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Abstract The series of polycrystalline heteronuclear

complexes, Bi1-xNdx[Fe(CN)6]�4H2O (0 B x B 0.3), was

successfully synthesized and characterized, by means of

powder X-ray diffraction (PXRD) and infrared spec-

troscopy. The thermal behaviour was studied by thermo-

gravimetric and differential thermal analysis. The crystal

structure of the complexes was refined by Rietveld analy-

sis. It was found that they crystallized in the orthorhombic

crystal system, space group Cmcm. The lattice parameters

and unit cell volume decrease with an increase in Nd

concentration. In order to obtain the oxides Bi1-xNdxFeO3,

the thermal decomposition of the inorganic complexes,

Bi1-xNdx[Fe(CN)6]�4H2O, has been investigated. By Ri-

etveld analysis of PXRD data, the synthesis of the oxides

was confirmed, evidencing in the series, a gradual change

in crystal structure from rhombohedra to triclinic. Fur-

thermore, with an increase in Nd content in Bi1-xNdxFeO3

oxides, impurity phases, such as Bi2O3, Bi2Fe4O9 and

Bi25FeO39 associated with the synthesis of BiFeO3, are

reduced. The morphology and chemical composition were

investigated by microscopy electronic scattering and en-

ergy-dispersive X-ray spectroscopy. The electrical and

magnetic properties have been determined to characterize

the obtained oxides.

Keywords Hexacyanoferrate (III) � Rietveld method � X-

ray diffraction � Thermal decomposition � Mixed oxides

Introduction

BiFeO3 (BFO) is an important multiferroic material that

has a rhombohedrally distorted perovskite structure with

space group R3c [1, 2]. Two types of long-range ordering,

G-type collinear antiferromagnetic ordering below 643 K

and ferroelectric ordering below 1103 K coexist in BFO [3,

4]. Partial substitution of Bi by rare-earth ion, has attracted

a lot of attention because it has proven to be a effective

way to enhance and expand the applications of the BFO

oxides [5–10]. Wu et al. [11] have synthesized by a sol–gel

route Bi1-xNdxFeO3 powders of high purity, and they re-

ported that a structural phase transition from the rhombo-

hedral R3c to orthorhombic Pnma appears when the

substituted Nd concentration is 0.125 B x B 0.15N. Ku-

mar et al. [12] synthesized the samples of Bi1-xPrxFeO3

(0 B x B 0.15) by conventional solid-state reaction

method and observed that the magnetic Neel temperature

(TN) increases with increasing Pr content, and the antifer-

romagnetic (AFM) nature appears at 300 K. Chen et al.

[13] have prepared Bi1-xLaxFeO3 (x = 0, 0.15, 0.30, 0.40)

powders by the sol–gel–hydrothermal process, as a novel

method to prepare mixed oxides.

In this preparation, Bi2Fe4O9 is also obtained as a sec-

ond phase [14], mainly due to the existence of Bi and Fe in
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BFO, and the generation and accumulation of oxygen va-

cancies [15].

Several methods have been reported to obtain

Bi1-xNdxFeO3, and each has advantages and disadvantages

[11, 13, 16]. The synthesis from the thermal decomposition

of heteronuclear complexes has not been reported yet. The

potentiality of this method to produce homogeneous pow-

ders with high surface area is due to the mixing of metal

cations at the atomic level with the desired stoichiometry

of the metals in the heteronuclear complex, allowing to

obtain the oxides at lower temperatures than traditional

methods [14, 17–24].

In the present work, we prepared and characterized the

trimetallic heteronuclear complexes Bi1-xNdx[Fe(CN)6]-

4H2O (0 B x B 0.3) as novel precursors to obtain mixed

oxides (Bi1-xNdxFeO3) without the need for extreme

conditions of temperature and pressure. We studied the

thermal decomposition process by thermogravimetric and

thermal differential analysis (TG–DTA), and the formation

mechanism of a single phase of Bi1-xNdxFeO3 was also

discussed. Mixed oxides obtained by this method have

been well characterized by powder X-ray diffraction

(PXRD), IR spectroscopy (IR) and scanning electron mi-

croscopy (SEM). A structural transition from rhombohedra

to monoclinic phase was confirmed by PXRD and SEM.

The electric properties and the variation in the magnetic

behaviour of pure BFO Nd substituted are discussed.

Experimental

Synthesis of Bi12xNdx[Fe(CN)6]�4H2O (0 £ x £ 0.3)

The trimetallic complexes Bi1-xNdx[Fe(CN)6]�4H2O were

synthesized by mixing of aqueous solutions of K3-

[Fe(CN)6], Bi(NO3)3�5H2O and Nd(NO3)3�6H2O in the

adequate stoichiometric proportions, under stirring at room

temperature. The obtained orange-red precipitate was fil-

tered, thoroughly washed with water and ethanol, and fi-

nally, it stored in a dry box with silica gel.

Synthesis of Bi12xNdxFeO3 (0 £ x £ 0.3)

The prepared complexes were grinded and then heated to

500 �C for 10 h in a furnace under air atmosphere in order

to obtain powders of mixed oxides, Bi1-xNdxFeO3.

Characterization of Bi12xNdx[Fe(CN)6]�4H2O

and Bi12xNdxFeO3 (0 £ x £ 0.3)

TG and DTA measurements for the complexes were car-

ried out in Shimadzu TGA/DTA 50 equipments under

flowing air (20 mL min-1) at a heating rate of 5 �C min-1,

from room temperature to 770 �C. The measurements were

made in platinum crucibles, and the amounts of sample

were around 10 mg.

IR spectra (in the region of 4000–400 cm-1) were

recorded with a (FTIR) Perkin Elmer 1600 in transmission

mode using KBr pellets. PXRD profiles were obtained in

an X-Pert Pro PANalyticals diffractometer with Cu Ka
radiation k = 1.5418 Å.

The crystal structure refinements were performed by

means of the Rietveld method [25] using FULLPROF

program [26]. A pseudo-Voigt function convoluted with an

axial divergence asymmetry function was chosen to gen-

erate the peak shapes. The following parameters were re-

fined: zero point, scale factor, pseudo-Voigt parameters of

the peak shape, atomic positions and cell parameters.

Bi[Fe(CN)6]�4H2O was used as initial model for the com-

plexes [27] in the space group Cmcm and for the decom-

position products, the model of BiFeO3 in the space group

R3c and P1 [16, 28].

Morphology and properties of Bi12xNdxFeO3

(0 £ x £ 0.3)

The size and morphology of the particles were determined

by SEM using a Zeiss Supra-55 VP microscope and a field

emission scanning electron microscope (FESEM) Zeiss

Supra 40 Gemini. Energy-dispersive X-ray spectroscopy

(EDS) experiments were performed with an Oxford In-

strument detector, model INCAx-Sight coupled to the

Supra 40 Gemini device.

A Lake Shore 7400 vibrating sample magnetometer

(VSM) was used for recording magnetization curves at

room temperature. Powder samples were weighted

(10–80 mg) and then packed with Teflon tape and mounted

on the VSM sample holder. The magnetization curves were

recorded from positive saturation at 1.8 T, in steps of

25 mT or less, with an integration constant of 10 s for each

applied magnetic field.

Powders of Bi1-xNdxFeO3 were compressed at 100 kgf

to form compressed disks (15 mm of diameter and thick-

ness between 0.35 and 0.70 mm depending of each sam-

ple). The compressed disks were placed between two

metallic electrodes in order to study its dc electrical

properties. Polarization curves and leakage currents were

measured with a Precision LC Materials Analyzer (Radiant

Technologies). The polarization curves were recorded in a

voltage range of [-99, ?99 V]. The measurement begins

at zero volts, followed by steps of 1 V until reaching

?99 V, then proceeds to -99 V, and finally, it steps back

to 0 V. The hysteresis period (duration of the entire hys-

teresis loop) was 12 ms, and a 1000 ms delay was applied

before the measurement loop. Leakage currents were also

measured in the range of [-99, ?99 V], following a

M. C. Navarro et al.

123



similar procedure except for the voltage step that

was 2 mV.

Results and discussion

Analysis of Bi12xNdx[Fe(CN)6]�4H2O (0 £ x £ 0.3)

complexes

IR spectroscopy

The results of IR spectra for the complexes are shown in

Fig. 1. A broad m(OH) hydrogen-bonded stretching band is

observed in the range 3570–3000 cm-1. Antisymmetric

and symmetric m(CN) stretching bands are observed in the

range 2146–2117 cm-1 and d(H2O) bands in the range

1610–1630 cm-1. The d(M–C:N) and m(M–C) vibrations

are observed at 595 and 430 cm-1, respectively. These

bands correspond to the expected frequency values for

hexacyanometallates [17, 18].

Crystal structure refinement

Figure 2a shows the PXRD results for the

Bi1-xNdx[Fe(CN)6]�4H2O (0 B x B 0.3) complexes. The

PXRD peak positions are in agreement with that of

Bi[Fe(CN)6]�4H2O which has an orthorhombic unit cell

(space group: Cmcm). Figure 2b plots the unit cell volume

as a function of x. In all cases was observed that the volume

decreases with an increase in x (Nd content), in agreement

with the larger ionic radius of Bi3? (1.17 Å) compared with

that of Nd3? (1.12 Å). In this orthorhombic structure, Fe3?

ions are coordinated to six C from cyano groups with the

usual octahedral coordination (FeC6), and Bi3? and Nd3?

are 8-coordinated to six N atoms from cyano groups and

two O from coordinated water molecules forming a bi-

capped distorted trigonal prism (Bi, NdN6O2) as was re-

ported in previous works [17, 29].

Table 1 shows the refined cell parameters and cell volume

for Bi1-xNdx[Fe(CN)6]�4H2O (0 B x B 0.3) complexes.

Thermogravimetric analysis (TG) and differential thermal

analysis (DTA) data

The thermal behaviour of the series Bi1-xNdx[Fe(CN)6]�4H2O

(0 B x B 0.3) was studied by TG and DTA analysis. Figure 3

shows TG and DTA curves for the thermal decomposition of

Bi0.8Nd0.2[Fe(CN)6]�4H2O. The TG curve indicates that the

complex decomposes in four steps involving dehydration and

decarboxylation. The first one ends at 140 �C with a mass loss

of 11.60 % due to the elimination of three water molecules

(theoretical value 11.25 %). The second one finishes at 165 �C

with a mass loss of 3.78 % (theoretical value 3.75 %) and

corresponds to the loss of the remaining water molecule to

obtain the anhydrous complex. In DTA curve appear two en-

dothermic peaks at 114 and 152 �C related to the two steps of

dehydration.

The third step in TG, which finishes at 369 �C, has a mass

loss of 20.36 % (theoretical value 21.35 %). This mass loss

is attributed to the combustion of all the cyanide groups, but

part of the CO2 formed in this combustion clearly gets ad-

sorbed on the surface of the particles as carbonate. This step

turned out to be less steep than that of the undoped complex

Bi[Fe(CN)6] (x = 0) [14] that means that complexes doped

with Nd are decomposed more slowly [17].
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Fig. 1 IR spectra for the series of complexes Bi1-xNdx[Fe(CN)6]�4H2O

(0 B x B 0.3). a x = 0; b x = 0.1; c x = 0.2; d x = 0.3
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Fig. 2 a PXRD patterns for Bi1-xNdx[Fe(CN)6]�4H2O

(0 B x B 0.3). A x = 0; B x = 0.1; C x = 0.2; D x = 0.3. b Inset
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The fourth step has a mass loss of 1.93 % (theoretical

value 2.03 %) and corresponds to the simultaneous loss of

the surface CO3
2- and O2 uptake to generate the mixed

oxides. In the range from 230 to 490 �C, the DTA curve

shows an endothermic peak and two intensive exothermic

peaks.

The total mass loss from room temperature to 500 �C is

37.44 %, and it is in agreement with the theoretical mass

loss 37.51 % for the formation of Bi0.8Nd0.2FeO3 from the

complex. The final product was confirmed by PXRD, FTIR

spectroscopy and EDS.

It is observed that the decomposition process for sub-

stituted complex ends at a higher temperature than the

corresponding Bi (x = 0), but at lower temperature than the

corresponding complex of Nd (x = 1) [14, 17].

The decomposition mechanism of the doped complexes

is similar to that of the previously reported pure bismuth

complex [14], where the solid products of each step were

identified by X-ray diffraction and IR spectroscopy.

The sequence of decomposition steps could be ex-

pressed as:

Bi0:8Nd0:2 Fe CNð Þ6
� �

� 4H2OðsÞ h
! Bi0:8Nd0:2 Fe CNð Þ6

� �
� H2OðsÞ þ 3H2OðgÞ ð1Þ

Bi0:8Nd0:2 Fe CNð Þ6
� �

� H2OðsÞ h
! Bi0:8Nd0:2 Fe CNð Þ6

� �
ðsÞþH2OðgÞ ð2Þ

Bi0:8Nd0:2 Fe CNð Þ6
� �

ðsÞþ15=8 O2ðgÞ h

! 1=4 Bi0:8Nd0:2FeO3ðsÞ þ 1=20 Bi2O3ðsÞ

þ 3=40 Nd2O3ðsÞ

þ 3=8 Fe2O3ðsÞ þ 1=4 BiOð Þ2CO3ðsÞ

þ 1=4 NOðgÞ þ 23=8 C2N2ðgÞ

ð3Þ

1=4 Bi0:8Nd0:2FeO3ðsÞ þ 1=20 Bi2O3ðsÞ þ 3=40 Nd2O3ðsÞ

þ 3=8 Fe2O3ðsÞ þ 1=4 BiOð Þ2CO3ðsÞ h

! Bi0:8Nd0:2FeO3ðsÞ þ 1=4 CO2ðgÞ

ð4Þ

The complete reaction could be written as:

Bi0:8Nd0:2 Fe CNð Þ6
� �

� 4H2OðsÞ þ 15=8 O2ðgÞ h

! Bi0:8Nd0:2FeO3ðsÞ þ 4H2OðgÞ þ 1=4 NOðgÞ

þ 23=8 C2N2ðgÞ þ 1=4 CO2ðgÞ

ð5Þ

Analysis of Bi12xNdxFeO3 oxides

Crystal structure refinement

Figure 4 shows the PXRD result for the residues of thermal

decomposition at 500 �C for x = 0.1, 0.2 and 0.3. In the
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Fig. 3 TG and DTA curves for Bi0.8Nd0.2[Fe(CN)6]�4H2O
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Fig. 4 PXRD patterns for Bi1-xNdxFeO3 (x = 0.1, 0.2, and 0.3)

Table 1 Crystallographic parameters for Bi1-xNdx[Fe(CN)6]�4H2O (0 B x B 0.3) after Rietveld refinement of XRPD data at room temperature

Compound SG a/Å b/Å c/Å V/Å3

Bi[Fe(CN)6]�4H2O Cmcm 7.4527 (1) 12.8697 (1) 13.7037 (2) 1314.33

Bi0.9Nd0.1[Fe(CN)6]�4H2O Cmcm 7.4498 (2) 12.8527 (1) 13.6941 (1) 1311.21

Bi0.8Nd0.2[Fe(CN)6]�4H2O Cmcm 7.4431 (2) 12.8418 (1) 13.6706 (3) 1306.67

Bi0.7Nd0.3[Fe(CN)6]�4H2O Cmcm 7.4364 (2) 12.8286 (2) 13.6571 (1) 1302.87
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case of x = 0.1, beside the peaks associated with single-

phase Bi0.9Nd0.1FeO3 type perovskite structure, it observed

peaks corresponding to Bi2O3 phase. For x = 0.2, only the

peaks associated with the single-phase type perovskite are

observed. These samples show cell parameters very similar

to those informed to BiFeO3, which has a rhombohedra

structure with R3c space group. For x = 0.3, we found that

the oxide has a triclinic structure with P1 space group, as

result of replacing in major proportion the large Bi3? ions

by the smaller Nd3?. The calculated parameters after re-

finement are listed in Table 2. The change in cell pa-

rameters and decrease in volume indicate the successful

substitution of Nd at Bi sites, following the Vegard’s law

for ideal solid solutions [30]. An expansion of the peaks

position around 22.6 and 32 in 2h is shown in inset of

Fig. 4. These variations of the diffraction peaks related to

structural phase transition are observed.

SEM images and EDS analysis

SEM images of Nd-doped samples are shown in Fig. 5.

The observed grains form almost regular polygons, which

are an indicative of their excellent degree of crystallinity,

in agreement with the X-ray diffractograms shown in

Fig. 4.

The SEM images show that BiFeO3 and Bi1-xNdxFeO3

(0.1 B x B 0.2) are prism-like particles, while for x = 0.3 is

more sphere-like. In both cases, they are highly agglomer-

ated, just like those previously reported for yttrium-doped

bismuth ferrites obtained by acid–base co-precipitation [31].

The size of the particles is shown in Table 3. It can be seen

that the addition of Nd produces a decreasing in the size of

the particles for x = 0.3. The representative energy-disper-

sive spectra of the Bi1-xNdxFeO3 nanoparticles confirmed

the presence of Bi, Nd, Fe and O. Table 3 shows the average

Table 2 Crystallographic parameters and discrepancy factors for Bi1-xNdxFeO3 (0 B x B 0.3) after Rietveld refinement of XRPD data

Compound SG a/Å b/Å c/Å V/Å3 Discrepancy factors

BiFeO3 R3c 5.5798 (5) 5.5798 (5) 13.8370 (2) 373.09 Rwp = 15.7 RBragg = 3.90

Bi0.9Nd0.1FeO3 R3c 5.5771 (2) 5.5771 (2) 13.8399 (2) 372.79 Rwp = 14.3 RBragg = 2.91

Bi0.8Nd0.2FeO3 R3c 5.5740 (2) 5.5740 (2) 13.8229 (3) 371.93 Rwp = 14.8 RBragg = 2.73

Bi0.7Nd0.3FeO3 P1 3.8952 (1) 3.9157 (1) 3.9377 (1) 60.06 Rwp = 16.2 RBragg = 3.41

Fig. 5 SEM images of

Bi1-xNdxFeO3 compounds

(x = 0, 0.1, 0.2 and 0.3, as

indicated; magnification

9100,000 in all cases)
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percentage values of each element in the samples. The de-

tected amounts are smaller than stoichiometric amounts

added during synthesis.

Magnetic and electric properties

Figure 6a, b shows the magnetization curves of

Bi1-xNdxFeO3 non-compressed powders at room tem-

perature. It seems that samples with x = 0 and 0.1 (Fig. 6a)

present a super-paramagnetic behaviour at room tem-

perature. Samples with x = 0.2 and 0.3 seem to have a

different behaviour than those with x = 0 and 0.1. For in-

stance, sample with x = 0.2 is likely paramagnetic, but

sample with x = 0.3 appears in a ferromagnetic state (see

Fig. 6b). Although these characteristics are not easy to

explain, it is remarkable that the sample where structural

changes was detected (x = 0.3) is the only one which

presents a ferromagnetic behaviour (see Tables 2, 3).

Table 3 Size of the particles and average percentage values of each element in the Bi1-xNdxFeO3 oxides (0 B x B 0.3)

Sample Sizea (a & b) Sizeb (h) Bic Bid Ndc Ndd Fec Fed Oc Od

BiFeO3 212 ± 43 113 ± 20 20 18 0 0 20 19 63 60

Bi0.90Nd0.10FeO3 58 ± 12 112 ± 22 18 19 2 1 20 28 52 60

Bi0.80Nd0.20FeO3 75 ± 18 143 ± 34 16 18 4 1 20 18 63 60

Bi0.70Nd0.30FeO3 72 ± 30* 14 15 6 4 20 22 59 60

a Depth and height of the prism shown on the inset, in nm
b Length of the depth and height of the prism shown on the inset, in nm; *radius of the spherical-like particle
c Expected atomic percentage from stoichiometry, considering only one pure phase is formed
d Measured atomic percentage determined by EDS
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The magnetic behaviour of BiFeO3 is still a matter of

theoretical discussion, since several magnetoelectric effects

contribute and/or compensate the final magnetic properties

which can be modified by doping [31–33].

Figure 7 shows the properties of compressed disks of

Bi1-xNdxFeO3. In all cases, likely paraelectric behaviour

was observed. The measured curves for Nd-doped com-

pounds present larger polarization values when compared

with the undoped compound (BiFeO3). On the other hand,

the measured values of polarization are relatively low, if they

are compared with the reported values by Wang et al. [34].

These authors observed that non-sintered samples present

lower values than those sintered and that the electrical po-

larization increases with sintering temperature. Additional-

ly, it has been observed that another important factor is the

used pressure to compress the samples. Large values of po-

larization are achieved by compressing the powders at tens of

MPa [34, 35]. The pressure applied in this study is 0.57 MPa.

Therefore, the low observed polarization (Fig. 7) can be

related to the fact that samples were not sintered and the

applied pressure to compress the powders was relatively low.

The leakage currents of Bi1-xNdxFeO3 compressed

disks (Fig. 8) are very low compared to similar compounds

(for instance when comparing with yttrium-doped bismuth

ferrites [31]), which made them very useful to be used as

capacitors or other electronic devices. We can observe that

the addition of neodymium has not a relevant influence on

the density of electric current.

Conclusions

We have successfully synthesized Bi1-xNdx[Fe(CN)6]�4H2O

(0 B x B 0.3) complexes. All the complexes can be fitted in

orthorhombic Cmcm space group. The volume cell was de-

creased with an increased Nd content, due to that the ionic

radius of Nd3? is smaller than the one of Bi3?. Thermal de-

composition of the complexes takes place in four stages. The

first two correspond to the loss of water molecules; the third one

correspond to the elimination of cyanide with formation of

surface carbonates, and the last step corresponds to the simul-

taneous loss of the CO3
2- and O2 uptake to form mixed oxides.

By thermal decomposition of the complexes, at tem-

peratures as low as 500 �C, we successfully obtained

Bi1-xNdxFeO3 (0 B x B 0.3) mixed oxides with type

perovskite structure, space group R3c for x = 0, 0.1 and

0.2 and P1 for x = 0.3. Further with Nd substitution, im-

purity phases such as Bi2O3, Bi2Fe4O9 and Bi25FeO39 are

reduced, especially for the mixed oxide with x = 0.2.

SEM images show that oxides BiFeO3 and Bi1-xNdxFeO3

(0.1 B x B 0.2) show prism-like particles, while Bi0.7-

Nd0.3FeO3 is more sphere-like. Also, the addition of Nd re-

duces the size of the particles.

The Bi1-xNdxFeO3 oxides present superparaelectric

behaviour, with larger polarization for the Nd-doped oxides

compared to BiFeO3. The magnetization curves appear also

in the super-paramagnetic regime, with lower magnetiza-

tion values for the Nd-doped compounds compared to

BiFeO3, except for sample doped with 30 % Nd. Leakage

currents are lower than those reported for similar ceramics

doped with rare earth.
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