
extensive research has been devoted to bismuth iron oxide (BFO) -based 
materials in a variety of forms, including ceramic bulks, thin films and 
nanostructures [5]. Primarily, BiFeO3 based materials are of interest as 
multiferroics used for the development of magnetoelectric materials 
and photovoltaics, including thin film materials, nanostructures and 
compounds with BiFeO3 nanosized blocks [5-9] and more recently of 
multifunctional agents being able to simultaneously act as sensitizers for 
radiotherapy as well as heat mediators for hyperthermia [10]. Although, 
multiple reviews report on the synthesis of BiFeO3, which is regarded 
as an equilibrium compound [11,12], by applying different methods 
and determining the optimal conditions for producing this compound 
free from impurity phases, a pure single-phase product still remains a 
hard task to achieve [13]. The synthesis metastability was proposed as 
a reason for the inability to acquire this compound uncontaminated 
from secondary bi-products of the Bi2O3-Fe2O3 system [14]. Moreover, 
additional constraints for the success of a solid phase synthesis 
process may be attributed to non-stoichiometry and variations in the 
homogeneity region with increased temperature [15]. Meanwhile, the 
activation of BiFeO3 formation seems to depend on the chemical 
background of the initial mixture [16]. In this case, several subsequent 
transformations occur when BiFeO3 is synthesized from Bi2O3 and 
Fe2O3 by the solid-state chemical reaction method. Thus, at the initial 
stage, the formation of Bi25FeO39 takes place with its maximum quantity 
recorded at 500°C. Then, BiFeO3 synthesis intensifies sharply at about 
600°C, and the further increase in the reaction temperature leads to 

the formation of Bi2Fe4O9 along with BiFeO3 and Bi25FeO39 phases. The 
tendency of Bi2Fe4O9 and Bi25FeO39 formation during BiFeO3 synthesis 
depended on the quality of the initial reagents [17]. Insufficiently 
pure precursors resulted in the formation of these secondary phases 
and to their stable occurrence as impurities during BiFeO3 formation. 
Eventually, the difficulty to synthesize single-phase BiFeO3 may derive 
from the fact that Bi2Fe4O9 and Bi25FeO39 are thermodynamically more 
stable than BiFeO3 [18,19].

Various synthetic attempts of variable in size and morphology 
BiFeO3 nanoparticles (NPs) are examined, including low temperature 
techniques, such as the hydrothermal and coprecipitation method 
together with subsequent annealing stage [17,20-24]. The choice of the 
precursors has direct impact on the formation, structure and size of 
BiFeO3 [25-27]. Hardy et al. [28] reported that BiFeO3 crystallization 
begins around 400oC, an increase in the reaction temperature of up 
to 500–600°C may yield single-phase BiFeO3. On the other hand, 
Mikhailov et al. [27], concluded, after thermodynamic calculations, 
that the synthesis temperature to produce single-phase BiFeO3 should 
not be above 727°C, that is, above the temperature of the α→ Bi2O3 
transition, as the high entropy of the disordered β-Bi2O3 sharply 
decreases the Gibbs energy of bismuth ferrite formation. The suggested 
optimal synthesis temperature is around 720°C. Despite, the numerous 
attempts to synthesize BiFeO3 NPs, final product is a multiphase micro 
or nano -powder, with no distinct reasoning for the multiple phases’ 
formation during BiFeO3 synthesis [28,29].
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In this work, aqueous coprecipitation method is proposed as a 
first synthesis stage and followed by two hours annealing stage, under 
Ar atmosphere at 700oC, temperature approximating the optimal 
calcination temperature to form single-phase BiFeO3 NPs. The role 
of Bi/Fe ratio impact to the final BFO product and its structural 
and magnetic properties is the first step of our work. Furthermore, 
we examine how the presence of impurity phases in the final BFO 
product can be controlled by a facile synthesis modification such as the 
precursor replacement. At the same time, the impact of the sintering 
process occurring during annealing stage is extensively studied by 
correlation of structural and magnetic features. 

Materials and methods
Synthesis

All chemicals were purchased from Riedel-De Haen, VWR 
Chemicals, AnalR Normapur and PanReac-AppliChan chemicals 
companies. Six BFO NPs samples were prepared by aqueous co-
precipitation method and all chemicals reagents used in the following 
synthesis experiments were of high purity without any further 
purification. The first four samples were prepared using Hydrochloric 
acid (H2O:HCl 37%), whereas the fifth and the sixth one had nitric 
acid [H2O:HNO3 65%] instead. Samples’ notation together with their 
structural and magnetic features appears in table 1.

The role of Bi/Fe molar ratio

To synthesize BFO1 sample, 0.83 g of bismuth nitrate pentahydrate 
(Bi(NO3)3·5H2O) and 2 g of iron nitrate nonahydrate (Fe(NO3)3·9H2O) 
were dissolved in 150 mL of distilled water, keeping the Bi/Fe molar 
ratio at 1/3. 

For the synthesis of BFO2 sample, 7.47 g of bismuth nitrate 
pentahydrate (Bi(NO3)3·5H2O) and 2 g of iron nitrate nonahydrate 
(Fe(NO3)3·9H2O) were dissolved in 150 mL of distilled water, keeping 
the Bi/Fe molar ratio at 3/1. 

The target for the third sample (BFO3) was to prepare BFO NPs with 
molar ratio 1/1. For this reason, 2.5 g of bismuth nitrate pentahydrate 
(Bi(NO3)3·5H2O) and 2 g of iron nitrate nonahydrate (Fe(NO3)3·9H2O) 
were dissolved in 150 mL of distilled water. 

In all samples, since stirring did not result to a clear solution, 20 mL 
of HCl (37%) were added to form a transparent solution. The pH of the 
solutions was controlled by immediately adding drops of 1 M NaOH 
solution, until the desired value 12 was reached. Temperature was kept 
constant at 84oC in all three synthesis attempts. The precipitated orange 
colored products were kept at Tr for about 24 h and were washed 5 times 
with distilled water to remove non-reacting excesses. The final powder 
products were annealed at Ar atmosphere at 700°C for 2 h.

The role of the precursor

A fourth synthesis was also attempted (BFO4 sample), where the 
molar ratio was kept at 1/1 and this was the last sample that hydrochloric 
acid (H2O:HCl) was used as synthesis acid. For the preparation of this 
sample, 7.76 g of bismuth nitrate pentahydrate (Bi(NO3)3·5H2O) and 
6.46g of iron nitrate nonahydrate (Fe(NO3)3·9H2O) were dissolved in 
150 mL of distilled water. As obtained in previous samples, stirring did 
not result to a clear solution. For that reason, 35 mL of HCL (37%) 
were added to form a transparent solution. 1 M of NaOH solution 
was then added drop by drop wise until a pH of 10 was reached while 
temperature was kept constant at 70°C. The precipitated orange colored 
product was kept at Tr for about 24 h and was washed 5 times with 
distilled water to remove unreactant products. These powders were 
annealed at Ar atmosphere at 700oC for 2 h.

To synthesize the fifth BFO sample (BFO5 sample), nitric acid 
[HNO3] was used during preparation of the sample, instead of 
hydrochloric acid [H2O:HCl]. Meanwhile, stronger base solution of 
NaOH (2 M) was added in this synthesis procedure instead of the 
weaker NaOH (1 M) base solution, as mentioned above in all previous 
samples. Concerning the synthesis procedure, 2 g of bismuth nitrate 
pentahydrate (Bi(NO3)3·5H2O) were dissolved in 100 mL of distilled 
water. Solution was kept under stirring and at a constant temperature 
of 70oC. Afterwards, nitric acid [HNO3] (65%) was added into the 
solution, until it became transparent. Separately, 1.66 g of iron nitrate 
nonahydrate (Fe(NO3)3·9H2O) were added into 50 mL of distilled water. 
The two solutions were then mixed, while temperature was constant 
at 70oC, under mild stirring. At that time, NaOH (2 M) solution was 
added drop by drop, until pH reached the value 12. Solution was kept 
under continuous stirring and at a temperature of 70°C for 20 min. 
Moreover, four washes were done with distilled water and the orange-
brown product was left overnight to dry. The last step of the preparation 
was annealing under Ar atmosphere at 700°C for 2 h.

The synthesis properties of sample BFO6 are the same as BFO5 
sample, without the annealing process. This sample is used as a reference 
sample for the purposes of this work. 

Methods

X-Ray-diffraction patterns were obtained using a Philips PW 1710 
diffractometer with CuKα as a radiation source (λ = 1.54242 Å) in 
the 2θ range from 20° to 90° with scanning step width of 0.05° and 
3 s scanning time per step. The structural observation and micro-
morphology were conducted with a JEOL JSM 840A SEM, scanning 
electron microscopy (SEM) equipped with an OXFORD INCA energy 
dispersive X-ray analyzer (EDS) for elemental analyses to measure Bi/
Fe atomic ratios. The magnetization hysteresis curves (M vs H) at room 
temperature were obtained by vibrating sample magnetometry (VSM – 
1.2H/CF/HT Oxford Instruments VSM).

Results and discussion
Nanoparticle features

BFO nanoparticles were prepared by precise controls of a typical 
aqueous co-precipitation method. This work’s first target is to determine 
the adequate, from structural point of view, Bi/Fe molar ratio, since 
multiferroic NPs possess optimum magnetoelectric properties when 
stoichiometric bismuth iron oxide phase (BiFeO3) dominates in their 
structure [17,30-33]. In order to examine how different stoichiometry 
may affect the structural and magnetic properties of BiFeO3 NPs, three 
different synthetic protocols were followed, aiming to three different 

Samples
(Synthesis) 
Molar ratio 

(Bi/Fe)

(SEM) 
Atomic ratio 

(Bi/Fe)

(XRD)
Size (nm) Ms (Am2/kg) Hc (mT)

BFO1 1/3 0.6 29.0 ± 9.5 5.30 14.0
BFO2 3/1 5.4 21.0 ± 4.5 0.00 0.5
BFO3 1/1 1.7 19.0 ± 3.2 0.40 5.0
BFO4 1/1 1.8 42.0 ± 6.3 0.20 20.0
BFO5 1/1 1.4 38.0 ± 12.3 0.20 32.0
BFO6 1/1 1.6 34.0 ± 9.9 0.05 0.2

Table 1. Structural and magnetic properties of BFO samples
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bismuth oxides after 2 h annealing under Ar atmosphere at calcination 
temperature of 700°C.

Microstructural characterization of the multiferroic samples, 
performed by a droplet of 1 mg/mL solution upon a silicon substrate is 
depicted in Figure 2b and 2c, SEM images of the prepared BFO samples 
before (BFO6- Figure 2b left brown color box) and after (BFO5- 
Figure 2c right pink color box) annealing. Interestingly, large (>1 μm 
in diameter) multifaceted particles were observed before annealing 
(BFO6 samples) while smaller (<1 μm in diameter) cubic-like particles 
with smoother faces and clearer edges, are formed after 2 h annealing at 

Bi/Fe molar ratios, 1/3 in sample BFO1, 3/1 in sample BFO2 and 1/1 in 
sample BFO3, as presented in table 1.

Figure 1 shows the corresponding XRD patterns for post-synthetic 
annealed samples where in figure 1a, from bottom to top we have: red: 
BFO1, green: BFO2 and blue: BFO3 patterns corresponding to 1/1 1/3 
and 3/1 Bi/Fe ratios respectively. In all cases, the peaks coincide with 
the reference ones for BFO (BiFeO3:PDF #20-0169, olive color vertical 
lines). Additional peaks can be attributed to secondary phases formed 
in the fabrication process (BiOCl:PDF#06-0249 grey color peaks) 
apparent in all 3 samples (mainly in BFO2) while in BFO1 and BFO3 
samples the non-stoichiometric bismuth iron oxide phases also exist, 
i.e. Bi2Fe4O9:PDF #25-0090 and Bi46Fe2O72:PDF#20-0170 for sample 
BFO1 and Bi2Fe4O9:PDF#25-0090 for sample BFO3. The existence of 
BiOCl phase may be attributed to the hydrochloric acid used during 
the synthesis. Meanwhile, the desirable stoichiometric BiFeO3 phase 
(main reference peaks are colored as olive color lines- BiFeO3: PDF#20-
0169) exists in all five samples. Regarding the samples synthesized 
with different Bi/Fe stoichiometry (BFO1, BFO2, BFO3), BiFeO3 phase 
appears to be as a secondary phase with more intense in BFO3 sample 
(blue curve with 1/1 Bi/Fe nominal ratio). 

On the other hand, the presence of bismuth iron oxide phases such 
as Bi25FeO40 (PDF#46-0416), Bi46Fe2O72 (PDF#20-0170) and Bi2Fe4O9 
(PDF#25-0090) may be attributed on the kinetics of formation, due 
to which, some impurity phases are always obtained along with the 
stoichiometric BiFeO3 phase (PDF#20-0169), as the major phase during 
the synthesis of BFO MNPs. Such impurity phases exist in multiple 
relevant reports [17,22,26,34,35].

Keeping the Bi/Fe molar ratio 1/1 as the optimum synthesis ratio 
to prepare multiferroic NPs, this study’s second goal is to examine the 
impact of the base solution as well as of the type of acid used during 
synthesis on the final NPs phase. More specifically, it is examined if 
the undesirable phases of BiOCl and of the nonstoichiometric bismuth 
oxides can be avoided at the final products by replacing hydrochloric 
acid with nitric acid during synthesis. 

As Figure 1b shows, using nitric acid (used in sample BFO5) 
instead of hydrochloric acid (used in BFO1, BFO2, BFO3 and BFO4 
samples) during synthesis, appears to act beneficially to the structure 
of BFO5 sample, since bismoclite phase (BiOCl PDF#06-0249 grey 
color peaks) no longer appears (BFO5 sample comparing with BFO1, 
BFO3, BFO2 and BFO4 samples). Additionally, by comparing BFO4 
and BFO5, samples with the same Bi/Fe nominal ratio but differences 
in synthesis precursors, one can observe that stoichiometric BiFeO3 
phase (PDF#20-0169) is dominant in BFO5 sample. Bismuth iron 
oxides phases (Bi25FeO40:PDF #46-0416, Bi46Fe2O72:PDF#20-0170 and 
Bi2Fe4O9: PDF#25-0090) recorded here as secondary phases as well, in 
contrast with sample BFO4 where BiFeO3 appears to be as secondary 
phase. Bismoclite (BiOCl: PDF#06-0249 grey color peaks) presented 
in BFO4 sample as the dominant phase with the non-stoichiometric 
bismuth iron oxide phases (Bi46Fe2O72:PDF#20-0170 and Bi2Fe4O9: 
PDF#25-0090) exist also as secondary phases. 

Figure 2a shows the X-ray diffractograms of the annealed BFO 
sample (BFO5) in nominal Bi/Fe molar ratio (1/1) together with its 
as prepared reference sample (BFO6). Regarding the not annealed 
reference sample BFO6, the presence of bismuth oxide phases (Bi2O3: 
PDFs #45-1344 and #51-1161) is unavoidable as clearly shown with blue 
and green vertical lines, under spectra (Figure 2a), respectively. On the 
contrary, the desirable target phase of bismuth iron oxide (BiFeO3) is 
dominant (PDF#20-0169- olive colored lines) without any presence of 

Figure 1. X-ray diffractograms of BFO samples synthesized a) using different nominal Bi/
Fe molar ratio under the same synthesis conditions (red: BFO1 (1/3), green: BFO2 (3/1) and 
blue: BFO3 (1/1)) and b) using the same nominal Bi/Fe ratio 1/1 under different synthesis 
conditions (black: BFO4 (hydrochloric acid + weak base), pink: BFO5 (nitric acid + strong 
base) all annealed at 700°C for 2 h under Ar atmosphere. 

1μm1μm

(b) (c)

(a)

Figure 2. (a) X-ray diffractograms of the annealed BFO sample (BFO5) in nominal Bi/Fe 
molar ratio (1/1) together with its reference sample (BFO6) before annealing. SEM images 
of the two samples (c) BFO5 and (b) BFO6 demonstrating the change in morphology after 
the 2 h calcination at 700°C under Ar atmosphere
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700°C at Ar atmosphere (BFO5 sample). Similar effects of annealing on 
morphology has been reported, previously in [37] for 600°C annealing 
temperature. This difference in morphology between before and after 
annealed samples (BFO6 and BFO5 samples, respectively) may be 
attributed to the diminishing of the secondary impurity Bi oxide phases 
(Bi2O3) blocking the domination of single-phase NPs. It is reported most 
often that BiFeO3 is accompanied by secondary phases such as Bi2Fe4O9 
and Bi25FeO29 [36,37]. The impurity phases in the XRD patterns could 
be attributed to the volatilization of Bi3+ ions which resulted due to 
excess addition of Bi.

By measuring the full width at half maximum of the 4 strongest 
diffractions peaks and using Scherrer’s formula, the samples crystallite 
sizes were estimated to be 19-42 nm as shown in table 1. Elemental 
analysis with EDX detection revealed the Bi/Fe atomic ratio for each 
sample as summarized in table 1 in comparison with the respective 
initial Bi/Fe molar ratio used in the synthesis. As it is expected, BFO1 
sample with initial Bi/Fe molar ratio at 1/3 has the highest Fe content 
with 0.61 Bi/Fe atomic ratio. On the contrary, initial Bi/Fe molar ratio 
of 3/1 and 1/1, used in samples BFO2 and BFO3, BFO4, BFO5, BFO6, 
respectively, resulted to a Bi content excess as shown in third column of 
Table 1. Interestingly, bismuth atomic content in BFO2 sample is more 
than five times greater than iron atomic content (Bi/Fe atomic ratio is 
5.4 as shown in table 1), explaining the strong existence of the bismuth 
enhanced impurity phase of Bi46Fe2O72 (PDF#20-0170). It should be 
noticed that this deviation from 1/1 Bi/Fe atomic ratio in BFO3, BFO4, 
BFO5 and BFO6 samples can explain the several secondary phases that 
XRD results revealed (Figure 1 and 2a) for these samples. Additionally, 
BFO5 sample has the closer to 1/1 Bi/Fe atomic ratio (1.4) comparing 
with the other three nominal 1/1 Bi/Fe molar ratio samples (BFO3, 
BFO4 and BFO6 with 1.7, 1.8 and 1.6 Bi/Fe atomic ratios, respectively) 
and this explains why, regarding to the XRD results, the stoichiometric 
phase of BiFeO3 (PDF#20-0169-olive colored lines in Figure 1 and 2a) is 
presented as the dominant phase in this sample. It should be mentioned 
here that even though BFO3 and BFO4 samples have similar atomic Bi/
Fe ratios (1.7 and 1.8, as shown in table 1, respectively) their crystallite 
sizes are strongly different (BFO4 NPs have a twice larger crystallite size 
(42 nm) than BFO3 (19 nm). This may be attributed to the difference 
in temperature reaction during synthesis (83°C and 70°C in case of 
BFO3 and BFO4 sample synthesis respectively) as well as to the pH 
level reached in each case (12 and 10 for BFO3 and BFO4 samples, 
respectively). It has been shown [26], that pH level during the synthesis 
of BFO NPs has direct impact on their size but it is worth mentioning 
here that there is a lack of literature works on this connection. 
Meanwhile, most literature reports, focusing on the synthesis of BFO 
NPs, use pH synthesis values up to 11 which is less that pH 12 that used 
for the preparation of BFO3 sample [26,35,37]. Additionally, annealing 
temperature appears in several works as the most crucial synthesis 
factor strongly affecting the size of BFO NPs [37]. Regrading figure 1, 
one can state also that the presence of secondary Bi iron oxide phases is 
more evident in BFO4 than in BFO3, which is a result of the different 
synthesis parameters followed as discussed before and can be also a 
reason of the observed size difference.

To investigate the magnetic properties of the BFO particles, 
magnetic measurements were performed using VSM magnetometry. 
The magnetic response observed as a function of the applied magnetic 
field is correlated with the structural findings while the magnetic 
features (saturation magnetization Ms and coercive field Hc) of each 
sample are outlined in the last two columns of table 1. Figure 3 presents 
the magnetization as a function of the applied magnetic field (field 

range of ± 1 T) of the BFO powders at room temperature, also well 
known as magnetization hysteresis loop.

As it is summarized in table 1 and also shown in Figure 3a and b, 
BFO samples with Bi excess (Bi/Fe atomic ratio >1 in samples BFO2, 
BFO3, BFO4, BFO5, BFO6) present weaker saturation magnetization 
at 1 T (up to 0.4 Am2/kg) with respect to sample BFO1 appearing as 
the magnetically strongest (Ms=5.3 Am2/kg), in accordance with its 
Fe content excess (Bi/Fe atomic ratio=0.6). Regarding the samples’ 
coercivity, Figure 3b and d show that BFO2 and BFO6 samples have the 
weakest coercive field among all samples, 0.5 and 0.2 mT, respectively. 
Meanwhile, the excess in Bi content (Bi/Fe atomic ratio equals to 5.4) in 
BFO2 sample favors a diamagnetic-like behavior, as the corresponding 
green curve in figure 3a presents. As far as the reference, not annealed 
BFO6 sample concerns, the presence of Bi oxide phases (blue and green 
peak-corresponded lines in Figure 2a can explain its weak Ms and Hc 
values (orange curves in Figure 3c and d). In case of BFO5 sample, after 
the annealing process, the improvement of its phase (the unfavorable 
bismuth oxide phases of BFO6 sample no longer exist in BFO5, as XRD 
results shown in Figure 2a) directly affects its magnetic features.

Interestingly, BFO5 sample presents a coercivity of 32 mT and an 
Ms of 0.2 Am2/kg for a crystallite size of 38 nm. Analogous magnetic 
behavior with the best, from structural point of view sample (as in the 
case of BFO5), has been also been reported [37]. More specifically, Park 
et al. shown in their work that BiFeO3 MNPs of 41 nm (comparable to 
BFO5 sample’s size of 38 nm) possessed a coercive field value of 30.5 
mT, which is very similar to BFO5 sample’s coercivity. Additionally, 
similar saturation magnetization to BFO5 sample has been reported in 
Carranza-Celis et al. [17] work. More specifically, in that work, sol gel 
synthesis method was used to form BFO NPs that annealed at 600°C. 
Room temperature hysteresis loop exhibited superparamagnetic-like 
behavior with a very weak ferromagnetic component, with a 2.2 mT 
coercive field and similar to BFO5 Ms at 0.17 Am2/kg. It should be noted 
here that different synthesis procedure may impact the final structural 
and magnetic properties of the products. More specifically, Carranza-
Celis et al. [17] suggest in their work that annealing temperature may 
have a crucial impact not only to the structure of the BFO NPs but to 

Figure 3. Hysteresis loops at 300 K for (a) BFO samples synthesized using different nominal 
Bi/Fe molar ratio (BFO1 (1/3), BFO2 (3/1) and BFO3 (1/1)) and annealed at 700°C for 2 
h and (c) BFO samples synthesized using different precursors, under the same nominal Bi/
Fe molar ratio (1/1) with BFO4 and BFO5 annealed at 700°C under Ar atmosphere for 2 
h and with reference as-prepared BFO6 sample. (b) and (d) with rescaled axis depict the 
respective coercivity for all samples.
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their magnetic properties as well. Interestingly, after applying linear 
extrapolation on their experimental magnetization data, Park et al. 
[37] suggest that the highest magnetization achievable for substrate-
free BiFeO3 NPs, ranging in size diameter from 14 to 75 nm, can attain 
values of up to about 1.82 Am2/kg. To put this value into context, 
magnetization values of 1.00-1.66 Am2/kg for epitaxially grown BiFeO3 
thin films have been previously reported [38,39]. It is well known from 
literature that the secondary phases in BFO NPs can also affect their 
magnetic properties [5,40] and it has been extensively mentioned that 
is impossible to avoid them at the final product [41-43]. Although the 
weak Ms value of BFO5 NPs sample, which can be attributed to the 
coexisted secondary Bi iron oxide phases and the excess in Bi content, its 
structural and magnetic properties are obviously improved compared 
with the rest 1/1 Bi/Fe samples prepared for the purposes of this work, 
indicating that the exploration of each synthesis parameter may lead 
to the BFO sample with improved structural and magnetic properties.

Conclusion
BiFeO3 NPs were formed by using aqueous coprecipitation method 

followed by 2 h annealed at Ar atmosphere at 700°C. The investigation 
of three different Bi/Fe molar ratios (1/3, 3/1, 1/1) and their impact 
to the final BFO product highlights the 1/1 as the optimum, both 
from structural and magnetic point of view, Bi/Fe ratio. Furthermore, 
the occurrence of impurity phases in the final BFO product can be 
avoided by simple synthesis precursors replacement. At the same time, 
structural and magnetic properties of not-annealed and post annealed 
BFO samples reveal the significance of annealing procedure on forming 
BiFeO3 without the presence of bismuth oxide phases which is crucial 
to bring out the unique magneto-electric properties.
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