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Abstract

Multiferroic based reddish brown pigments: Bi1�xMxFeO3 (M¼Y and La) were synthesized by the conventional solid state route. The
structure and morphology of the developed pigments were characterized using powder X-ray diffractometer (XRD) and scanning electron
microscope (SEM) respectively. UV–vis NIR Spectrophotometer was employed to investigate the optical properties. The results indicated that the
incorporation of Y3+ and La3+ offered a fine bandgap tuning contrastingly in the range from 1.95 to 2.23 eV. The color characteristics were
evaluated and the typical pigment Bi0.9Y0.1FeO3 (Ln¼37.07, an¼13.83, bn¼9.65) is comparable with the commercially available brown
pigment (BR 300), (Ln¼34.91, an¼11.38, bn¼9.86) of Kawamura Chemicals Co. Ltd., Japan. A systematic enhancement of lightness (Ln),
redness (an) and yellowness (bn) is seen with La doping, exhibiting a bright reddish brown hue. The coloring performance of the synthesized
pigments was investigated in polymer matrix for plastic coloring applications. The influence of low toxic rare earth elements as dopants on the
optical properties and color performance of multiferroic BiFeO3 positions them in the class of lead free inorganic red pigments for coloring
applications.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

One of the challenging issues in most of the inorganic pigments
is the presence of toxic metals such as lead, chromium and
cadmium that adversely affect the environment and human health
if the quantity exceeds the critical level. The industrially available
red pigments are almost exhausted by the following systems:
Al2O3 �Cr3+(corundum), ZnAl2O4 �Cr, CaSnSiO5 �Cr3+(sphene),
MnAl2O4 �Cr3+ (spinel), ZrSiO4 �Fe3+(zircon), and CdS �CdSe
(greenockite) and Y2Sn2�xCrxO7�δ [1–3]. The cadmium based
pigments give superior red shades in which toxic cadmium can
enter the environment in a bioavailable form through waste-
disposal sites and incineration plants [4]. This toxicity issue has
led to restrictions, based on the precautionary measures that
strongly limit the use of cadmium based pigments. Since there is
no alternative to inorganic pigments for mass coloration of
materials such as glasses, glazes and ceramic bodies, inorganic
pigments which are free from toxic elements are in high demand
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for decorative and protective coating applications [5]. Jansen and
Letschert [6] reported non toxic deep red pigments based on
CaTaO2N and LaTaON2. Although these pigments show an
excellent hue, the starting materials are heated in a flow of toxic
and inflammable ammonia gas for 20–60 h during the synthesis
[6]. Praseodymium doped CeO2 ceramic pigments developed by
Bondioli et al. [7] are appealing as they produce colors ranging
from brick red to dark brown [7]. The substitution of Fe2O3, ZrO2,
SnO2, MnO2, SiO2 in CeO2–PrO2 have also been investigated by
our research group and yielded various reddish brown hues [8–10].
At present, the search for the new red shade pigments is a high
priority field, as a result of the implementation of new technologies
and new environmental requirements. Recently bismuth transition
metal based systems such as BiVO4, Bi2MoO6, BiREMoO6,
BiREWO6 have already reported to have low toxicity rating and
are considered potential pigments as non-toxic alternatives [11,12].
So much attention has been devoted to the quest for non-toxic
alternatives based on bismuth transition metal systems for new
pigment systems with good color characteristics that may substitute
for those commercially available, which in most cases do not meet
the environmental requirements of the moment.
ghts reserved.
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Bismuth iron (BiFeO3) is a well known multiferroic material
having rhombohedral symmetry belonging to R3c space group.
It has been a focal point of research for their technological and
scientifically important applications such as photocatalytic
compounds, infrared detectors, ultra-fast optoelectronic
devices etc. The experimental investigations indicate that Bi
undergoes easy evaporation during material preparation and
generates bismuth vacancies. Moreover, it suffers severe
property deteriorations due to defects and non-stoichiometry
such as secondary phases, cation vacancies, oxygen vacancies,
and valence fluctuation of iron ions. Recent literature reports
suggest that the above defects can be overcome by partial
substitution of Bi by rare-earth or alkaline-earth elements [13–
17]. Kumar et al. [18] and Mukherjee et al. [19] investigated
the influence of rare earth doping on the bandgap of BFO. Due
to the fact that BiFeO3 is a lead free structure, it opens new
possibilities to give some insight into the design of inorganic
pigments for coloring applications. It is fascinating to find that
there is no report on its color performance. The main focus of
this work is to analyze the effect of rare earth doping in
BiFeO3 on pigmenting properties. The compositions Bi1�xMx-

FeO3 (M¼Y, La; x¼0, 0.05, 0.1, 0.15, 0.2) were synthesized
by the solid state reaction method and the coloring perfor-
mance was evaluated in polymer matrix for the coloring
applications in plastic.

2. Experimental procedure

2.1. Sample preparation

The bismuth iron based pigments with a general formula,
Bi1�xMxFeO3 (M¼Y, La; x¼0, 0.05, 0.1, 0.15, 0.2) were
synthesized by the conventional solid state route. The raw
materials Bi2O3, Fe2O3 and Y2O3, La2O3 (Sigma-Aldrich,
99.99% purity) were weighed in stoichiometric ratio, homo-
genized by wet mixing with acetone in an agate mortar.
The homogenized products were then pelletized and calcined
in platinum crucibles in an electric furnace at 700 1C for 6 h.
The temperature of the furnace is programmed with an initial
heating rate of 10 1C/min upto 500 1C followed by a heating
rate of 5 1C/min to attain 700 1C. The calcinations were
repeated at 800 1C for 1–5 h with intermittent grinding to
ensure the completion of reaction.

2.2. Sample characterization

The obtained powders were characterized by powder X-ray
diffraction (XRD) using a Ni filtered Cu-Kα radiation
(λ¼1.5414 Å) with a X’pert Pro PANalytical diffractometer.
Data were collected by a step scanning of 2θ from 101 to 901.
Morphological analysis of the powders was performed by a
scanning electron microscope (JEOL JSM-5600LV SEM).
UV–vis NIR spectra were recorded by Shimadzu, UV-3600
spectrophotometer through diffuse reflectance technique using
polytetrafluoroethylene (PTFE) as a reference. The tauc plot
was employed to estimate bandgap energies (Eg) of the
synthesized samples from diffuse reflectance data which was
used to calculate the absorption coefficient from the Kubelka–
Munk [20,21] (KM) function defined as: F(R1)=α/S=
(1�R1)2/2R1 (Eq. 1), where R1=Rsample/RPTFE. Here α is
the absorption coefficient, S is the scattering coefficient, and F
(R1) is the KM function. The energy dependence of semi-
conductors near the absorption edge is expressed as: αhν=K
(E�Eg)η (Eq. 2). Here E is the incident photon energy (hν),
Eg is the optical absorption edge energy, K is a constant, and
the exponent η is dependent on the type of optical transition as
a result of photon absorption [22]. The band gap can be
evaluated using tauc plot by extrapolating the linear portion of
(F(R1)hν)2 versus (hν) and the intercept of the line on the
abscissa (F(R1)hν)¼0) gives the value of optical absorption
edge energy. The color parameters of the pigments were
determined by coupling analytical software UVPC color
analysis, to the UV-3600 spectrophotometer by which
the measurement conditions were kept as an illuminant D65,
101 complementary observer and measuring geometry d/81.
The CIE 1976 Lnanbn colorimetric method was used, as
recommended by the Commission Internationale del’Eclairage
(CIE). In this system, Ln is the color lightness (0 for black, 100
for white), an is the green (� )/red (+) axis, and bn is the
blue (� )/yellow (+) [23]. The chroma is defined as
Cn¼ [(an)2+(bn)2]1/2. The hue angle, h1 is expressed in degrees
and ranges from 01 to 3601 and is calculated using the formula
h1¼ tan�1(bn/an).

2.3. Coloration of plastics

To evaluate the red hue consistency of the synthesized
pigment for the real application in the coloration of plastics,
two samples typically Bi0.9Y0.1FeO3 and Bi0.8La0.2FeO3 that
exhibit better chromatic properties were selected. Poly(methyl
methacrylate) (PMMA) was used as the polymer matrix for
making the pigmented compact. PMMA is a known water
soluble polymeric material extensively used for cold extrusion
of many inorganic oxides such as alumina and zirconia.
A viscous solution of PMMA (90 wt%) was made using a
conventional electrical coil heater and 10 wt% of the pigment
was slowly added with stirring and converted to a thick paste.
The paste was then transferred in a mold and compressed into
cylindrical discs.

3. Results and discussion

3.1. Powder X-ray diffraction analysis

Figs. 1 and 2 present the powder XRD patterns of the
samples, Bi1�xMxFeO3 (M=Y, La; x=0, 0.05, 0.1, 0.15, 0.2)
with different concentrations of yttrium and lanthanum.
The sharp and intense peaks indicate the crystalline nature of
the samples. In reference to JCPDS no.01-074-6717, it was
found that all the major peaks can be indexed to rhombohedral
BiFeO3 with a space group R3c. XRD results indicate that the
phase stability was achieved with 10 mol% yttrium doping and
a trace impurity phase Y3Fe5O12 is detected with further
doping which can be interpreted that 10% is the solid solubility



Fig. 1. Powder X-ray diffraction patterns of Bi1�xYxFeO3 (x¼0, 0.05, 0.1,
0.15, 0.2) compounds. (*, γ and # indicate Bi25Fe2O40, Bi2Fe4O9 and Y3Fe5O12

phases respectively). All the diffraction peaks could be attributed to rhombo-
hedral BiFeO3 with space group R3c and 10 mol% is the solid solubility limit
for yttrium doping into BiFeO3 structure.

Fig. 2. Powder X-ray diffraction patterns of Bi1�xLaxFeO3 (x¼0, 0.05, 0.1,
0.15, 0.2) compounds. (* and # indicate Bi25Fe2O40, Bi2Fe4O9 phases
respectively). All the diffraction peaks could be attributed to rhombohedral
BiFeO3 with space group R3c and the phase stability is achieved with 20 mol%
La doping. Table 1

Crystallite size of Bi1�xMxFeO3 (M¼Y, La; x¼0, 0.05, 0.1, 0.15, 0.2).
Smaller crystallite sizes for yttrium doping whereas larger crystallite sizes for
La doping are observed.

Doping content (x) Crystallite size (nm)

Bi1�xYxFeO3 Bi1�xLaxFeO3

0.05 84 140
0.10 57 117
0.15 62 113
0.20 111 127
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limit of yttrium into BiFeO3 structure. The inset figure (Fig. 1)
shows that, the intensity of diffraction peak (202) becomes
weak with increasing Y doping and a gradual shift was
observed towards higher angle as the ionic radii of Y3+

(90.0 pm) is smaller than Bi3+(103 pm). The secondary phases,
Bi25Fe2O40 and Bi2Fe4O9 were reported to form during the
synthesis of BFO and could not be removed even by longer
calcination times which could also lead to more volatilization
of Bi2O3 [24,25]. It is observed that the 281 impurity peak is
weakened with increasing doping concentration of lanthanum
and no secondary phases were detected at x=0.20 indicating
that the addition of La can suppress the volatilization of Bi,
which otherwise leads to the existence of the 281 peak during
the preparation of the solid solution [25,26]. The doping of La
hardly affects the position of the peaks, which indicates that
the lattice constant of the perovskite crystal remains largely
unchanged, as the difference between the ionic radii of La3+

(103.2 pm) and Bi3+(103 pm) is trivial. The average crystallite
sizes (d) of the synthesized samples were calculated using
Scherrer’s formula, d=Kλ/β cos θ where K is dimensionless
shape factor, λ is the X-ray wavelength, β is the line broad-
ening at half the maximum intensity (FWHM), θ is the Bragg
angle and are listed in Table 1. It was found that for
Bi1�xLaxFeO3, the average crystallite size was in the range
117–140 nm which is larger than yttrium doped compounds.

3.2. Morphology

Figs. 3 and 4 show the SEM microstructure of yttrium and
lanthanum doped BiFeO3 samples for different doping con-
centrations. It is seen that the particles are bigger in size for La
doped BiFeO3 compared to Y substituted one and shows
decreasing trend in particle size with substitution. The micro-
graphs show highly agglomerated particles in the size range 1–
5 mm.

3.3. UV–vis NIR diffuse reflectance analysis

The optical properties of the samples were studied by
measuring their UV–vis NIR diffuse reflectance spectra.
Figs. 5 and 6 present UV–vis NIR reflectance spectra of the
prepared samples. The broad absorption band from 450 to
600 nm confirmed the absorption of higher percentage of
visible light. This absorption is due to two types of electronic
transitions. The first excitation is due to the electronic
transition from 6A1 state to 4T1 (4G) state and the second
one is due to the excitation from 6A1 to 4E, 4A1 (4G) ligand
field transitions and the field transfer band tail [27].These
transitions overlap with each other and give a broad band as
seen in Fig. 7 for La doped samples and the similar spectra is
observed with Y doping also. The band around 680 nm is due
to metal-to-metal transition, and the one around 850 nm is due
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to crystal field transition. The absorption below 450 nm is
associated with charge transfer transition (d–d) of Fe3+ ions
from 6A1 to 4E (4D) and 4T2 (4D) level [28]. The rare earth
doping in bismuth iron shows absorption in the wavelength
region below 600 nm and thereby producing a red color.
An enhancement of NIR reflectance was observed in yttrium
Fig. 4. SEM micrographs of Bi1�xLaxFeO3 (LBFO) for (a) x¼0.05, (b) x¼0.10,
doping.

Fig. 3. SEM micrographs of Bi1�xYxFeO3 (YBFO) for (a) x¼0.05, (b) x¼0.10, (c)
with increasing yttrium doping.
and lanthanum doped compounds. Pure BiFeO3 possesses 17%
reflectance at 1100 nm from which it is enhanced to 39% and
43% by yttrium and lanthanum doping respectively.
Generally the optical absorption performance of semicon-

ductors is related to the electronic structure feature and
their bandgaps. The energy dependence of the material in the
(c) x¼0.15, and (d) x¼0.20. Decreasing trend in grain size is seen with La

x¼0.15, and (d) x¼0.20. Grains are seen to be larger in size and agglomerated
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UV–vis NIR was further explored. The exponent η in Eq. 2 is
assigned a value of 1/2, 3/2, 2, and 3 for direct allowed, direct
forbidden, indirect allowed, and indirect forbidden transitions
respectively [29]. For the diffused reflectance spectra, the KM
function can be used instead of α for the estimation of the
optical absorption edge energy [22]. The corresponding values
of direct band gap of BFO can be evaluated by extrapolating
the linear portion of (F(R1)hν)2 versus (hν). The intercept of
the line on the abscissa (F(R1)hν)¼0) gives the value of
optical absorption edge energy. The observed bandgap value
for BiFeO3 is consistent with literature reports [30].The
variation of bandgap with increasing yttrium and lanthanum
doping is tabulated in Table 2. This contrasting variation of
bandgap with increasing doping concentration might be
Fig. 6. Diffuse reflectance spectra of Bi1�xLaxFeO3 (x¼0, 0.05, 0.1, 0.15,
0.2). (Inset): Plot of (F(R1)hν)2 versus (hν) for the estimation of optical
bandgap. Substitution of lanthanum for Bi3+ in BiFeO3 resulted in red shifting
the absorption edge to lower energy side.

Fig. 5. Diffuse reflectance spectra of Bi1�xYxFeO3 (x¼0, 0.05, 0.1, 0.15, 0.2).
(Inset): Plot of (F(R1)hν)2 versus (hν) for the estimation of optical bandgap.
Doping of yttrium for Bi3+in BiFeO3 resulted in blue shifting the absorption
edge to higher energy side.

Fig. 7. Absorbance Spectra of Bi1�xLaxFeO3(x¼0, 0.05, 0.1, 0.15, 0.2).
attributed to the Burstein Moss shift caused by electrons
generated by oxygen vacancy [31] arising from Bi volatility
and the transition from Fe3+ to Fe2+. Zhang et. al [26] reported
the reduction of oxygen vacancies and Fe2+ by lanthanum
doping along with a decreasing trend in bandgap [18].
Mukherjee et. al reported a contrasting trend in bandgap
by yttrium doping with increasing oxygen vacancies [19].
The present results are in confirmative with the above
investigations.
3.4. Color performance

The chromatic properties of the synthesized pigments can be
accessed from their CIE 1976 color coordinate values depicted
in Table 2. The doping of yttrium (upto 10 mol%) results
in an increase in the red component (an) to 13.83 and
yellow component (bn) to 9.65. A further increase in dopant
concentration (up to 20 mol%) brings about a slight decrease
in the red and yellow hues, as denoted by the chromatic
coordinates an and bn. This may be due to the appearance of
Y3Fe5O12 impurities seen after 10 mol% yttrium doping.
Consequently the color changes to dark-brown. The color
coordinates of the typical pigment Bi0.9Y0.1FeO3 (Ln¼37.07,
an¼13.83, bn¼9.65) are found to be higher than that of the
commercially available brown pigment (BR 300), (Ln¼34.91,
an¼11.38, bn¼9.86) of Kawamura Chemicals Co. Ltd.,
Japan. The doping of lanthanum results in a systematic
increase in an and bn values from 12.6 to 17.96 and 12.34
to 22.13 respectively, which indicates that the redness of the
pigment sample enhances. The an and bn values are almost
same up to 10 mol% La, exhibiting bright reddish brown hue.
The hue angle values reveal that the Y3+ and La3+ doped
BiFeO3 pigments lie in the reddish brown region of the
cylindrical color space (h1¼0–35 for red and 35–70 for
orange) and the photographs of the synthesized pigments are
shown in Fig. 8. The significance of the results is that,
chemical manipulations based on rare earth dopants such as
Y and La doping offer a scope for color performance studies



Table 2
Color coordinates and band gap values of Bi1�xMxFeO3 (M¼Y, La; x¼0, 0.05, 0.1, 0.15, 0.2).

Parameters Bi1�xYxFeO3 (YBFO) Bi1�xLaxFeO3 (LBFO)

x¼0.05 x¼0.10 x¼0.15 x¼0.20 x¼0.05 x¼0.10 x¼0.15 x¼0.20

Ln 36.74 37.07 35.2 34.79 40.82 41.76 41.66 42.35
an 12.65 13.83 12.2 12.36 12.6 14.26 16.09 17.96
bn 9.39 9.65 7.89 7.52 12.34 15.7 19.38 22.13
C 15.76 16.6 14.53 14.47 17.63 21.21 25.19 28.5
ho 36.59 34.91 32.87 31.31 44.39 47.76 50.31 50.93
Bandgap (eV) 1.99 2.03 2.23 2.10 2.11 2.05 1.99 1.95

Fig. 8. Representative pictures of the synthesized pigments; Bi1�xMxFeO3

(x¼0, 0.05, 0.1, 0.15, 0.2; M¼Y, La) compounds. Y doping gives brown
color and La doping produces bright reddish brown hue. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 9. Photographs of Bi0.9Y0.1FeO3+PMMA and Bi0.8La0.2FeO3+PMMA
(10 wt%). The test pieces exhibit uniform distribution of pigment particles in
the polymer matrix. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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placing them in the class of lead free inorganic pigments for
coloring applications.

3.5. Coloration of plastics

The coloring performance of the typically synthesized
pigments was tested for its coloring application in a substrate
material like PMMA. Typically, 10 wt% pigment sample was
dispersed in PMMA and compressed to a cylindrical disk
(Fig. 9). The intensity of the color of plastics will depend on
the concentration of the pigment. The color co-ordinates of the
test pieces were measured at different locations. The Lnanbn

values obtained were more or less the same indicating the
uniform distribution of the pigment particles in the polymer
matrix. Thus, the developed pigments may find potential
application in the coloring of various plastic materials.

4. Conclusions

Multiferroic based reddish brown pigments: Bi1�xMxFeO3

(M¼Y, La) have been synthesized by solid state reaction
method to analyze the limit of solid solution, stability and
pigmenting properties by rare earth doping. The XRD patterns
showed that small rare earth doping stabilizes the rhombohe-
dral perovskite structure of BiFeO3. The typical pigment
Bi0.9Y0.1FeO3 (Ln¼37.07, an¼13.83, bn¼9.65) is compar-
able to the commercially available brown pigment (BR 300),
(Ln¼34.91, an¼11.38, bn¼9.86) of Kawamura Chemicals
Co. Ltd., Japan. A maximum an of 17.96 and bn of 22.13 was
achieved with La doping giving scope for coloring applica-
tions. The powder pigmenting properties were also tested in
polymer matrix for the coloration of plastics. The results imply
the potential role of yttrium and lanthanum as a dopant in
improving the optical properties and coloring performance of
multiferroic BiFeO3 which keeps them in the class of lead free
inorganic pigments.
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