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Abstract. The formation of oxide phases at 900 °C in the system Fe2O3-“Pr2O3” was investigated. With a
decrease in the molar fraction of Fe2O3 a corresponding increase in PrFeO3 was observed. For equal molar
fractions of Fe2O3 and “Pr2O3” the formation of PrFeO3 and very small fractions of α-Fe2O3 plus an additional oxide phase, which could not be identified with certainty, were observed. With further increase in
“Pr2O3” fraction the praseodymium oxides Pr6O11 and PrO2 started to become dominant in the phase composition. The small fraction (< 0.02) of the same unidentified oxide phase was also obtained when
Pr(OH)3 was calcined in air at 900 °C; this was probably a mixture of other praseodymium oxides with
different average oxidation numbers of Pr. The results of XRD, 57Fe Mössbauer and FT-IR spectroscopies
are discussed. (doi: 10.5562/cca2247)
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INTRODUCTION
RE-orthoferrites (RE = rare earth) and their substituted
compounds are in the focus of many studies due to their
specific magnetic, electrical and chemical properties.
These materials have potential applications in solid-state
fuel cells, catalysis or as various types of sensors. The
microstructural properties of RE-orthoferrites can be
changed by the synthesis route or substitution of Fe with
selected metal cations.
Rajendran et al.1 prepared thin films of selected
RE-orthoferrites on fused silica using sol-gel processing
combined with calcination at 650 °C. Sivakumar et al.2
prepared nanocrystalline orthoferrites GdFeO3, ErFeO3,
TbFeO3 and EuFeO3 starting from Fe(CO)5 and corresponding RE-carbonate with the aid of sonochemistry.
The orthoferrite precursors were then calcined between
800 and 910 °C for 24 h in air atmosphere. Rajendran
and Bhattacharya3 reported the formation of nanocrystalline orthoferrite powders of selected RE cations combining the coprecipitation and calcination of the gel
precursor at 650 to 700 °C in air. The coprecipitation
method was also used4 to prepare DyFeO3. To a solution
of DyCl3 and FeCl2 salts NaOH solution was added, the
coprecipitate was washed and dried, then heated in air at
700 to 1000 °C. In this temperature range XRD showed

the formation of a DyFeO3 phase. RE-orthoferrites of
La, Pr and Nd were synthesized at 400 °C using a molten NaOH flux.5 Li et al.6 prepared RE orthoferrites (RE
= La, Pr-Tb) in the form of hollow spheres or solid
spheres (RE = Dy-Yb, Y) using the calcination of the
RE-Fe citrate complex at ~ 800 °C. All these REorthoferrites were successfully used for catalytical reduction of NO pollutant by CO at 200 to 500 °C and
their efficiency could be compared with noble metal
catalysts. The effect of Ca2+ substitution on the structural and magnetic properties of RE-orthoferrite was investigated.7 Also, (RE)0.7Ca0.3FeO3, RE = La, Dy, Y, Er or
Gd were investigated for possible applications as pressure or γ-ray sensor.8 The structural, morphological and
transport properties influenced by doping Ni for Fe in
PrFeO3 ceramic thin films were investigated as well.9
Saraswat et al.10 prepared the hydroxide coprecipitate
Fe(OH)3 /Pr(OH)3 containing Fe(III) (w = 5 %). The
coprecipitate was heated up to 1100 oC. In the present
work we extended the investigation of the system
Fe2O3-“Pr2O3” by varying the molar fractions of Fe2O3
and “Pr2O3” with the aim to identify the actual crystal
phases formed in this mixed oxides system. Praseodymium has a much more complex oxide chemistry than the
other rare earths and this is probably one of the reasons
why the formation of PrFeO3 has been less investigated.
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Table 1. XRD analysis of the samples prepared in the system Fe2O3–“Pr2O3” where “Pr2O3” is virtual composition and X is
unknown phase

(a)
(b)

Sample

Initial (molar) ratio
Fe2O3–“Pr2O3”

Phase composition as found by XRD
(approx. molar fraction in brackets)

S1

99 : 1

α-Fe2O3 + PrFeO3 (0.02)

S2

97 : 3

α-Fe2O3 + PrFeO3 (0.06)

S3

95 : 5

α-Fe2O3 + PrFeO3 (0.1)

S4

90 : 10

α-Fe2O3 + PrFeO3 (0.2)

S5

85 : 15

α-Fe2O3 + PrFeO3 (0.3)

S6

80 : 20

α-Fe2O3 + PrFeO3 (0.4)

S7

70 : 30

PrFeO3 + α-Fe2O3 (0.4)

S8

50 : 50

PrFeO3 + α-Fe2O3 ( ~0.01) + X (< 0.02)

S9

30 : 70

Pr6O11 (≤ 1/2) + PrFeO3 (≤ 1/2) + PrO2 (0.05) + X (< 0.02)

S10

10 : 90

Pr6O11 + PrO2 (0.20) + PrFeO3 (0.10) + X (< 0.02)

S11

“Pr2O3”

Pr6O11(a) + PrO2(b) + X (< 0.02)

Identified according JCPDS PDF card No. 6-329
Identified according JCPDS PDF card No. 24-1006

EXPERIMENTAL

RESULTS AND DISCUSSION

Analytical grade chemicals, Fe(NO3)3 · 9 H2O, Pr(NO3)3
· 6 H2O and 25 % NH3(aq), were used. Twice-distilled
water was prepared in own laboratory. Mixed hydroxides Fe(OH)3/Pr(OH)3 were quantitatively coprecipitated
by adding NH4OH solution to an aqueous solution of
Fe(NO3)3 + Pr(NO3)3 salts. The hydroxide coprecipitates
were washed by centrifugation without permitting the
peptization of the mixed hydroxide coprecipitate. After
drying the coprecipitates were heated in air at 200 °C
for 1 h, 400 oC for 1 h, 500 °C for 1 h, 600 °C for 1 h
and 900 °C for 4 h. When the heating time was over, the
crucibles were removed from the oven and cooled in air
to room temperature (RT).
XRD patterns were recorded at RT using the
Philips MPD 1880 diffractormeter (Cu-Kα radiation,
graphite monochromator and proportional counter). 57Fe
Mössbauer spectra were recorded at 20 °C in the
transmission mode using the spectrometer setup with
WissEl (Starnberg, Germany) products. 57Co in Rh
matrix was used as Mössbauer source. The velocity
scale and Mössbauer parameters refer to the metallic αFe absorber at 20 °C. The raw spectra were fitted using
the MossWin program.
FT-IR spectra were recorded at RT with PerkinElmer spectrometer (model 2000). Powders were
mixed with spectroscopically pure KBr and pressed
into tablets using a Carver press. The particles were
inspected with a JEOL thermal field emission scanning
electron microscope (model JSM-7000F). The inspected particles were not coated with an electrically
conductive layer.

The results of XRD phase analysis of samples S1 to S11
with different initial molar ratios in the system Fe2O3“Pr2O3” are given in Table 1. The oxides of α-Fe2O3 and
PrFeO3 phases were found in the samples prepared in
the initial molar ratio α-Fe2O3 : “Pr2O3” = 70 : 30
(samples S1 to S7). The phase analysis of sample S8
prepared from equal initial molar ratios of Fe2O3 and
“Pr2O3” showed the formation of PrFeO3 and a very
small fraction of α-Fe2O3 (~ 0.01) plus an undetermined
phase X (< 0.02). With an increase in the heating
temperature up to 1100 °C the orthoferrite PrFeO3, as a
single phase, is formed. With further increase in the
starting “Pr2O3” fraction there is a corresponding
decrease in the PrFeO3 fraction accompanied by the
appearance of praseodymium oxide phases, Pr6O11 and
PrO2. The Pr6O11, PrO2 and X (< 0.02) phases were
obtained when only the Pr(OH)3 precursor was used
(sample S11). The fraction X (< 0.02) was not identified
with certainty due to very small intensities of diffraction
lines and possible overlapping of several other praseodymium oxides. Apart from Pr2O3 with oxidation
number Pr3+ and PrO2 with oxidation number Pr4+ there
were several other praseodymium oxides with varying
average oxidation numbers such as Pr7O12, Pr9O16,
Pr5O9, Pr11O20 and Pr6O11.11 The formation of these
oxide phases depends on the maximum heating
temperature, annealing and the cooling atmosphere. In
this respect the oxide chemistry of praseodymium is
specific among other rare earth elements. More about
the stoichiometry of praseodymium oxides is reported in
selected references.12–15
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Table 2. Calculated Mössbauer parameters at 20 °C, where
δ is isomer shift; Δ or Eq is quadrupole splitting; HMF is
hyperfine magnetic field. Isomer shift, δ, is given relative to
α-Fe at 20 °C.
Sample Line

(a)

δ(a) / Δ or Eq(b) / HMF(c) / Γ /
mm s–1
mm s–1 mm s–1
T
0.37
–0.20
51.5
0.26

Area /
%
97.4

S1

M
Q

0.37

0.55

–

0.35

2.6

S2

M

0.37

–0.20

51.5

0.27

100

S3

M

0.37

–0.19

51.5

0.27

100

S4

M

0.37

–0.19

51.5

0.27

100

S5

M

0.37

–0.17

51.5

0.28

100

S6

M

0.37

–0.17

51.5

0.28

100

S7

M

0.37

–0.14

51.4

0.27

100

S8

M

0.37

–0.12

51.4

0.27

100

S9

M

0.37

–0.04

51.2

0.27

100

S10

M

0.37

–0.02

51.2

0.27

100

–1

Error δ = ± 0.01 mm s
Error Δ or Eq = ± 0.01 mm s–1
(c)
Error HMF = ± 0.2 T
(b)

Figure 1. 57Fe Mössbauer spectra of samples S1 and S8,
recorded at 20 °C.

Figure 1. shows the Mössbauer spectra of the
selected samples (S1 and S8), whereas the calculated
Mössbauer parameters for all Fe-containing samples are
given in Table 2. RT Mössbauer spectra of α-Fe2O3 and
PrFeO3 showed magnetic hyperfine structure (MHS)
with similar Mössbauer parameters. For that reason
these two hyperfine magnetically splitted subspectra
were fitted as one sextet. The presence of the PrFeO3
phase in dependence on a decrease in the α-Fe2O3
fraction can be monitored only on the basis of changes
in quadrupole splitting, as clearly discernible in Table 2.
The Mössbauer spectrum of sample S1 showed the
superposition of one sextet (M) and one central
quadrupole doublet (Q) of small relative intensity. The
parameters of sextet M corresponds to to α-Fe2O3
phase.16 Taking into account the results of XRD
measurement the central quadrupole doublet Q can be
assigned to very fine PrFeO3 crystallites. The dissolution of Pr3+ cation into α-Fe2O3 crystal structure is not
likely, due to a great difference in the ionic radii of Fe3+
and Pr3+ cations. Samples S2 to S8 show only one sextet
which is actually a superposition of two sextets with
similar parameters. Eibschütz et al.17 measured the
Mössbauer spectra of different RE-orthoferrites including PrFeO3. At 296 K, the following parameters for
PrFeO3 were measured: HMF = 51.0 T and Eq = 0.012

mm s–1. Saraswat et al.10 measured RT Mössbauer parameters for PrFeO3 : HMF = 50.6 T and Eq = 0.06 mm
s–1. A difference in Mössbauer parameters for PrFeO3
can be assigned to different ways of the formation of
this orthoferrite. Pasternak et al.18 investigated the highpressure (HP) structural, magnetic and electronic properties of RE-orthoferrites with the large (La3+, Pr3+), the
intermediate (Eu3+, Y3+) or the smallest Lu3+ cations.
PrFeO3 subjected to high pressure shows two eaqully
abundant magnetic sublattices due to high-spin and lowspin Fe3+ sites. Starting with 40 GPa the RT Mössbauer
spectra show a superposition of two central quadrupole
doublets. The quadrupole doublet with smaller Δ and δ
corresponds to the HS sublattice. By cooling PrFeO3 to
5 K both high-spin (HS) and low-spin (LS) subspectra
become magnetically ordered.18
FT-IR spectra of samples S1 to S10 also show
gradual changes in dependence on the initial molar ratio
Fe2O3 : “Pr2O3”. The spectrum of sample S1, shown in
Figure 2., can be assigned to the hematite phase.
Hematite (D3d6 symmetry) is characterized by six IR
active vibrations, two A2u (E|| C) and four Eu
(E^ C).19,20 In the present case, for sample S1 these
vibrations were recorded at 630 cm–1 (A2u), 550 cm–1
(Eu), 475 cm–1 (Eu), 390 cm–1 (A2u) and 344 cm–1 (Eu).
Different factors, such as crystallinity, size and
morphology of hematite particles determine the
positions of the corresponding IR bands. With an
increase in “Pr2O3” molar fraction the IR band at 630
cm–1, as well as IR band at 390 cm–1 are diminishing.
The FT-IR spectrum of sample S8 with PrFeO3 molar
fraction larger than 0.97, as found with XRD, shows
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Figure 2. FT-IR spectra of samples S1 to S10, recorded at RT.

three IR bands positioned at 552, 428 and 347 cm–1.
Two strong IR bands at ~ 560 cm–1 and ~ 440 cm–1 were
recorded for EuFeO3, GdFeO3, TbFeO3 and ErFeO3.2
The IR band at ~ 560 cm–1 was assigned to the Fe–O
stretching vibration, whereas the ~ 440 cm–1 band was
interpreted as O–Fe–O deformation vibration. Sivakumara5 recorded the IR bands at 562, 421 and 381 cm–1
for PrFeO3, similar to the case of LaFeO3.21 The appearance of two IR bands at 421 and 381 cm–1, corresponding to the O–Fe–O deformation vibration, was explained
as a deviation from the ideal RE-orthoferrite crystal
structure. FT-IR spectrum of sample S10 showed two
very broad IR bands positioned at 596–548 and 400 cm–1.
In line with XRD analysis it can be concluded that the
Pr–O and O–Pr–O vibrations of Pr6O11 and PrO2 predominantly contribute to this FT-IR spectrum.
Figure 3. shows FE-SEM images of selected
samples S1 and S8. The image of sample S1 shows
micron and submicron hematite particles (Figure 3a.).
The image of sample S8 also shows similar PrFeO3
particles (Figure 3b.). EDS analysis (Figure 4.) of
selected area of sample S8 shows the atomic ratio Pr :Fe
close to the ratio in PrFeO3 in line with the nominal
chemical composition shown in Table 1.

Figure 3. FE-SEM images of samples S1 (a) and S8 (b).

CONCLUSION
Formation of oxide phases in the system Pr–Fe–O at
900 °C was monitored. The molar fraction of PrFeO3
increased with increase of the starting molar fraction
“Pr2O3”. PrFeO3 and small amounts of α-Fe2O3 and
unidentified oxide phase(s) were formed when equal
molar fractions of Fe2O3 and “Pr2O3” were used. With
futher increase in the molar fraction of “Pr2O3”, Pr6O11
and PrO2 started to become dominant in the phase composition. The small fraction (< 0.02) of the same unidentified phase was also obtained upon the calcination
of pure Pr(OH)3 precipitate up to 900 °C. It was suggested that this unidentified oxide phase is very probaCroat. Chem. Acta 86 (2013) 281.

Figure 4. EDS spectrum of the particle in sample S8 (selected
area in Figure 3b.).

bly a mixture of other praseodymium oxides with
different average oxidation numbers of Pr.
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