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Abstract—Formation of nanocrystalline yttrium orthoferrite of ~30 nm average crystallite size from 
coprecipitated iron(III) and yttrium hydroxides was studied by thermo-X-ray diffractometry and simultaneous 
thermal analysis over 25–900°C temperature range. A mechanism of physicochemical transformations leading 
to the formation of YFeO3 nanoparticles was suggested. 
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Yttrium orthoferrite (YFeO3) is a perovskite-like 
compound possessing a broad range of properties 
making it attractive for advanced technical applications 
[1–4]. Nowadays many studies focus on the features of 
synthesis and properties of nanocrystalline YFeO3 [5–
10] with the view of developing new nanomaterials.  

Preparation of nanoscale yttrium orthoferrite by the 
classical solid-phase reaction route is complicated by 
high temperatures and long time of synthesis required 
for these processes [11] where the formation of the 
target products, in particular, of perovskite ortho-
ferrites [12, 13], may be accompanied by the 
appearance of impurity phases with crystallites 
growing to micron sizes. Such difficulties can be 
avoided by using “soft” synthesis methods [14], or 
other methods involving fast chemical reactions [15], 
including those based on combustion of the reactants 
[16, 17].  

Although a considerable number of studies treats 
the methods of synthesis of nanocrystalline ortho-
ferrites, there are only fragmentary data concerning the 
mechanisms of their formation from coprecipitated 
hydroxides [6, 17–20]. Still, the latter method is 
promising for the preparation of nanocrystals due to 
simple apparatus and positive experience of its 
application for high-speed synthesis of many oxide 

compounds, yielding nanocrystalline reaction products 
[15]. The synthesis of nanocrystalline yttrium 
orthoferrite by decomposition of coprecipitated 
hydroxides was considered in [6, 10], but the 
mechanism of its formation, whose knowledge would 
enable directed synthesis of nanocrystalline YFeO3, 
still remains to be investigated.  

The difficulty in investigating the mechanism of 
YFeO3 formation from coprecipitated hydroxides 
consists in the multiplicity of chemical compounds and 
their polymorphs occurring in the Fe2O3–Y2O3–H2O 
system [21–23]. This is responsible for high variance 
of the processes involved in dehydration and, 
consequently, for a strong effect exerted by the 
dehydration conditions on the chemical composition, 
structure, morphology, and dispersity of the final 
products. Moreover, high reactivity of the freshly 
precipitated yttrium hydroxide, which reacts with the 
atmospheric CO2 to form hydroxycarbonates [9, 21], 
leads to chemical inhomogeneity of the coprecipitated 
substances and to the formation of impurity phases. In 
[24, 25], it was shown that the carbonation of 
coprecipitated hydroxides in air results in 
amorphization of the analyzed composition, but the 
influence of this process on phase formation was not 
discussed.  
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Thus, both the mechanism of the formation of nano-
crystalline yttrium orthoferrite from the coprecipitated 
hydroxides and the role of partial carbonation in this 
process remain unclear. Specifically these issues are 
mainly addressed in this study.  

The reaction formulation was obtained by coprecipita-
tion of iron(III) and yttrium hydroxides from their 
nitrate solutions with an ammonia solution, and this 
was followed by washing and drying in air. According 
to the X-ray microanalysis data, the elemental composi-
tion of the reaction formulation yielded by coprecipita-
tion was 50.4±0.5 and 49.6±0.5 at % of iron and yttrium, 
respectively, which corresponds, within the accuracy 
of the analysis method, to the stoichiometric (50 : 50 at %) 
ratio of the elements, preset in the synthesis.  

Figure 1 shows the results of simultaneous thermal 
analysis and thermo-X-ray diffractometry of the 
coprecipitated composition. These data suggest that, 
under the actual conditions, the orthoferrite formation 
involves a sequence of physicochemical transforma-
tions whose corresponding temperature range can be 
conditionally divided into two ranges. The first range, 
from room temperature to 500–600°C, is characterized 
by the largest weight loss in the TG curve and intense 
endothermic peaks in the DSC curve, while in the 
diffraction patterns X-ray reflections are totally absent 
up to 600°C. The second range, from 500–600°C to 
900°C, exhibits low- and medium-intensity exothermic 
peaks associated with crystallization of the amorphous 
substance and the formation of new chemical 
compounds, as confirmed by X-ray diffraction data. 
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Fig. 1. Data of the transformations analysis of the coprecipitation products under heating: (a) simultaneous thermal analysis and            
(b) thermo-X-ray diffraction.   Phases: (1) YFeO3, (2) α-Fe2O3, (3) α-Y2O3, and (4) α-Al2O3 (internal standard).  
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The weight loss in this range is insignificant compared 
to the first range.  

It seems reasonable to consider the changes 
occurring in nanoscale systems taking into account the 
dispersity of the components and their content in the 
system. Accordingly, Fig. 2 presents the quantitative 
X-ray phase analysis data and the calculated crystallite 
sizes for the coexisting phases, derived from the X-ray 
diffraction data.  

Comparing the simultaneous thermal analysis data, 
thermo-X-ray diffraction analysis results, and the 
available published data allowed us the following 
characterization of processes occurring during heat 
treatment of the coprecipitated hydroxides. The 
endothermic peaks with maxima at 142 and 256°C, 
corresponding to the DTG peaks in the same 
temperature ranges, evidence significant weight losses 
of 10.9±0.7 and 11.6±0.8%, respectively. The width 
and intensity of the observed peaks suggest that they 
describe the totality of the processes associated with 
both the vaporization of free and adsorbed water from 
the substance [22, 26, 27] and the decomposition of 
iron and yttrium hydroxides having low stability at 
elevated temperatures [26, 28]. The latter process is 
not manifested in the X-ray diffraction data, because the 
sample analyzed is X-ray amorphous to 500°C inclusive.  

Another factor responsible for the weight losses in 
the sample is decomposition of yttrium hydroxycar-
bonate Y2(OH)4CO3 and oxycarbonate Y2O2CO3, 
respectively [9, 25], which appeared in the system 
because of high reactivity of the freshly precipitated 
yttrium hydroxide toward atmospheric carbon dioxide. 

These carbonation products do not show up in the X-
ray diffraction pattern probably since they are highly 
amorphous. However, their decomposition causes low-
intensity endothermic peaks with DTG maxima at 379 
and 617°C and weight losses of 3.1±0.6 and 2.4±0.6% 
in the TG curves, observed for hydroxycarbonate and 
oxycarbonate, respectively. Based on the quantitative 
X-ray phase analysis data, the weight losses in the 
sample due to these processes were estimated at 
2.0±0.5 and 2.5±0.5%, respectively, which findings 
coincide, within the limits of the measurement 
accuracy, with the thermal analysis data. This confirms 
the suggested sequence of the chemical reactions 
describing the transformations of the carbonation 
products of the precipitated yttrium hydroxide. It 
should be noted that, according to the TG analysis 
data, the yttrium oxycarbonate decomposition occurs 
over a very extended temperature range of 600–800°C, 
which complicates its recording in the DSC curve.  

The DSC curve exhibits a weak exothermic peak at 
538°C corresponding to the α-Fe2O3 crystallization 
[29], as confirmed by weak X-ray diffraction peaks at 
600°C, observed at the 2θ angles corresponding to the 
most intense reflections from α-Fe2O3. With increasing 
temperature the detection of iron(III) oxide in the 
system from the X-ray diffraction pattern gets 
complicated by superposition of the reflections from 
other phases. However, a low-intensity peak at 2θ ≈ 
35.5° corresponding to the (110) reflection from iron 
oxide with a hematite structure is indicative of the 
existence of α-Fe2O3 up to 900°C. It should be noted 
that, over the 600–900°C range, the amount of iron(III) 
oxide remains virtually unchanged, which may 
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Fig. 2. Temperature dependence of (a) crystallite size and (b) quantitative ratio of the coexisting phases: (1) YFeO3, (2) α-Fe2O3, 
(3) α-Y2O3, and (4) amorphous phase.  
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indicate that the α-Fe2O3 formation is complete already 
at 600°C. In this process, the average size of the               
iron(III) oxide crystallites significantly increases as the 
temperature approaches the melting point of the two-
dimensional non-autonomous phase, 997±180°C for 
iron(III) oxide [30]. The corresponding intensification 
of the recrystallization of the substance leads to a 
significant increase in the average size of the iron(III) 
oxide crystallites, from 15±3 to 60±7 nm.  

The crystallization of α-Y2O3 proceeds at signi-
ficantly higher temperatures. The most active stage of 
this process is accompanied by an exothermic peak in 
the DSC curve at 808°C. The yttrium oxide crystalliza-
tion is also evidenced by the appearance of the 
corresponding reflection in the diffraction pattern at 
800°C, broadly consistent with the data from [25]. 
Further increase in the heat-treatment temperature to 
900°C does not noticeably affect the intensity of this 
reflection from α-Y2O3. It should be noted that the 
mole fraction of yttrium oxide in the system remains 
nearly unchanged over the 800–900°C temperature 
range, being numerically equal to that of α-Fe2O3 
within the limits of the error in determining the 
quantitative composition of the sample. It presumably, 
the formation of simple oxides α-Fe2O3 and α-Y2O3 is 
due to inhomogeneity of the coprecipitated hydroxides, 
associated with their partial carbonation. In this case, 
the equality of the mole fractions of iron(III) and 
yttrium oxides in the system is explained by identity of 
the amounts of the iron- and yttrium-containing 
components that does not participate in the formation 
of yttrium orthoferrite, which originates from a 
homogeneous product of coprecipitation of the 
hydroxides, due to carbonation of the freshly preci-
pitated yttrium hydroxide in air. A growing average 
size of the α-Y2O3 crystallites with temperature 
increasing from 800 to 900°C is apparently due to the 
recrystallization of yttrium oxide.  

As known, precursors in the solid-phase synthesis 
of YFeO3 are iron(III) and yttrium oxides. However, 
we observed only trace amounts of crystalline α-Fe2O3 
and α-Y2O3 against significant amounts of the yttrium 
orthoferrite formed. Such behavior of the system 
suggests the existence of an alternative mechanism of 
the YFeO3 formation without crystallization of the 
individual simple oxides. The formation of yttrium 
orthoferrite in this case can be regarded as a result of 
two parallel processes of physicochemical transforma-
tions. In one process, YFeO3 is formed from a 
homogenous mixture of the coprecipitation products 

which undergo simultaneous dehydration without 
significant crystallization of intermediates. In the other 
process, the formation of yttrium orthoferrite becomes 
possible only after decomposition of the products of 
partial carbonation of the coprecipitated hydroxides 
into simple oxides.  

This presumption is adequately supported by the 
simultaneous thermal analysis data. For example, in 
the DSC curve there are two exothermic effects with 
extrema at 689 and 824°C which can be associated 
with the YFeO3 formation. At the lower of these 
temperatures, YFeO3 is formed from the simultaneous 
dehydration products of the hydroxides; this process is 
manifested, along with the thermal effect in the DSC 
curve, in the appearance of reflections from YFeO3 in 
the diffraction pattern at 700°C, being also in good 
agreement with published data [5]. At the higher of the 
temperatures, yttrium orthoferrite is evidently formed 
from the decomposition products of the carbonated 
part of the precursor, as indicated by the YFeO3 
formation onset temperature which falls within the 
temperature range of crystallization of yttrium oxide, 
with an exothermic peak at 808°C corresponding to its 
maximum rate. The fact that the processes of the 
YFeO3 formation from the homogeneous part of the 
precursor and from the carbonation products of the 
coprecipitated hydroxides occur in parallel is indirectly 
confirmed by invariance, within the limits of the 
measurement accuracy, of the molar fractions of the 
simple oxides (α-Fe2O3 and α-Y2O3), while the molar 
fraction of YFeO3 in the system is gradually increasing 
over the 600–900°C temperature range.  

A relatively low temperature of the yttrium ortho-
ferrite formation (~700°C) can be explained by high 
homogeneity of the initial mixture. This facilitates the 
transport of the reactants, so the YFeO3 formation is 
limited only by structural transformations in the 
substance, with the average crystallite size of ~30 nm 
provided for YFeO3.  

On the other hand, the YFeO3 formation from the 
simple oxides (α-Fe2O3 and α-Y2O3), which are the end 
products of the decomposition of the carbonated part 
of the precursor, is complicated because of the need in 
both the transformation of the structure of the system 
components and the mass transfer of the substances, 
with the latter factor being of decisive importance. 
Under these circumstances, the active mass transfer of 
the substance is possible at comparatively high 
temperatures which typically correlate with the melting 
point of the two-dimensional non-autonomous phase of 
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the lower-melting reactant (α-Fe2O3). However, in this 
case the onset temperature of the yttrium orthoferrite 
formation is also affected by the formation of α-Y2O3 
from Y2O2CO3.  

Thus, based on out research findings, the sequence 
of the physicochemical transformations leading to the 
yttrium orthoferrite formation by heat treatment of the 
coprecipitated hydroxides can be represented schema-
tically as shown in Fig. 3.  

In this study, heat treatment of the precursor, the 
coprecipitation product of iron(III) and yttrium 
hydroxides, resulted in the formation of the ortho-
rhombic modification of yttrium orthoferrite with the 
average crystallite size of ~30 nm. It was shown that 
the YFeO3 formation can follow two mechanisms: 
simultaneous dehydration of the coprecipitated 
hydroxides to give yttrium orthoferrite at temperatures 
near 690°C and separate decomposition of the 
carbonation products of the hydroxides to give yttrium 
orthoferrite at temperatures near 825°C. These 
processes involve various sequences of physicochemical 
transformations and are associated with chemical 
inhomogeneity of the precursor, arising in the copre-
cipitation stage. A total scheme of the physicochemical 
transformations leading to the formation of yttrium 
orthoferrite nanocrystals was suggested.  

EXPERIMENTAL 

The technique of preparation of mixed iron(III) 
and yttrium hydroxides by coprecipitation has been 

previously described in [9]. Iron(III) nitrate (“pure” 
grade) and yttrium nitrate (“pure” grade), taken in a    
1 : 1 stoichiometric ratio, were dissolved in distilled 
water with vigorous stirring to obtain the solution of 
concentration 1 M in each of the components. Next, 
this solution was added dropwise to a vigorously 
stirred 1 M NaOH solution. Its acidity (pH) was 12, 
when the addition of the solution of the nitrates was 
complete. The resulting dark brown precipitate was 
filtered off and rinsed several times with distilled water 
until no sodium ions and nitrate ions could be detected. 
Next, the precipitate was dried at 70°C for several 
hours, after which it was thoroughly ground and analyzed. 

The elemental composition was determined by            
X-ray microanalysis using a FEI Quanta 200 scanning 
electron microscope coupled with an EDAX energy 
dispersive analyzer. Simultaneous thermal analysis 
was performed in the differential scanning calorimetry-
thermal gravimetry (DSC–TG) mode over the 25–900°C 
range using a Netzsch STA 449 F3 instrument.  

Thermo-X-ray diffraction analysis was carried out 
in the 25–900°C temperature range using a Shimadzu 
XRD-7000 X-ray diffractometer (CuKα-radiation, λ = 
0.154051 nm) equipped with an Anton Paar HTK 
1200N high-temperature chamber (time of treatment 
before measurement 30 min, measurement time               
~12.5 min; measurement mode: Bragg’s angle 25°–
40°, scanning step 0.02°, measurement time at a point 1 s).  

Qualitative X-ray phase analysis was performed 
using ICDD PDF2 powder diffraction data base [31]. 

Y(OH)3 
(amorph.) 

Fe2–xO3–3x(OH)3x 
(amorph.) 

Y2O3 
(amorph.) 

Fe2O3 
(amorph.) 

Y2(OH)4CO3 
(amorph.) 

Y2O2CO3 
(amorph.) Fe2O3 

(amorph.) 

Fig. 3. Scheme of the chemical transformations occurring during heat treatment of the coprecipitation products.  
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Quantitative X-ray phase analysis was carried out by 
the Rietveld method [32]. The average crystallite size 
for the phases observed was calculated from the 
broadening of the X-ray diffraction lines using MAUD 
software package [33]. 
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