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Abstract The thermal decomposition of Y[Fe(CN)6]�
4H2O has been studied in order to investigate the formation

of the multi-ferroic oxide YFeO3. The starting material

(Y[Fe(CN)6]�4H2O) and the decomposition products were

characterized by IR spectroscopy, thermal analysis, X-ray

powder diffraction (PXRD), and scanning electron

microscopy. Metastable YFeO3 with hexagonal structure,

space group P63/mmc, was obtained by thermal decom-

position of Y[Fe(CN)6]�4H2O at 600 �C in air. Ortho-

rhombic YFeO3 was obtained by the same method at

T C 800 �C in air. The crystal structure of orthorhombic

YFeO3 was refined by Rietveld analysis using PXRD data.

We found that it was slightly deficient in Y3?, which is in

agreement with the small amount of Y2O3 found as

impurity in the sample. The formula of the orthorhombic

phase is Y0.986FeO3.

Keywords Y[Fe(CN)6]�4H2O � YFeO3 �
Crystal structure � Low temperature synthesis �
Thermal decomposition

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., BiFeO3,

BiMnO3, YMnO3, YCrO3, and YFeO3 [2–7]. Yttrium or-

thoferrite, YFeO3, has a distorted perovskite structure,

exhibits a weak ferromagnetic behavior, and shows an

antiferromagnetic nature with a high-Néel temperature TN

around 640 K [6, 7]. YFeO3 crystallizes in either ortho-

rhombic perovskite or hexagonal (YAlO3-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, YFe1-xPdxO3-d [11].

The orthoferrite YFeO3 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]. YFeO3-based catalysts

have been explored only for photocatalytic oxidation of

organic dyes [9, 15] and the selective catalytic reduction

of NOx to N2 by propene under lean conditions [16, 17].
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Li et al. have found that hexagonal YFeO3 has a high-

catalytic activity for the CO oxidation [11].

Several methods for the synthesis of YFeO3 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 Y3Fe5O12 (yttrium-iron garnet) and Fe3O4 [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[MM0(CN)6]�
nH2O (A = lanthanide, alkaline earth metal, Pb or Bi;

M,M0 = transition metals) have been extensively studied

as precursors for perovskite-type oxides AMM0O3-d. 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].

Gómez et al. proposed the synthesis of high surface area

perovskites AFeO3-d (A is alkaline earth metal) by thermal

decomposition of alkaline earth nitroprussides (A[Fe

(CN)5NO]�nH2O) at low temperature, with a high content of

Fe(IV) [35, 36].

Some perovskites like LaCrO3 and LaCoO3 were

obtained by thermal decomposition of La[Cr(C2O4)3]�
9H2O and La[Co(C2O4)3]8�5H2O, respectively [37, 38].

In this article, we propose the synthesis of YFeO3

obtained by thermal decomposition of Y[Fe(CN)6]�4H2O

and its structural characterization. We refine the crystal

structure of YFeO3 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)6]�4H2O precursor

The heteronuclear complex Y[Fe(CN)6]�4H2O was syn-

thesized by mixing aqueous solutions of equimolar amounts

of K3[Fe(CN)6] and Y(NO3)3�6H2O (prepared from the

evaporation of a solution of concentrated HNO3 and Y2O3)

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 YFeO3 perovskite

YFeO3 was prepared by heating Y[Fe(CN)6]�4H2O 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-1) 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 Ka radiation

k = 1.5418 Å, between 5� and 120� in 2h 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

YFeO3 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)6]�4H2O

Figure 1 shows the TG and DTA curves for the thermal

decomposition of Y[Fe(CN)6]�4H2O in air. The first step

890 D. M. Gil et al.
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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

(Y2O3, Fe2O3) and mixed oxide (YFeO3). In the last step,

the simple oxides react to produce the mixed oxide YFeO3.

The sequence of decomposition steps could be expres-

sed as:

Y Fe CNð Þ6
� �

� 4H2OðsÞ ! Y Fe CNð Þ6
� �

� H2OðsÞ þ 3H2OðgÞ

ð1Þ

Y Fe CNð Þ6
� �

� H2OðsÞ ! Y Fe CNð Þ6
� �

ðsÞþH2OðgÞ ð2Þ

Y Fe CNð Þ6
� �

ðsÞþ
3

2
O2 !

1

2
YFeO3ðsÞ þ

1

4
Y2O3ðsÞ

þ 1

4
Fe2O3ðsÞ þ 3C2N2ðgÞ ð3Þ

1

2
YFeO3ðsÞ þ

1

4
Y2O3ðsÞ þ

1

4
Fe2O3ðsÞ ! YFeO3ðsÞ ð4Þ

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 Eu2O3

and a-Fe2O3 that at higher temperatures transforms to

EuFeO3 [45].

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 YFeO3 (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 YFeO3 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)6]�4H2O is shown in

Fig. 2. The IR spectra of hexacyanometallates are com-

posed of three vibrations within the octahedral unit

M(CN)6: m(CN), d(MCN), and m(MC); and those motions

from crystal water, m(OH), and d(HOH) when it is present

[46]. For Y[Fe(CN)6]�4H2O, antisymmetric and symmetric

m(CN) stretching bands are observed at 2,152 and

2,142 cm-1, respectively. For the bending vibrations of

water at least three bands are well resolved. The highest

frequency band in the d(HOH) region, at 1,680 cm-1,

corresponds to the weakly bonded waters, the intermediate

one at 1,640 cm-1 also belongs to coordinated water

molecules but with a weaker coordination bond, and the

band at 1,610 cm-1 is attributed to those water molecules

with the strong interaction with Y3?. In the water stretch-

ing region (3,700–3,200 cm-1), bands appear due to

coordinated and hydrogen-bonded water with vibrational

overtones. The bands at 600–400 cm-1 are related to the

vibrations of Fe–CN bonds [46, 47].

YFeO3 obtained by thermal decomposition

of Y[Fe(CN)6]�4H2O

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. 1 TG and DTA curves for Y[Fe(CN)6]�4H2O in air

Table 1 Steps for the thermal decomposition of Y[Fe(CN)6]�4H2O

and % of mass loss

Steps Temperature

range/�C

Theoretical mass

loss/%

Observed mass

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

Synthesis and structural characterization of perovskite YFeO3 891
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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 YFeO3 (PDF # 48-529) together with Fe2O3

and Y2O3 were observed, showing an incomplete reaction.

The crystal structure of hexagonal YFeO3 (space group

P63/mmc) is similar to that of hexagonal YAlO3. It consists

of alternating layers of corner-sharing FeO5 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 YFeO3 and orthorhombic YFeO3 (PDF # 86-

171) were observed. When we increase the temperature

(T [ 800 �C), orthorhombic YFeO3 with a small amount of

Y2O3 were formed. Thus, using this preparation method,

we were able to prepare YFeO3 with two different crystal

structures, the hexagonal one at T & 650–700 �C and the

orthorhombic one at higher temperatures (T [ 800 �C).

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 YFeO3 hexagonal and orthorhombic by self-

propagating combustion [9].

The use of a precursor containing the appropriate Y/Fe

ratio enforces the formation of YFeO3 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

YFeO3 prepared by thermal decomposition of Y[Fe(CN)6]�
4H2O at 950 �C in air are shown in Fig. 4. Rietveld

structure refinement of YFeO3 was performed in the space

group Pnma using as structural model, the structure

informed in ICSD #80865. Some evidence for unreacted

Y2O3 was seen in the diffraction data, because of this,

vacancies on the yttrium site in YFeO3 were also refined.

We obtained an occupancy of 0.986(1) for Y3?, which

indicates that some Fe3? should be oxidized to Fe4?.

Results for the complete structural refinement for YFeO3

prepared at 950 �C are shown in Table 2.

The structure of YFeO3 is very similar to that of the rare

earth orthoferrites such as GdFeO3 with a distorted

perovskite-type structure. YFeO3 perovskite has an

yttrium-deficient structure and we can write the formula as

Y0.986FeO3.

In an ideal (cubic) perovskite structure ABO3, the large

A cation is surrounded by 12 oxygens, whereas the smaller

B cation is in oxygen octahedral coordination. The iron-

centered octahedra in YFeO3 are not ideal. In the structure

of YFeO3, the coordination of Y3? is reduced from 12 to 8
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oxygens. The Y3? 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)6]�4H2O at different temperatures are

shown in Fig. 5. Two absorption peaks are present in all

the samples, one at 3,430 cm-1 and the other around

1,630 cm-1. These correspond to the surface-adsorbed

water and oxygen species after calcination [27]. Small

characteristic bands of CO2 chemisorbed on the surface

were observed in all the samples in the range

1,460–1,300 cm-1. This is reasonable because these are

high surface materials. These results are similar for

AFeO3-d (A = alkaline earth) prepared by thermal

decomposition of alkaline earth nitroprussides [35, 36] and

for LnFeO3 obtained from lanthanide hexacyanoferrates

(III) precursors [25, 27]. Two strong bands around 587 and

440 cm-1 are related to the Fe–O stretching and bending

vibrations, respectively, being characteristics of the octa-

hedral FeO6 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

YFeO3 nanoparticles by Maiti et al. [6]. Unfortunately, the

Néel temperature (TN) of YFeO3 cannot be observed because

it exceeded the temperature range of the equipment. The TN

determined by Shen et al. was 644.5 K [18]. The M-H hys-

teresis loop at 5 K of YFeO3 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 Y3? ions, whereas the Fe3? 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)6]�4H2O and its

decomposition products were investigated by SEM as shown

in Fig. 8. The SEM photograph of Y[Fe(CN)6]�4H2O pow-

der in Fig. 8a shows that it is composed of large well-defined

Table 2 Crystallographic parameters for YFeO3 obtained by thermal

decomposition of Y[Fe(CN)6]�4H2O at 950 �C, after Rietveld

refinement with PXRD data

Atom Wyckoff

site

x y z Occupancy

Fe 4b 0 0 0.5 1.0

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

O1 4c 0.4623 (4) 0.25 0.1120 (4) 1.0

O2 8d 0.6948 (3) -0.0563 (2) 0.3088 (3) 1.0

Space group: Pnma; cell parameters: a = 5.5941(1)Å, b =

7.6035(1)Å, c = 5.2802(1)Å, V = 224.59(1), Z = 4

Discrepancy factors: Rwp = 10.8, Rexp = 5.10, v2 = 4.46, RBragg =

2.51, Rp = 8.06

Weight fraction of Y2O3 = 1.45%
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crystals with different shapes and with sharp edges up to

3 lm in size. The SEM photograph of hexagonal YFeO3

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 YFeO3 particles, it is easy for them to aggregate as

seen in Fig. 8b. Figure 8c shows SEM photograph of

orthorhombic YFeO3. This image reveals that orthorhombic

YFeO3 is sponge-like and porous agglomerate with pore size

of about 0.1 lm. The pores are formed by fast expulsion of

gas evolving during the decomposition process.

The atomic proportions of Y, Fe, and O in YFeO3

determined by EDS are 45.40, 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, YFeO3 was successfully synthesized through the

thermal decomposition of the Y[Fe(CN)6]�4H2O complex as a

precursor. The thermal decomposition of Y[Fe(CN)6]�4H2O

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 YFeO3

mixed with Fe2O3 and Y2O3, and finally in the fourth step

(without mass loss) the formation of orthorhombic YFeO3 as a

final product, mixed with a small amount of Y2O3.

We refine the structure of the orthorhombic YFeO3

obtained at 950 �C and found that it was slightly deficient

in Y, which is in agreement with the small amount of Y2O3

found as an impurity in the sample. The formula of the

orthorhombic phase should be written as Y0.986FeO3,

which should indicate a slight oxidation of Fe3? to Fe4?.

YFeO3 prepared by this method is a canted antiferromagnet

with a weak ferromagnetic behavior.
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22. Cristóbal AA, Botta PM, Bercoff PG, Aglietti EF, Bertorello HR,
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