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Abstract: A high NIR reflectance ceramic pigments palette based on rare earths except black (La,Li-
SrCuSiyO1¢ blue wesselsite, Pr-CeO, red-brown cerianite, Mo-Y,Ce,Oy7 yellow cerate, Sr4Mn,;CuOg
black hexagonal perovskite) was compared with the coolest traditional pigments palette prepared by
dry powder coating (DPC) to obtain “core-shell” pigments (Co-willemite blue, Cr-franklinite brown,
Ni,Sb-rutile yellow, Co,Cr-spinel black). Adding CaCOj as a binder, normalized NIR reflectance
at L* = 85, 55 and 30 was compared for yellow, brown and blue-black powders, respectively. Rare
earths lack intense absorption bands in the NIR range and therefore its pigments show higher NIR
reflectance, but normalized measurements show smaller differences and even have an inverse result
for blue pigments. The pigmenting capacity and stability study in different media show that the
stability of cool rare earth pigments is lower than that of DPC classical pigments, except in the case of
the red-brown Pr-cerianite pigment.
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1. Introduction

The so-called eco-friendly cool pigments show high reflectance in the NIR region of
the spectrum (700-2500 nm). The Dry Colour Manufacturers Association (DCMA) classifies
pigments into three categories [1,2].

- Category A deals with pigments suspended in glass matrixes which require the highest
degree of heat stability and chemical resistance to withstand the attack of molten glass.

- Category B deals with pigments suspended in plastics and other polymers, which
require only moderate heat stability.

- Category C deals with pigments suspended in liquid vehicles, which require little, or
no heat stability.

Colour is a subjective perception due to the sensitivity of the cone photoreceptors in
the human eye to light (L long cones sensible to red colour, M middle to green and S short to
blue light). There are different methods for an “objective” measurement of colour, such as
the one developed by CIE (Comission International de 1’Eclairage) [3]. The Colour Matching
Functions (CMF), such as RGB or XYZ CIE models, deal with the accurate reproducibility
of colour. On the other hand, Colour Appearance Models (CAM) try to evaluate the color
with more intuitive parameters to human perception. They use parameters such as hue,
saturation and brightness.

The CIEL*a*b* [3] colour space is referred to as standard lighting (e.g., D65) and an
observer’s field of view (e.g., 10°) uses three parameters: L* measures the lightness (100 for
white, 0 for black) and a* and b* the colour parameters (—a* is the green axis, +a* the red
axis, —b* the blue axis and +b* the yellow). The CIEL*C*h colour space correlates well with
the colour perception of the human eye, and it has the same diagram as the L*a*b* colour
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space but uses cylindrical coordinates instead of rectangular coordinates. In this colour
space, L* indicates lightness such as in the CIEL*a*b* model, C* represents chroma, and h*
is the hue angle. The value of chroma C* is the distance from the lightness axis (L*) and
starts at 0 in the centre. Hue angle starts at the +a* axis and is expressed in degrees (e.g., 0°
is red +a* axis, 90° yellow +b*, 180° green -a* and 270° is blue -b* axis). The values of C* and
h* can be estimated from a* and b* parameters by the Equations (1) and (2), respectively:

C* = (a® +b?)!/2 )

h* = arctan (b*/a*) 2)

Colour systems based on hue, lightness and relative chroma first appeared in the early
19th century, but the key concept of absolute chroma was devised by the American artist
Albert Munsell [4]. Lightness is associated with the range from black to white, and chroma
or colour strength refers to the visual difference from a grey of the same value of lightness.
As shown Figure 1, the chroma attainable for a given hue depends of the lightness [4,5]; the
maximum chroma is obtained when Lightness L* (measured by the L*a*b* method) is high
for yellow, cyan and green (L* = 80-90, 75-85 and 70-80 range respectively), middle for
magenta and red (L* = 50-60, 45-55 respectively) and low for blue (25-35) shades.

.
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Figure 1. (a) Diagram of all possible RGB colours of a single hue angle, showing variations in the range

of possible chroma with lightness. Reprinted with permission from Ref. [5], 2007. (b) Particles rejected
on 60 um sieve of the black pigment 0.1C0304.0.1Cr,O3@TiO,; obtained by dry powder coating (DPC).
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Finally, Colour Difference Models (CDM) quantify how different two colours look
from each other. One of these models is the CMC tolerance system based on CIELCh and
provides better agreement between visual assessment and measured colour difference.
CMC tolerance was developed by the Colour Measurement Committee (CMC) of the
Society of Dyers and Colourists in Great Britain and became public domain in 1988. The
tolerance AE*cp\c for visual assessment between two colours is a 3-dimensional ellipsoid
with axes corresponding to hue (Ah*), chroma (AC*) and lightness (AL*) that is larger
for chromatic colours (high C* > 10). The CMC tolerance system is specified in the ISO
International Standard 105-J03 (part J03: calculation of colour differences) [6] but other
standards consider the tolerance of AE* based on L*a*b* parameters:

AE* = \/ AL#2 + Aax? + Abx> (3)

ISO 12642-2 5 (referred to graphic technology to characterize the 4-color printing
process) considers a difference AE* > 5 unacceptable. Instead, the International Standard
ISO 10545-16 for ceramic tiles establishes a limit of AE* < 0.75 in part 16, concerning the
determination of small colour differences between plain coloured ceramic tiles, which are
designed to be of uniform and consistent colour.

1.1. Cool Pigments

As described above, cool pigments show high reflectance in the NIR range (750-2500 nm).
When light falls on an object, both diffuse and specular reflections operate simultaneously.
Diffuse reflection is considered to result from subsurface scattering; that is, light enters
a surface layer, is scattered multiple times, and then exits in a random direction [7]. The
spectrometers for collection of UV-Vis-NIR diffuse reflectance spectra give the data in
absorbance using arbitrary units (A) or in reflectance (R) using the Kubelka-Munk model.
The Kubelka—Munk (K-M) [8] transform of the measured diffuse reflectance is approxi-
mately proportional to the absorption, and hence to the concentration of absorbent species
which absorbs light associated to charge transfer and d-d transitions of metal ions in lattice
environments or also to stretching and deformation modes of functional groups (vibrations
of supported species) [9].

Several physical parameters should be considered to achieve cool pigments [2]:

(a) Absence of absorbent ions in the NIR range (700-2500 nm.): e.g., Co?* in a tetrahedral
environment shows absorbance in the 1200-1600 nm (associated to the d-d transi-
tions bands A, (F) — *T;(F) at 1400 nm and #A,(F) — 4T, (F) at 1600 nm), avoiding
NIR reflectance in this NIR range, but an alternative for the blue colour in glazes
is complicated [10].

(b) Therefore, a good cool pigment shows semiconductor behaviour with high band gap:
e.g., TiO; (2.4 eV for anatase polymorph) or CdS, ZnO and SrTiOj3 (3.4 eV). They show
intense charge transfer bands located at the UV region that block UV radiation, which
provides protection to the organic binders.

(c) High thermal emittance. A good cool pigment shows the ability to release heat that it
has absorbed and then its temperature decreases [11]. The emittance index of solids is
high (e.g., ceramics 0.9, asphalt 0.88), but it is low for conductive metals (e.g., Ag 0.02,
A10.03, Cu 0.04).

However, obviously, a pigment must show a high pigmentation performance when
dispersed in the matrices (polymers, glass, ceramics . .. ). To enable high dyeability, two
parameters are critical [2]:



Ceramics 2022, 5

617

(a) High refractive index that allows for achieving high scattering efficiency of light when
the pigment is added to a matrix with a very different refractive index. The scattering
efficiency increases with the difference of the refractive index pigment-medium. For
example, TiO, (anatase and rutile polymorphs) shows a high refractive index (2.55
and 2.73 respectively), therefore, the pigments based on rutile structure such as the
yellow-orange of Cr-Sb rutile or yellow of Ni-Sb rutile are two of the best classical
cool pigments. Related pigments such as Cr-pseudobrookite (Cr-Fe, TiOs) [12], Cr-
armalcolite (Cr-(MgFe,TizOs) [13] or Ni-geikielite (Ni-MgTiO3) [14] based on titanates
also show high NIR reflectance.

(b) For an efficient scattering efficiency of light, the particle size should be about half the
wavelength of the light; for NIR light (700-2500 nm), the particle diameter should be
between 350-1250 nm. The particle shape and packing status are other important fac-
tors, in addition to the particle size. It is important to note that in ceramic applications,
the particle size should be the minimum to avoid the attack of the media (glazes or
ceramic stoneware); its size is between 0.1-5 um and small particles can be dissolved
by the melting glazes, decreasing the tinting strength of the pigment, and big particles
decrease the density of the colour centres with the same result.

Opacity or hiding power of paints is the ability to hide the surface of an object. Opacity
is dependent of the following characteristics: absence of absorbance bands in the NIR
range, high scattering associated with the high miss-match between the refractive index of
pigment and medium and an adequate particle size of the opacifier pigment. Moreover, the
opacity increases with the thickness of the coating and, thus, the thickness should be similar
when comparing the reflectance of coatings. Therefore, a cool pigment, that has high NIR
transmittance, will require a NIR-reflective background (typically white or metallic) to
produce an NIR-reflecting coating and the nature of the background of the coating modifies
the reflectance of the coating; e.g., as 7% of the volume in alkyd paint, the nickel titanate
yellow pigment changes from total solar reflectance R = 77-85% over a white background
to 42-64% over a black background [15].

The total solar reflectance R, the solar reflectance in the NIR range Ryjr or the solar
reflectance in the Vis range are evaluated from UV-Vis-NIR spectra through the diffuse
reflectance technique, as the integral of the measured spectral reflectance and the solar
irradiance divided by the integral of the solar irradiance is in the range of 350 to 2500 nm
for R, 700 to 2500 nm for Ryjyr or 350-700 nm for Ry;g as in the Equation (4):

2500 .
R — J350 r(A)i(A)dA

2500 .
350 i(A)dA

@)
where r()) is the spectral reflectance (Wm~2) measured by UV-Vis-NIR spectroscopy and
i(A) is the standard solar irradiation (Wm~2 nm~!) according to the American Society for
Testing and Materials (ASTM) Standard G173-03.

Buildings contribute to climate change with their greenhouse gas emissions (e.g., 30%
of the total emitted by the U.S.) associated with their primary energy consumption (36%
of the total in the U.S.). For this reason, minimization strategies have been undertaken
through different certification systems such as BREEM, or the Building Research Estab-
lishment Environmental Assessment Method, the oldest green building rating system
(1990), Miljobyggnad, or Environmental Building in English, created by the Sweden Green
Building Council in 2010 or the Leadership in Energy and Environmental Design (LEED)
certification, promoted by the U.S. Green Building Council. These “Green Building Rat-
ing Systems” (GBRS) analyse the sustainability of buildings considering several factors
associated with their design and construction, such as the content of recycled material and
the heat island effect (HIE). Determination of the Solar Reflectance Index (SRI) for opaque
materials (wall, roof and floor) reveals the ability of a surface to reflect solar radiation and
to emit thermal radiation, reducing the increase in temperature caused by the incidence of
solar radiation on the surface aids of all GBRS. As described above, the SRI of a specific
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surface depends on the solar reflectance and thermal emittance of the material, but also
of the solar flux, the convection coefficient, the air temperature and the sky temperature
(ASTM E1980 2011). For roof tiles for buildings, the SRI value required is dependent on the
slope of the roof (SRI > 39 for steep slope; SRI > 82 for low slope).

1.2. Rare Earths and Cool Pigments

Following Dieke [16], the trivalent rare earth ions, [Xe]4f", involves the activity of
internal f electrons, strongly protected by 5s and 5p electrons. Because of the shielding effect
of the outer 5s and 5p shell electrons, the crystal-field interaction with inner 4f electrons is
weak and can be treated as a perturbation (Stark effect) of the free-ion states. Accordingly,
the energies of the corresponding levels of 4f" configuration are only weakly sensitive to the
type of the crystal host. Therefore, the resulting crystalline field caused by their interaction
with neighbouring ions is very low, and usually optical spectra of lanthanide compounds
present weak and profuse bands. On the other hand, the 5d electrons are not effectively
shielded by other electrons, and the crystal field influence on the energy levels of 4f"~15d!
electronic configuration is strong. Accordingly, crystal field splitting of 5d levels is large
and the energies of levels within 4/"~15d! electronic configuration can strongly differ for
different crystal hosts [16].

The classical complex inorganic pigments based on mixed metal oxides are based on
transition metals and the mechanism of colour is associated with its broad and intense ab-
sorption bands due to d-d transitions that fall within the visible range: however, transition
metals such as Co, Cr or Ni are toxic, therefore, new inorganic pigments that reflect the NIR
range and are less hazardous for the environment need to be developed [17,18].

In the case of rare earth-based pigments, the mechanism of the colour is associated
with the shift of the charge transfer band of a semiconductor to higher wavelengths, by
introducing an additional electronic level through doping with a chromophore rare earth
ion. For example, CeO, crystallizes in the fluorite structure, where FCC packed Ce** ions
are surrounded by eight oxide ions, occupying alternate centres of tetrahedral cavities in
the FCC lattice. The 4f valence shell of Ce**([Xe]) in cerianite is empty, and that of O?~
([He]2s? 2p6) is full; adjacent Ce** ions are virtually in contact in the fluorite lattice and, as
a result, 4f orbitals overlap in a cationic conduction band; similarly, overlap of 2p orbitals of
oxygen ions gives an anionic valence band. The band gap between the anionic band and the
cationic band is 2.76 eV [18]. Pr** doping into cerianite introduces an additional conduction
band and its associated charge transference band absorbs from 600 nm (band gap 2.0 eV),
inducing a brown colon; since all wavelengths above 570 nm are reflected, except the weak
and sharp absorption due to 4f transitions, Pr**:CeO; is a good NIR reflector material.

Recently, the industrial utilization of lanthanides has increased rapidly because of their
low toxicity [18,19]; consequently, a large number of rare earths based on NIR reflective
pigments have been proposed as an alternative to traditional pigments:

(a) For blue pigments, Smith et al. [20,21] synthesized by ceramic route at 1200 °C the
solid solution Mn-YInO3 with perovskite structure (YInggMng,03 powder shows
L*a*b* =34.1/11.7/—44.4 and R = 34%, and 20% in vinyl paint 77.9/—-2.9/—19.3 with
RNIR = 62%). Sheethu et al. and Zhang et al. [22,23] describe blue pigments based on
the solid solutions of rare earths in wesselsite SrCuSizO1 (Srg3Lag7Cug3Lig7Si4O19
powder, which shows L*a*b* = 49.6/10.4/—51.7 and Rjr = 66% obtained by the ce-
ramic route at 950 °C/16 h, whereas Sry gEug ,Cug 3514070 shows L*a*b* =46.6/ —4.6/ —28.1
and Ryjr = 72.3 synthesized by the citrate route at 900 °C/2 h).

(b) For magenta-brown shades, Garcia et al. and Llusar et al. [18,19] describe the applica-
tion of brown-red pigments based on Ce; _xMyO, solid solutions (M = Pr,Tb) showing
RNir = 80% for x = 0.05 in glazes. Vishnu et al. [24] report brown pigments by solid
state reaction at 1500 °C/18 h based on the solid solution Pr-Y,Ce,O7 with fluorite
structure (Y,Ce; 7Pro 307 powder shows L*a*b* = 32.6/18.1/12 and Ryjr = 58%) and
yellow pigments from Mo-Y;Ce,O7 solid solutions (Y,Cej 5Mog 507 powder shows
L*a*b* =90.2/—4.5/62.4 and Rnjr = 81%); later, Raj et al. [25] report a brown pigment
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doping with Tb as the same structure. Jovani et al. [26] report a brown pigment based
on Yz xTbyxZr, _yFeyO7_5 (L*a*b* = 64/34/33 for 4 wt.% addition in a conventional
frit of powder x = 0.35).

(c) For yellow pigments, Gargori et al. [27] report the preparation of a yellow pigment
based on the codoped V°* CaZ*-Y,Sn, 0y pyrochlore (CaxY>2_xVySny_;O7) solid so-
lutions at 1200 °C/6 h (the powder x = y = 0.16 shows L*a*b*= 85.7/1.1/34 and
5 wt.% enamelled in a double firing frit at 1000 °C shows L*a*b* = 79.3/2.6/35
with Rymr = 81%). Liu et al. [28] develop by citrate route at 700 °C/6 h high NIR
reflectance yellow pigments based on Al-LaFeOj3 (LaAlxFe;_«O3) perovskite solid
solutions; at low x the colour is brown and at x > 0.7 it is yellow (L*a*b* =71.2/2.8/10.0
with Ryr = 57%). Although the authors do not evaluate the NIR reflectance, the
(Cay—y—yEuxZny )2 AlSi07,5 (0 < x < 0.15; 0 < y < 0.07) solid solutions with gehlenite
structure (CayAl;SiO7) show high NIR reflectance, and (Cag g7Eug 1021 03)2A1:Si07, 5
pigment exhibited the most vivid yellow colour (L*a*b* = 74/0/76) [29]. The origin of
the yellow colour is the 4f-5d transition of divalent Eu?* ion, and codoping with Zn en-
hances the yellowness by increasing the Eu** amount in the samples. Schildhammer
etal. report a yellow pigment based on YbgMo,015 crystallizing in a trigonal structure
by ceramic method at 1350 °C/20 h with the colour coordinates L*a*b* = 88.7/6.6/55
and Ryjr = 94%. Colour variation from pale yellow to brick-red was realized by
partial substitution of Yb3* or Mo®* with various metal ions [30].

(d) Obtaining black pigments based on rare earths as chromophores is very complicated
given that the origin of the colour, as discussed above, is based on 4f-5d transitions
or on the generation of additional charge transfer bands induced by entrance of rare
earths ions in the network, because the absorptions associated with 4f transitions
are sharp and weak. Thus, rare earth chromophores only absorb in the blue-green
range producing yellow or brown colours; blues are due to traditional chromophores
in the rare earth network such as Mn3* in trigonal bipyramid [20,21], which could
be obtained in other free-rare earth structures [31], or to weakly allowed bands
associated to Cu®* [22,23] that connect with ancient pigments such as the Egyptian
Blue Family [32,33]. Therefore, to obtain a whole absorbent pigment of the visible
range is virtually impossible using rare earths as chromophores, but there are black
or dark brown pigments involving rare earth lattices: Gargori et al. describe a black
pigment based on perovskite CrNdOj3, and a green pigment that turns into black
when it is modified by fluorides [14], probably associated to the high concentration of
vacancies introduced by the dopants [34] (adding 2 wt.% BaF, and 8 wt.% MgF, at
1100 °C/3 h the powder shows L*a*b* = 43.4/2.4/4.0 but low Ryyr = 4%). Likewise,
the undoped YInO3; shows a black colour although the authors [20,21] only measure
the NIR reflectance of the Mn3* doped blue pigment.

1.3. Dry Powder Coating (DPC) Method

Several of the published cool pigments are only evaluated in powder form and,
sometimes, their lightness is outside Munsell’s optimal chroma, resulting in pale colours [4].
In this work, a palette of pigments based on rare earths have been chosen. This palette along
with a non-classical black pigment are synthesized and characterized as cool pigments.
Likewise, a palette of classical pigments synthesized by a dry powder coating (DPC)
method is compared with the rare earth palette. DPC methods produce “decorated” or
“core-shell” pigments in which a core of high reflectance ceramic base (the core, e.g., TiO»,
ZnQ) is coated by a shell of the pigment.

The DPC coating method has been utilized for producing special chemicals and
ceramics under wet or dry conditions for improving its functionalities. In the dry method,
a host of reflectance particles (1-500 pm, e.g., ZnO) are coated mechanically with a guest of
chromophore particles (0.1-50 pm, e.g., Fe,O3 and Cr,O3) in order to improve wettability,
solubility and other characteristics such as reactivity [35]. As the guest particles are so
fine, the van der Waals interactions are sufficiently strong to keep them firmly attached to
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the host particles. Thus, either a discrete or continuous coating of guest particles can be
achieved depending on the choice of equipment or operating conditions such as processing
period, mechanical action, weight fraction of guest to host particles and physical properties
of the particles used [36]. This discrete or continuous coating of guest particles reacts when
firing, giving a shell over the core of the host particles (e.g., Fe;O3 and Cry O3, reacts over
the coated ZnO particles to give franklinite Zn (Cr,Fe),;O4)).

Figure 1b shows the particles rejected on a 60 um sieve of the black pigment
0.1C0304-0.1Cr,O3@TiO; obtained by the dry powder coating (DPC) procedure, fired
at 1100 °C/3 h, which is discussed below, showing the “core-shell” feature of the pigment
with a core of high reflectance base (in this case white TiO;) coated by a layer of the pigment.

2. Materials and Methods
2.1. Samples Preparation

The cool pigments palette based on rare earths (except black) is integrated by the
following pigments:

(a) Blue of La,Li doped SrCuSiyOqo wesselsite [22] (structure of gillespite BaFe2*Si4O1p,
tetragonal, Space Group P4/ncc [33]). A total of 50 g of the composition
SrpsLag7Cug3LiySisO19 was prepared from carbonates (SrCO3 and Li,CO3) and
oxides (LayOs, CuO, quartz SiO,).

(b) Red-brown of Pr-CeO; cerianite (fluorite structure, cubic, Space Group Fm3m) [18]. In
total, 50 g of the composition Ceg g5Prp 050, was prepared from oxides (PrgO11, CeO5).

()  Yellow of Mo-Y,Ce, Oy yttrium cerate (fluorite structure, cubic, Space Group Fm3m) [24].
A total of 50 g of the composition Y,Cej sMog 507 was prepared from (NH4),MoOy
and oxides (Y,0O3, CeOy).

(d) Black-brown of SryMn,CuQOg (hexagonal perovskite, Space Group P321) [37]. The
structure of this pigment consists of octahedra and trigonal prisms that form a chain
structure by face-sharing. The Mn** ions occupy octahedral sites and Cu?* ions
randomly fill the centre of the square faces of the trigonal prisms. A total of 50 g of
the composition Sr4Mn,CuQOg were prepared from carbonates (SrCOj3) and oxides
(MnO,, CuO).

The coolest pigment palette based on traditional pigments with transition metals chro-
mophores, optimized by dry powder coating (DPC), is integrated by the following pigments:

(@) Blue of Co-Zn,5i04 willemite-decorated ZnO (trigonal, Space Group R-3) [38]. A total
of 50 g of the composition [Cog ¢Zn; 45104]-0.2ZnO was prepared from oxides (Co30y4,
ZnO, quartz Si0;).

(b’) Red-brown of Cr-ZnFe,O4 Franklinite-decorated ZnO (CPMA number 13-37-7, spinel,
cubic, Space Group Fd3m) [39]. In total, 50 g of the composition [ZnFe; Cry204]. ZnO
was prepared from oxides (Cr,O3, Fe,O3 hematite, ZnO).

(c’) Yellow of Ni,Sb-TiO,-decorated TiO, (CPMA number 11-15-4, tetragonal, Space Group
P42/mnm) [40]. A total of 50 g of the composition [Nig255bg25Tig50,]. TiO, was
prepared from oxides (Sb,Os, TiO, anatase, NiO).

(d’) Black-green of Co(Cr;_xCoyx)O4-decorated TiO, (spinel CPM number 13-29-2, cubic,
Space Group Fd3m) [41,42]. In total, 50 g of the composition [Co(Cr; 2Cog)O4]. TiO
was prepared from oxides (Co304, Cr,O3, TiO, anatase).

Precursors, supplied by ALDRICH, with a particle size between 0.3-5 um except the ZnO
used as core in the DPC procedure with relatively high particle size (1-45 pm, ref. Zn526010),
were mechanically homogenized in an electric grinder (20,000 rpm) for 5 min. The mixture
was fired at the corresponding temperatures and soaking times: 950 °C/16 h (pigment a),
1400 °C/6 h (pigment b), 1500 °C/6 h (pigment c), 1000 °C/6 h (pigment d) and 1100 °C/3 h
(pigments a’, b’, ¢’ and d’). The fired powders were sieved using a 60 um sieve.
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2.2. Samples Characterization

X-ray Diffraction (XRD) was carried out on a Siemens D5000 diffractometer using Cu K«
radiation (10-70° 20 range, scan rate 0.02° 20, 4 s per step and 40 kV and 20 mA conditions).

L*a*b* and C*h* colour parameters of glazed samples were measured following the
CIE-L*a*b* (“Commission Internationale de 1'Eclairage”) colorimetric method® using a
X-Rite SP60 spectrometer, with standard lighting D65 and 10° observer. With this method,
L* is a measure of lightness (100 = white, 0 = black) and a* and b* of colour parameters
(—a* = green, +a* = red, —b* = blue, +b* = yellow).

UV-Vis-NIR spectra of fired powder samples and also of the applications of the pigments
samples were collected using a Jasco V670 spectrometer through diffuse reflectance technique,
which gives data in absorbance using arbitrary units (A) or in reflectance units (R (%)) using
the Kubelka—Munk transformation model. The optical reflectance spectra were scanned in the
range of 350 to 2500 nm for optimized pigments, and the total solar reflectance R and the NIR
solar reflectance Rnjr were obtained as discussed above (Equation (4)).

Microstructure characterization of powders was carried out by Scanning Electron
Microscopy (SEM) using a JEOL 7001F electron microscope (following conventional prepa-
ration and imaging techniques). The chemical composition and homogeneity of the samples
was determined by semi-quantitative elemental analysis with an EDX analyser (supplied
by Oxford Indstruments, Abingdon, UK) attached to the microscope.

Band gap energy of semiconductors was calculated by Tauc plot using the UV-Vis-NIR
spectra of the Kubelka-Munk model [30].

2.3. Application of Pigments

The colouring capacity of the pigments was studied in three matrices: (a) 10 wt.%
in colourless alkyd paint, (b) 3 wt.% in a conventional lead-free double-firing frit of the
5i0,-Ca0-Zn0O system (1050 °C, widely employed for the double firing glazed tiles for
wall cladding) and (c) 2 wt.% in porcelain powder (1190 °C).

3. Aims

In conclusion, cool pigments show high values of R and Ryjr along with high stability
and colouring capacity in its applications, showing high chroma C* (except for black hues
which tends to zero) and lightness L* should be enclosed within the range of Munsell’s
high chromaticity for the different hues (e.g., high for yellow (80-90), cyan (75-85) and
green (70-80), middle for magenta (50-60) and red (45-55) and low for blue (25-35) and
black (30-0) hues (see Figure 1a) [43]). Authors have associated the high reflectance or SRI
(Solar Reflectance Index) with the lightness L* or Y factor. For instance, L. M. Schabbacha
et al. analysed the thermal and optical properties related to the solar reflectance index
in pigmented glazed ceramic roof tiles in Brazil [44]; the results show that most of the
coloured glazed tiles did not meet the 2013 LEED requirement, that is, SRI > 39 for roof
tiles with a steep slope.

As said before, several of the published cool pigments are only evaluated in powder
form and, sometimes, their lightness is outside Munsell’s optimal chroma, resulting in
pale colours [4]. In this work, a palette of pigments based on rare earths and a classic
palette are synthesized and characterized as cool pigments at normalised L*. For a rigorous
comparison of the cool performance of two pigments, its L* values should be the same,
hence, the measurement of a normalized reflectance; e.g., R85 (R at L* = 85) for yellow
and cyan hues, R75 for green, R55 for brown-magenta and R30 for blue and black hues is
proposed. These evaluations can be obtained by gradual addition of the pigment to the
matrices or using a binder (e.g., CaCOs3) in the case of powder. Calcite (CaCOs), a cheaper
and abundant high NIR reflectance white compound (Ryis/Rnr/R = 80/60/70) [45], is
mixed as a binder with the pigments in an electric grinder (20,000 rpm) for 5 min.
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4. Results and Discussion
4.1. X-ray Diffraction (XRD) and SEM-EDX Characterization
The XRD patterns of the powders are shown in Figure 2, and the SEM images of

powders (at low and high magnification) in Figure 3, whereas additional SEM images with
their corresponding EDX mappings of powders are shown in Figure 4.
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Figure 2. XRD patterns of powders. CRYSTALLYNE PHASES: E (wesselsite SrCuSizO1g), L (Lap03),
W (willemite Zn,SiO4, Q (quartz), Z (ZnO), O (Co304), P (CeO,) F (Franklinite ZnFe,Oy),
Y (Y2Ce20y7), R (rutile), N (NiTiO3), S (Sr4MnyCuOg) and C (CoCrpOy).



Ceramics 2022, 5

623

Sto.3L.ag 7Cup3L107514010

[Coo.6Z.11.45104].0.2Zn0

950°C/16h Rvis/Rair/R=27/44/35
Fe —F

Ceo.95Pro.os0O2

1100°C/3h Rvis’Ryir/R=13/30/21

e

[ZnFe15Cro.204].Zn0
1100°C/3h RvisRnir/R=14/48/30

1400°C/6h Rvis/Rnir/R=17/65/40

Y2Cei1.sMoosO7
1500°C/6h RyisRuir/R=67/81/74

1 pm

SraMnaCuOe
1000°C/6h Rvis/RnirR/R=7/51/29

1 pmpds

[Nio.258bo 25T10.502]. T102
1100°C/3h RvisRnir/R=40/55/47

Figure 3. SEM images of powders of the both families of pigments.
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Figure 4. Cont.
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SraMn2CuQOy [Co(Cr12C008)Os4].TiO:2

1000°C/6h Rvis/Rnr/R=7/51/29 1100°C/3h Rvis/Rnr/R=7/21/14

Figure 4. SEM and correlated EDX mapping of powders of the both families of pigments.

(a)

(b)

(©

In the case of blue pigments, XRD shows the crystallization of wesselsite SrCuSis O
(E in Figure 2) as the main crystalline phase, although several weak peaks associated
to residual quartz (Q) and LayO3 (L) are detected. For the classical Co-willemite-
decorated ZnO, willemite and ZnO are the main phases, but weak XRD peaks of
unreacted quartz and CozOy are also detected. The SEM images (Figure 3) show that
the La,Li-wesselsite blue powder presents aggregates of 10 um of mean size highly
sintered, and are sometimes decorated by little orthohedrons with particle sizes
between 0.2-1 pm. The microstructure of Co-willemite blue pigment is homogeneous,
showing aggregates between 5-25 um integrated with fine spherical particles of
around 1 um of particle size. The SEM-EDX results in Figure 4 are in agreement with
XRD observations: the La Ly signal show the presence of unreacted lanthanum oxide
in the La,Li-wesselsite blue powder, whereas unreacted quartz along with a little Co
inhomogeneity are also detected in the mapping of the Co-willemite powder.
Regarding red-brown pigments, cerianite (P) is the only crystalline phase detected
for Pr-cerianite red-brown pigment, and franklinite (F) along ZnO (Z) in the case of
Cr-franklinite ZnO decorated pigment (Figure 2). The microstructure of Pr-cerianite
pigment is homogeneous, showing aggregates between 1-10 um in size, integrated by
homogeneous and finer particles of 0.5 um in particle size (Figure 3); similarly, the
Cr-franklinite powders show high homogeneity with aggregates between 0.5-3 pum,
constituted by fine spherical particles of 0.3 pm of particle size. The SEM-EDX
results in Figure 4 agree with the above observations, and all cation EDX signals are
homogeneous in the corresponding composition mappings.

As for the yellow pigments, the yttrium cerate Y,CepOy is the single crystalline phase
(Y) detected by XRD (Figure 2). In the case of Ni,Sb-TiO, decorated rutile, only very
weak peaks of residual NiTiO3 (N) are detected accompanying the main rutile phase
(R). Highly sintered particles 10-50 um-sized are observed by SEM in the case of
the yellow of Mo-yttrium cerate pigment (Figure 3), whereas in the case of Ni,Sb-
rutile, the microstructure consists of aggregates between 1-5 um-sized, integrated
by finer spherical particles of 0.2-2 pm in particle size. The SEM-EDX results in
Figure 4 correlate well with the above observations, since all cation EDX signals are
homogeneous in the case of Mo-yttrium cerate yellow pigment, whereas the Ni K4
signal show very scarce inhomogeneities associated with the presence of residual
NiTiO3 detected by XRD.
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(d) Finally, concerning the studied black pigments, the hexagonal perovskite SryMn,;CuQOg

(S) is the only crystalline phase detected for the SryMny;CuQOy black-brown pigment
(Figure 2). Co-chromite CoCr,0Oy4 (C) and intense peaks of rutile (R) are detected
in the case of Co(Cr,Co),O4-decorated rutile black-green pigment. Regarding mor-
phology, homogeneous microstructures are observed by SEM images (Figure 3) in
both cases; the SrysMn,CuQOy black-brown pigment consists of aggregates between
2-10 um-sized integrated by fine spherical particles of 1 um. In the case of the
Co(Cr,Co0),04-decorated rutile black-green pigment, fine aggregates between 1-5 um-
sized are observed with two kinds of particles: i.e., cubic particles of 1 pm and
spherical particles of 0.2 pm. The SEM-EDX results in Figure 4 agree with the above
observations, and all cation EDX signals are homogeneous in the case of Sr4Mny;CuOqg
black-brown pigment, whereas the Ti K signal corroborates the presence of a rutile
phase associated with the largest cubic particles (around 1 um) observed in SEM
images in the case of the Co(Cr,Co0),O4- rutile decorated black- green pigment.

4.2. UV-Vis-NIR Reflectance Spectra

The UV-Vis-NIR reflectance spectra of powders for both families of pigments are

shown in Figure 5.
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Figure 5. Cont.
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Figure 5. UV-Vis-NIR Reflectance spectra of powders of the both families of pigments.

(a)

In the case of blue pigments, the structure of La,Li-SrCuSisO;y wesselsite is com-
posed of rings of four SiOy4 tetrahedra which are linked together by square-planar
coordinated copper, thus forming double copper silicate layers which are joined by
alkali-earth cations in a distorted cubic geometry. In the corresponding optical spec-
trum (Figure 5), three broad transitions are observed in the visible region originated
from weakly-allowed d-d transitions of copper (despite a symmetry close to Dy,
at the copper centre) due to vibronic coupling. The three transitions, observed as
minimums of reflectance, occur at 800 nm (2]31g — 2Bzg), 630 nm (281g — 2Eg) and
540 nm (2131g — 2A1g) [32,33]. As for the classical Co-Zn,SiO4 willemite, its structure
is an orthosilicate with all atoms in general position and composed of a framework of
tetrahedra accommodating zinc and silicon in three different fourfold crystallographic
sites; a deep blue colour is obtained by doping the willemite structure with cobalt,
which replaces zinc ions in tetrahedral positions. The advantage of willemite pigments
comes from the lower amount of Co needed to obtain suitably saturated blue hues
with respect to spinel CoAl,Oy or olivine C0,5i04; moreover, the use of an excess of
ZnO protects the pigment from the attack of ZnO-rich glazes [44]. The blue colour is
associated with Co?" in tetrahedral coordination environment, which shows a strong
absorbance with three bands at 540, 590 and 640 nm (for the colour) associated with
the splitting of 4A,(F) — *T;(P) transition due to the Jahn-Teller distortion. An addi-
tional strong and broad absorption appears at 1200-1600 nm (due to the coupling of
4A,(F) — *T1(F) and *A,(F) — *T,(F) d-d transitions bands at 1400 nm and 1600 nm,
respectively), which hinders NIR reflectance in this range [10,46].
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(b)

(0

(d)

Regarding the red-brown pigments, it has been discussed above that Pr** doping in
Pr-CeO; introduces an additional conduction band, and its associated charge transfer-
ence band absorbs from 610 nm, showing a semiconductor feature with a band gap of
2.0 eV calculated using the Tauc procedure (direct semiconductor) (Figure 5) [18,19,43].
In the case of Cr-franklinite, Cr>* enters, replacing Fe>* in the normal spinel ZnFe,Oy,
and the following absorption bands are detected in the UV-Vis-NIR reflectance spec-
tra of fired powders: (a) intense bands at 300-520 nm, (b) weak band centred at
680 nm, (c) medium band at 780 nm and (d) intense band at 1200 nm. It is diffi-
cult to distinguish between the presence of Cr3* or Fe* ions in octahedral sites in
the UV-Vis-NIR spectra of samples containing simultaneously both ions in these
positions, because its bands are overlapped to a high extent. However, the main
characteristic of Fe>* ions in octahedral sites is the strong absorption associated with
the transitions 6Alg(S) — 4Alg,‘lE(G), which overlaps with the charge transference
band at 400-500 nm that dominates the absorption spectrum of the powders, and the
band gap associated to this charge transference band is 1.9 eV (Figure 5). The bands
at around 770 and 1200 nm are typical characteristics of the zinc ferrite, which are
attributed to 6Alg(S) — 4ng(G) and 6A14(S) — 4T1g(S) for d-d electron transition of
Fe3* [47,48]. These Fe®* bands overlap with those of Cr** in octahedral coordination,
namely: (a) three main parity-forbidden transitions (A (*F) — *T»(*F) at 570 nm and
4 A»(*F) — 4T (*F) at 445 nm, which are partially overlapped, and 4A,(*F) — 4T (*P)
at 235 nm, which overlaps with Cr®*-O?~ charge transfer), (b) two weak Cr®* spin-
forbidden transitions (*Ay(*F) — 2T1(*G) and *A,(“F) — 2E(>G) that overlap [49,50].
As for the yellow pigments, in the case of Mo-Y,;Ce;Oy solid solutions, the dop-
ing of Mo®" replacing Ce** in Y,Ce,O; needs the formation of cation vacancies
(YoMoyCey_«O7.x) in order to satisfy the lattice charge balance [24]; Mo®* doping
introduces an additional conduction band and its associated charge transference band
O2p—Moyg absorbs from 505 nm (band gap 2.5 eV, Figure 5), inducing a yellow colour.
All wavelengths above 505 nm are practically reflected. In the case of Ni,Sb-TiO,
decorated rutile yellow pigment, the following spin-allowed bands of Ni** in octa-
hedral coordination can be observed in Figure 5: 3A2g(3F) — 3ng(?’F) at 1200 nm,
3A2g(3F) — 3T1g(3F) at 800 nm (which overlaps with other spin-forbidden bands) and
3A2g(3F) — 3T1g(3P) at 450 nm (which overlaps with Ni>*-O?~ band transfer with a
band gap associated using the Tauc plot of 2.3 eV (direct type) [40,43].

Concerning black pigments, in the case of the Sry;MnyCuQOg black-brown pigment, the
broad optical absorption band at the shorter wavelength (400 nm) is attributed to the
partial overlap of charge transfer transition and 4A2g — 4T1g d-d transition of Mn** in
octahedral coordination (the band gap associated of this band is 1.2 eV, Figure 5). Weak
transitions from weakly-allowed d-d transitions of copper, that fill the centre of the
square faces of the trigonal prisms as described above, can be observed as minimums
of reflectance at a at 800 nm (2B1g — szg, very weak band), 715 nm (2B1g — 2Eg) and
540 nm (2B1g — 2A1g) [32,33], but the band at 715 nm is associated by Bae at al. [37] to
the 2T, — 2E transition of Cu?" in a trigonally disordered tetrahedral crystal field [51].
In the case of the Co,Cr-decorated rutile black-green pigment, the absorption bands of
Co?* in tetrahedral coordination and Co?* in octahedral coordination in the spinel are
overlapped, and the following absorption bands are detected: a charge transfer band
at 350 nm, a band at 450 nm (associated to *A,(*F) — T} (*F) of Cr3* in octahedral
coordination), a strong absorbance with three bands at 540, 590 and 640 nm (associated
to the splitting of 4A,(F) — *T1(P) transition of Co?* in tetrahedral coordination, due
to Jahn-Teller distortion), and a strong absorption at a 1200-1600 nm range (due
to the coupling of 4Ay(F) — 4T1(F) and *A,(F) — 4T»(F) d-d transitions bands in
tetrahedral Co%*) [46,49].
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In order to know the effect of the dry powder coating (DPC) method over the syn-
thesis of the powders, the four classic pigments were synthesized without the “core”
of the pigment (ZnO or TiO,) with stoichiometry Cog¢Zn; 45iO4, ZnFeq gCrp,04 and
Nig 255b0.25Tig 502, Co(Cr1 2Co¢ 8)O4, respectively. The XRD of the stoichiometric samples
(not shown) present the corresponding crystalline phases (willemite, franklinite, rutile and
Co,Cr-spinel respectively) as single phases. The L*a*b* and Ryjr of stoichiometric and DPC
core shell powders and its applications in alkyd paint and double firing frit are shown in
Table 1. It is observed that the values are very similar in powder and in alkyd paint or
double firing frit, indicating that the decoration is effective and resists the attack of alkyd or
the frit, however, the NIR reflectance of DPC samples show a slightly higher value (2-3%).

Table 1. L*a*b* and Ryjr values of pigments with and without use of the dry powder coating
(DPC) stoichiometry.

3 wt.% in Double

Stoichiometry Powder 10 wt.% In Alkyd Paint Firing Frit
. L*a*b*=28.0/—-4.1/-260 L*a*b*=452/-63/—-162 L*a*b*=542/-3.7/-23.0
0057145104 Rnir =27 Ryir =38 Rnir =52
. L*a*b*=30.1/-3.8/—-246 L*a*b*=475/-62/—-150 L*a*b*=56.2/5.5/-21.1
[Co%ZnMSlOA;]-O.ZZnO RNIR =30 RNIR =41 RNIR =53
ZnFer «Cro 20 L*a*b* =33.1/22.6/19.0 L*a*b* =37.1/20.0/18.0 L*a*b* =46.1/17.9/19.0
1870204 Rnir =46 Rnir =50 Rnir =55
L*a*b* =36.2/22.1/20.6 L*a*b*=39.4/20.2/18.9 L*a*b* =48.5/18.1/17.9
[ZnFe1A8CrU‘ZO4]-ZnO RNIR — 48 RNIR -53 RNIR -56
. . L*a*b* =85.0/—4.0/56.0 L*a*b* =80.0/—4.0/50.4 L*a*b*=87.9/—2/53.0
Nig255bg.25Tig 50
0.255b0.25 Tip 502 Ruig = 53 Rk = 64 Ruig = 59
. . - L*a*b* =84.3/—4.3/54.1 L*a*b* = 81.8/—4.4/48.0 L*a*b* =78.7/—0.7/52.6
[Nig.255b0.25Tig 502]- TiO2 Rng = 55 Rag = 70 Rng = 60
L*a*b* =47.6/—-2.0/4.6 L*a*b*=37.6/—-2.3/3.6 L*a*b* =50.6/—4.1/0.6
Co(Cr12C00.8)O4 Rk = 18 Rir = 26 Rnr = 41
- L*a*b* =49.3/-2.9/5.8 L*a*b*=39.6/—-3.4/4.3 L*a*b* =51.4/-52/1.0
[CO(CI‘]_2C00_8)O4]~T102 RNIR -1 RNIR =28 RNIR - 43

4.3. Colour, Colorimetry (L*a*b* and C*h*) and Reflectance Parameters (Ry;s/Rnr/R) of

the Powders

The image of the powders, showing its colour and its colorimetry (L*a*b* and C*h*)
and reflectance parameters (Ryis/Rnir/R) are collected in Figure 6 and the results are
discussed for each colour:

(@) As for blue pigments, the chroma C* is higher for the classical Co-willemite, and in
both cases, it is very similar to its b* value. The lightness L* of the rare earth pigment
is high and falls out of the Munsell blue range (L* = 25-35), but its Rjr is higher. For
the comparison of the performance as cool pigments, CaCO3; was added as binder
to the pigments and the evolution of colorimetry and reflectance data are shown in
Table 2; likewise, the representation of Ryjr versus lightness L* of the blue pigments
with gradual addition of the binder CaCOQj is presented in Figure 7. According to
Figure 7, it is observed that rare earths pigments always show higher L* and Rnr
values, and the values of both pigments (classical and rare earth-based) follow a linear
relationship (R? value > 0.92). Therefore, the normalized Ryr30 value (reflectance
associated to a L* = 30), which is proposed for blue hue evaluation, may be estimated
as 30% for willemite and 7% for wesselsite blue. Thus, the blue Co-willemite powder
shows better performance as a cool pigment.



Ceramics 2022, 5

630

Sro.3Lao.7Cuo.3Li0.7514010
950 °C/16 h

Ce0.95Pr0.0s02
1400 °C/6 h

Y2Ce1.sMo00.507
1500 °C/6 h

SraMn2CuQOy
1000 °C/6 h

L*a*b* = 62.3/-4.4/-19.9 50.6/17.5/12,8 85.2/0.2/45.3 43.9/7.2/6.3
C*h* =20.4/257.5 21.7/36.2 45.3/89.8 9.6/41.2
Rvis/Rnir/R = 27/44/35 17/65/40 67/81/74 7/51/29
Rnir30 =7 Rnir55 = 69 Rnir85 = 80 Rnir30 = 50
[C00.6Z11.45104].0.2ZnO [ZnFe1.8Cr0.204].ZnO [Nio.255b0.25T10.502]. TiO2 [Co(Cr1.2C00.8)04]. TiO2
1100 °C/3 h 1100 °C/3 h 1100 °C/3 h 1100 °C/3 h

L*a*b* = 30.1/-3.8/-24.6 36.2/22.1/20.6 84.3/-4.3/54.1 49.3/-2.9/5.8
C*h* =24.9/261.2 30.2/43 54.3/94.5 6.5/116.6
Rvis/Rnir/R = 13/30/21 14/48/30 40/55/47 7/21/14
Rnir30 = 30 Rnr55 =59 Rnir85 = 63 Rnir30 = 13

Figure 6. Image of the powders, colour and its colorimetry (L*a*b* and C*h*) and reflectance

parameters (Ryjs/Rnir/R).

Table 2. Colorimetry and reflectance parameter for CaCOj3 addition to blue pigments.

Srg3Lag.7Cup3Lig.7SigO1o

Vie (© o o %y *
950 °C/10 h UV-Vis (%) NIR (%) TOTAL (%) L a*b
0% CaCOg3 26.6 44.3 35.2 62.3/—4.4/—19.9
20% CaCOs3 45.1 60.6 52.0 741/-51/-13.2
38.5% CaCOj3 539 66.0 59.3 79.6/—4.5/—8.4
50% CaCO3 56.1 66.5 60.7 81.1/—4.1/-64
[C0¢.6Zn1.4S104]-0.2ZnO i (O o o -
1100 °C/3 h UV-Vis (%) NIR (%) TOTAL (%) La*b
0% CaCOg3 13.1 29.9 21.3 30.1/-3.8/—-24.6
20% CaCOs3 17.9 33.8 24.6 49.7/-39/—-14.7
38.5% CaCOs3 21.3 35.2 27.2 53.2/—4.3/-13.9
50% CaCOg3 24.2 37.5 29.8 56.4/—4.1/-13.1
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Figure 7. Rnr versus lightness L* of blue pigments with gradual addition of the binder CaCOs.

(b) In the case of red-brown pigments, the chroma C* is higher for Cr-franklinite
(C* =30.2 vs. 21.7 for Pr-cerianite), being this value is closer to its absolute value
of a*. The L* value is higher for Pr-cerianite (50.6 vs. 36.2 for Cr-franklinite) and
shows higher Ryjr (65% vs. 48% for Cr-franklinite). The evolution of colorimetry
and reflectance data with the gradual addition of CaCOj3 binder to the pigments are
shown in Table 3 and the representation of Rnjr versus lightness L* follows a linear
relationship in Figure 8. The RNr55 (reflectance associated to a L* = 55, considered for
red hues) is 69% for rare-earth Pr-cerianite pigment and 59% for classical Cr-franklinite
spinel pigment. Therefore red-brown Pr-cerianite powder shows better performance

as a cool pigment.

Table 3. Colorimetry and reflectance parameters for CaCO3 addition to red-brown pigments.

Cfgggﬁfgfggz UV-Vis (%) NIR (%) TOTAL (%) L *a*b*
0% CaCO; 17 65 40 50.6/17.5/12.8
20% CaCO; 25.1 71.1 451 54.6/14.1/9.3
38.5% CaCO; 30.1 70.0 474 60/13.3/9.0
50% CaCO; 326 70.3 49.0 62.0/13.0/9.0
60% CaCO; 37.9 73.1 53.1 61.7/11.7/8.1
80% CaCO; 483 75.3 60.0 70.8/8.1/6.4
95% CaCO; 63.8 80.0 70.7 81.1/4.4/5.6
100% CaCOs 79.3 83.0 80.8 88.2/0.8/7.4
[ZnFelll'i,g?égﬂ'Z“O UV-Vis (%) NIR (%) TOTAL (%) L*a*b*
0% CaCO; 14.0 481 302 36.2/22.1/20.6
20% CaCO; 18.2 46.0 29.7 41.5/19.0/12.6
38.5% CaCO; 19.1 46.6 30.7 42.1/19.2/13.0
50% CaCO; 19.8 477 31.9 45.2/18.7/10.1
60% CaCO; 23.1 52.0 36.1 432/19.0/11.1
80% CaCO; 29.2 56.1 43.0 48.1/17.2/12.5
100% CaCOs 79.3 83.0 80.8 88.2/0.8/7.4
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Figure 8. RyjR versus lightness L* of red-brown pigments with gradual addition of the binder CaCOs.
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Regarding yellow pigments, the chroma C* is higher for the Ni,Sb-rutile pigment
(C* = 54.3 vs. 45.3 for Mo-cerate pigment), and the lightness L* is similar for both
yellow pigments and included in the proposed yellow range (L* = 80-90). The Mo-
cerate yellow powder shows higher Rnjr (81% versus 55% for Ni,Sb-rutile). The
evolution of colorimetry and reflectance data with the gradual addition of CaCOs
binder to the pigments are shown in Table 4 and the representation of Ryjr versus
lightness L* follows a linear relationship in Figure 9. The Rnjr85 (reflectance associated
to a L* = 85, proposed for yellow hues) is 80% for the Mo-cerate pigment and 63%
for classical Ni,Sb-TiO, decorated rutile pigment. Therefore Mo-cerate shows better
performance as a cool pigment.
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Table 4. Colorimetry and reflectance parameters for CaCOj3 addition to yellow pigments.

Y2Ce1.5Mog 507

-Vis (% % % *b*
1500 °Clen UV-Vis (%) NIR (%) TOTAL (%) L a*b
0% CaCOs3 54.0 81.1 67.3 85.2/0.2/45.3
20% CaCO; 66.7 80.4 72.20 87.13/—2.60/30.71
38.5% CaCO; 68.11 82.7 74.40 87.56/—3.12/24.73
50% CaCOj3 67.26 87.0 75.76 88.8/—3.02/19.66
100% CaCO; 79.26 82.92 80.83 88.23/0.83/7.37
[Nig.25Sbg.25Tip.502]1-TiO> . o o N
1100 °C/3 h UV-Vis (%) NIR (%) TOTAL (%) L a*b*
0% CaCO; 39.6 54.7 47 84.28/—4.29/54.05
20% CaCOs 44.11 57.9 50.23 84.1/—4.05/44.50
38.5% CaCOj3 45.59 58.6 51.36 84.2/—-3.97/43.83
50% CaCO; 46.90 59.5 52.48 84.4/-3.98/41.78
100% CaCOs3 79.3 83.0 80.8 88.2/0.8/7.4
100 y = 1.534x — 50.927
90 R%2=0.6019 &
80 - % ¥
70 - Y2Ce15M 00507
g 0, e
s 0 5.3889x — 395.26
= =D. X — 3YD.
= ) R2=0.9985
30 ST
20 [N1i025Sbo25T10502]. T102
10
0
83 84 85 86 87 88 89 90
L*

Figure 9. Rnjr versus lightness L* of yellow pigments with gradual addition of the binder CaCOs.

(d)

Concerning black pigments, from the data in Figure 6, the chroma C* is lower for
chromite-rutile black-green (C* = 6.5 vs. 9.6 for Sr4Mn2Cu09), indicating a better
black colour, and the hue is on the green range for this pigment (h* = 116.6), whereas
the hue of black-brown Sr4Mn2CuQ?9 falls into the brown range (h* = 41.2). Lightness
is low and similar for both dark pigments (44-50), although it is too high to be pure
black pigment, since they do not enter into the range proposed above (L* = 30—0).
Moreover, the Sr4Mn2CuO9 black-brown shows higher RNIR (51% versus 21% for
chromite-rutile black-green). Finally, the evolution of colorimetry and reflectance data
with the gradual addition of CaCO3 binder to the pigments are shown in Table 5,
and the representation of RNIR versus lightness L* follows a linear relationship in
Figure 10. The RNIR30 (reflectance associated to a L* = 30, considered for black
hues) is 50% for Sr4Mn2CuQO9 black-brown pigment and 13% for chromite-rutile
black-green. Therefore, Sr4Mn2CuQO9 shows better performance as cool pigment.
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Table 5. Colorimetry and reflectance parameters for CaCO3 addition to black pigments.

Sr4Mn;CuOy e (O o o W
1000 OC/6 h UV-Vis (/o) NIR ( /o) TOTAL (/o) L*a b
0% CaCOs3 7 50.9 28.5 43.91/7.15/6.29
20% CaCOg3 10.16 51.0 27.63 47.79/6.32/5.45
38.5% CaCOg3 12.38 51.1 28.83 50.57/5.98/5.08
50% CaCOj3 14.63 51.3 30.76 52.77/5.85/5.21
[Co(Cr1.2C00.8)O4]- TiO> Vi (9 o 0 £a%h %
1100 OC/3 h UV-Vis (/o) NIR ( /o) TOTAL (/o) L*a b
0% CaCOs3 7 21 14 493/-29/5.8
20% CaCOg3 9 20 14.5 50.1/-2.5/5.0
38.5% CaCOg3 10 21 15.5 51.6/—2.3/4.9
50% CaCOj3 11 22 16.5 52.7/-22/4.1

y = 0.0424x + 49.005

®0 R2=0.9105
50 — . 3 — — — <> — —~ ¢ - ¢
SraMn2CuQO»
40
g y =0.4222x + 0.2479
e 30
= R?=0.988
z20 ' __,.0—4""”"””
i [Co(Cr12C00s8)04]. T102
0
40 42 44 46 48 50 52 54

L*
Figure 10. Ryjr versus lightness L* of black pigments with gradual addition of the binder CaCOs.

4.4. Application of the Pigments: Stability and Colour Yield in Different Media

As above discussed, a pigment should be stable and exhibit an acceptable colorimetric
performance when added (and thermally treated) to different media such as paints, glazes
or ceramics. The colouring behaviour of the pigments was studied in three different
matrices: (a) 10 wt.% in colourless alkyd paint, (b) 3 wt.% in a conventional lead-free
double-firing frit of the S5i0,-CaO-ZnO system (1050 °C), and (c) 2% wt.% in porcelain
powder (1190 °C).
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The L*a*b* values of the different applications of the pigments are shown in Table 6,
whereas its reflectance spectra and reflectance evaluation (Ryis/Rnr/R) are given in
Figure 11 for rare earth pigments, and in Figure 12 for the classical cool pigments.

Table 6. L*a*b* values for the applications of pigments: (a) 10 wt.% in colourless alkyd paint,
(b) 3 wt.% in double firing frit (1050 °C), (c) 2% wt.% in porcelain stoneware (1190 °C).
Sr4Mn2Cu09

Sro.3Lag.7Cug3Lig.7S14010 Ceo.05Pr0.9502 Y>Ce1.5Mo9507
950 °C/10 h 1400 °C/6 h 1500 °C/6 h 1000 °C/6 h
(a) 72.4/-3.8/—3.0 51.6/19.9/15.5 81.3/0.4/18.9 46.6/7.8/7.5
(b) 80.5/—7.0/-5.6 65.6/18.2/20.0 87.6/—1.8/11.7 57.9/2.8/—-0.2
(c) 76.8/1.2/9.8 70.3/6.8/11.4 79.2/1.5/11.5 734/1.7/11.6
[C00,62n1,4 Si04]-0.22n0 [ZnFeLsCro,Z 04]'21’10 [Ni()_25 Sb0,25Ti0,502]~Ti02 [CO(CT1,2C00,8)04]'Ti02
1100 °C/3 h 1100 °C/3 h 1100 °C/3 h 1100 °C/3 h
(a) 475/-6.2/-15.0 39.4/20.2/18.9 81.8/—4.4/48.0 39.6/—-3.4/43
(b) 56.2/5.5/—21.1 48.5/18.1/17.9 78.7/—0.7/52.6 51.4/-52/1.0
(c) 64.8/—-3.4/—13.1 46.3/3.4/4.7 79.0/—0.6/17.4 64.6/0.8/15.2
Sro.3Lao.7Cuo.3Li0.7514O10 Ce0.95Pr0.0502 Y2Ce1.sMo00.507 SraMn2CuOo
950 °C/10 h 1400 °C/6 h 1500 °C/6 h 1000 °C/6 h
100- 100 - 100 - - 100-
’//‘/\‘/\//V\W. /\f\/f An A . A
R(%) ~ o Y o AN R(%) "y
50 - “-‘A\' ';((f ) vy r;lo/o ) Ll 50 -
300 1500 A(nm) 2500 300 1500 A(nm) 2500 300 1500 A(nm) 2500 300 1500 A(nm) 2500
(a) Rvis/Rnr/R = 59/86/71 33/83/54 63/89/74 16/66/38
100 - 100- 100- 100-
e P
R(%) R(%) R(%) R(%)
50 - 50 - 50- 50-
300 1500 A(nm) 2500 300 1500 Anm) 2500 300 1500 Afnm) 2500 300 1500 Afum) 2500
(b) Rvis/Rnir/R = 52/46/49 41/82/61 68/80/74 25/41/33
100 - 100- 100 - 100-
R(%) e 9 e R(%) R(%) N
i ; R(%) A )
50 5. 50 50 /‘/J
/
300 1500 A(nm) 2500 300 1500 A(nm) 2500 300 1500 A(nm) 2500 300 1500 A(nm) 2500
(¢) Rvis/Rnir/R = 44/53/48 36/56/46 49/61/54 32/44/38
Figure 11. UV-Vis-NIR reflectance spectra of rare earth pigment applications: (a) 10 wt.% in colourless
alkyd paint, (b) 3 wt.% in double firing frit (1000 °C), (c) 2% wt.% in porcelain powder (1190 °C).
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[C00.6Z11.45104].0.2ZnO [ZnFe1.8Cro.204].ZnO [Nio.255bo.25Ti0.502]. TiOz2 [Co(Cr1.2C00.8)O4]. TiO2
1100 °C/3 h 1100 °C/3 h 1100 °C/3 h 1100 °C/3 h
100 - 100- 100- 100-
R(%) . [ R%
50 R(;"]) 50 / Wy (50) sl
\
~ \/
o
300 1500 A(hm) 2500 300 1500 A(nm) 2500 300 1500 A(nm) 2500 300 1500 Mnm) 2500
(a) Rvis/Rnir/R = 22/41/31 16/53/34 52/70/61 13/28/21
100 - 100- 100- 100-
,““""
R(%) o R(%) R(%) 7 o R(%) ”
50 o 50 50 50
300 1500 A(nm) 2500 300 1500 Mnm) 2500 300 1500 Anm) 2500 300 1500 Alnm) 2500
(b) Rvis/Rnir/R = 33/53/41 18/56/36 62/60/61 18/43/30
100 - 100- 100- 100-
R(%) R(%) R(%) R(%) ]
50 e 50- 50 50 ~ s
o [\ /
o [ /
|
’A,.Ju‘
300 1500 Alnm) 2500 300 1500 A(nm) 2500 300 1500 Afnm) 2500 300 1500 Afnm) 2500
(c) Rvis/Rnir/R = 34/45/39 16/26/21 45/60/52 11/37/23

Figure 12. UV-Vis-NIR reflectance spectra of classical pigment applications: (a) 10 wt% in colourless
alkyd paint, (b) 3 wt% in double firing frit (1050 °C), (c) 2% wt% in porcelain powder (1190 °C).

(@)

As for the blue pigments, the application of La,Li-SrCuSisO,9 wesselsite develops
pale blue hues in alkyd paint (b* = —3.0) and in double firing frit (b* = —5.6), but
it is colourless in porcelain powder application. In agreement with the colour, the
UV-Vis-NIR spectra of the applications (Figure 11) present similar features to the
powder spectrum in the case of alkyd paint, indicating its stability in the paint. In
the double firing frit application, only a strong absorption band centred at 750 nm is
observed, which decreases the Ryjr dramatically (46%, although its L* is only 80.5).
This band is associated to Cu?* ions dissolved in the alkaline glaze and located in
high distorted octahedral sites (due to Jahn Teller distortion) [52], showing that the
pigment is not stable in the glaze. Finally, no bands are detected in the application in
porcelain powder, also indicating that the pigment is not stable in this medium. In the
case of classical Co-willemite decorated ZnO, the blue colour is obtained in the three
applications (Table 6) and the features of the spectra are similar in all cases (Figure 12),
maintaining the spectrum of the powder, which is associated with tetrahedral Co?*.
Nevertheless, in the case of double firing frit, the absorption at 1200-1600 nm range
(due to the coupling of 4A,(F) — 4Ty (F) and *A,(F) — *T»(F)) shows an unusual low
intensity and the NIR reflectance increases in this application; this behaviour has
been observed in nanopowders of rare earth doped cobalt aluminate [53]. Following
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(b)
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(d)

DCMA [3] classification, La,Li-SrCuSisOq9 wesselsite pigment belongs to Category B
and Co-willemite decorated ZnO to Category A.

In the case of red-brown pigments, the colour of Pr-cerianite is maintained in the
three applications, with a* values around 19 in the alkyd paint and double firing
frit, although in porcelain powder, a* value decreases to 6.8 (Table 6). The optical
spectrum of the powder is maintained in all the applications (Figure 11), and only in
alkyd paint the spectrum shows weak absorptions in the NIR range, which can be
observed always associated with all the applications with the alkyd resin. Concerning
the classical Cr-franklinite spinel pigment, the red-brown colour is maintained in
the alkyd paint and in double firing frit (a* between 18 and 20), but it darkens in
the porcelain powder application. The reflectance spectra of alkyd and double firing
frit applications indicate the stability of the pigment (Figure 12), showing similar
features to the powder spectrum; instead, the absorption bands observed at 300 and
500 nm produce the darkening of the sample for the porcelain powder application;
moreover, a band at 900 nm and a strong absorption between 1200-1700 diminish
the NIR reflectance of this application, probably associated to the decomposition of
franklinite and partial reduction of iron (III) to iron (II). Therefore, both Pr-cerianite
and Cr-franklinite spinel belongs to Category A but Cr-franklinite is unstable in
porcelain powder.

Regarding yellow pigments, the Mo-cerate yellow pigment loses the yellow hue
(b* = 45.3 in powder, Figure 6) in the applications, and only in alkyd paint shows an
indifferent b* = 18.9 (Table 6). The UV-Vis-NIR reflectance spectra of the applications
(Figure 11) only indicate moderate absorption at 505 nm in the alkyd application,
whereas in the case of double firing frit and porcelain powder, there is no evidence
of absorption at 500 nm, indicating that the pigment is not stable in this medium.
The Ni,Sb-rutile pigment, which shows b* = 54.1 in powder (Figure 6), maintains
b* = 48 and L* = 81.8 in alkyd paint (into the range of high chromaticity for yellow),
and even a higher b* (52.6) value in the double firing frit, but b* decreases to only 17.4
and L* to 79.0 (out of the range) for porcelain powder, indicates that the pigment is
not stable and this application is colourless. The UV-Vis-NIR reflectance spectra of the
applications (Figure 12) indicate similar features in the case of alkyd paint, whereas
the spectrum is different for the double firing application, showing low absorption
in the UV range and a broadening of the bands associated with Ni** in octahedral
coordination. In the case of porcelain powder, no absorption bands are detected. From
the proposed classification, Mo-cerate belongs to Category C and, considering the Zn
rich glaze used in this study, Ni,Sb-rutile belongs to Category B of the pigments.
Concerning the black pigments, the SryMn;CuQOg black-brown pigment maintains
the colour in alkyd paint and double firing frit, whereas only a light darkening is
observed in the case of porcelain powder. The corresponding UV-Vis-NIR reflectance
spectrum of the applications (Figure 11) shows a similar spectrum to the powder in
alkyd paint, whereas in the double firing application it shows a broadening of the
absorption bands of Mn** in octahedral coordination and lower intensity of reflectance
(particularly the band at 715 nm associated with *A;(*F) — 4T, (*F) transition), which
implies a decrease of reflectance in the 700-1000 nm, and thus decreasing its Rnr
performance. As for the application in porcelain powder, only a light absorption in the
700-900 nm range is observed, indicating the low stability of the black-brown pigment
in this medium. In the case of Co,Cr decorated rutile black-green pigment, the colour
is maintained in all applications, with UV-Vis-NIR spectra similar to the powder
spectrum, associated with Co?* in tetrahedral coordination and Cr®* in octahedral
coordination; this confirms the stabilization of the pigment in the three applications,
and show a Rnjr higher than the powder. Therefore, both Sr4Mny,CuQOg black-brown
and Co,Cr decorated rutile black-green belong to Category A of pigments, however,
SryMn,CuQOg black-brown is not stable in porcelain stoneware powder.
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Finally, Table 7 summarizes the Ryr values of the powders and its stable applications,
along with its DCMA Category classification. In all applications, the NIR reflectance
increases with respect to powder, especially in alkyd paint, but this increase, as it is
discussed above, does not necessarily prove good performance as a cool pigment, because
in some cases, the lightness and chroma of the colour is out of range, which is associated
with pale colors and not with cool performance.

Table 7. Rypr (%) of the powder and its stable applications along with its Category (ns = no stable).

. (C) Double Firing (D) Porcelain
(A) Powder (B) Alkyd Paint Frit (1050 °C) Stoneware (1190 °C) Category
Blue

Srg3Lag.7Cug3Lip7Si4010

950 °C/10 h 44 86 46 ns B
[C00.62n1.4SiO4] -0.2Zn0O

1100 °C/3 h 30 41 53 45 A

Red-brown

Ce.05P10.9502

1400 °C/6 h 65 83 82 56 A
[ZnFel.gCr0‘204]~ZnO

1100 °C/3 h 48 53 56 ns A

Yellow
Y>Cey 5Mop 507

1500 °C/6 h 81 89 ns ns C
[Nip.255bg.25 Tip.502]- TiO2

1100 °C/3 h 55 70 60 ns B

Black

Sr4Mn2Cu09

1000 °C/6 1 51 66 41 ns A
[Co(Cr1.2C00.8)O4]-TiO2

1100 °C/3 h 21 28 43 37 A

5. Conclusions

The high NIR reflectance of coloured powders is a necessary, but not sufficient, condi-
tion to be considered as a good performant of cool pigments. Usually, a satisfactory colour
evaluation of coloured powders by a* or b* parameters, along with a high reflectance in the
NIR range, measured by the UV-Vis-NIR (300-2500 nm) diffuse reflectance spectroscopy
of powder, are considered as sufficient arguments to infer its good performance as cool
pigments. However, this assumption may be erroneous sometimes, and a normalized solar
reflectance to a given L* value should be adopted.

A palette of high NIR reflectance or cool ceramic pigments based on rare earths (except
the black) were compared with a palette based on the coolest optimized traditional pigments
obtained by the ceramic method. The rare earths (which lack of intense absorption bands
in the NIR range and therefore show high Ryyr reflectance) were: (a) Blue of La,Li doped
SrCuSiyOq¢ wesselsite, (b) Red-brown of Pr-CeO, cerianite, (c¢) Yellow of Mo-Y,Ce,O7
yttrium cerate and (d) Black-brown of Sr4Mn,CuQOy hexagonal perovskite).



Ceramics 2022, 5 639

The classical family studied were: (a’) Blue of Co-Zn,SiO4 willemite (b”) Red-brown
of Cr-ZnFe,Oy franklinite, (¢’) Yellow of Ni,Sb-TiO,-decorated TiO, and (d”) Black-green
of Co(Crp_xCox)O4. This palette ws obtained following a dry powder coating (DPC)
procedure to obtain “core-shell” pigments with a core of high reflectance base (e.g., TiO»,
Zn0) coated by a shell of the corresponding pigment.

In the case of the blue pigments, although the Ryjr of the powders are 44% and 30% for
La,Li-wesselsite and Co-willemite, respectively, by gradual addition of CaCOs5 as the binder,
the normalized Rnr30 (NIR reflectance for mixture L* = 30) are 7% and 30%, respectively,
thus having an inverse result. Regarding red-brown pigments, Pr-cerianite shows a higher
RNir55 (NIR reflectance for mixture L* = 55: 69% versus 59% for the classical Cr-franklinite
spinel) but the difference is lower than for Ryr direct measurements in powders (65% for
Pr-cerianite and 48% for Cr-franklinite). In the case of yellows, the rare earth pigment based
on Mo-Y,CeyOy yttrium cerate shows higher Rnir85 (80% versus 63% for the Yellow of
Ni,Sb-TiO,) but the difference is lower than for Ryyr direct measurements in powders (81%
and 55% respectively). For black pigments, the black-brown Sr4sMn,;CuOg shows higher
normalized Rnr30 (50%, and 13% for classical Co(Cr;_4Cox)O4@TiO,), showing in this
case that the difference is greater than for powder Ryyr values (51% and 21%), respectively.

The pigmenting behaviour and stability in different media is checked in order to
evaluate the performance as cool pigments. Three applications of the pigments were
carried out: in alkyd paint (10 wt.%), in double firing frit (3 wt.%, 1050 °C) and in porcelain
powder (2 wt.%, 1190 °C). The results show that the stability of the non-classical cool
pigments is lower than that of classical pigments except in the case of the Pr-cerianite red
brown pigment.
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