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a b s t r a c t

Environment-friendly pigments based on AFeO3 (A ¼ La, Pr, Nd, Sm, Gd, Tb, Y or Yb) with high near-
infrared (NIR) reflectance were synthesised by a coprecipitation method at 1200 �C. The Rietveld
refinement analysis showed single-phase orthorhombic perovskite for all compositions. All pigments,
which showed reddish hues, offered good colour stability after mixing these pigments in powder form
with siloxane transparent paint and two different glazes. The powderepaint mixtures produced with
GdFeO3, TbFeO3 and YFeO3 pigments have the highest NIR solar reflectance, reaching values of R ¼ 50%.
The temperature shielding studies conducted using TbFeO3 pigmentepaint mixture for a roof coating
yielded a reduction of 3.2 �C in comparison to a commercial pigment. Moreover, the glazes that were
pigmented using GdFeO3, TbFeO3 and YFeO3 compositions also presented the most intense reddish
colours. A study of the thermal and chemical stability of the pigment with the highest NIR solar
reflectance showed good stability in both cases. The reddish pigments that were prepared can therefore
be good candidates for use in different applications such as cool pigments or pigments for ceramic glazes
at high temperatures.

© 2021 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Over the last century, the average temperature of the Earth has
increased by 0.8 �C [1]. Although this may seem an almost insig-
nificant amount, small changes in temperature cause enormous
changes in the environment [2e4]. Furthermore, scientists think
that the global temperature will continue to rise, mostly because of
greenhouse gases produced by human activities [5,6].

As climate change leads to higher ambient temperatures, urban
areas will be the most affected by harsher heat events. Solar energy
is absorbed by buildings, leading to an increase in the surface
temperature and, consequently, also in the ambient temperature.
This in turn results in a rise in energy consumption, especially
because of the use of air conditioning. However, its use can be
reduced by controlling the temperature within the building with
materials known as ‘cool pigments’. Due to the high solar reflec-
tance and infrared emission of these compounds, applying them as
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a coating on roofs and walls decreases the temperature of the
building envelope [7,8]. Consequently, the use of these compounds
as a roof coating can help people adapt to the impacts of climate
change as well as lower the greenhouse gas emissions that cause
climate change.

It is well known that white pigments such as Al2O3, ZnO and
TiO2 present high near-infrared (NIR) reflectance [9]. However,
although there are coloured pigments with this optical property
[10], many of them contain heavy metals like Sb, Cd, Co, Cr, Pb or Ni
as chromophore ions, and they are based on mixed metal oxides
such us chromium oxide green, cobalt aluminate blue, cobalt
chromite blue, strontium chromate yellow, cadmium stannate, lead
chromate or nickel titanate, which can be detrimental to human
health [11]. In recent years, some studies have developed new
environment-friendly pigments with high NIR reflectance [12,13].
For example, Huang et al. [12] synthesised Pr4þ and Tb4þ doped
La2Ce2O7 pigments with high NIR solar reflectance. The substitu-
tion of Ce4þ by Pr4þ and Tb4þ changes the colour of this pigment
from light yellow to soft orange and then dark orange. In another
study, Doli�c et al. [13] prepared yellow pigments based on BiVO4
that present NIR reflectance higher than 80%.

Because the present study focuses on reddish cool pigments, it is
important to know that Pb3O4, CdS$CdSe and HgS are the common
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Fig. 1. Scheme for the synthesis procedure.
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classical red pigments [14], despite the fact they all include toxic
metal elements (Pb, Cd and Hg). Other industrial reddish pigments
currently in use include Al2O3:Cr3þ (corundum), CaSnSiO5:Cr3þ

(sphene), ZnAl2O4:Cr3þ and MnAl2O4:Cr3þ (spinel), which contain
chromium as the chromophore ion. Fortunately, the developed
countries have taken an active stand towards the approval of reg-
ulations limiting the use of heavy and toxic metals in order to
protect human health and the environment. As a result, over the
last few decades other elements like iron, yttrium or lanthanides
have emerged as potential alternatives to the use of the above-
mentioned toxic ions [15e17].

Nowadays, one of the non-toxic reddish pigments that is most
widely used in the ceramic industry is the iron-doped zircon
pigment (FeeZrSiO4). Nevertheless, the final colour of this com-
pound is very difficult to control because it depends heavily upon
the morphology and size of the particles in the reagents [18e20].
Furthermore, not only is the formation mechanism of the pigment
under debate but questions are also being raised about the oxida-
tion state and the position of iron in the structure [21e23]. As a
result, the development of new environment-friendly reddish
pigments is ongoing, with special attention being paid to those
with high NIR reflectance [24,25].

The presence of lanthanides in inorganic pigments is an
important alternative to obtain environment-friendly cool colour-
ants, due to their distinctive optical properties. The group led by
Vishnu and Reddy [26,27] developed two different inorganic pig-
ments based on praseodymium-doped Y6MoO12 and Y2Ce2O7,
which exhibited colours ranging from yellow to brick-red and from
brick-red to dark-brown, respectively. They also showed significant
NIR solar reflectancewhen applied as a coating on roofingmaterials
like asbestos cement sheet. As a result, these elements provide final
materials with an additional value, namely high NIR reflectance,
which can be crucial to reduce the temperature increases of
buildings [15,28].

Among many inorganic structures where lanthanides are easily
incorporated, perovskite-type oxides, in particular AFeO3 perov-
skites, have been considered of the utmost importance due to their
great variety of physical and chemical properties, which provide
them with several extraordinary applications as catalytic materials
[29], sensors [30] or pigments [31]. Perovskites have the general
formula ABO3, where A and B are cations of very different sizes, A
(with a coordination number, CN, of 12) being larger than B (with a
CN of 6). Unfortunately, in none of the applications mentioned
above has the use of AFeO3 compounds as pigments been given the
attention it deserves.

Several studies have analysed the optical properties, in terms of
colouration, of some compounds with the perovskite structure
AFeO3 (A ¼ lanthanide ion) [32e38], but NIR reflectance has not
been measured in any of them. Regarding this kind of measure-
ments in similar perovskites, Yuan et al. [39] reported high NIR
solar reflectance (R > 44.1%) of pigments based on lanthanum-
doped BiFeO3 applied as a coating on a concrete cement sub-
strate, and considered them good candidates for applications as
cool pigments. However, these pigments were prepared at low
temperatures, 600 �C for 24 h, and therefore applications at higher
temperatures will be not possible. For example, these pigments will
not be stable in glazes for tiles, where the pigmentefrit mixture is
usually fired at temperatures above 1000 �C. On the other hand, Liu
et al. [28] developed brown and yellow pigments based on the
nominal composition, LaFe1-xAlxO3 (x ¼ 0, 0.1, 0.3, 0.5, 0.7), that
exhibited high NIR solar reflectance of coatings (from 38.7% to
45.8%) and, consequently, could also be used as cool pigments. It is
important to note that, to the best of our knowledge, this is the only
work to have conducted an accurate study of the optical properties
of AFeO3 perovskites, where A ¼ lanthanide ion.
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Hence, in this paper, environment-friendly reddish pigments
based on the general formula AFeO3, where A ¼ La, Pr, Nd, Sm, Gd,
Tb, Y or Yb, are studied for use as cool pigments. In the present
work, a simple synthesis process based on the coprecipitation
method has been implemented that could easily be carried out in
an industrial process. The different applications of these materials
in paint and glaze were studied. Special emphasis should be placed
on the capacity of these pigments to present high NIR and solar
reflectance and a good reddish colouration.
2. Experimental section

2.1. Materials and methods

AFeO3 (A ¼ La, Pr, Nd, Sm, Gd, Tb, Y or Yb) powders were pre-
pared by a coprecipitation method using Fe(NO3)3$9H2O (98%,
Sigma-Aldrich) and the corresponding lanthanide precursor, that is,
La(NO3)3$6H2O (99.99%, Sigma-Aldrich), Pr(NO3)3$6H2O (99.9%,
Sigma-Aldrich), Nd(NO3)3$6H2O (99.9%, Strem Chemicals),
Sm(NO3)3$6H2O (99.9%, Sigma-Aldrich), Gd(NO3)3$6H2O (99.9%,
Strem Chemicals), Tb(NO3)3$6H2O (99.9%, Strem Chemicals),
Y(NO3)3$6H2O (99.8%, Sigma-Aldrich) or Yb(NO3)3$5H2O (99.9%,
Strem Chemicals), as starting materials. Besides, absolute ethanol
(99.9%, Scharlab) was used as a solvent and reagent-grade ammonia
solution (32%, Scharlab) was used as a precipitation agent.

A general scheme of the method employed is shown in Fig. 1.
Briefly, in order to obtain an AFeO3 compound, the stoichiometric
amounts of the corresponding precursors were dissolved in
different ethanol solutions stirred for 3 h. Subsequently, they were
mixed and stirred continuously for a further 21 h at room
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temperature. Afterwards, ammonia solution was added until
pH z 10 to obtain a precipitate. The mixture was centrifuged,
washed with ethanol and dried, and the powder was then fired at a
maximum temperature of 1200 �C for 12 h. The waste liquid that
remains after the centrifugation process is a basic solution that
contains ethanol/water and ammonium nitrate. Only this ammo-
nium nitrate was detected by XRD after evaporation of the solvent.
Finally, the fired pigments were sieved at 0.06 mm to evaluate their
properties in three different commercial transparent mediums: a
paint and two glazes.

To do so, double-fired white body ceramic tiles were coloured
with homogeneous mixtures of siloxane transparent paint and
pigment (10 wt% of the pigment) to evaluate the capacity of all the
compounds as cool pigments.

Moreover, coloured pigments were mixed with two different
frits (4 wt% of the pigment), whose compositions are shown in
Table 1. In this study, two commercial frits with different compo-
sitions, currently used in the ceramic industry, were selected to
study the interaction of the pigmentefrit mixture. These mixtures
were pressed into Ø 4 cm pellets, placed on a double-fired white
body ceramic tile and then fired in an electric furnace at a
maximum temperature of 1080 �C. The cycle, which is similar to
that used in the ceramic industry for these glazes, involves five
steps: ramping to 300 �C in 10 min, heating from 300 �C to glaze
firing temperature in 17 min, holding at 1080 �C for 5 min, cooling
to 600 �C in 20 min and, finally, cooling to room temperature in
15 min.
2.2. Characterisation techniques and instrumentation

X-ray diffraction (XRD) measurements for the powder were
carried out on a Bruker-AXS D8 X-ray diffractometer with CuKa

radiation. All data were collected by step-scanning from 2q ¼ 20 to
90� at room temperature with a step size of 0.015� and a counting
time of 0.4 s at each step. The experimental diffraction patterns of
the powders were refined using the Rietveld method by means of
FullProf software [40]. A Pseudo-Voight function was used to
simulate the peak shape and a sixth-degree polynomial function for
the background.

Microstructure characterisation and semi-quantitative chemical
analysis of final powders were performed using a JEOL 7001F field
emission scanning electron microscope (FE-SEM) equipped with an
energy dispersive X-ray spectrometer (EDX), and an acceleration
voltage of 15 kV. A semi-quantitative analysis was performed from
the EDX analyses, taking an average of ten measurements in
different particles. Samples for microstructure and microanalysis
determinations were deposited in an aluminium holder and sput-
tered with platinum.

Raman spectra of the different compositions were recorded in
the frequency range of 90e700 cm�1, at room temperature, using a
modular Raman system from WITec GmbH, based on an automatic
vertical confocal microscope, model alpha300 apyron, with an
EMCCD ultra-high efficiency detector refrigerated at �60 �C and
equipped with a 532 nm laser coupled to the microscope.
Table 1
Compositions of frit A and frit B.

Frit Composition (wt%)a

SiO2 Al2O3 ROb R2Ob ZnO PbO ZrO2

A 62.3 10.2 5.9 9.3 3.1 9.1 0.1
B 61.6 10.4 13.8 8.4 3.4 2.2 0.2

a The percentages do not represent quantitative analyses.
b R ¼ alkali or alkaline earth metals.
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The optical properties of the powdered pigments and pig-
mented paints were measured using a UVeViseNIR Jasco V670
spectrophotometer, which gives information about the absorbance
in arbitrary units (a.u.) and the reflectance as a percentage, R (%).
The Kubelka-Munk transformation model was also used. The
reflection spectra were performed in the 300e2500 nm range with
a 1 nm interval. The NIR solar reflectance (RNIR) of each compound
was obtained by equation (1), where r(l) is the spectral reflectance
(W$m�2) measured from UVeViseNIR spectroscopy and i(l) is the
standard solar irradiation (W$m�2$nm�1) obtained from ASTM
standard G173-03 [41].

RNIR ¼

ð2500
750

rðlÞ$iðlÞ dl
ð2500
750

iðlÞ dl
(1)

CIEL*a*b* and CIEL*C*H� colour parameters of both the pre-
pared pigments and their applications were obtained with a Konica
Minolta CM-2300d Portable Spectrophotometer with a beam
diameter of 8 mm and using a standard illuminant D65 to differ-
entiate the pigment in terms of colour. In this method, L* is a
measure of lightness and takes values from 0 ¼ black to
100 ¼white, a* is the green (<0) to red (>0) axis, and b* is the blue
(<0) to yellow (>0) axis. The hue angle (H�) describes the relative
amounts of redness and yellowness and can take values between
0� to 360�, the angle starting frommagenta at 0� towards yellow at
90� and green and blue are positioned at 180� and 270�, respec-
tively. Chroma (C*) represents saturation of the colour. Both H� and
C* parameters are related by a* and b* parameters according to
equations (2) and (3):

Ho ¼ arctan
�
b*

a*

�
(2)

C*¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a*2 þ b*2

q
(3)
The thermal stability of the pigments was studied by simulta-
neous thermogravimetry and differential scanning calorimetry
(TG-DSC) on a Mettler Toledo analyser (model TGA/DSC3) in the
temperature range of 50e1200 �C, under an air atmosphere, and at
a heating rate of 10 �C/min.

The chemical stability of the pigments was evaluated using acid/
alkali solutions and water. A small amount of the pigment with the
best colour and reflectance was dispersed with 5% acid HNO3, 5%
alkali NaOH, and H2O for 30 min with continuous stirring. The
pigment powder was then filtered, washed with deionised water
and subsequently dried, and the weight was estimated. The CIE
colour coordinates were evaluated and the colour difference (DE*)
was determined using equation (4):

DE*¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDL*Þ2 þ ðDa*Þ2 þ ðDb*Þ2

q
(4)

where DL*, Da* and Db* are the changes in L*, a* and b*,
respectively.
3. Results and discussion

Fig. 2 shows the XRD patterns and the Rietveld refinements with
the c2 value for the fits of the final powders for each composition
fired at 1200 �C. The c2 value is one of the most commonly used
statistical parameters in Rietveld refinements that gives a clear idea
about the goodness of fit. The c2 parameter is defined as the



Fig. 2. Rietveld refinements of the AFeO3 orthoferrites (A ¼ La, Pr, Nd, Sm, Gd, Tb, Y or Yb).
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squared ratio between the weighted-profile R-factor (Rwp) and the
expected R-factor (Rexp), i.e. between the R-factor from the experi-
mental refinement and the R-factor expected from counting sta-
tistics. For a good refinement, Rwp should be similar to the Rexp
1064
value. Consequently, c2 should ideally be close to unity (commonly
in the range 1e2) because this parameter can be defined as:
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c2 ¼
�
Rwp

Rexp

�2

(5)

The results showed that the refinements were correct and the
orthorhombic perovskite phase with the Pbnm space group was
observed in all samples without any secondary phases. The
numbers of theoretical patterns used to identify the phase in each
AFeO3 composition were: LaFeO3 [JCPDS-ICDD 74e2203], PrFeO3
[JCPDS-ICDD 74e1472], NdFeO3 [JCPDS-ICDD 74e1473], SmFeO3
[JCPDS-ICDD 74e1474], GdFeO3 [JCPDS-ICDD 47e67], TbFeO3
[JCPDS-ICDD 47e68], YFeO3 [JCPDS-ICDD 86e171] and YbFeO3
[JCPDS-ICDD 74e1482]. The refined unit cell parameters for the
different AFeO3 orthoferrites are presented in Table 2.

This orthorhombic structure can be derived from the ideal cubic
perovskite structure by rotations (tilts) of its FeO6 octahedra and
the tilt angles can be tuned by the size of the A lanthanide [42]
(Fig. 3). It should also be taken into consideration that Pbnm and
Pnma are structurally equivalent space groups differing in the
choice of the unique axis; the transformation between Pbnm and
Pnma corresponds to a cyclic perturbation of the axis [43]. For the
purpose of this study, Pbnm was chosen.

Moreover, the stability and the distortion of the perovskite
structure due to the size variation of the A site ion are indicated by
the Goldschmidt tolerance factor, which can be defined with
equation (6):

t¼ rA þ rOffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðrB þ rOÞ

p (6)

For an ideal cubic structure, t is close to 1, otherwise it has a
distorted structure, for example, orthorhombic, rhombohedral or
tetragonal [44]. The tolerance factors of the AFeO3 orthoferrites
were calculated taking into account the corresponding ionic radii of
the different lanthanides with a CN ¼ 12 [45] (Table 2). In all cases,
the tolerance factor was lower than unity, meaning that the A3þ

ions were smaller than the dodecahedral interstices. Consequently,
the FeO6 octahedra, Fig. 3b, tilt and rotate leading to closer packing
with an orthorhombic structure Pbnm (Pnma) [46]. As the ionic
radius of A3þ increases, the tolerance factor also increases. Thus, the
lower the ionic radius of the lanthanide ion is, the closer the
perovskite will be to having an orthorhombic structure.

Octahedral distortion plays a key role in the properties of the
orthoferrite, especially considering the polarisation of the struc-
ture. The octahedral distortion can be estimated by calculating the
octahedral tilt angle [47] in accordance with equation (7):

f¼180� � q

2
(7)

where q is the bond angle of FeeOeFe along the c direction, shown
in Fig. 3c, and is obtained from the crystal structure representation
using the experimental atomic data obtained in the Rietveld
Table 2
Ionic radii of the A3þ lanthanides (with a CN¼ 12), tolerance factor t, refined unit cell para

Powder A3þ (Å) t a (Å)

LaFeO3 1.36 0.954 5.5545(2)
PrFeO3 1.32 0.941 5.4843(2)
NdFeO3 1.31 0.937 5.4531(2)
SmFeO3 1.28 0.927 5.3986(2)
GdFeO3 1.27 0.923 5.3490(2)
TbFeO3 1.25 0.916 5.3288(1)
YFeO3 1.23 0.909 5.2816(1)
YbFeO3 1.20 0.899 5.2315(2)
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refinements.
There is a clear tendency in the AFeO3 sequence: the octahedral

tilt angle becomes larger as the ionic radius increases, except for a
small difference in YbFeO3 (see Table 2). Therefore, these changes in
the polarisation of the perovskite may be closely related to the
different colours of the powders that were prepared, since the
overlap between the d orbitals of Fe3þ and the p orbitals of O2- is
affected by octahedral tilting [46]. Furthermore, these different
octahedral distortions in the compounds studied could also affect
absorption in the NIR, that is, the energy of the vibration modes.

The microstructures obtained by SEM for the orthoferrites fired
at 1200 �C for 12 h are shown in Fig. 4. The morphology of the
particles of the ceramic powders was similar. However, the particle
size was quite different for each compound. Whereas PrFeO3,
SmFeO3 and YbFeO3 presented the highest particle size (around
1 mm), the other samples had a smaller particle size, which was
lower for LaFeO3, TbFeO3 and YFeO3. In addition, on studying
different sample zones, EDX reveals that there is no evidence of
secondary phases in any of the samples and a homogeneous dis-
tribution of the elements in the samples was observed. The EDX
analyses for all compositions are listed in Table S1 of the Supple-
mentary Information (SI), and an EDX spectrum with the region
where the microanalysis was performed for the TbFeO3 composi-
tion is shown as an example in Fig. S1 of the SI. In fact all the
compounds presented similar atomic proportions of lanthanide,
iron and oxygen, corresponding to the stoichiometric perovskite
composition AFeO3.

To further confirm AFeO3 structures, Raman spectra were ob-
tained at room temperature from all the final powders in the range
90e700 cm�1, as shown in Fig. 5a. As indicated above, AFeO3
compounds present an orthorhombic structure. According to group
theory, orthoferrites with the Pbnm space group have 24 Raman-
active modes, which can be represented with Mulliken symbols
as G ¼ 7 Ag 4 7 B1g 4 5 B2g 4 5 B3g [43].

For orthorhombic perovskite with the general formula AFeO3,
Ramanmodes involve vibrations of A and oxygen ions. Fe3þ ions are
in centres of inversion in the Pbnm structure. Therefore, these ions
do not present Raman-active vibrations. According to the literature
[48,49], the wavenumber modes below 200 cm�1 are mainly
attributed to displacements of lanthanide ions in position A,
because of vibrations of A and O, specifically AeO stretching vi-
brations. Raman peaks in the region between 200 cm�1 and
350 cm�1 are related to FeO6 octahedral tiling. Besides, active bands
from 350 cm�1 to 500 cm�1 correspond to out-of-phase oxygen
bending motions, specifically, oxygen octahedral bending vibra-
tions. Finally, symmetric FeeO stretching vibrations appear above
500 cm�1.

The sums of the Lorentzian functions were used to carry out the
spectra deconvolution and thus determine the position of the
different modes. The deconvolution of the TbFeO3 spectrum is
shown in Fig. 5b as an example. Additionally, the peak positions of
each compound under study are listed in Table S2 of the SI, and are
meters, and tilt angle f of the AFeO3 orthoferrites (A¼ La, Pr, Nd, Sm, Gd, Tb, Y or Yb).

b (Å) c (Å) Volume (Å3) f (�)

5.5624(3) 7.8518(3) 242.59(3) 9.4
5.5732(2) 7.7875(2) 238.02(2) 13.0
5.5844(2) 7.7642(3) 236.44(3) 14.0
5.5947(2) 7.7070(3) 232.78(3) 15.6
5.6078(2) 7.6677(3) 230.00(3) 18.6
5.5985(1) 7.6424(2) 228.00(1) 19.6
5.5915(1) 7.6041(2) 224.57(1) 20.9
5.5567(2) 7.5697(1) 220.05(2) 19.3



Fig. 3. a) General representation of the crystal structure of the AFeO3 orthoferrites; b) Detail of an FeO6 octahedron depicting the different oxygen atoms and their labels; c)
Projection of the octahedra showing the displacement caused by the octahedral tilt (black arrows).

Fig. 4. Micrographs of the powders fired at 1200 �C: a) LaFeO3, b) PrFeO3, c) NdFeO3, d) SmFeO3, e) GdFeO3, f) TbFeO3, g) YFeO3, and h) YbFeO3.
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consistent with previously reported literature [42,48,50]. Not all
the predicted modes were identified because, presumably, some of
them are either masked by band overlap or their intensity is below
the detection limit. The differences between the Raman spectra of
the compounds are due to the different distortions caused by each
lanthanide. Nonetheless, the Raman results supported those ob-
tained by XRD Rietveld refinement analysis.

The optical properties of the orthoferrites that were synthesised
were studied using the UVeVis reflectance and absorbance spectra
of the fired powders in the 300e750 nm range shown in Fig. 6. For
these compounds, the O2p / Fe3d charge transfer transitions and
the 3d-3d transitions of Fe3þ are observed in these spectra. As can
be seen in the UVeVis reflectance spectra (Fig. 6a), an intense band
is exhibited at ~600 nm in all cases, thus confirming the reddish
pigmentation. With respect to the absorbance spectra (Fig. 6b), all
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the samples present a similar spectrum, dominated by a broad and
intense band that appears at wavelengths between 350 and
550 nm. As shown in Fig. S2 of the SI, where the absorbance
spectrum deconvolution of TbFeO3 is presented as an example, a
band was obtained around 350 nm, which corresponds to the O2p

/ Fe3d charge transfer transitions [51]. Moreover, in AFeO3 com-
pounds, 3d-3d transitions of Fe3þ ions generate the other four
broad bands that can be found by deconvolution in the range that
was studied. One of them was found at around 400 nm (6A1 /

4E,
4T2 transition), another at about 460 nm (6A1 / 4E, 4A transition),
the third appeared at approximately 540 nm (6A1 /

4T2 transition)
and the last onewas observed at 700 nm (6A1/

4T1 transition) [51].
The absorptions of trivalent lanthanide ions are very weak

because the 4f-4f transitions are forbidden by Laporte’s parity se-
lection rule. In these cases, unlike the wide bands generated by



Fig. 5. a) Raman spectra of AFeO3 (A ¼ La, Pr, Nd, Sm, Gd, Tb, Y or Yb) samples; b) Raman spectrum deconvolution of TbFeO3.

Fig. 6. a) UVeVis reflectance spectra of AFeO3 (A ¼ La, Pr, Nd, Sm, Gd, Tb, Y or Yb) powders; b) UVeVis absorption spectra of AFeO3 (A ¼ La, Pr, Nd, Sm, Gd, Tb, Y or Yb) powders.
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transition metals, sharp absorption lines are originated and each
group of lines corresponds to transitions between two 2S þ 1LJ
multiplets of the 4fn configuration. As a consequence, it is difficult
to see the trivalent lanthanide ion transitions that are found from
300 nm to 580 nm [52].

A better idea of the colour of the final powders is obtained from
the band gap. The band gap energy of each of the synthesised
pigments was determined using the Kubelka-Munk transformed
reflectance spectra (Fig. 7) and similar values between 1.94 and
2.13 eVwere found. Taking into account the statistical error that can
occur in the measurements, the band gap results for the final
powders were practically constant. Consequently, these energy
values corresponded to the blue-green region of the visible spec-
trum and a complementary reddish colour was observed [53].

In order to gain a deeper knowledge of the orthorhombic pe-
rovskites prepared in this study, it is important to determine their
NIR reflectance spectra. In this case, significant differences for each
compound can be appreciated in Fig. 8; GdFeO3, TbFeO3 and YFeO3
are the samples that exhibit the highest NIR reflectance, with
1067
values around 75%. The NIR solar reflectance values of the pigments
are presented in Table 3. The best NIR solar reflectance results are
also obtained for GdFeO3, TbFeO3 and YFeO3 powders with 43%,
48% and 47%, respectively. This fact makes them interesting can-
didates for use as cool pigments with a significant energy saving
performance.

Taking into account all the results, a relation can be seen be-
tween the particle size and the solar NIR reflectance. Powders that
present the highest particle size, around 1 mm, (PrFeO3, SmFeO3 and
YbFeO3) have the lowest NIR reflectance, and also present low
values for the band gap energy. Moreover, the absorbance generally
decreases as the particle size increases. The higher NIR reflectance
obtained for the GdFeO3, TbFeO3 and YFeO3 powders could there-
fore be attributed to the lower particle size of these pigments.

The chromatic properties of the AFeO3 pigment samples, the
colours of which are presented in Fig. 9, were evaluated by the
CIEL*a*b* and CIEL*C*H� parameters listed in Table 3. Similar
values of L*were obtained for all the samples, ranging from 47.52 to
60.47. As regards the other colour coordinates, positive values of a*



Fig. 7. Kubelka-Munk transformed reflectance spectra of the powders fired at 1200 �C: a) LaFeO3, b) PrFeO3, c) NdFeO3, d) SmFeO3, e) GdFeO3, f) TbFeO3, g) YFeO3, and h) YbFeO3.

Fig. 8. NIR reflectance spectra of the powders fired at 1200 �C: a) LaFeO3, b) PrFeO3, c) NdFeO3, d) SmFeO3, e) GdFeO3, f) TbFeO3, g) YFeO3, and h) YbFeO3.

Table 3
Chromatic coordinates and NIR solar reflectance of the powder samples fired at 1200 �C for 12 h and pigments mixed with siloxane transparent paint.

Sample Powder Paint

L* a* b* C* H� RNIR (%) L* a* b* C* H� RNIR (%)

LaFeO3 55.48 16.83 26.27 44.32 61.97 37 48.10 19.97 36.12 41.17 61.10 43
PrFeO3 52.37 16.02 19.18 35.91 54.19 33 44.66 19.95 28.72 34.91 55.29 37
NdFeO3 50.43 14.36 14.34 21.99 45.84 36 45.98 20.24 26.13 33.23 52.34 44
SmFeO3 51.06 13.70 14.76 18.73 46.86 21 43.29 18.38 24.54 31.00 53.38 31
GdFeO3 54.99 19.14 23.64 43.45 55.41 43 47.12 23.71 34.61 42.12 55.74 47
TbFeO3 60.47 21.94 32.22 40.26 56.01 48 52.75 25.66 45.17 52.04 60.45 50
YFeO3 59.91 20.01 30.96 35.90 56.45 47 49.36 23.18 40.03 45.74 60.02 45
YbFeO3 47.52 11.35 8.65 13.77 36.97 30 36.83 17.00 16.28 22.81 43.58 39
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Fig. 9. Photographs of the powders, the pigmentesiloxane paint mixtures and the pigments with glazes (frit A and frit B).
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and b* from 11.35 to 21.94 (red) and 8.65 to 32.22 (yellow) were
observed, respectively. The range of C* values was between 13.77
and 44.32, and with respect to the last parameter determined, H�,
they ranged between 36.97� and 61.97� (magenta ¼ 0� and
yellow ¼ 90�). All the powders prepared in this study presented a
good reddish colouration, as can be appreciated in Table 3. Specif-
ically, GdFeO3, TbFeO3 and YFeO3 orthoferrites, which also pre-
sented the highest octahedral tilt angle (Table 2), had the highest
values of a* (red parameter). However, H� values were much lower
for NdFeO3, SmFeO3 and YbFeO3 and, consequently, these ortho-
ferrites presented the reddest colouration.

Although it is important to know the factors that affect the final
colour of the powders, it is also fundamental to study their appli-
cations in different materials. One of the most common imple-
mentations of inorganic pigments is to decorate ceramic tiles.
However, these compounds can be used in other attractive appli-
cations as cool pigments when they present high NIR reflectance.

Evaluation of the colouring and thermal performance of the
pigments in paint and glazes.

A pigment should be stable and exhibit an acceptable colouri-
metric performance when added (and thermally treated when
needed) to different media such as paints or glazes.

Therefore, once the powders fired at 1200 �C had been charac-
terised, their stability and colourimetric performance in a siloxane
transparent paint and in two conventional glazes (firing tempera-
ture 1080 �C) were studied to examine their multifunctional ap-
plications. As shown in Fig. 9, all the powders presented good
stability in these media, either maintaining or improving their
colour performance.

The coloured paints thus prepared were applied on double-fired
white body ceramic tiles. As shown in Fig. 9, the pigmented coating
samples presented a homogeneous colour and a good reddish
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colouration similar to the final powders. CIEL*a*b* and CIEL*C*H�

parameters were obtained in all of them and are listed in Table 3.
Values of L*, which ranged between 36.83 and 52.75, decreased in
comparison to the powders. However, a* and b* had values from
17.00 to 25.66 (red) and 16.28 to 45.17 (yellow), respectively. An
increase in these chromatic parameters with respect to the pow-
ders was found, and was more significant for b*.

The saturation (C*) and hue angle values, H�, of the coloured
paints mainly increased with respect to the powders prepared in
the study. Finally, NdFeO3, SmFeO3 and YbFeO3 were the pigmented
paints that presented the reddest colouration, as occurred with the
powders.

The application of the powders incorporated into paint is the
most appropriate presentation of these inorganic pigments to test
the property of solar reflectance. The NIR reflectance spectra of the
pigmented paints applied as a coating on ceramic tiles, which are
shown in Fig. 10, were very similar to the NIR reflectance spectra of
the powders. However, the pigmented coating possessed higher
NIR reflectance values than the final powders. GdFeO3, TbFeO3
YFeO3 and YbFeO3, which are the samples that exhibited the
highest NIR reflectance, presented reflectance values of around
80%. Moreover, the NIR solar reflectance values of the coatings,
displayed in Table 3, were higher than the corresponding powdered
pigments in all cases, except for YFeO3, which had a similar NIR
solar reflectance. Nonetheless, the highest NIR solar reflectance
results were also obtained for GdFeO3, TbFeO3 and YFeO3, with 47%,
50% and 45%, respectively. Moreover, five of the AFeO3
pigmentepaint mixes studied here, in particular compounds with
A ¼ La, Nd, Gd, Tb or Y, presented higher NIR solar reflectance
values than reddish conventionally pigmented coatings of a similar
colour, which have NIR solar reflectance values of around 42% [39].
Based on the NIR solar reflectance values obtained, GdFeO3, TbFeO3



Fig. 10. NIR reflectance spectra of the pigmentesiloxane paint mixtures fired at 1200 �C: a) LaFeO3, b) PrFeO3, c) NdFeO3, d) SmFeO3, e) GdFeO3, f) TbFeO3, g) YFeO3, and h) YbFeO3.

M. Fortu~no-Morte, P. Serna-Gall�en, H. Beltr�an-Mir et al. Journal of Materiomics 7 (2021) 1061e1073
and YFeO3 could be considered good cool pigments.
Consequently, to confirm the possible utility of the orthoferrites

as cool pigments, a study was conducted with the
powderesiloxane paint mixture that presented the highest NIR
solar reflectance (sample of TbFeO3). Thus, two foam buildings
(5.5 cm � 5.5 cm � 7.5 cm; thickness of 0.7 cm) with different
ceramic roof coatings consisting of paint mixed with the pigment
eTbFeO3 powder in one of them and a commercial reddish pigment
based on FeeZrSiO4 (Dry Colour Manufacturers’ Association, DCMA
14-44-5) in the othere were exposed under an infrared lamp
(Philips, 250 W). NIR reflectance of this commercial pigment is
shown in Fig. S3 of the SI. In both cases the variation in temperature
inside the structures was evaluated over time. A low temperature
thermocouple was used to record the temperature at 5 min in-
tervals and the temperatures obtained at the different times for
each building are shown in Fig. 11. The inset in Fig. 11 shows the
equipment used to test the temperature of the building with the
coating of powderepaint mixtures. At all the times examined, the
temperature of the paint with a commercial pigment was higher
than the temperature of the TbFeO3 pigmented paint. The tem-
perature difference (DT) reached a maximum value of 3.2 �C at
60 min, where the temperature of the TbFeO3 coating levelled out.
As a result, the synthesised pigments could be used as cool roofing
materials.

Regarding the application of pigments in glaze, Fig. 9 shows
photographs of the powders after glazing at 1080 �C with two
different frits, and their new chromatic coordinates are listed in
Table 4. Although homogenous pigmentation was observed in all
cases, differences in shading between frit A and frit B were ob-
tained. In general, a small decrease in L* values and similar results
for a* parameters were obtained for pigmented frits with respect to
the final powders. Thus, the significant colour changewas related to
variations in b* and, in keeping with equations (2) and (3), also in
H� and C* parameters. Despite this, regarding the colour of these
pigments, good stability was observed in both cases when the
pigments were mixed with two commercial frits and fired at
1080 �C.

In frit A, a decrease in b*, C* and H� was produced, in
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comparison to the powders. As a result, a better reddish colouration
was obtained for colours of the final pigmented frit A. Samples with
lower C* values, LaFeO3, PrFeO3, NdFeO3, SmFeO3 and YbFeO3,
displayed a dark red colour. In contrast, the GdFeO3, TbFeO3 and
YFeO3 samples presented the highest a* and C* values, giving them
more intense reddish colours.

Results for frit B showed b* values of between �1.27 and 8.53.
NdFeO3 and YbFeO3 orthoferrites presented negative b* values
(b* < 0, blue colour). Based on C* and H� values, frit B mixtures
presented a lower intensity and a higher magenta tone (H� ¼ 0)
than coloured frit A mixtures. Although there is a small variation in
the colouration associated with a possible interaction of the
pigment with the frits, the possible solid solution formed is very
difficult to determine given the small amount of pigment used with
respect to the frit (4%). However, XRD confirmed that the crystalline
phase of the pigment remained after treatment of the pigmentefrit
mixture at 1080 �C. Fig. S4 of the SI shows the XRD of the
pigmentefrit A mixture after treatment at 1080 �C using the YFeO3
pigment. In this XRD pattern, themain peaks of the perovskitewere
observed together with the typical amorphous halo of the majority
vitreous matrix. Similar results were obtained for the other com-
positions. Therefore, although there is an interaction of the pig-
ments with the frit, which modifies the crystalline environment of
the chromophore element and therefore slightly alters the final
colouration, the crystalline phase of the pigment remains after
treatment.
3.1. Thermal and chemical stability studies of the pigments

TbFeO3 was selected to evaluate the thermal and chemical sta-
bility of the synthesised pigments, because it was the compound
that presented the highest NIR solar reflectance.

The thermal stability of TbFeO3 was studied by thermogravi-
metric analysis in the temperature range from 50 �C to 1200 �C.
Fig. S5 of the SI shows the TG-DSC curves for TbFeO3 pigment. The
results indicate that there is a negligible change in weight and
phase transition of the pigment in this temperature range, which
demonstrates that this pigment is thermally stable.



Fig. 11. The temperature inside the structures covered with TbFeO3 powder and a commercial reddish pigment. Inset shows the equipment used to test the temperature of the
building with the coating of powderepaint mixtures using a low temperature thermocouple (TC).Table 5. Final weight, chromatic coordinates and the total colour differences (DE*)
of the TbFeO3 pigment after treatment in the different media.

Table 4
Chromatic coordinates of pigments mixed with glazes (frit A and frit B).

Sample Frit A Frit B

L* a* b* C* H� L* a* b* C* H�

LaFeO3 45.55 8.64 8.36 13.95 45.40 48.72 10.49 2.49 12.29 15.86
PrFeO3 35.27 10.92 8.18 20.95 41.89 40.07 13.90 0.90 17.24 4.51
NdFeO3 32.19 12.27 6.77 13.97 28.85 37.78 13.13 �1.25 13.33 354.21
SmFeO3 31.18 13.21 7.43 15.14 29.37 38.56 13.02 1.28 13.08 5.52
GdFeO3 32.30 17.42 11.55 27.23 35.78 41.64 14.77 6.17 3.93 358.17
TbFeO3 33.84 20.97 16.65 25.83 37.84 44.68 14.39 7.60 16.28 27.94
YFeO3 34.33 18.65 17.43 25.63 43.29 42.89 13.16 8.53 15.67 33.10
YbFeO3 30.72 10.24 6.51 11.92 32.15 38.59 9.32 �1.27 9.46 352.56

M. Fortu~no-Morte, P. Serna-Gall�en, H. Beltr�an-Mir et al. Journal of Materiomics 7 (2021) 1061e1073
To examine the chemical stability of TbFeO3 powder, tests were
carried out to determine the resistance of this compound to acid,
alkali andwater in 5% HNO3 and 5%NaOH solutions andwater. In all
cases, 0.2500 g of TbFeO3 powder was soaked with the different
Table 5
Final weight, chromatic coordinates and the total colour differences (DE*) of the
TbFeO3 pigment after treatment in the different media.

Test for TbFeO3 powder pH mfinal (g) L* a* b* DE*

Air e 0.2500 60.47 21.94 32.22 e

Acid 0.27 0.2445 60.27 21.54 32.29 0.45
Alkali 13.52 0.2454 60.33 21.48 31.97 0.54
Water 6.28 0.2476 60.80 21.83 32.54 0.47
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solutions for 30 minwith constant stirring using a magnetic stirrer.
The samples were then filtered, rinsed with water, dried and
weighed again. The final weight, the chromatic coordinates and the
total colour differences (DE*) of the TbFeO3 pigment after the
treatment in the different media are listed in Table 5. A negligible
weight loss was detected and small variations in the CIEL*a*b*
parameters of the tested sample, and consequently low values of
total colour differences (DE*), were observed. The TbFeO3 pigment
that was synthesised was thus proved to be chemically stable in
acid, alkali or water media.

As a result, reddish cool pigments without any toxic elements
were developed in the present work for application in a siloxane
paint and two different frits. Specifically, GdFeO3, TbFeO3 and
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YFeO3 samples, which have the reddest colouration with frit A,
presented the highest NIR solar reflectance values, making them
good cool pigments.

4. Conclusions

High NIR reflectance reddish pigments with the general formula
AFeO3 (A ¼ La, Pr, Nd, Sm, Gd, Tb, Y or Yb) were synthesised by a
coprecipitation method. The orthorhombic perovskite with the
Pbnm space group was observed in all samples without any sec-
ondary phase. Absorption and reflectance measurements in the
UVeVis range confirmed that these pigments present a reddish
colour with a band gap range between 1.94 and 2.13 eV. Further-
more, good stability of pigments in a siloxane paint and two glazes
was obtained. On comparing the coatings of all the coloured paints,
it is found that mixes containing GdFeO3, TbFeO3 and YFeO3 pow-
ders possess the highest NIR solar reflectance, reaching values of
R ¼ 50%. They could therefore be considered good cool pigments.
The variation in the indoor temperature after application of two
coats of paint, one with commercial reddish pigment and the other
with TbFeO3 powder, reaches 3.2 �C, the lowest temperature being
achieved by the building with the coating of the TbFeO3
powderepaint mixture. The CIEL*a*b* and CIEL*C*H* parameters
also indicate that the mixtures of frit A with the three pigments
mentioned above also present the reddest tone. Moreover, TbFeO3
powder, which presents the highest NIR solar reflectance, is also
thermally and chemically stable. As a result, the synthesised com-
pounds are good candidates for use as reddish pigment in glazes for
ceramic tiles and also as cool roofing materials.
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