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Abstract

In this work, we synthesized oxides with perovskite LnFeO; type structure (where Ln = La, Pr and Nd), aiming
their use as ceramic pigments. The as-synthesized powders, prepared by gelatin method, were thermally treated
at 600 and 800 °C to obtain the perovskite phase. The characterization was performed using X-ray diffraction
technique, followed by Rietveld refinement, scanning and transmission electron microscopy, spectroscopy in the
UV-Visible region and CIE Lab colorimetry. The calcined powders were also used for fabrication of ceramic
pieces to evaluate the colour when 2wt.% of the powders was added into a transparent glaze. The pigments
presented shades ranging from pale brown for the powdered samples to yellowish when applied in the glazes.
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I. Introduction

Rare earth ferrites have attracted much attention in
recent years due to their potential applications in vari-
ous fields of technology, including catalysts [1], cath-
odes in solid oxide fuel cells [2], sensor materials [3],
magnetic materials [4,5], semiconductor ceramics [6]
and many others. Nowadays, the interest in the appli-
cation of these ferrites as environmentally friendly pig-
ments has increased, since lanthanides are used instead
of toxic elements [7,8]. Lanthanide ferrites have been
proposed as viable alternatives to traditional toxic pig-
ments due to their low toxicity and perovskite structure
which gives stability at high temperatures and chemical
resistance [8,9].

Perovskite-type oxides (ABO;) consist of large-sized
cations at the A-site (alkali metal or lanthanide) with
a 12-fold coordination and smaller cations (transition
d-metal) at the B-site with a 6-fold coordination. The
ideal perovskite structure has a cubic unit cell, however
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distortions to orthorhombic, tetragonal and rhombohe-
dral are possible. Rare-earth orthoferrites crystallize in a
distorted perovskite structure with an orthorhombic unit
cell. A unit cell of LnFeO, has four formula units with
Fe* ions surrounded by six oxygen ions in an octahe-
dral coordination resulting in an orthorhombic structure
with a Pbnm space group [10].

It is known that the characteristics of the materi-
als are greatly affected by the synthesis route and pro-
cessing conditions. For this reason, many methods have
been used to prepare these oxides with control over the
powder characteristics, such as purity, chemical homo-
geneity, morphology and average particle size. Proper
control of these factors may improve known proper-
ties and promote new ones. Among the ferrite synthe-
sis methods, we can cite conventional solid-state reac-
tion [11-13], sol-gel [14], combustion reaction [15,16]
and Pechini [17]. The gelatin method stands out as a
promising alternative procedure for obtaining these ox-
ides [18-20]. This method has some advantages, such
as high homogeneity and obtaining nanometric parti-
cles, besides being a simple technique of low cost which
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does not generate solid toxic residues. The gelatin syn-
thesis is a variation of the Pechini method, wherein the
polymeric precursors are replaced by gelatin. The dis-
persion obtained between the gelatin and metal ions is
first heated at lower temperature to reduce volume and
form a gel and then calcined at a predetermined temper-
ature to form corresponding inorganic oxide. Thus, this
study aims to evaluate the influence of calcination tem-
peratures on the structural and colour properties of lan-
thanide ferrites obtained using the gelatin method. The
ferrites applied into transparent glaze were also studied.

II. Experimental

LnFeO; (Ln = La, Pr and Nd) oxides were syn-
thesized by gelatin method. Initially, gelatin powder
(Gelita) was added to 150ml of deionized wa-
ter and kept under constant stirring at 50 °C until
dissolution. According to the desired formulation,
stoichiometric amounts of Fe(NO;);-9H,0 (99.9%
Sigma-Aldrich), La(NO,),-6H,0 (99.9% Sigma-
Aldrich), Pr(NO,),-6H,0 (99.9% Sigma-Aldrich)
and Nd(NO,),-6H,0 (99.9% Sigma-Aldrich) were
added to the dispersion under stirring at 70 °C for a
few minutes. Temperature was slowly increased to
90 °C until it became a resin. Ceramic powders were
obtained by calcination of this resin at 400 °C. Then
the precursors were calcined at 600 and 800 °C for 4 h
to obtain perovskite phase. All synthesized lanthanide
ferrites were used to prepare bulk samples by adding
2 wt.% of the calcined powder into transparent glaze.
A local industry provided the glaze (80% feldspar and
20% borax) and the glazing temperature was 1100 °C.

X-ray diffraction patterns were obtained in the Mini-
flex diffractometer using a monochromatic CuKe radi-
ation source (1 = 1.5406 A), with a 20 angular range
between 10° and 80°, the scan speed of 2 °/min and
step of 0.02°. Crystalline phases present in the pow-
ders were identified using the International Center for
Diffraction Data (ICDD) database. The Rietveld method
using Maud software was applied to refine experimen-
tal diffraction data. The average crystallite sizes were
also calculated according to the Debye-Scherrer equa-
tion [21].

SEM images were obtained by JEOL SEM LV scan-
ning electron microscope. The samples were pre-coated
with a thin gold layer to make them conductive before
inserting them into SEM. HR-TEM images were ob-
tained in a JEM 3010 URP electron transmission mi-
croscope with 300 kV accelerating voltage. Before anal-
ysis, small amounts of the samples were dispersed in
ethanol by ultrasonic agitation. Diffuse reflectance spec-
tra of the powdered samples were obtained by using a
UV-Vis spectrophotometer (Shimadzu UV-2550) with
integrating sphere. Barium sulphate was used as stan-
dard white and the spectra were scanned in the 200-900
nm range. The band gap energy (E,) was obtained by
plotting [F(R) x h - v]* against & - v according to the
following equation:
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[F(R)xh-v]zzA(h-y—Eg) (1)

where F(R) is Kubelka-Munk function [22,23], R is the
reflectance of the samples, A is a proportionality con-
stant and /4 - v is photon energy.

The CIE - L*a*b* colour parameters were measured
by a Gretac Macbeth Color-eye 2180 spectrophotometer
in the 300—800 nm range, using the D65 illumination. In
this method, L* is the lightness axis which ranges from
0 (black) to 100 (white); a* and b* represent red(+) —
green(—) and yellow(+) — blue(—) hue intensities, re-
spectively. The C* (chroma) parameter represents the
colour saturation, and it can be calculated by using the
following formula [23]:

C*

(a*Z + b*2)1/2 (2)

II1. Results and discussion

Figure 1 shows X-ray patterns of the lanthanide fer-
rites calcined at 600 and 800°C. All samples were
single phase and presented reflections assigned to or-
thorhombic perovskite (space group Pbnm). Accord-
ing to the Rietveld analysis, the diffraction data are in
good agreement with ICSD cards for LaFeO; (53536),
PrFeO, (27275) and NdFeO, (63645). The distortion of
the cubic perovskite occurs mainly in the position of the
lanthanide ions, once the Fe* ions are surrounded by
six oxygen ions that constitute the octahedral coordina-
tion [24]. The lattice parameters and average crystallite
size obtained by the Maud software are given in Table
1. The GOF (goodness of fit) values were smaller than
2, which is an indicative of the satisfactory refinement
accuracy. The average crystallite sizes ranged from 49—
58 nm and 80-83 nm for the powders calcined at 600
and 800 °C, respectively.

As can be seen from Table 1, the increase in the calci-
nation temperature did not produce significant changes
in the lattice parameters of orthoferrites, causing only a
small decrease in these parameters. It is also observed
that there is a small variation of the lattice parameters
with different lanthanide ions substituted in perovskite
structure. As the lanthanide ionic radius decreases (from
La®* to Nd*"), the values of a and b parameters decrease
and a discrete splitting of major reflection (32.5°) is ob-
served in the XRD patterns due to higher distortion in
the structure.

The morphology of the powders was investigated by
SEM (Fig. 2) and TEM (Fig. 3). The pores observed in
these images are attributed to the release of gases dur-
ing the gelatin decomposition process. In both Figs. 2
and 3, it is observed that the powder is composed of
many agglomerated particles which probably consist of
several small particles held together by interfacial forces
which lead to the formation of larger particles. The grain
boundaries are not clearly distinguishable in TEM im-
age (Fig. 3a) due to the particles agglomeration and
presented average size smaller than 200 nm. The high-
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Figure 1. XRD patterns of LaFeO;, PrFeO; and NdFeO; calcined at different temperatures

Table 1. Lattice parameters and crystallite sizes of LaFeO;, PrFeO; and NdFeO; calcined at different temperatures

Temperature Lattice parameters Unit cell volume Crystallite size
S Cl alAl bIAI clA) (A omp 997
LaFeO 600 5.564 5.556 7.855 242.826 58 1.19
3 800 5.563 5.555 7.852 242.646 80 1.17
PrFeO 600 5489 5579 7.795 238.707 52 1.21
3 800 5486 5.577 7.792 238.400 81 1.22
NdFeO 600 5457 5.586 17.769 236.820 49 1.18
3 800 5454 5584 7.765 236.484 83 1.24

resolution TEM image (Fig. 3b) confirms that a region
of a single grain consists of nearly equally spaced lat-
tice rows which can be seen as the (111) crystal plane
with d = 3.514 A. The regular crystal lattice distance is
also seen, which expresses the high crystallinity of per-
ovskites.

The diffuse reflectance spectra of the perovskites are
illustrated in Fig. 4. The broad absorption bands be-
tween 450—700 nm can be attributed to the °A; ¢ —4 Ty,
transitions of Fe3* ion in an octahedral site [25,26]. In
the NdFeO, perovskite spectra thin bands attributed to
the f-f transitions in Nd** ion were observed, since this
ion possesses several absorption bands in the visible
light total range. Liu et al. synthesized the LaFeO, par-
ticles doped with AI** by the sol-gel method, and ob-
tained similar results, attributing that the LaFeO, spec-
Figure 2. SEM image of LaFeOj calcined at 800 °C trum originates from the O,,—Fe,, transition charge

transfer [15].
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Figure 3. TEM (a) and HR-TEM (b) images of LaFeOj, calcined at 800 °C
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Figure 4. Diffuse reflectance spectra of LaFeO;, PrFeO; and NdFeO; powders calcined at different temperatures

Table 2. Colorimetric parameters and band gap (E,, 1) of powdered pigments

Temperature Powdered pigments E A

%3, Cl Sample I 2% p ;;g* C* [e\g/] [m] Colour
LaFeO; 5922 7.03 2479 2577 2.021 613.0 NS

600 PrFeO; 58.81 6.73 19.75 20.87 1970 630.0 N
NdFeO, 57.81 7.50 20.10 2146 1.998 621.0 I
LaFeO; 58.63 6.21 2639 27.11 2024 6140 S

800 PrFeO; 60.17 6.87 22.68 23770 1936 641.0 N
NdFeO, 59.15 5.67 22.08 2280 1.996 621.6 I
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Table 3. Colorimetric parameters of glazes with 2 wt.% of pigments

Temperature Pigments applied in glazes
[°C] Sample ¥ P b C+ Colour
LaFeO,; 80.11 4.16 33.67 33.92
600 PrFeO; 75.01 2.89 31.57 31.70
NdFeO, 71.09 245 20.58 20.72 s
LaFeO,; 77.94 3.06 3397 34.11
800 PrFeO; 76.68 4.73 3245 32.80
NdFeO, 71.09 293 23.03 2322 s
CIEYy 5 CIEY sx
0841 (a) ¢ LaFeO; 0.84 (b) ¢ LaFeO;
{510 » PrFeO, “s10 » PrFeO;
® NdFeO, ® NdFeO,
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0.41 0.4]
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0.0 CIE x 0.0 CIE x
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CIEY 55 CIEY s
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Figure 5. Chromaticity diagrams of the LaFeO;, PrFeO; and NdFeO, samples: a) pigments calcined at 600 °C, b) pigments
calcined at 800 °C, c) glazes with 2 wt. % of pigment calcined at 600 °C and d) glazes with 2 wt.% of pigment
calcined at 800 °C

In all spectra, the percentage reflectance is lower in
the powders synthesized at 600 °C. This low reflectance
might be because the powders calcined at lower tem-
perature have smaller particle size with larger surface
area, resulting in broader scattering of light [27]. The
colour coordinate values of the powdered samples and
glazes with 2 wt.% of the pigments are given in Tables 2
and 3. The chromaticity coordinate values were inserted
in chromaticity diagrams, which are illustrated in Fig.
5. Several standard illuminants are used to measure the
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colour of materials, but in this work we used CIE stan-
dard illuminant D65, which is the most common rep-
resentative of solar-light illuminant. By replacing La>*
ion for Nd** and Pr**, a small decrease of the yellow
hue and hence chroma values were noted. The larger
C* values at higher calcination temperature were ob-
served indicating a higher saturation with the increase
of temperature. The b* values also increased with tem-
perature indicating a small increase in the yellow com-
ponent in the final colour. The shift to smaller a* values
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and higher b* values of the glaze tiles in comparison
with values obtained for the powdered pigments caused
a subtle yellowish colouration of the tiles. The colour of
these tiles in comparison to the powder changed from
pale brown to yellow. The variation in the colour coor-
dinates of the glaze tiles with replaced lanthanide ion
in the perovskite structure was more significant in the
NdFeO, perovskite.

Having in mind that the colour of absorbed light
includes the band gap energy (E,) and all colours of
shorter wavelength, the wavelength of absorbed light
was determined using E, values (1 < 1240.8/E,) [28].
The band gap energy (E,) was determined according to
Eq. 1. Based on slight changes of width and energy of
band gap, Table 2, it is observed that all pigments absorb
light when 4 < 613 nm, resulting in colours of light re-
flected with pale brown hues. The highest band gap en-
ergy values were obtained for the LaFeO; samples.

IV. Conclusions

The main goal of this work was to study the influence
of calcination temperature (600 and 800 °C) and lan-
thanide ions (Ln = La**, Pr** and Nd**) on colour and
structural properties of LnFeO, type perovskites. The
synthesized powders were single phase with orthorhom-
bic perovskite structure. Therefore, the optimal calci-
nation temperature is lower (600°C), since it means
spending less energy and times to obtain the powder.
In addition, no significant changes were observed in the
calcined powders at different temperatures. The colours
can be described by different pale brown and yellow-
ish colour hues for the powdered sample and transparent
glazes containing 2 wt.% of the pigments, respectively.
The prepared perovskites were suitable to convert com-
mercial glazes in colour product, and they can be an al-
ternative material for use as non-toxic pigments.

Acknowledgements: The authors would like to thank
the CNPq, CNPEM and VITTRA.

References

1. J. Kemeng, H. Dai, J. Deng, H. Zhang, L. Zhang,
H. Jiang, “Catalytic toluene oxidation over the three-
dimensionally ordered macroporous EuFeOj catalysts fab-
ricated by the sucrose-assisted polymethyl methacrylate-
templating method”, Solid State Sci., 27 (2014) 36-42.

2. S.P. Simner, J.F. Bonnett, N.L. Canfield, K.D. Meinhardt,
J.P. Shelton, V.L.. Sprenkle, J.W. Stevenson, “Development
of lanthanum ferrite SOFC cathodes”, J. Power Sources,
113 (2003) 1-10.

3. M. Asamoto, Y. Iwasaki, S. Yamaguchi, H. Yahiro, “Syn-

thesis of perovsite-type oxide catalysts, Ln(Fe,Co)O; (Ln

= La, Pr, Sm, Gd, Dy, Ho, Er, and Yb) from the thermal
decomposition of the corresponding cyano complexes”,

Catal. Today, 185 (2012) 230-235.

G. Dascalu, T. Popescu, M. Feder, O.F. Caltun, “Structural,

electric and magnetic properties of CoFe, (RE;,,0, (RE =

Dy, Gd, La) bulk materials”, J. Magn. Magn. Mater., 333

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

166

(2013) 69-74.

H. El Moussaoui, T. Mahfoud, M. Ben Ali, Z. Mahhouti,
A. Benyoussef, “Experimental studies of neodymium fer-
rites doped with three different transition metal”, Mater.
Lett., 171 (2016) 142-145.

B.V. Prasad, G.N. Rao, J.W. Chen, D.S. Babu, “Colos-
sal dielectric constant in PrFeO, semiconductor ceramics”,
Solid State Sci., 14 (2012) 225-228.

Wendusu, T. Masui, N. Imanaka, “Novel environment-
friendly inorganic red pigments based on (Bi,Er,Y,Fe),0,
solid solutions”, J. Asian Ceram. Soc., 2 (2014) 195-198.

O. Opuchovic, G. Kreiza, J. Senvaitiene, K. Kazlauskas,
A. Beganskiene, A. Kareiva, “Sol-gel synthesis, charac-
terization and application of selected sub-microsized lan-
thanide (Ce, Pr, Nd, Tb) ferrites”, Dyes Pigments, 118
(2015) 176-182.

Y. Marinova, J.M. Hohemberger, E. Cordoncillo, P. Escrib-
ano, J.B. Carda, “Study of solid solutions, with perovskite
structure, for application in the field of the ceramic pig-
ments”, J. Eur. Ceram. Soc., 23 (2003) 213-220.

M.A. Gabala, F. Al-Solamic, Y.M. Al Angaria, A.A. Alj,
A.A. Al-Juaid, Kuo-wei Huang,M. Alsabband, “Auto-
combustion synthesis and characterization of perovskite-
type LaFeO; nanocrystals prepared via different routes”,
Ceram. Int., 45 (2019) 16530-16539.

M. Shariq, D. Kaur, V.S. Chandel, M.A. Siddiqui, “Inves-
tigation on multiferroic properties of BiFeO; ceramics”,
Mater. Sci. Poland, 31 (2013) 471-475.

S. Acharya, A.K. Deb, D. Das, P.K. Chakrabarti, “En-
hanced magnetic behavior of Al substituted LaFeO,
(La(l_x)AleeO3, x = 0.10 and 0.30)”, Mater. Lett., 65
(2011) 1280-1282.

V. James, P. Prabhakar Rao, S. Sameera, S. Divya, “Mul-
tiferroic based reddish brown pigments: Bi; ,M,FeO; (M
=Y and La) for coloring applications”, Ceram. Int., 40
(2014) 2229-2235.

L. Liu, A. Han, M. Ye, M. Zhao, “Synthesis and charac-
terization of AI** doped LaFeO, compounds: A novel in-
organic pigments with high near-infrared reflectance”, Sol.
Energy Mater. Sol. Cells, 132 (2015) 377-384.

S.M. Khetre, H.V. Jadhav, P.N. Jagadale, S.R. Kulal, S.R.
Bamane, “Studies on electrical and dielectric properties of
LaFeO,”, Adv. Appl. Sci. Res., 2 (2011) 503-511.

Y. Wang, J. Zhu, L. Zhang, X. Yang, L. Lu, X. Wang,
“Preparation and characterization of perovskite LaFeO,
nanocrystals”, Mater. Lett., 60 (2006) 1767-1770.

R.A. Candeia, M.A.F. Souza, M.I.B. Bernardi, S.C.
Maestrelli, .M.G. Santos, A.G. Souza, E. Longo, “Mono-
ferrite BaFe, O, applied as ceramic pigment”, Ceram. Int.,
33 (2007) 521-525.

PM. Pimentel, J.L.S. Dutra, A.C. Lima, J.H. Aratjo, O.
Bagnato, A.F. Costa, R.M.P.B. Oliveira, “Structural and
magnetic characterization of LaFe,; , Al O; (x =0 and 0.2)
orthoferrites synthesized by gelatin method”, Mater. Sci.
Forum, 899 (2017) 227-231.

A.F. Costa, PM. Pimentel, EFM. Aquino, D.M.A. Melo,
M.AF. Melo, I.M.G. Santos, “Gelatin synthesis of
CuFe,0, and CuFeCrO, ceramic pigments”, Mater. Lett.,
112 (2013) 58-61.

A.PS. Peres, A.C. Lima, B.S. Barros, D.M.A. Melo,
“Synthesis and characterization of NiCo,O, spinel using
gelatin as an organic precursor”’, Mater. Lett., 89 (2012)
36-39.



P.M. Pimentel et al. / Processing and Application of Ceramics 14 [2] (2020) 161-167

21.

22.

23.

24.

25.

L.V. Azaroft, Elements of X-ray Crystallography,
McGraw-Hill Book company, New York, 1968, pp. 552.
A.E. Morales, E.S. Mora, U. Pal, “Use of diffuse re-
flectance spectroscopy for optical characterization of un-
supported nanostructures”, Rev. Mex. Fis. S, 53 (2007) 18—
22.

A.A. Ali, E. El Fadaly, I.S. Ahmed, “Near-infrared reflect-
ing blue inorganic nano-pigment based on cobalto alumi-
nate spinel via combustion synthesis method”, Dyes Pig-
ments, 158 (2018) 451-462.

H. Xu, X. Hu, L. Zhang, “Generalized low-temperature
synthesis of nanocrystalline rare-earth orthoferrites
LnFeO, (Ln = La, Pr, Nd, Sm, Eu, Gd)”, Crystal Growth
Design., 8 (2008) 2061-2065.

L.S. Kumari, PP. Rao, M.L. Reddy, “Environment-
friendly red pigments from CeO,-Fe,0,-Pr,O,; solid so-

26.

27.

28.

167

lutions”, J. Alloys Compd., 461 (2008) 509-515.

N. Pailhe, A. Wattiaux, M. Gaudon, A. Demourgues, “Cor-
relation between structural features and vis-NIR spectra
of a-Fe,0, hematite and AFe,O, spinel oxides (A = Mg,
Zn)”, J. Solid State Chem., 181 (2008) 1040-1047.

R.C. Olegario, E.C.F. de Souza, J.EM. Borges, J.B.M.
da Cunha, A.V.C. de Andrade, S.R.M. Antunes, A.C.
Antunes, “Synthesis and characterization of Fe’* doped
cerium praseodymium oxide pigments”, Dyes Pigments,
97 (2013) 113-117.

D. Micovi¢, M.C. Pagnacco, P. Bankovié, J. Maletaskic, B.
Matovi¢, V.R. Djoki¢, M. Stojmenovié, “The influence of
short thermal treatment on structure, morphology and op-
tical properties of Er and Pr doped ceria pigments: Com-
parative study”, Process. Appl. Ceram., 13 [3] (2019) 310-
321.



	Introduction
	Experimental
	Results and discussion
	Conclusions

