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Abstract The thermal decomposition of Y[Fe(CN)g]-
4H,0 has been studied in order to investigate the formation
of the multi-ferroic oxide YFeO;. The starting material
(Y[Fe(CN)g]-4H,0) and the decomposition products were
characterized by IR spectroscopy, thermal analysis, X-ray
powder diffraction (PXRD), and scanning electron
microscopy. Metastable YFeO; with hexagonal structure,
space group P6;/mmc, was obtained by thermal decom-
position of Y[Fe(CN)¢]-4H,O at 600 °C in air. Ortho-
rhombic YFeO; was obtained by the same method at
T > 800 °C in air. The crystal structure of orthorhombic
YFeO; was refined by Rietveld analysis using PXRD data.
We found that it was slightly deficient in Y>", which is in
agreement with the small amount of Y,O; found as
impurity in the sample. The formula of the orthorhombic
phase is Y .9g6FeOs.
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Introduction

Multi-ferroics are materials that are magnetically ordered,
being at the same time in a ferroelectric state. The coupling
between the electric and magnetic polarizations, i.e., the
magnetoelectric effect, imparts great value to such mate-
rials for practical applications due to the possibility of
controlling the magnetic polarization by an electric field
and vice versa [1]. We can find many examples of these
materials in the perovskite-type oxides family, i.e., BiFeOs3,
BiMnO3;, YMnO;, YCrOs, and YFeOj3 [2-7]. Yttrium or-
thoferrite, YFeOs, has a distorted perovskite structure,
exhibits a weak ferromagnetic behavior, and shows an
antiferromagnetic nature with a high-Néel temperature Ty
around 640 K [6, 7]. YFeOs crystallizes in either ortho-
rhombic perovskite or hexagonal (YAIlOs-type) structures,
depending of synthesis conditions [8§—10]. The stable high
temperature phase adopts the orthorhombic perovskite
structure, space group Pnma, as shown by synchrotron
X-ray and neutron diffraction studies [10]. The metastable
low-temperature compound with hexagonal structure has
been studied by X-ray and neutron diffraction for the pal-
ladium-doped compound, YFe,_,Pd,O5_; [11].

The orthoferrite YFeOj3 has been widely studied for its
magnetic and magneto-optical properties [6, 7, 9], and used
in gas sensors [12, 13], environmental monitoring appli-
cations [14], and catalysis [11]. YFeOs-based catalysts
have been explored only for photocatalytic oxidation of
organic dyes [9, 15] and the selective catalytic reduction
of NO, to N, by propene under lean conditions [16, 17].
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Li et al. have found that hexagonal YFeOs has a high-
catalytic activity for the CO oxidation [11].

Several methods for the synthesis of YFeO; were
informed. Preparation of single phase yttrium orthoferrite
by conventional solid state reaction of precursors oxides is
difficult due to the preferred formation of secondary phases
like Y3FesO;, (yttrium-iron garnet) and Fe;O,4 [7, 10, 18,
19]. Other synthesis routes have also been proposed
including sol-gel processing of a Y-Fe mixed-metal alk-
oxide [6, 8, 20], Pechini method [11, 21], microwave-
assisted synthesis [15], mechanochemically assisted syn-
thesis [22], self-propagating combustion synthesis [9, 23],
and inductively coupled plasma [24].

Heteronuclear complexes of the type A[MM'(CN)g4]-
nH,O (A = lanthanide, alkaline earth metal, Pb or Bi;
M,M’ = transition metals) have been extensively studied
as precursors for perovskite-type oxides AMM'O5_;. The
decomposition of the heteronuclear hexacyano-complexes
is a promising method for the preparation of homogeneous
mixed oxides on an atomic level at low temperatures
compared with the conventional ceramic method [25-36].
These oxides have relatively high specific surface areas and
thus can be used as catalysts in different reactions [30].

Gomez et al. proposed the synthesis of high surface area
perovskites AFeO;_; (A is alkaline earth metal) by thermal
decomposition of alkaline earth nitroprussides (A[Fe
(CN)sNO]-nH,0) at low temperature, with a high content of
Fe(IV) [35, 36].

Some perovskites like LaCrO; and LaCoOs; were
obtained by thermal decomposition of La[Cr(C,04)s]-
9H,0 and La[Co(C;04)3]8-:5H,0, respectively [37, 38].

In this article, we propose the synthesis of YFeOj;
obtained by thermal decomposition of Y[Fe(CN)g]-4H,0O
and its structural characterization. We refine the crystal
structure of YFeOj; using conventional X-ray powder dif-
fraction (PXRD) by Rietveld Analysis. We also follow the
decomposition process through IR spectroscopy, thermo-
gravimetric, and differential thermal analysis (TG and
DTA) and PXRD. The size and morphology of the particles
were determined by scanning electron microscopy (SEM),
and the chemical composition was determined by energy-
dispersive spectroscopy (EDS) analyzer. The magnetic
properties of orthorhombic YFeO3; have been investigated.

Experimental

Preparation of Y[Fe(CN)g]-4H,O precursor

The heteronuclear complex Y[Fe(CN)g]-4H,O was syn-
thesized by mixing aqueous solutions of equimolar amounts

of K;[Fe(CN)¢] and Y(NO;);-6H,O (prepared from the
evaporation of a solution of concentrated HNO5 and Y,03)
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under continuous stirring at 60 °C for 2 h. The resulting
orange precipitate was separated by filtration, washed with
water and ethanol, and finally stored in the dark in a dry box
with silica gel.

Preparation of YFeOj; perovskite

YFeO3 was prepared by heating Y[Fe(CN)¢]-4H,O for 6 h
at different temperatures (in the range from 600 to 950 °C)
in air. The sample was introduced into the furnace and
heated from room temperature at 5 °C/min to the desired
temperature where it was maintained for 6 h. After that, it
was cooled to room temperature at 5 °C/min.

Characterization

Thermogravimetric and differential thermal analysis curves
were performed in a Shimadzu TGA/DTA-50 in the tem-
perature range from 20 to 800 °C at a heating rate of 5 °C/
min under flowing air.

Infrared spectra (in the region of 4,000-400 cm™") were
recorded at room temperature (RT) on a FTIR Perkin
Elmer 1600 spectrophotometer in the transmission mode
using KBr pellets.

PXRD profiles were obtained at RT in an X-Pert Pro
PANalyticals diffractometer with Cu K, radiation
J = 1.5418 A, between 5° and 120° in 20 in steps of 0.02°
and step time of 10 s. The refinement of the crystal structures
was performed by means of the Rietveld method [39] using
the FULLPROF program [40]. The structural refinement of
YFeO; was performed in the space group Pnma, with the
initial structural model [10]. A pseudo-Voigt function con-
voluted with an axial divergence asymmetry function was
chosen to generate the peak shapes [41].

The size and morphology of the particles were deter-
mined by SEM (ZEIS SUPRA-55 VP), and the chemical
compositions in the powders were determined with an
Oxford INCA PentaFet X3 energy dispersive X-ray
analyzer.

The magnetic measurements in the temperature range
5-300 K were performed with a Superconducting Quantum
Design Interference Device (SQUID). The magnetization
values were measured under zero field cooling (ZFC) and
field cooling (FC) conditions at an applied magnetic field
of 5 T.

Results and discussion
Y[Fe(CN)¢]-4H,O

Figure 1 shows the TG and DTA curves for the thermal
decomposition of Y[Fe(CN)¢]-4H,O in air. The first step
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Fig. 1 TG and DTA curves for Y[Fe(CN)g]-4H,O0 in air

corresponds to the loss of three molecules of water and the
second one to the loss of the remaining water molecule.
These processes suggest that there are two different kinds
of water molecules, as was deduced from the crystal
structure and FTIR analysis (see below). The third step
occurs in the temperature range 265-650 °C, which cor-
responds to the elimination and oxidation of the cyanide
groups with the simultaneous formation of simple oxides
(Y,03, Fe,03) and mixed oxide (YFeO3;). In the last step,
the simple oxides react to produce the mixed oxide YFeOj.

The sequence of decomposition steps could be expres-
sed as:

Y [Fe(CN)4] - 4H,0(5) — Y [Fe(CN)g| - H2O(5) 4 3H20(g)
(1)

Y [Fe(CN)g] - HaO(5) — Y [Fe(CN)o]  +Hx0yy) (2)

(

3 1 1
Y [Fe(CN)g] ., +> 0 — = YFeOs ) + 7 Y2059

(OR) 2
1
+ ZF6203<S) + 3CaNy(g (3)

%YFCO3(S) + %Y203(S) + %F6203(S) — YFeOs() 4)

The mechanism of thermal decomposition of ferricyanides
has been previously studied by several authors [42—44]. Most
of them propose for the decomposition under vacuum, the
formation of ferrocyanide as an intermediate product, and the
reaction produces gas cyanogen. In this case, the thermal
decomposition was carried out in air, therefore is not expected
Fe reduction and the formation of ferrocyanide due to the
oxidative atmosphere, so that the residues were single and
mixed oxides. This is in agreement with Gallagher et al., who
have studied the thermal decomposition of europium
ferricyanide in air and under vacuum. For pyrolysis in air,
they propose the formation of mixture of oxides Eu,O3
and a-Fe,O; that at higher temperatures transforms to
EuFeO; [45].

Table 1 Steps for the thermal decomposition of Y[Fe(CN)g]-4H,O
and % of mass loss

Steps Temperature Theoretical mass Observed mass
range/°C loss/% loss/%

1 60-175 14.49 14.94

2 175-265 4.83 4.75

3 265-650 28.96 28.42

4 >650 - -

Total mass loss/% 48.28 48.11

The mass losses expected in each of the decomposition
steps are in good agreement with those calculated from TG
curve. These results are shown in Table 1. Solid residues
obtained in the third stage of the process have been con-
firmed from PXRD and FTIR. At temperatures higher than
650 °C, the mass remained constant and the simple oxides
react to produce YFeOj; (step 4).

The total mass loss from room temperature to 650 °C is
48.11%. It is in agreement with the theoretical mass loss
(48.28%) for the formation of YFeO; from the complex.
The DTA curve shows two endothermic peaks, at 142 and
187 °C, both due to dehydration. The third exothermic
peak located at 359 °C corresponds to the elimination and
oxidation of the cyanide groups. The fourth step is not
observed in DTA since the energy involved in the process
is much weaker than the other steps.

The FTIR spectrum of Y[Fe(CN)q]-4H,O is shown in
Fig. 2. The IR spectra of hexacyanometallates are com-
posed of three vibrations within the octahedral unit
M(CN)g: v(CN), 6(MCN), and v(MC); and those motions
from crystal water, v(OH), and 6(HOH) when it is present
[46]. For Y[Fe(CN)s]-4H,0, antisymmetric and symmetric
v(CN) stretching bands are observed at 2,152 and
2,142 cm ™', respectively. For the bending vibrations of
water at least three bands are well resolved. The highest
frequency band in the S(HOH) region, at 1,680 cm_l,
corresponds to the weakly bonded waters, the intermediate
one at 1,640 cm™' also belongs to coordinated water
molecules but with a weaker coordination bond, and the
band at 1,610 cm ™' is attributed to those water molecules
with the strong interaction with Y>". In the water stretch-
ing region (3,700-3,200 cm™"'), bands appear due to
coordinated and hydrogen-bonded water with vibrational
overtones. The bands at 600—400 cm ™' are related to the
vibrations of Fe-CN bonds [46, 47].

YFeO; obtained by thermal decomposition
of Y[Fe(CN)g]-4H,O

In order to obtain a pure phase of the mixed oxide, thermal
treatments in air atmosphere at different temperatures were
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Fig. 2 FTIR spectra of Y[Fe(CN)¢]-4H,0O

carried out. The resulting products in each stage were
characterized by PXRD (see Fig. 3). The composition of
the residues at different temperatures was determined using
X’Pert Highscore Program (version 2.1b, produced by
PANalytical B.V. Almelo, Netherland). When the complex
was decomposed at 650 and 700 °C, some peaks attributed
to hexagonal YFeO; (PDF # 48-529) together with Fe,O3
and Y,0; were observed, showing an incomplete reaction.

The crystal structure of hexagonal YFeO; (space group
P63/mmc) is similar to that of hexagonal YAIO;. It consists
of alternating layers of corner-sharing FeOs trigonal
bipyramids and planes of Y. Each Y atom can be described
as sitting at the center of an edge-sharing octahedron
formed by closed-packed oxygens, with two additional
face-capping oxygens, at longer distances [11].

When the complex was treated at 750 °C, a mixture of
hexagonal YFeO; and orthorhombic YFeO; (PDF # 86-
171) were observed. When we increase the temperature
(T > 800 °C), orthorhombic YFeO; with a small amount of
Y,0; were formed. Thus, using this preparation method,
we were able to prepare YFeO; with two different crystal
structures, the hexagonal one at T ~ 650-700 °C and the
orthorhombic one at higher temperatures (7 > 800 °C).
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Fig. 3 PXRD data of samples obtained by thermal decomposition of
Y[Fe(CN)g]-4H,0 at 650, 700, 750, 800, and 950 °C
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The orthorhombic structure in perovskite phase is ther-
modynamically stable for all lanthanides. The hexagonal
structure may exist in a metastable phase for some lan-
thanides depending on ionic radii. Wu et al. reported the
synthesis of YFeO5; hexagonal and orthorhombic by self-
propagating combustion [9].

The use of a precursor containing the appropriate Y/Fe
ratio enforces the formation of YFeO; with the precise
stoichiometry thus controlling and preventing any elements
segregation generally observed in conventional methods
and allowing to obtain the desired mixed oxide at very low
temperatures.

The refined PXRD data taken at room temperature for
YFeO; prepared by thermal decomposition of Y[Fe(CN)g]-
4H,0O at 950 °C in air are shown in Fig. 4. Rietveld
structure refinement of YFeO5; was performed in the space
group Pnma using as structural model, the structure
informed in ICSD #80865. Some evidence for unreacted
Y,053 was seen in the diffraction data, because of this,
vacancies on the yttrium site in YFeO5; were also refined.
We obtained an occupancy of 0.986(1) for Y**, which
indicates that some Fe’™ should be oxidized to Fe*™.
Results for the complete structural refinement for YFeOj3
prepared at 950 °C are shown in Table 2.

The structure of YFeOj is very similar to that of the rare
earth orthoferrites such as GdFeO; with a distorted
perovskite-type structure. YFeOj; perovskite has an
yttrium-deficient structure and we can write the formula as
Yo.086F€03.

In an ideal (cubic) perovskite structure ABOj3, the large
A cation is surrounded by 12 oxygens, whereas the smaller
B cation is in oxygen octahedral coordination. The iron-
centered octahedra in YFeO; are not ideal. In the structure
of YFeOs3, the coordination of Y37 is reduced from 12 to 8
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—— Y calculated
—— Y obs-Y calc

I Bragg position

Intensity/a.u.

é N 4 ~
LI | RIE LI RINE W WORE L RO VI IR O R
LI | ! i ' L] ! 1 [l
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Fig. 4 Rietveld analysis of PXRD data for YFeO; obtained by
thermal decomposition of Y[Fe(CN)s]-4H,O at 950 °C
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Table 2 Crystallographic parameters for YFeO3 obtained by thermal
decomposition of Y[Fe(CN)g]-4H,O at 950 °C, after Rietveld
refinement with PXRD data

Atom Wyckoff x y z Occupancy
site

Fe 4b 0 0 0.5 1.0

Y 4c 0.06854 (5) 0.25 0.98218 (7) 0.986 (1)

Ol  4c 0.4623 (4) 0.25 0.1120 4) 1.0

02 &d 0.6948 (3) —0.0563 (2) 0.3088 (3) 1.0

Space group: Pnma; cell parameters: a = 5.5941(DA, b =
7.6035(1)A, ¢ = 5.2802(1)A, V = 224.59(1), Z =4

Discrepancy factors: Ry, = 10.8, Reyp = 5.10, $* = 4.46, Rprage =
2.51, R, = 8.06

Weight fraction of Y,0; = 1.45%

oxygens. The Y*" ion is too small to be fully coordinated
by 12 oxygens as required in an ideal perovskite structure.
IR spectra for the samples obtained by thermal decom-
position of Y[Fe(CN)¢]-4H,O at different temperatures are
shown in Fig. 5. Two absorption peaks are present in all
the samples, one at 3,430 cm™! and the other around
1,630 cm™!. These correspond to the surface-adsorbed
water and oxygen species after calcination [27]. Small
characteristic bands of CO, chemisorbed on the surface
were observed in all the samples in the range
1,460-1,300 cm~'. This is reasonable because these are
high surface materials. These results are similar for
AFeO;_s (A = alkaline earth) prepared by thermal
decomposition of alkaline earth nitroprussides [35, 36] and
for LnFeO;3; obtained from lanthanide hexacyanoferrates
(III) precursors [25, 27]. Two strong bands around 587 and
440 cm ™' are related to the Fe—O stretching and bending
vibrations, respectively, being characteristics of the octa-
hedral FeOg groups in perovskite compounds [26, 27].
Figure 6 shows the temperature dependence of the mag-
netization under both ZFC and FC conditions. At low tem-
perature, an important difference between both curves is
observed (Fig. 6). A very similar behavior was observed for

950°C

Tranmittance/%

650°C

4000 3000 2000 1000
Wavenumbers/cm™

Fig. 5 FTIR spectra for the samples obtained by thermal decompo-
sition of Y[Fe(CN)g]-4H,O at different temperatures
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Fig. 6 Temperature dependence of magnetization under zero field-
cooled (ZFC) and field-cooled (FC) for orthorhombic YFeO5

YFeO; nanoparticles by Maiti et al. [6]. Unfortunately, the
Néel temperature (Ty) of YFeOj3 cannot be observed because
it exceeded the temperature range of the equipment. The Ty
determined by Shen et al. was 644.5 K [18]. The M-H hys-
teresis loop at 5 K of YFeO; powder prepared at 950 °C is
presented in Fig. 7. The coercivity found is about 24 kOe
that is in agreement with the value reported by Mathur et al.
[20]. The distortion from the ideal perovskite is mainly in the
position of the Y> " ions, whereas the Fe> " ions are present in
an essentially octahedral environment. Because the align-
ment of Fe moments is not strictly antiparallel but slightly
canted, this results in a small net magnetization, giving rise
to a weak ferromagnetic behavior [20].

The size and morphologies of Y[Fe(CN)g]-4H,O and its
decomposition products were investigated by SEM as shown
in Fig. 8. The SEM photograph of Y[Fe(CN)g]-4H,0 pow-
derin Fig. 8ashows that it is composed of large well-defined
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.
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M/emu g~
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4,
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-1.5 4
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Fig. 7 Hysteresis loop at 5 K for YFeOj; prepared at 950 °C
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crystals with different shapes and with sharp edges up to
3 um in size. The SEM photograph of hexagonal YFeO;
obtained at 700 °C (Fig. 8b) clearly shows that the shape and
morphology is quite different with that of its precursor
complex. The large crystals of the precursor were completely
disrupted and extremely fine particles which are loosely
aggregated appeared. Because of the extremely small
dimensions (on order of 50 nm) and high surface area of the
hexagonal YFeOs particles, itis easy for them to aggregate as
seen in Fig. 8b. Figure 8c shows SEM photograph of

Pumping (H

Fig. 8 Scanning electron microscopy of: a Y[Fe(CN)¢]-4H,0,
b Y[Fe(CN)g]-4H,O heated at 700 °C, and ¢ Y[Fe(CN)g]-4H,O
heated at 950 °C

@ Springer

orthorhombic YFeOj;. This image reveals that orthorhombic
YFeOj is sponge-like and porous agglomerate with pore size
of about 0.1 pm. The pores are formed by fast expulsion of
gas evolving during the decomposition process.

The atomic proportions of Y, Fe, and O in YFeO;
determined by EDS are 4540, 29.60, and 25.17%,
respectively. These results show that Y and Fe are present
in 1:1 ratio in the residue heated at 950 °C.

Conclusions

In this study, YFeO; was successfully synthesized through the
thermal decomposition of the Y[Fe(CN)g]-4H,0 complex as a
precursor. The thermal decomposition of Y[Fe(CN)g]-4H,O
in air was studied using TG/DTA analysis. It decomposes in
four steps. The first one corresponds to the elimination of three
water molecules loosely bounded (non-coordinated water),
the second one to the loss of the remaining water molecule
strongly bounded (coordinated water), the third one to the
cyanide elimination by combustion to give hexagonal YFeO;
mixed with Fe;,O3 and Y,03, and finally in the fourth step
(without mass loss) the formation of orthorhombic YFeO5 as a
final product, mixed with a small amount of Y,Oj.

We refine the structure of the orthorhombic YFeOj
obtained at 950 °C and found that it was slightly deficient
in Y, which is in agreement with the small amount of Y,O3
found as an impurity in the sample. The formula of the
orthorhombic phase should be written as Y(ogsFeOs,
which should indicate a slight oxidation of Fe*" to Fe*™.
YFeOj; prepared by this method is a canted antiferromagnet
with a weak ferromagnetic behavior.

Acknowledgements R.E.C. thanks ANPCYT for PICT2007 303,
CONICET for PIP #11220090100995, and SECyT-UNC for Proyect
159/09. D.M.G. thanks CONICET for a fellowship. D.M.G, M.C.N.,
and ML.L.G. thank CIUNT for financial support.

References

1. Abakumov A, Haderman J, Van Tendeloo G, Antipov E.
Chemistry and structure of anion-deficient perovskites with
translational interfaces. J Am Ceram Soc. 2008;91(6):1807-13.

2. Yuan GL, Or SW, Wang YP, Liu JM. Preparation and multi-
properties of insulated single phase BiFeO3 ceramics. Solid State
Commun. 2006;138:76-81.

3. Yun KY, Noda M, Okuyama M. Structural and multiferroic
properties of BiFeOj thin films at room temperature. J Appl Phys.
2004;96:3399-403.

4. Moreira dos Santos A, Parashar S, Raju AR, Zhao YS, Cheetham
AK, Rao CNR. Evidence for the likely occurrence of magneto-
ferroelectricity in the simple perovskite, BiMnO;. Solid State
Commun. 2002;122:49-52.

5. Yang CH, Koo TY, Jeong YH. Orbital order, magnetism and
ferroelectricity of multiferroic BiMnO3. J Magn Magn Mater.
2007;3:167-70.



Synthesis and structural characterization of perovskite YFeO3

895

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

Maiti R, Basu S, Chakravorty D. Synthesis of nanocrystalline
YFeOj3 and its magnetic properties. J Magn Magn Mater. 2009;
321:3274-17.

. Yin LH, Song WH, Jiao XL, Wu WB, Li LJ, Tang W, Zhu XB,

Yang ZR, Dai JM, Zhang RL, Sun YP. A study of the magnetic
and dielectric properties of YFe( 5Crgs05. Solid State Commun.
2010;150:1074-6.

. Yamaguchi O, Takemura H, Yamashita M. Formation of yttrium

iron oxides derived from alkoxides. J Electrochem Soc. 1991;138:
1492-4.

. WuL, Yul, Zhang L, Wang X, Li S. Selective self-propagating

combustion synthesis of hexagonal and orthorhombic nanocrys-
talline yttrium iron oxide. J Solid State Chem. 2004;177:
3666-74.

Du Buolay D, Maslem EN, Streltsov VA, Ishizawa N. A syn-
chotron X-ray study of the electron density of YFeO3. Acta Cryst.
1995;B51:921-9.

Li J, Singh UG, Schladt TD, Stalick JK, Scott SL, Seshadri R.
Hexagonal YFe;_,Pd,O;_s: nonperovskite host compound for
Pd>* and their catalytic activity for CO oxidation. Chem Mater.
2008;20:6567-76.

Inoue T, Seki N, Eguchi K, Arai H. Low temperature operation of
solid electrolyte oxygen sensors using perovskite type oxide elec-
trodes and cathodic reaction kinetics. J Electrochem Soc. 1990;
137:2523-17.

Alcock CB, Doshi RC, Shen Y. Perovskite electrodes for sensors.
Solid State Ionics. 1992;51:281-9.

Martinelli G, Carotta MC, Ferroni M, Sadaoka Y, Traversa E.
Screen-printed perovskite-type thick films as gas sensors for
environmental monitoring. Sens Actuators B. 1999;55:99-110.
Lu X, Xie J, Shu H, Liu J, Yin C, Lin J. Microwave-assisted
synthesis of nanocrystalline YFeOj3 and study of its photoactivity.
Mater Sci Eng B. 2007;138:289-92.

Lentmaier J, Kemmler-Sack S, Knell G, Kessler P, Plies P.
Selective reduction of nitrogen monoxide by catalysts based on
composites between solid acid and perovskite in the presence of
excess oxygen. Mater Res Bull. 1996;31:1269-76.

Lentmaier J, Kemmler-Sack S. Bifunctional YFeOs-based cata-
lyst used in the selective catalytic reduction on nitrogen mon-
oxide in the presence of excess of oxygen. Mater Res Bull. 1998;
33:461-73.

Shen H, Xu J, Wu A, Zhao J, Shi M. Magnetic and thermal
properties of perovskite YFeOj; single crystals. Mater Sci Eng B.
2009;157:78-80.

. Dahmani A, Taibi M, Nogues M, Aride J, Loudghiri E, Belayachi

A. Magnetic properties of perovskite compounds YCr;_,Fe, O3
(0.5 < x < 1). Mater Chem Phys. 2002;77:912-7.

Mathur S, Veith M, Rapalaviciute R, Shen H, Goya G, Martins
Filho W, Berquo T. Molecule derived synthesis of nanocrystaline
YFeOj3 and investigations on its weak ferromagnetic behavior.
Chem Mater. 2004;16:1906-13.

Samal SL, Green W, Lofland SE, Ramanujachary KV, Das D,
Ganguli AK. Study on the solid solution of YMn,;_,Fe,O;:
structural, magnetic and dielectric properties. J Solid State Chem.
2008;181:61-6.

Cristobal AA, Botta PM, Bercoff PG, Aglietti EF, Bertorello HR,
Porto Lopez JM. Mechanochemically assisted synthesis of
yttrium-lanthanum orthoferrite: structural and magnetic charac-
terization. J Alloy Compd. 2010;495:516-9.

Kovachev S, Kovacheva D, Aleksovska S, Svab E, Krezhov K.
Structure and magnetic properties of multiferroic YCr;_,Fe 05
(0 < x < 1). J Optoelectron Adv Mater. 2009;11:1549-52.
Sugasawa M, Kikukawa N, Ishikawa N, Kayanot N, Kimurat T.
Synthesis of Y—Fe—O ultrafine particles using inductively coupled
plasma. J Aerosol Sci. 1998;5:675-86.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Traversa E, Nunziante P, Sakamoto M, Sadaoka Y, Carotta MC,
Martinelli G. Thermal evolution of the microstructure of nano-
sized LaFeO5; powders from the thermal decomposition of a het-
eronuclear complex, La[Fe(CN)g]-5H,0. J Mater Res. 1998;13:
1335-43.

Kondo N, Itoh H, Kurihara M, Sakamoto M, Aono H, Sadaoka Y.
New high-yield preparation procedure of Ln[Fe(CN)¢]-nH,O
(Ln=La, Gd, and Lu) and their thermal decomposition into
perovskite-type oxides. J Alloy Compd. 2006;408:1026-9.
Navarro MC, Pannunzio-Miner EV, Pagola S, Gémez MI, Car-
bonio RE. Structural refinement of Nd[Fe(CN)¢]-4H,0 and study
of NdFeO; obtained by its oxidative thermal decomposition at
very low temperatures. J Solid State Chem. 2005;178:847-54.
Masuda Y, Seto Y, Wang X, Yukawa Y, Arii T. A thermal and
structural study on lanthanum hexacyanocobaltate (III) pentahydrate,
La[Co(CN)g]-5H,0. J Therm Anal Calorim. 2000;60:1033-41.

Seto Y, Umemoto K, Arii T, Masuda Y. Synthesis and thermal
decomposition of lanthanide hexacyanochromate (III) complexes,
Ln[Cr(CN)g]-nH,O (Ln=La-Lu; n = 3, 4). J] Therm Anal Calo-
rim. 2004;76:165-77.

Itagaki Y, Mori M, Hosoya Y, Aono H, Sadaoka Y. O3 and NO,
sensing properties of SmFe;_,Co,03 perovskite oxides. Sens
Actuators B. 2007;122:315-20.

Medina Cérdoba L, Gémez MI, Moran JA, de Aymonino PJ.
Synthesis of the SrFeO, s and BaFeO;_, perovskites by thermal
decomposition of SrNH4[Fe(CN)g]-3H,0 and BaNH,[Fe(CN)g¢].
J Argent Chem Soc. 2008;96:1-12.

Gil DM, Carbonio RE, Gémez MI. Synthesis of Pb,Fe,Os by
thermal decomposition of Pb,[Fe(CN)g]-4H,0. J Chil Chem Soc.
2010;55(2):189-92.

Navarro MC, Lagarrigue MC, De Paoli JM, Carbonio RE, Gémez
MI. A new method of synthesis of BiFeO; prepared by thermal
decomposition of Bi[Fe(CN)g]-4H,O. J Therm Anal Calorim.
2010;102(2):655-60.

Farhadi S, Rashidi N. Microwave-induced solid-state decomposi-
tion of the Bi[Fe(CN)g]-5H,0 precursor: a novel route for the rapid
and facile synthesis of pure and single phase BiFeO3 nanopowder.
J Alloy Compd. 2010;503:439-44.

Gomez MI, Moran JA, de Carbonio RE, Aymonino PJ. Synthesis
of AFeO, 5., (0 <x < 0.5; A = Sr, Ca) mixed oxides from the
oxidative thermal decomposition of A[Fe(CN)sNO]-4H,O.
J Solid State Chem. 1999;142:138-45.

Gomez MI, Lucotti G, Moran JA, Aymonino PJ, Pagola S, Ste-
phens P, Carbonio RE. Ab initio structure solution of BaFeO, g
s» a new polytype in the system BaFeO3 (2.5 < y < 3.0) prepared
from the oxidative thermal decomposition of Ba[Fe(CN)s.
NO]-3H,0. J Solid State Chem. 2001;160:17-24.

Malghe YS, Dharwadkar SR. LaCrO; powder from lanthanum
trisoxalatochromate (III) precursor, microwave aided synthesis and
thermal characterization. J Therm Anal Calorim. 2008;91:915-8.
Nakayama S, Okazaki M, Aung YL, Sakamoto M. Preparation of
perovskite-type oxides LaCoOj3 from three different methods and
their evaluation by homogeneity, sinterability and conductivity.
Solid State Ionics. 2003;158:133-9.

Young RA. The Rietveld method. Oxford: Oxford Scientifics
Publications; 1995.

Rodriguez Carbajal J. Determination of the crystallized fractions
of a largely amorphous multiphase material by the Rietveld
method. Physica B. 1993;192:55-69.

Finger LW, Cox DE, Jephcoat AP. A correction for powder
diffraction peak asymmetry due to axial divergence. J Appl Cryst.
1994;27:892-900.

Rai D, Danon J. Mossbauer spectroscopic studies of thermal
decomposition of alkali ferricyanides. J Inorg Nucl Chem.
1975;37:2039-45.

@ Springer



896

D. M. Gil et al.

43. Fanning JC, Elrod CD, Franke BS, Melnik JD. Prussian blues from
the thermal decomposition of Hy[Fe(CN)s] and H;[Fe(CN)g].
J Inorg Nucl Chem. 1972;34:139-48.

44. Martinez-Garcia R, Knobel M, Reguera E. Thermal-induced
change in molecular magnets based on prussian blue analogues.
J Phys Chem. 2006;110:7296-303.

45. Gallagher PK, Prescott B. Further studies of the thermal
decomposition of Europium hexacyanoferrrate (III) and

@ Springer

46.

47.

ammonium europium hexacyanoferrate (II). Inorg Chem. 1970;
9(11):2510-2.

Nakamoto K. Infrared and Raman spectra of inorganic and
coordination compounds. New York: Wiley; 1986.

Avila M, Reguera L, Rodriguez Hernandez J, Balmaceda J,
Reguera E. Porous framework of T,[Fe(CN)¢]-xH,O with T=Co,
Ni, Cu, Zn and H, storage. J Solid State Chem. 2008;181:
2899-907.



	Synthesis and structural characterization of perovskite YFeO3 by thermal decomposition of a cyano complex precursor, Y[Fe(CN)6]middot4H2O
	Abstract
	Introduction
	Experimental
	Preparation of Y[Fe(CN)6]middot4H2O precursor
	Preparation of YFeO3 perovskite
	Characterization

	Results and discussion
	Y[Fe(CN)6]middot4H2O
	YFeO3 obtained by thermal decomposition of Y[Fe(CN)6]middot4H2O

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


