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The mechanism of BiFeOgs nanoparticle formation from initial compositions obtained by bismuth and iron hy-
droxides co-precipitation has been studied. The activation temperature of the BiFeO3 nucleation and nanocrystal
growth is shown to correlate with that of the nonautonomous phase’s melting. The optimal temperature range
during nanoparticle formation by the method in question was found to be between 460-520(%40) °C.
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1. Introduction

Primarily, BiFeO3;—based materials are of interest as multiferroics used for the develop-
ment of magnetoelectric materials and photovoltaics, including thin-film materials, nanostruc-
tures and compounds with BiFeO3 nanosized blocks [1-10]. BiFeO3 nanoparticles may have
other potential applications, for example in [11] BiFeOs nanoparticles were used for BiFeO3—
graphene nanohybrids, which may find application due to their photocatalytic properties.

A wide range of investigations reviewed were devoted to the synthesis of BiFeO3 by
applying different methods and determining the optimal conditions for producing this compound
free from other impurity phases [12]. Nevertheless, obtaining a pure single-phase product has
been problematic, so far. Various authors have suggested different reasons for this. Some
works describing the synthesis of BiFeO3 synthesis mention its metastability as a reason for the
inability to produce this compound uncontaminated by other components of the Bi;O3-Fe;O3
system (see, e.g., [13]). However, this is an equilibrium compound according to works on phase
equilibria [14-17].

The difficulty of producing BiFeOs free from other phases by means of a solid phase
synthesis was explained by its nonstoichiometry and changes in the homogeneity region with
increased temperature [18]. In the same work, the activation of BiFeO3 formation was shown to
depend on the chemical background of the initial mixture. In this case, a number of subsequent
transformations occur when BiFeOj3 is synthesized from BiyO3; and Fe,O3 by the solid state
chemical reaction method. At the initial stage, the formation of BiysFeOgs9 takes place. Its
maximum quantity was recorded at 500 °C. Then, BiFeOj3 synthesis intensified sharply at about
600 °C, and the further increase in the reaction temperature leads to the formation of BiyFe Oq
along with BiFeO3; and Biy;FeOsq.

The possibility of BiysFesO9 and BigsFeOs9 formation during BiFeOs; synthesis was
shown to be dependent upon the quality of the initial reagents [19]. Insufficiently pure precur-
sors resulted in the formation of the above-mentioned phases and to their stable existence as
impurities during BiFeO3 formation. Some authors postulate that it is difficult to synthesize the
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single-phase BiFeO3 because BisFe ;Og and BiysFeOsg are thermodynamically more stable than
BiFeO;3 [20,21].

According to data from [22], thermodynamic calculations have yielded a conclusion that
synthesis for the production of single-phase BiFeO3 should not be performed above 727 °C, that
is, above the temperature of the o — 3 BiyOj transition, as the high entropy of the disordered
[3-Biy03 sharply decreases the Gibbs energy of bismuth ferrite formation. The suggested optimal
synthesis temperature is around 720 °C.

A schematic description of BiFeOs, as well as BisFe ;O and BiysFeOszg impurities
formation has been given previously [23]. The diffusion of Bi** ions through Fe,O3 was
shown to have a decisive role in BiFeO3 synthesis. However, the diffusion of components into
the reaction zone was hindered by the crystallization of the BisFe,Og phase, which is more
thermodynamically stable.

A detailed analysis of BiFeOs synthesis provided in [24] showed that when BiFeOs;
was synthesized from a xerogel, its crystallization started above 520 °C, which is more than
100 °C below the temperature of its synthesis from simple oxides by applying the solid state
chemical reaction method with mechanochemical activation of components [25]. In this case,
practically no formation of the intermediate phase BiysFeOsg was observed, and the yield of
BiFeO;3 at 580 °C was 99.7 mass %, which was maintained over a wide temperature range.

Synthestic methods for obtaining BiFeO3 nanoparticles have been considered in many
publications. Several works describe the production of BiFeO3 nanoparticles of various sizes and
morphologies applying low temperature techniques, including the hydrothermal technique [25—
32].

The details regarding the formation, structure and size of BiFeO3; nanoparticles synthe-
sized from different precursors were studied in [33,34]. It was demonstrated in [34] that BiFeO;
crystallization begins around 400 °C, and, according to these publications, an increase in the
reaction temperature of up to 500-600 °C may yield single-phase BiFeOs.

Various methods for synthesizing BiFeO3 nanoparticleswere described, which, however,
did not yield monophase nanopowders [35-39]. The published data analysis showed a lack
of certainty in the interpretation of the reasons for the multiphase nature of the system during
BiFeOg3 synthesis. This relates to the synthesis of both BiFeO3 macroparticles and nanoparticles.
Therefore, investigation of the mechanistic details of BiFeO3 nanoparticle formation is topical.

2. Experimental

BiFeO3 nanoparticles were synthesized by means of thermal treatment of hydroxides
obtained by reverse co-precipitation from solutions of salts into a 25% solution of NH,OH. The
purities of the starting materials, Bi(NOj3)3-5H2O and Fe(NOj3)3-9H50, were 99.9% or higher.
The concentration of bithmus and iron (III) nitrates was 0.1 M/l and dilute nitric acid was
used as the solvent. Solutions of the salts were mixed in a ratio corresponding to BiFeOjs
stoichiometry. The coprecipitated mixture was washed with distilled water until the presence of
ammonium ions was not detected. The precipitate was dried at about 70 °C for 2 hours.

The elemental composition of the studied samples was determined by the energy disper-
sive X-ray microanalysis (FEI Quanta 200 SEM with the EDAX attachment) prior to and after
their thermal treatment. The changes induced in the samples by thermal treatment were studied
by the simultaneous thermal analysis (STA) using STA 449 F3 Jupiter (NETZSCH), as well as
by the high-temperature X-ray diffractometry (HT-XRD) employing XRD-7000 Shimadzu with
HTK-1200N high-temperature attachment (Anton Paar).

The sample investigated by HT-XRD was heated in a stepwise manner from 480-630 °C
and was subjected to isothermal exposure for 5-7 min before diffractogram recording. The
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X-ray quantitative phase analysis (XQPA) employed the PDWin 4.0 code [40]. The material
of the tray in which the sample was placed (a-Al;O3) was used as the internal standard. The
coherent scattering domain size was determined using the Scherrer equation. A correction for
the X-ray line broadening (independent of the particle size) was made using the data on the
CY—AIgOg line width.

3. Results and discussion

According to the elemental analysis data for the initial sample composed of coprecip-
itated bismuth and iron hydroxides and dried at ~70 °C, the elemental ratio corresponded to
BiFeOj3 stoichiometry; Fe:Bi = 1.08+0.05. Elemental analysis data obtained after the HT-XRD
for the sample heated in a stepwise manner up to 630 °C was shown to decrease in bismuth
oxide content, which may be due to its evaporation (Fe:Bi = 1.4740.05).

The HT-XRD of the initial sample (Fig. 1a) demonstrated the presence of only broad
Bi(OH); reflections in the diffractogram, which correspond to 30-35 nm crystallites. The
absence of reflections for any other phases in the diffractogram obviously relates to the presence
of an amorphous iron-containing component. It should be noted that according to [41], the
amorphous state is characteristic of iron hydroxide precipitated in an alkaline medium.

A comparison of the HT-XRD (Fig. 1) and STA (Fig. 2) data makes it possible to
present phase changes in the sample as a below-described series of transformations. Within
the 40-160 °C range, dehydration of ferric oxyhydroxide yields an amorphous iron oxide. This
dehydration temperature range corresponds to that published in [41]. This process is reflected
in the TG and DSC curves as a loss in sample mass (1.8 %), and as a small and temperature-
expanded endothermic effect (11 J/g). Mass-spectrometry of the evolving gases proved the
process to be dehydration (Fig. 2).

Within the 160-300 °C range, the sample keeps losing mass due to Bi(OH)3 dehydration
and to decomposition of a small amount of carbonate, which is accompanied by the loss of 4 %
of mass (Fig. 2). This process occurs simultaneously with the chemical reaction of iron oxide
with the sillenite-structure bismuth, which is usually presented as the compound BissFeO39 or
BigsFeOyo [42]. The total endothermic effect with an enthalpy of 147 J/g corresponds to the
mentioned processes.

Obviously, decomposition of the bismuth carbonate impurity accompanied by the loss
of 2 % of mass and by the endothermic effect with enthalpy of 41 J/g were observed between
320-500 °C. Completion of this process was immediately followed by BiFeOs; formation with
the corresponding exothermic effect with an enthalpy of -30 J/g.

Notable are the small differences between the data generated by HT-XRD and STA
due to the idiosyncrasies of these techniques. Firstly, in HT-XRD, all processes are registered
at lower temperatures than in STA. The reason is that the latter technique is dynamic, and
therefore, it is more difficult to register the onset of a transformation with its help due to
the final rate of temperature growth. On the other hand, the STA data make it possible to
register the transformation of amorphous phases, while this is impossible with the HT-XRD
data. Besides, HT-XRD requires a sufficiently long exposure of samples at each stage of the
high-temperature measurements, which increases the possibility of shifts in the quantitative ratio
of initial components due to the evaporation of the volatile bismuth oxide.

The results of XQPA (performed with due account of the mass balance , numerical data
on the X-ray density of the crystal-forming phases and the data on the size of the crystallites in
them) made it possible to determine volume fractions of the formed crystal phases, the volume
of crystallites and their relative quantity (Fig. 3).
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FI1G. 1. X-ray diffractograms (A = 1.54056 A): a — initial sample; b — sample
after thermal treatment (1 — Al;O3, 2 — BiFeOs3, 3 — BiysFeOsg, 4 — BisFe Oy,
5 — Bi(OH)3)

Analysis of the data in Figs. 2, 3 suggests the below-described mechanism of phase
formation in the mixture of coprecipitated bismuth and iron hydroxides. Obviously, the pH val-
ues of bismuth- and iron hydroxide precipitation under the applied conditions of coprecipitation
differed so significantly that the precipitating components were segregated (Fig. 4). This was
confirmed by the initially-obtained Bi(OH)3; nanocrystallites (Fig. 1a). Segregation strengthens
during thermal treatment due to the difference in dehydration temperatures for the components
(Fig. 2).

Bismuth hydroxide dehydration in the presence of an amorphous iron oxide at tempera-
tures around 250 °C was accompanied by the active formation of sillenite-structure bismuth ox-
1de nanoparticles with a chemical formula that can obviously be written in this case as BiysFeOsg
(Fig. 3). As the temperature increased, the sillenite-structure bismuth oxide nanocrystals kept
growing and reduced in number. This process is most prominent at 480 °C or slightly below
(Fig. 3). It should be noted that this temperature range correlates well with the temperature
of particles surface transition into a liquid-like state [43,44], i.e., with the temperature of the
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F1G. 2. Temperature-dependent a) mass change (TG), heat flow curve (DSC) and
b) ion current mass numbers 18 (M=18) and 44 (M=44) of the sample.

bismuth oxide-based nonautonomous phase melting (460440 °C) [45], at which mass-transfer
along grain boundaries is activated [46,47].

BiFeO3 nanocrystals with 12+2 nm crystallites start forming in the same temperature
range. Nanocrystal formation dominates over their growth until 520 °C. At 520-540 °C, BiFeOs3
nanocrystal growth begins (Fig. 3), while their total number reduces (Fig. 3). These temperatures
correlate with the calculated temperature of the BiFeOs;—based nonautonomous phase melting,
which occurs at 520+40 °C [45]. Thus, it can be asserted that BiFeOs crystallites grow in size
and reduce in number in the system at temperatures of the BiFeOs—based nonautonomous phase’s
melting and represent a consequence of mass transfer intensification along the boundaries of
BiFeOj3 grains.

It should also be noted that the maximum size of sillenite-structure bismuth oxide
crystallites and stabilization of their numbers are observed at temperatures around 520 °C
(Fig. 3). At higher temperatures, the sillenite-structure bismuth oxide fraction diminishes in the
system, not at the expense of the reducing number of crystallites, but due to the decrease in
their size resulting from the bismuth oxide/iron oxide interaction which yields BiFeOj3 (Fig. 4).
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Formation of BisFe,Og nanocrystals was observed only at temperatures around 500 °C
and higher (Fig. 3). In this case, crystallites of the formed BiFe;O9 were about 6 nm in size,
i.e., they were half the size of BiFeOjs crystallites.

The size of crystallites, their number and the fraction of the BisFe ,O9 phase changed
little from 520-560 °C (Fig. 3). A sharp increase in the size of the BisFe Oy crystallites, a
decrease in their number and the simultaneous growth of the volume fraction of BiyFe Og in
the considered system occurred between 560-600 °C. It should be noted that this tempera-
ture range covers the values of the BisFe,;Og—based nonautonomous phase melting temperature
(550£50 °C) calculated on the basis of the expression given in [45]. At temperatures above
600 °C, the BiFeOj3 fraction diminished, obviously due to bismuth oxide evaporation and the
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respective growth of the Fe,O3 fraction in the system (Fig. 3), which resulted in the active
formation of BisFe, Oq.

Thus, the mechanism of BiFeO3 formation from a mixture of coprecipitated bismuth and
iron hydroxides may be described as a series of elementary transformations presented in Fig. 4.
It follows from the analysis of the obtained results that in order to obtain nanocrystalline BiFeO3,
the initial composition should be formed with the maximum possible degree of dispersion of
reagents evenly spread within the reacting system, and that the temperature of bismuth and iron
hydroxides’ thermal treatment should be kept within a sufficiently narrow temperature range,
480-520 °C. All these conditions met, it may be expected that the produced nanocrystalline
BiFeO3 will contain the least amount of impurity phases.

4. Conclusion

Analysis of the sintering temperature for co-precipitated bismuth and iron hydroxides on
the formation of BiFeO3 nanoparticles has shown that the transition of nonautonomous phases
into a liquid-like state has a decisive influence on the processes of nucleation and crystal growth.
The process of BiFeO3 nucleation is activated in the temperature range that corresponds to the
transition of the bismuth oxide-based nonautonomous phase into a liquid-like state. The reason
is that the area of components contact broadens due to the increased mass transfer rate at the
bismuth oxide surface. The growth of BiFeOj crystals is activated at the temperature of the
BiFeO3-based nonautonomous phase melting, which is related to the increased mass transfer
rate along grain boundaries at their transition into a liquid-like state.

Therefore, the optimal temperature range for the formation of BiFeO3 nanoparticles from
the coprecipitated hydroxides with nanosized particles of the starting materials is from 460-
520(+40) °C. The temperature of BiFeO3 nanoparticles synthesis can be reduced only when
the initial composition features a much higher degree of spatial contact between components.
When raising the temperature of synthesis above the mentioned upper value, it is necessary to
decrease the sintering time significantly in order to keep the size of the formed BiFeO; crystals
within the nanosize range.
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