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Abstract

Reddish ceramic pigments based on cerianite compositions Ce;_,Tb,0, (x=0.1, 0.2 and 0.3) and Ce9Tb 95Yy.05s0, have been prepared. Firstly,
the optimal composition giving the best red colour was selected (CegoThy;0,) from ceramic and chlorides coprecipitation samples fired at
1100-1500 °C. Secondly, the effect of using different classical and non-conventional coprecipitation routes on the synthesis and colouring perfor-
mance of CeO,-Tb red pigments was analyzed for the first time. In addition to classical coprecipitation we tested also the use of hydrothermal
treatment and other more homogeneous coprecipitation methods with oxalates and urea. Homogeneous coprecipitation was also combined with
ultrasonic or microwave irradiation. Samples were characterized by thermal analysis, XRD, SEM/EDX, optical spectroscopy and colour measure-
ments. Interestingly, the optimization of synthesis methods enabled to obtain more homogeneous (single phase) CeO,-Tb solid solutions at lower
temperatures (400-1100°C), exhibiting very nice reddish colourations associated to lower energy bandgaps (E, below 2.30eV). The obtained

optimal compositions could be therefore alternative candidates as environmentally friendly reddish ceramic pigments.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Many investigations are concerned to ceria (CeO»)-based
materials given their interesting ionic conductivity (labile oxy-
gen vacancies) and catalytic properties. Both properties arise
from the mixed valence of cerium (Ce3*/Ce**) and the flexi-
bility of the adopted fluorite structure,!> and can be smartly
tuned or enhanced by doping ceria with rare earths (i.e. Eu, Pr,
Tb, Sm, Gd, etc.) and other transition or main group metals (i.e.
Cr, Ti, Zr, Y, Pt, Rh, Ca or In). Accordingly, ceria-based solid
solutions have found many advanced technologic applications,
as three-way catalysts (TWCs) for automotive exhausts,*> sup-
port or active catalysts,®’ gas sensors and solid oxide fuel cells
(SOFCS),3-10 photoluminescent materials,!! and other electro-
ceramic materials.
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Universitat Jaume I, Edifici Cientifico-T&cnic, Av. Sos Baynat s/n, 12071 Castel-
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On the other hand, Pr-doped ceria is also employed in
the ceramic industry since 1960 as red ceramic pigment.'?
In response to growing concerns demanding environmentally
benign (and commercially viable) ceramic pigments,'3-18 Pr-
CeO, and related ceria-based solid solutions have become
interesting low-toxicity alternatives'2* to other traditionally
used orange-red ceramic pigments. Indeed, the choice of avail-
able reddish ceramic pigments is restricted either to pigments
involving toxicity problems (associated to Cd, Pb and Cr), such
as CdS;_,Se, (in a zircon matrix), Pb3Oy4 (in tin oxide matrixes)
orLny(Al,_,_yCry)O3 perovskites,zl’%’29 or to pigments which
lack of sufficient colour purity and reproducibility, such as a-
Fe, 03 included in a zircon matrix.3°

Different aspects of Pr-CeO, system have been profusely
investigated in the last decade (synthesis, microstructure, oxi-
dation states, crystallographic and colouring properties, etc.).
In these studies the pigmenting solid solutions were prepared
by the ceramic method!'®~2!-31-3% and also through many other
non-conventional routes (i.e. coprecipitation of hydroxides,
oxalates or carbonates, urea homogeneous coprecipitation, flux
method, combustion, pirolysis, hydrothermal or microwave-
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assisted hydrothermal, and so forth).1’2’5’21’33’3541 Noteworthy,
previous investigations have demonstrated that ceramic pig-
ments based on Tb-CeO; solid solutions may also yield good
red hues,?*?!1:4243 which may be comparable to those obtained
with Pr-CeO,. Nevertheless, the studies about synthesis opti-
mization and pigmenting properties of Tb-doped ceria are still
rather scarce, since most of research concerning this system is
centred on catalytic or redox properties.*®!! As far as we are
concerned, the available investigations involve only composi-
tions prepared by the ceramic method?%*? or by calcination of
hydroxides?!#243 or oxalates coprecipitates.*? In the last case,
however, the synthesis of the samples was not described by
the authors. Thus, further studies are still needed to optimize
the synthesis conditions and colour properties of Tb-CeO; red
ceramic pigments, which could be an interesting alternative to
the Pr-CeO; system.

In this work we analyze for the first time the effect of using
different classical and non-conventional coprecipitation routes
on the low-temperature synthesis and colour performance of
Tb-CeO, red pigments. The optimization of synthesis meth-
ods may enable the formation of more homogeneous (single
phase) Tb-CeO; solid solutions at lower temperatures. More-
over, the employed synthesis method may affect the final Ce-O
and Tb—O chemical environments in the pigment (lattice param-
eters and volume and the optical bandgap), thus affecting
the final reddish colouration. In addition to classical copre-
cipitation of hydroxides with ammonia, which often leads to
heterogeneous and coarse precipitate particles, herein we have
also tested the use of hydrothermal treatment and other more
homogeneous coprecipitation methods (with oxalates and urea).
Hydrothermal treatment applied to freshly prepared colloidal
coprecipitates may enable the formation of high-purity and fine-
grained powders at lower temperatures.* On the other hand,
the use of more homogeneous precursors through the precip-
itation of a mixed oxalate®' or also through urea-based (or
hexamethylentetramine-based) homogenous precipitation! 4443
may result in the formation of pure and more homogenous solid
solutions at lower temperatures (1100 °C or below), and improve
the colouring performance.

As another two less conventional routes, homogeneous copre-
cipitation was also combined with the assistance of ultrasonic
or microwave irradiation treatments.*® Sonochemical synthe-
sis (sonocoprecipitation) is becoming a routine method for
preparing nanostructured materials.*’”*° The chemical effects
of ultrasonic irradiation (originated from acoustic cavitation
phenomena) provide high local temperatures and pressures,
which could enhance reactivity and lead to well-dispersed,
non-agglomerated colloidal powders.”® Microwave-assisted
hydrothermal synthesis, on the other hand, has been already
applied to Pr-CeO,***! and other pigmenting systems.>' This
method enables the rapid formation of homogenous and ultra-
fine powders, and is highly advantageous in terms of cost and
energy savings due to the shorter processing times and the higher
reaction rates to form the target material.**-2

The formation and chemical homogeneity of Tb-CeO; solid
solutions has been followed by XRD, cell parameters mea-
surement, and SEM/EDX characterization, while the colour

performance as red ceramic pigments has been analyzed
through reflectance diffuse spectroscopy and colour measure-
ments.

2. Experimental procedure
2.1. Sample preparation

In a preliminary study (optimization of composition),
ceramic samples with compositions Ce;_,Tb,0> (x=0.1, 0.2
and 0.3) and Cep 9Tbg,95Y0.0502 (from now on, compositions
with x=0.05) were prepared by ball-milling mixtures of the
corresponding oxide precursors (CeO3, 99.9%; TbsO7 99.9%;
Y203 99,9%; all from Strem Chemicals Inc.), and subse-
quent calcination at different final temperatures (1100 °C/6h,
1300°C/1 h and 1500°C/1h) in an electrical furnace. H3BO3
(99.5%, J. T. Baker) was also added as flux agent or mineral-
izer (2 wt% addition) in some compositions (x=0.05 and 0.1) to
analyze its effect on solid-state reaction. To select the optimal
composition, coprecipitate samples with similar compositions
and firing treatments were also prepared, using chloride salts
as precursors (COCI samples). In these samples a mineralized
composition was also prepared only for x =0.05 (2 wt% addition
of H3BOj to the dried coprecipitate).

As the main focus of the investigation (optimization
of synthesis method), in the second part samples with
the selected optimal composition (x=0.1—Ceg 9Thp ;O,—and
without H3BOj3) were then prepared through different classi-
cal and non-conventional coprecipitation routes, as previously
indicated in the introduction. Table 1 summarizes the informa-
tion about samples nomenclature, precursors and the employed
preparation conditions.

All the as-prepared coprecipitate powders were fired at lower
temperatures (400, 600 and 1100 °C, with 6 h of soaking time)
to analyze the early crystallization and homogeneity of CeO;-
Tb solid solutions, and the production of interesting red hues at
much lower temperatures than samples prepared by the ceramic
method (1100-1500 °C).

2.2. Sample characterization

Simultaneous differential thermal and thermogravimetric
analysis (DTA-TGA) of dried coprecipitates was carried out
with a Mettler Toledo thermal analyzer (using Pt crucibles with
a constant 5 °C/min heating from 25 up to 1200 °C). Crystal-
lochemical characterization of calcined samples was performed
by X-ray diffraction (XRD) in a Siemens D-500 powder Diffrac-
tometer with Ni-filtered CuK,, radiation (from 10 to 70°26, with
steps of 0.02°26 and a counting time of 2 s/step). For the calcula-
tion of cell parameters, much slower XRD runs using corundum
as internal standard (40 wt%) were carried out (this time from 24
to 80°26, with steps of 0.02°26 and a counting time of 4 s/step),
and the obtained XRD patterns were refined and analyzed with
TREOR?>? and Win-metric>* programs.

On the other hand, the morphology and microstructure of
CeO,-Tb solid solutions obtained after calcination was exam-
ined by scanning electron microscopy (SEM) with a Leo-440i
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Table 1

Nomenclature, precursors (or other additives) and preparation conditions in the synthesis of coprecipitate samples with the selectedCeg.9Tby,; O> composition.®.

Sample Precursors (+additives)

Preparation conditions

COCI*COCI-W CeCl3-7H;0 (99.9%, Aldrich)

TbCl3-6H,0 (99.9%, Strem) (+NH4OH)

COCI-HT CeCl3-7H,0 (99.9%, Aldrich)

TbCl3-6H0 (99.9%, Strem) (+NH4OH)
EV-NO3 Ce(NO3)3-6H,0 (99.9%, Strem)

Tb(NO3)3-6H20 (99.9%, Strem)
CONO3-1 Ce(NO3)3-6H,0 (99.9%, Strem)

Tb(NO3)3-6H20 (99.9%, Strem) (+NH4OH)
CONO3-2 Ce(NO3)3-6H,0 (99.9%, Strem)

Tb(NO3)3-6H0 (99.9%, Strem) (+NH4OH + HNO3)
COOX Ce(NO3)3-6H,0 (99.9%, Strem)

Tb(NO3)3-6H20 (99.9%, Strem) (+C,H>04 + NH4OH)
COUR-1 Ce(NO3)3-6H,0 (99.9%, Strem)

Tb(NO3)3-6H70 (99.9%, Strem) (+urea, 98.5%, Panreac)
COUR-2 Ce(NO3)3-6H,0 (99.9%, Strem)

Tb(NO3)3-6H,0 (99.9%, Strem) (+urea, 98.5%, Panreac)
MW-URI1 Ce(NO3)3-6H,0 (99.9%, Strem)

Tb(NO3)3-6H>0 (99.9%, Strem) (+urea, 98.5%, Panreac)
SON-URI Ce(NO3)3-6H20 (99.9%, Strem)

Tb(NO3)3-6H,0 (99.9%, Strem) (+urea, 98.5%, Panreac)

Classical coprecipitation through NH4OH addition (up to pH ca. 9), with
subsequent washing (COCI-W) or without washing (COCI)

Classical coprecipitation through NH4OH addition (up to pH ca. 9), followed
by hydrothermal treatment of colloidal solution in Teflon-sealed autoclave
(250°C/35 bar/18 h)

Simple evaporation method (100 °C/air) from initial nitrates solution (pH ca.
4-5)

Classical coprecipitation through NH4OH addition (up to pH ca. 9), without
washing

Classical coprecipitation through NH4OH addition (pH ca. 9-10), followed by
colloid stabilization with HNOj3 addition up to pH~3.3

Addition of oxalyc acid (ratio C;H,04:Ce + Tb=1.5:1) to nitrates solution,
followed by oxalate coprecipitation with NH4OH (up to pH ca. 9)

Addition of urea to nitrates solution (molar ratio urea:Ce + Th=1.3:1) and
homogeneous precipitation (upon heating) by urea hydrolysis

As with COUR-1, but with molar ratio urea:Ce + Th=06:1

Homogeneous precipitation by urea hydrolysis (ratio urea:Ce + Th=1.3:1) in
a Teflon-sealed (25 mL) reactor under microwave irradiation (W900/1 min,
repeated three times)

Homogeneous precipitation (70 °C) by urea hydrolysis (ratio urea:Ce +
Th=1.3:1), assisted with ultrasonic irradiation

2 Ce.9Tbhp.05Y0.0502 composition was also prepared in the preliminary study (using YCl3-6H,0O as Y precursor, 99.9%, from Strem) along with other coprecipitate
samples with chlorides (COCI) with compositions Ce;_yTb,0> (x=0.1, 0.2 and 0.3).

Leyca electron microscope (as grain mounts following conven-
tional preparation and imaging techniques). The composition
and chemical homogeneity of the samples (distribution of
Tb/(Ce + Tb) ratio) was determined by semi-quantitative ele-
mental analysis with an EDX analyzer (supplied by Oxford
University) attached to the microscope.

In order to test the performance of the obtained CeO;-
Tb solid solutions as red ceramic pigments, the powders
calcined at different temperatures were 5wt% enamelled
with a commercial double-firing transparent glaze (approxi-
mate Seger formula: Si0 =6.916, Al,03 =0.633, K>,0 =0.094,
Na;0=0.576,Ca0 =0.193 and PbO =0.137) onto conventional
(fired) ceramic biscuits, and fired following a fast-firing scheme
(52min of duration from cool to cool at a maximum tem-
perature of 1050 °C). The use of single-firing ceramic glazes
of higher melting temperature (1050-1120°C) was discarded
to avoid degasification problems. Indeed, previous studies of
G. Monr6s et al. using these glazes confirm that the oxygen
evolved (around 0.1-0.3 wt%, between 600 and 1100 °C) by
CeO, reductive decomposition (CeO, — CeOs_y +x/2 O2) may
remain occluded in the high-viscous melt and originate defects
(“pin-hole” effect) on enamel surface,>® as it also occurs with
some Co-based pigments.”® The optical properties of enam-
elled samples were analyzed by diffuse reflectance spectroscopy
(VIS region) performed with a PerkinElmer (lambda 2000)
spectrophotometer. In addition, L*/a*/b* colour parameters of
enamelled samples were measured using a standard lighting C,
following the CIE-L*/a*/b* colorimetric method recommended
by the CIE (Commission Internationale de 1’Eclairage).’’ On
this method, L* is the lightness axis (black (0) — white (100)),
b* is the blue (—)— yellow (+) axis, and a* is the green
(—) — red (+) axis.

3. Preliminary optimization of composition

In a preliminary study we analyzed the effect of Tb doping
(and Y doping in samples with x=0.05), and also the effect of
using H3BO3 as mineralizer, on the formation and colouring per-
formance of Tb-CeO; solid solutions. In this study, the optimal
composition giving the best red colour was selected in samples
prepared by the ceramic route and also through the conventional
coprecipitation route (using chlorides as precursors).

3.1. XRD characterization and effect of H3BO3
mineralization

As the firstimportant result, the XRD patterns of samples cal-
cined at 1100 °C (see Fig. 1) indicate that Tb-doped ceria phases
(C =Ce0,-Tb) form at lower temperatures through the use of the
classical coprecipitation route (COCI), rather than by the con-
ventional ceramic method (CE). Effectively, the corresponding
XRD patterns of ceramic samples at 1100 °C still present peaks
of residual Tb4O7 (T), non-integrated in the solid solution. In
comparison, these Tb4O7 peaks are absent in coprecipitate sam-
ples for all compositions (even at x=0.3). Moreover, in COCI
samples the formation of ceria phase free of residual Tb4O7 and
with an acceptable level of crystallinity was observed to take
place at much lower temperatures, such as 600 °C (not shown).

As another important observation (see Fig. 1), in COCI sam-
ples the peaks associated to ceria solid solution (C) become
slightly broader when increasing Tb doping (from x = 0.05-0.3),
indicating a lower homogeneity of the formed solid solution
the higher the Tb content (for x>0.1). To determine whether
different solid solutions were formed instead of a single solid
solution, more precise and refined XRD patterns of coprecip-
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Fig. 1. XRD patterns of ceramic (above) and coprecipitate (below) Ce;_,Tb, 0>
(x=0.1, 0.2 and 0.3) and Cep9Tbg.05Y0.0502 (x=0.05) samples fired at
1100°C/6h (C=CeO,, T=TbsO7 and B =borate phase). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 2

itate samples fired at 1100 °C were obtained (not shown for
brevity reasons). These patterns evidenced that a single phase
of ceria was only obtained for x=0.05 composition, doped with
Y and Tb (Cep,9Thg.95Y0.0502). For higher amounts of Tb dop-
ing (x> 0.1), however, the XRD peaks were splitted due to the
presence of two different solid solutions, with different Tb con-
tent and cell parameters. From these refined XRD patterns at
1100 °C, the cell parameters of the different solid solutions were
measured (see Table 2) in representative compositions. In sample
with Tb and Y doping (x=0.05) the single solid solution pos-
sesses a higher cell parameter (a value) of 5.41 A, similar to that
of non-doped ceria with fluorite-based structure (a=5.41 A for
CeO,,JCPDS 43-1002). This could be explained by the entrance
of the smaller Tb** (1.02 A) being compensated by the entrance
of the larger y3+ (1.16 A), both in eightfold coordination, sub-
stituting for Ce** (1.11 A). For higher amounts of Tb doping
(x=0.1-0.3) a first solid solution (C-1) with an almost simi-
lar cell parameter is also detected (a parameter of ca. 5.41 A),
but it is accompanied by a second solid solution (C-2) presum-
ably more Tb**-enriched and having considerably smaller cell
parameters (5.39 and 5.38 for x=0.1 and 0.2, respectively; not
measured for x=0.3).

In the case of ceramic samples, however, the formation of
ceria solid solutions free of residual Tb4O7 was only observed
after calcination up to 1500 °C/1 h. After this firing treatment
at 1500 °C, the XRD peaks of both coprecipitate and ceramic
samples (not shown) are much narrower, suggesting the forma-
tion of a more homogeneous and better crystallized ceria solid
solution. However, a more thorough analysis through refined
XRD patterns indicated also in this case the formation of a sin-
gle solid solution only for x=0.05 and 0.1 in the case of COCl
samples, and up to x=0.2 for ceramic samples. Interestingly,
the cell parameters (Table 2) were slightly smaller for COCI
samples (5.40 A for x=0.1 and 5.38-5.41 A for x=0.3) than for
ceramic samples (5.41 for x=0.1 and 0.2), resulting in a slight
shift of the XRD peaks to higher degrees of 26 for the former
(see a comparison in Fig. 2 for x=0.1).

As for the use of H3BO3 as mineralizer, an interesting effect
was also observed. As may be appreciated in Fig. 1, in ceramic
compositions the addition of H3BOs3 as mineralizer did not result
in an improvement of ceria crystallization. On the contrary, an
additional metallic borate phase crystallized (non-completely
assigned, marked as B in XRD patterns and with main peaks at
around 27 and 34°26) and became stabilized at 1100 °C in both

Evolution of cell parameter (a) with composition and thermal treatment in representative Ce;_,Tb,O2—, coprecipitates (COCI) and ceramic samples (CE).

Lattice parameter (a, A)? x=0.05" (+H3B03) x=0.10°

x=0.20° x=0.30°

COCI-1100/6 h 54112 (2)

COCI-1500/1h Not measured 5.4053 (1)

CE-1500/1h Melted 5.4116 (1)

C-1: 5.4069 (2)
C-2:5.3907 (5)

C-1:5.4096 (3)
C-2:5.3768 (6)
Two phases (not
measured)
5.4107 (2)

Two phases (not measured)
C-1:5.4061 (6) C-2: 5.3833 (2)

Two phases (not measured)

4 q=541134A for non-doped ceria (CeO,, JCPDS 43-1002).
b Composition Ceg.9Tbg.05Y0.0502—y with H3BO3 (2 wt%) mineralization.

¢ The formation of an homogeneous single phase was not achieved in some samples, the XRD patterns indicating the coexistence of two different cerianite phases,
denoted as C-1 and C-2 (solid solutions with different Tb* content, and thus with different lattice parameters).
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Fig. 2. Refined XRD patterns (step=0.02°26, t =3 s) of ceramic (CE, above) and coprecipitate (COCI, below) samples with composition Ce.9Tbg ;02 (x=0.1) fired
at 1500 °C/1 h. In both cases a single phase of cerianite (C) is observed (a=5.405 A for COCl and a=5.412 A for CE).

compositions (x=0.05 and 0.1). The stabilization of this phase
is also observed in coprecipitate sample (x=0.05) at 1100 and
1300 °C (not shown). However, this phase is absent at 1500 °C
and it is still not formed at 600 °C (not shown). This metal borate
must presumably contain some amount of Tb, considering the
much poorer red colour of these compositions at these temper-
atures (later commented). The fact, that residual Tb4O7 peaks
are detected in the non-mineralized composition with x=0.1,
but Tb4O7 is not present in the mineralized sample (Tb could be
then incorporated in the metal borate phase), is also in agreement
with this hypothesis.

3.2. Microstructure and composition characterization

Representative SEM details (obtained with backscattering
electron detector) of ceramic and coprecipitate samples (for
x=0.1) are shown in Fig. 3. As it may be appreciated, ceramic
samples (CE) after calcination are constituted by large particles
forming aggregates ca. 10-80 (m-sized, while coprecipitates
(COCl) consist of nanostructured morphologies (round-shaped
grains ca. 100-300nm). On the other hand, the corresponding
EDX analyses showed a sufficiently homogeneous distribution
(at the microscale) of Tb throughout coprecipitate samples (nar-
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Fig. 3. Representative SEM images of fired samples with composition x=0.1 (Ce.9Tho,; O2): (a) ceramic sample fired at 1500 °C/1 h and (b) coprecipitate (COCI)
sample fired at 1300 °C/1 h. The corresponding EDX spectra are shown in (c) and (d), respectively.

row dispersion of the values of Tb/(Ce+Tb) ratio). Average
values for this ratio are given for representative samples in
Table 3 (along with the measured colour parameters). Note-
worthy, the measured average composition was close to the
theoretical (initial) formulation in ceramic samples, while a
significant stoichiometric loss of Tb was detected in coprecipi-
tate samples (presumably due to insufficient precipitation from
the liquid phase), except in mineralized composition (x=0.05,
with 2wt% addition of H3BO3). As previously commented,
addition of H3BOj3 as mineralizer does not result in an enhance-
ment of the crystallization rate of Tb-CeO; solid solution,

Table 3

but it could allow to reduce significantly the loss of Tb due
to the stabilization of a Tb-containing borate phase (detected
as crystalline phase at temperatures above 600 °C and below
1500°C).

3.3. Colour performance as red ceramic pigments and
selection of optimal composition

With the entrance of Tb*" in ceria (CeO,) lattice, the
absorption band in the indigo region (with light yellow as com-
plementary observed colour) is shifted to higher wavelengths

Evolution of colorimetric parameters (L*/a*/b*) with composition and thermal treatment in Ce;, Tb,O2_, coprecipitates (COCI) and ceramic samples (CE). Average

EDX values for Tb/(Ce + Tb) are given in some cases (between brackets).

x=0.05"

L*/a*/b* (Tb/(Ce + Tb)EDX)* x=0.05° (+H3B03) x=0.10 x=0.20 x=0.30
COCI-1100/6 h 73.6/13.1/25.0 76.7/6.7/23.2 71.1/13.4/26.3 67.0/14.0/27.5 66.8/13.7/26.5
COCI-1300/1h 68.9/13.9/25.4 (0.024) 71.1/13.6/30.9 (0.047) 66.2/15.7/28.9 (0.061) 62.7/14.9/26.6 (0.134) 63.5/13.9/27.0 (-)
COCI-1500/1h 62.9/21.1/32.5 58.9/23.8/32.5 59.0/21.0/30.8 53.9/17.4/24.3 52.5/15.7/122.2
CE-1500/1h 64.5/22.0/33.6 (0.047) Melted 60.7/24.5/33.9 (0.112) 58.4/23.5/31.3 (0.187) 61.6/19.1/32.2 ()

2 The average values of Tb/(Ce + Tb) ratio (experimental x values) obtained by EDX for representative compositions are indicated between brackets (CO-1300 and

CE-1500 samples).

b Composition Ceq 9Tbg,05Y0.0502—y without or with H3BO3 (2 wt%) mineralization.
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Fig. 4. Reflectance curves of enamelled samples with Ce;_,Tb,O> (x=0.1,
0.2 and 0.3) and Ce.9Tb0,05Y0.0502 (x=0.05) pigments fired at 1500 °C/1 h.
Ceramic samples above and coprecipitates below. The values of the bandgap
(Eg) are also given, showing its correlation with reddish colour (a*). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

(around 460-480nm). Thus, the bandgap threshold associated
to non-doped ceria (2.76eV) becomes reduced to lower val-
ues (lower energies), giving rise to reddish colourations.?!*3
Accordingly, incorporation of Tb in ceria solid solution should
result in a minimum reflectance around 460-500nm (due
to the complementary absorption band around 460—480nm),
and a maximum reflectance centred in the red region (at ca.
650-700 nm).

Effectively, diffuse reflectance spectra of enamelled samples
(see spectra of 1500 °C-calcined samples in Fig. 4) having the
best red colours (x <0.1) present a much more marked maxi-
mum reflectance between 600 and 700 nm (and a rather similar

x=0.05 |
x=01 x=02

| CeuTbnaOzy | CEuTbn.zOzy | Cco—,-TlmO,,

™ M\III

CepoThosYnos0ay
Unfluxed  +H,BO,

Clv‘o.sTbn.zOzay |

| CerThys0,y

(b) Ceramic samples (fired at 1500°C)

Fig. 5. Aspect of coprecipitate (above) and ceramic samples (below; 1500 °C)
once enamelled with a double-firing ceramic glaze (5 wt% of pigment) onto con-
ventional ceramic tiles. Ceramic samples where white-coloured below 1500 °C
(not shown). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

minimum reflectance between 400 and 550 nm). From these
reflectance curves the bandgap (E,) wavelengths or energies
were also calculated. The values of E, (also shown in Fig. 4)
confirm that the poorer red compositions posses higher energy
bandgap (Eg) values (2.27-2.33eV), and correspond to higher
doped compositions (x>0.1). In comparison, compositions with
x=<0.1 posses lower energy E, values around 2.21-2.25 (eV)
and better red colourations.

Also regarding to the colour of the fired pigments (see the
aspect of enamelled samples in Fig. 5), coprecipitate samples
developed reddish colourations at much lower temperatures (i.e.
1100 and 1300 °C) than ceramic ones, in agreement with the
earlier formation of ceria solid solutions in the former. Taking
into account the measured colour parameters of enamelled sam-
ples (L*/a*b* values are also shown in Table 3), the red colour
of COCI samples improves (higher a* value) with increasing
firing temperature from 1100 to 1500 °C, due to a better devel-
opment of Tb-doped ceria solid solution. Ceramic compositions
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were still white-coloured after firing treatments at 1100 °C/6 h
or 1300 °C/1 h, and for this reason they were not enamelled at
these temperatures.

As it may be appreciated the composition at 1500 °C hav-
ing the best red colour (higher a* and lower b* and L* values)
is Cep.9Tbo.101.95 (x=0.1) both in CE and COCI samples (for
instance, a* =24.5 for CE sample). Coprecipitate samples with
x=0.05 and 0.1 have slightly lower red hues (a* ca. 21) than
ceramic composition, although they have also a slightly higher
intensity (related with its lower L* value) and a lower yellow
component (lower b*). Noteworthy, Tb and Y-doped coprecip-
itate composition with x=0.05 (Ce.9Tbg,05Y0.0502) and with
H3BOs3 mineralization yields even a better red colour (a* ca. 24)
than composition with x=0.1 (the corresponding ceramic sam-
ple melted at this temperature), but at lower temperatures the red
colour is much poorer. The lower red colour of this composition
at 1100 (a*=6.7) and 1300 °C (a* = 13.6) could be presumably
due to the stabilization of a metallic borate (B) phase contain-
ing Tb and/or cerium, as it was previously commented, and for
this reason this composition was not selected for the follow-
ing study. Thus, and according to the colour performance of
both ceramic and coprecipitate samples, the selected composi-
tion giving the optimal reddish colouration was Ce.9Tbg 101,95
(with x=0.1).
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4. Effect of synthesis methods on solid solution
formation and colouring performance

The second main objective of this work was to optimize the
colour of Tb-doped compositions at lower temperatures through
the use of non-conventional synthesis routes. As we showed in
previous section, ceria-based pigments obtained at 1100 °C with
the classical coprecipitation method (with chlorides) still have
considerably poorer reddish colourations (a* value between 13
and 14) than the ceramic compositions calcined at 1500 °C (a*
values around 22-24.5). In this section we demonstrate the pos-
sibility of improving a great deal the red colour of Tb-doped ceria
pigments (having the selected optimal composition, x=0.1) at
1100°C or even lower temperatures, through the use of other
non-conventional coprecipitation routes.

4.1. Thermal analysis

Thermal analyses were performed with all the prepared
samples (representative DTA-TG curves are shown in Fig. 6).
According to these analyses, the decomposition or elimination
processes (H>O, C17, NO3~, NH3s, .. .) with the corresponding
weight loss (and endothermic peaks) are observed to take place
below 300 °C for nitrates samples and below 400-450°C for

CONO3-1
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Fig. 6. Thermogravimetric (TGA) and differential thermal analysis (DTA) of representative coprecipitate samples: (a) COCI-W, (b) CONO3-1, (¢) COUR-1 and (d)

COOX.
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chlorides samples. In samples containing organics (for instance,
in the case of COOX sample), a sharp and intense exothermic
peak due to organics decomposition is observed in the DTA curve
at around 260 °C. Noteworthy, in samples with chlorides as pre-
cursors there is also an important and steady weight loss at higher
temperatures (600—1100 °C), non-observed in nitrates samples.
This could suggest that some chlorides are still removed at
these higher temperatures, but the associated slight and con-
tinuous exothermic increase in the DTA curve observed from
these temperatures (from 600 °C in chlorides samples against
800 °C or even higher temperatures for nitrates samples) could
be also associated to the reductive decomposition of CeO; to
CeO,_, (with the corresponding O, evolution). In all samples,
this decomposition is much more enhanced at higher tempera-
tures (from 1100 °C), being responsible for the clear and intense
exothermic peak at these temperatures. This reductive process is
quite important and should be avoided as much as possible, since
this could originate the classical “pin-hole” defect when enam-
elling the pigment with ceramic frits possessing higher melting
temperatures (single-firing or porcelainized glazes, which melt
above 1100°C).>5

4.2. XRD characterization: evolution of cerianite
crystallization and lattice parameters

The observation of XRD patterns of samples fired at 400 °C
(see Fig. 7) evidences an incipient crystallization of CeO,-Tb
solution at such low temperatures, without the presence of any
residual phase of terbium oxide. In classical coprecipitation
samples (above), this crystallization is clearly more advanced
in chlorides samples than in nitrates samples. As it was to be
expected, COCI-HT sample presents the most grown cerian-
ite crystals, since this sample was previously hydrothermally
treated at 250 °C. On the other hand, in the case of homo-
geneous coprecipitation samples fired at 400 °C (below), the
crystallization is also less intense than in chlorides samples,
except in urea sample COUR-2. As it may be clearly appreciated
(Fig. 7) in urea coprecipitates, the increase of the ratio urea:metal
from 1.3:1 (COUR-1 sample) to 6:1 (COUR-2 sample) results
in a much more advanced crystallization of cerianite in
the later.

As for the samples calcined at 1100 °C (Fig. 8, above), in
classical coprecipitation routes the crystallization of CeO;-Tb
solid solution is very similar, although slightly more intense
with chlorides than with nitrates samples (and especially in
hydrothermal sample, COCI-HT). In contrast, in homogeneous
coprecipitation samples (Fig. 8, below) important differences
may be observed. In urea coprecipitates an inversion occurred
in comparison with 400 °C-calcined samples. Indeed, although
sample COUR-1 showed at 400 °C a less intense crystallization,
itis this sample the one with the most advanced crystallization at
1100 °C. Besides, sample MW-URI obtained with microwaves
assistance presents a similar (advanced) crystallization than
COUR-1. On the contrary, coprecipitate sample assisted with
ultrasounds (SON-URI) appears to be very poorly crystallized
at 1100 °C, similarly to oxalate coprecipitate sample (COOX). It
must be highlighted that the precursor powder of MW-URI sam-
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Fig. 7. XRD patterns of classical coprecipitation samples (above; includ-
ing hydrothermal sample) and homogeneous coprecipitation samples (below)
Ce.9Thy,1O; fired at 400 °C/6 h (C =CeO,).

ple was obtained in a very short reaction time (below 10 min),
while the other samples involve several hours of reaction time
before being submitted to the calcination treatment. This syn-
thesis advantage has an important value from energy savings
considerations or environmental concerns. The evolution with
the firing temperature of the most intense XRD peak of cerian-
ite phase may be also followed in Tables 4 and 5 (the intensity
counts are given). Both tables summarize all the characteriza-
tion results obtained with the studied coprecipitate samples, as
it will be later discussed.

In order to confirm whether homogeneous solid solutions
were formed or not, more refined XRD patterns of all samples
were also obtained at 1100 °C, and with these patterns the cell
parameters of the formed CeO;-Tb solid solutions were esti-
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Fig. 8. XRD patterns of classical coprecipitation samples (above; includ-
ing hydrothermal sample) and homogeneous coprecipitation samples (below)
Cep.9Thy 10, fired at 1100°C/6h (C=Ce0»).

mated (see results also in Tables 4 and 5). With these refined
XRD patterns it was evident that some classical coprecipitate
samples do not contain a single phase of cerianite (since each
XRD peak appears splitted in two distinct peaks). Indeed sam-
ples COCI, EV-NO3 and CONO3-1 are the least homogeneous,
containing all of them two distinct cerianite phases (Table 4):
a first cerianite phase appearing at lower 26 values (C-1 phase)
and possessing larger cell parameters (ca. 5.41 A), and a second
cerianite phase appearing at higher 26 values (C-2 phase) and
possessing smaller cell parameters (ca. 5.39 A). The other classi-
cal coprecipitates (COCI-W, COCI-HT and CONO3-2) are more
homogeneous and contain only a single phase with an interme-
diate cell parameter of ca. 5.40 A. In contrast, all homogenous
coprecipitation samples are formed by a single phase of cerianite

(Table 5), in agreement with the more homogenous precursors
obtained with these synthesis methods. Noteworthy, homoge-
neous coprecipitation samples present all of them the same cell
parameter of ca. 5.40 A. This cell parameter value is only slightly
smaller than the theoretical value for the non-doped cerianite
lattice (a=5.41134 A for CeO,, JCPDS card no. 43-1002). The
entrance of the smaller Tb** ions (1.02 A) in the fluorite lattice
(eightfold coordination) replacing for Ce** ions (1.11 A) would
explain the smaller cell parameters. However, any interpretation
of the variation of cell parameters in this system is not so simple,
since some amount of the larger Ce>* (1.28 A) and Tb>* (1.18 A)
ions are also very likely to be present*? (accompanied by some
oxygen vacancies to preserve electroneutrality), although the
performance of further analyses to estimate their presence (i.e.
by XANES spectroscopy) is out of the scope of this study.

4.3. Microstructure and composition (SEM/EDX)
characterization

To gain further information about the morphology, homo-
geneity and composition of the samples at the microscale,
SEM/EDX characterization was performed with representa-
tive fired samples. SEM observations of pigments calcined at
1100 °C (see Fig. 9 for classical coprecipitation, and Fig. 10 for
homogeneous coprecipitation samples) let us appreciate that the
samples are formed by aggregates constituted by submicronic
particles or grains (100-300nm) with rounded morphologies
and also with intergranular porosity. In general terms, the mor-
phology is quite homogeneous in those samples that were
formed by a single phase of cerianite according to the previ-
ous XRD characterization (COCI-W, COCI-HT, CONO3-2). In
contrast, sample CONO3-1 (see Fig. 9) presents a more hetere-
ogeneous morphology, in accordance with the presence of two
regions (solid solutions) with different Tb content as it will be
later discussed.

The approximate average Tb content and homogeneity degree
of the formed Ce;_,Tb,O; solid solutions could be qualita-
tively estimated through the measurement of 7b/(Ce + Th) molar
ratios (x). With this aim, representative EDX analyses were per-
formed in different regions of the samples. As it may be observed
(Tables 4 and 5), in the case of classical coprecipitate samples the
average Tb content (x value) was almost in all samples between
0.06 and 0.08 (Table 4), which is below the theoretical value
of the initial formulation (x=0.10). Differently, the average Tb
content was considerably higher in CONO3-2 sample (x=0.13).
This sample was prepared through the so called “colloid stabi-
lization route”, a modification of the classical coprecipitation
route (sample CONO3-1) in which the growth of coprecipitated
colloidal particles is controlled (inhibited) by decreasing the pH
down to a value of ca. 3.3 with HNOj3 addition. Therefore, this
modification of the pH of the initial precursor system could pre-
sumably have some effect in the precipitation of Tb and Ce
during the synthesis step, resulting in a higher Tb content. Also
remarkably, in general terms the measured Tb ratios were rather
disperse in these classical coprecipitate samples, indicative of
a lack of homogeneity in the distribution of Tb throughout the
samples. In this respect, sample CONO3-1 appears to be the
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Table 4

Results of XRD, cell parameters, EDX analyses, colour (L*/a*/b*) and bandgap (E,) measurements (enamelled samples) in Ceg 9Tho ; O> samples obtained through

classical coprecipitation methods.

Sample method Firing treatments XRD? Unit cell a (A) Tb/(Ce + Tb)gpx” L*/a*/b* Eg (eV)d
400°C/6h C (440) 78.3/8.0/22.2
COCl1 600°C/6h C (710)
1100°C/6h C (1200)¢ 5.3907 (5)/5.4069 (5) 0.06 71.1/13.4/26.3 2.39
400°C/6h C (370) 77.3/8.9/24.2
COCI-W 600°C/6 h C (470) 76.9/9.3/24.2
1100°C/6h C (1270) 5.3999 (2) 0.07 69.8/16.1/31.9 2.37
COCI-HT 400°C/6h C (510) 75.0/9.7/24 .4
600°C/6h C (760) 72.9/11.7/28.2
1100°C/6 h C (1450) 5.3998 (0) 0.08 63.4/20.0/35.8 2.28
400°C/6h C (235) 73.5/12.5/29.6
EV-NO3 600°C/6 h C (410) 73.6/13.0/29.7
1100°C/6h C (990)° 5.3912 (6)/5.4102 (2) 60.2/20.8/33.1 2.27
400°C/6h C (240) 76.9/10.1/24.2
CONO3-1 600°C/6h C (370) 74.6/12.3/26.0
1100°C/6h C (1120)¢ 5.3944 (3)/5.4083 (3) 0.08 65.9/16.5/28.4 2.32
400°C/6h C (275) 67.1/17.7/131.2
CONO3-2 600°C/6 h C (370) 66.1/19.0/31.5
1100°C/6h C (1080) 5.3988 (1) 0.13 53.1/24.8/29.5 2.21

4 C=CeO; (cerianite; JCPDS card no. 43-1002; a=5.41134 A); the XRD intensity of the most intense diffraction peak of CeO; is indicated between brackets.
b Average molar ratio (x="Tb/(Ce + Tb)) by EDX analyses performed in different (representative) regions of the samples (in COCI it was at 1300 °C/1 h instead of

1100°C/1 h).

¢ Two cubic phases of ceria (with different cell parameters) distinguished by refined XRD.
4 Approximate bandgap values (Eg) in eV calculated from reflectance curves (Fig. 11).

most heterogeneous and this fact may be easily observed in the
SEM image shown as example in Fig. 9, with regions having
different morphology and brightness contrast (distinct compo-
sition). The corresponding EDX analyses also shown in the
figure clearly indicate the presence of these Tb-enriched and
Ce-enriched regions in the same aggregate, with rather different
Tb/(Ce + Tb) ratios (x=0.16 and 0.04, respectively).

Table 5

In contrast, the morphology was more homogeneous (see
Fig. 10) and also the distribution of Tb through the samples
more regular (levelled) in samples obtained by homogeneous
coprecipitation of oxalates or with urea. Interestingly, the aver-
age Tb content (see Table 5) in these samples was much more
approximated (0.08-010) or similar to the theoretical formu-
lation (x=0.1). A representative EDX analysis corresponding

Results of XRD, cell parameters, EDX analyses, colour (L*/a*/b*) and bandgap (E) measurements (enameled samples) in Ceg.9Tbg.; O2 samples obtained through

homogeneous coprecipitation methods.

Sample method Firing treatments XRD? Unit cell a (A) Tb/(Ce + Tb)EDXP L*/a*/b* Eg (eV)©
400°C/6h C (320) 71.8/15.3/31.5

COOX 600°C/6h C (365) 71.6/15.2/31.6
1100°C/6h C (550) 5.3976 (1) 0.10 59.0/21.6/30.6 2.30
400°C/6h C (260) 72.8/13.9/32.6

COUR-1 600°C/6h C (400) 71.7/14.8/32.6
1100°C/6h C (1400) 5.3984 (2) 0.09 58.5/22.8/34.1 2.27
400°C/6h C (980) 71.8/16.2/35.1

COUR-2 600°C/6h C (840) 73.1/15.3/35.1
1100°C/6h C (1180) 5.4000 (1) 0.08 64.6/20.8/34.3 2.30
400°C/6h C (245) 75.6/11.8/28.8

MW-URI1 600°C/6h C (430) 73.3/13.3/28.9
1100°C/6h C (1340) 5.3991 (2) 0.10 64.5/18.9/30.3 2.31
400°C/6h C (210) 73.0/13.2/29.0

SON-UR1 600°C/6h C (240) 70.4/15.0/28.7
1100°C/6h C (290) 5.3989 (1) 0.09 57.0/21.0/28.3 2.29

2 C=CeO0; (cerianite; JCPDS card no. 43-1002); the XRD intensity of the most intense diffraction peak of CeO; is indicated between brackets.
b Average molar ratio (x="Tb/(Ce + Tb)) by EDX analyses performed in different (representative) regions of the samples.
¢ Approximate bandgap values (Ey) in eV calculated from reflectance curves (Fig. 11).
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Fig. 9. Selected SEM details (back-scattered electron detector) of classical coprecipitate samples (COCI-W, COCI-HT, CONO3-1 and CONO3-2) calcined at
1100 °C/6 h. Two representative EDX spectra corresponding to CONO3-1 sample (distinct marked areas) are also included. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

to COOX sample is also shown in Fig. 10. Sample COUR-
2 presented the lower (average) Tb content (x=0.8), while
the distribution of Tb was less regular or homogeneous in
microwave-assisted sample (MW-URI), similarly to that of sam-
ples prepared by classical coprecipitation.

4.4. Comparative analysis of colour performance as red
ceramic pigments

As the final part of the study we analyzed the colour
performance of the prepared CeO,-Tb pigments at differ-
ent firing temperatures. The evolution of colour parameters
(L*/a*/b*) with different firing temperatures is also presented

in Tables 4 and 5, while the aspect of all enamelled samples
may be appreciated in the photos shown in Fig. 11. As the first
important result, in some synthesis methods (CONO3-2, COUR-
2 and COOX) it was possible to develop acceptably nice red
colours (a* =15-18), even after calcination at a temperature as
low as 400 °C (the best colouration at this temperature being for
CONQO3-2 sample, a* =18).

Taking into consideration the colours developed by 1100 °C-
fired pigments, the results indicate that there is no direct
correlation between the level of ceria crystallization (intensity of
XRD peaks) and the reddish tonality (improves with higher a*
and lower b* and L* values). For example, coprecipitate samples
with chlorides precursors (except hydrothermal sample) pro-
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Fig. 10. Selected SEM details (back-scattered electron detector) of homogeneous coprecipitate samples (COOX, COUR-1, COUR-2, MW-URI and SON-UR1)
calcined at 1100 °C/6 h. A representative EDX analysis (of COOX sample) is also included.

duce the worst red—orange colours (a* = 13-16), though having
a good crystallization degree of Tb-CeO> solid solution. In con-
trast, the very poorly crystallized samples with oxalates (COOX)
or with urea and ultrasounds (SON-URI) exhibit however very
good red colours (a* =21-22).

On the contrary, the best red colours seem to be associated in
first term to a higher Tb content, with the exception of microwave
sample (which possessed a non-regular Tb distribution). In this
respect, CONO3-2 presents a much more reddish colouration
(the best of all samples, L*/a*/b* =53/25/29), in correlation
with its higher Tb content. Secondly, the level of homogene-
ity in Tb distribution within the solid solutions appears also

to be an important parameter. Effectively, in samples with a
similar Tb content (i.e. samples CONO3-1 and COCI-HT, or
samples MW-URI and COOX), the best red colours appear to be
associated to samples with the more homogenous Tb distribu-
tion (COCI-HT and COOX, respectively). Indeed, considering
the more heterogeneous samples (COCI, EV-NO3 and CONO3-
1) having two distinct cerianite solid solutions (with different
Tb content), only EV-NO3 sample presents a nice red colour
(a*=21), while the others give rise to very poor red colours
(a*=13 and 16).

On the other hand, the reflectance curves of all enamelled
samples are also shown in Fig. 11. Obviously, and similarly
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Fig. 11. Aspect of enamelled samples (5 wt% pigment within a conventional double-firing glaze), and corresponding diffuse reflectance spectra of 1100 °C-fired
coprecipitate Ceg.9Thg.; O samples (left: classical coprecipitation routes; right: homogeneous coprecipitation routes). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

to the previous compositional study, samples having the best
red colours posses the minimum reflectance around 450-500 nm
and the maximum reflectance being centred at ca. 650-700 nm
(red region). From these reflectance curves, the approximate
energy bandgap values (E,, in eV) were also estimated (see

Red Hue (a*) vs Eg (ev)
(Classical coprecipitation)

Tables 4 and 5). As it may be appreciated in Fig. 12 there
is a clear linear (and inverse) tendency between the obtained
bandgap values and the resulting red colour (a* parameter) of
enamelled samples. In both classical and homogeneous copre-
cipitation samples the best red colourations are associated to

Red Hue (a*) vs Eg (ev)
(Homogeneous coprecipitation)
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Fig. 12. Representation of the bandgap energy (E;) vs the red colour parameter (a*) in both classical and homogeneous coprecipitation samples. An inverse linear

correlation is observed.
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the lower bandgap values (below 2.30eV), the best red colour
(a*=25) being presented by sample CONO3-2 with the lowest
bandgap value (2.21eV).

As general conclusions, firstly it has been herein demon-
strated that the employment of coprecipitation methods of higher
homogeneity (with oxalates o urea) leads to the formation of
more homogeneous solid solutions of CeO,-Tb. With these
routes, the obtained pigments have a Tb content very close to that
of the nominal (initial) formulation (Cep¢Tbg 105) and exhibit
very nice reddish colourations (except in MW-URI), improv-
ing a great deal the colourations accomplished with classical
coprecipitation routes (except in CONO3-2 sample).

Secondly, in the classical coprecipitation route with chlo-
rides the results are a great deal improved with the hydrothermal
treatment, and regarding to the three investigated synthesis
alternatives with nitrates, the method of “colloid stabilization”
(CONO3-2) leads to the best red colouration of all samples.

Finally, in the series of homogeneous coprecipitation with
urea (and nitrates precursors), the assistance with ultrasounds
does not improve results, while the alternative method using
microwaves has the clear advantage of the very rapid preparation
and energy saving (5—10min of preparation), but results in a
slightly poorer red colour (a* =19).

5. Conclusions

In this manuscript we have reported about the optimization of
the synthesis and colour properties of CeO,-Tb reddish ceramic
pigments. The great interest and novelty of this research lies on
the very scarce investigations available in the literature on this
system, which are mostly concerned on their catalytic and redox
properties. Moreover, any research concerning the development
or improvement of ceramic pigments with reddish hues is still
a hot topic and one of the main objectives to be accomplished
by the ceramic industry. In a preliminary study we have deter-
mined the optimal composition of Tb (and Y)-doped CeO, solid
solutions (Cep9Tbg.1Op2), and demonstrated the possibility of
obtaining very nice reddish colourations at 1500 °C by the tra-
ditional ceramic route. The red colours obtained through the use
of the classical coprecipitation route with chlorides precursors
were also very intense at 1500 °C, but they were still very poor
at lower temperatures (1100 °C).

Consequently, in the second part of this study the effect
of using different classical and non-conventional coprecipita-
tion routes on the low-temperature (400—1100 °C) synthesis and
colour performance of Tb-CeO; red pigments has been ana-
lyzed for the first time. Very interestingly, the optimization of
synthesis methods has proven to enable the formation of more
homogeneous (single phase) CeO»-Tb solid solutions at lower
temperatures, and also to modulate the final Ce—O and Tb-O
chemical environments in the pigment (lattice parameters and
optical bandgaps), thus improving the final reddish colouration
at 1100 °C. The obtained colour parameters of the optimal sam-
ples enamelled with a conventional transparent ceramic glaze
(L*/a*/b* parameters around 53-59/22-25/29-34) are as good
as those previously reported for CeO,-Pr pigments.?!-3%3443
Accordingly, the compositions and synthesis methods herein

optimized have a clear potential for the production of envi-
ronmentally friendly reddish ceramic pigments, alternative to
CeO;-Pr ceramic pigments, although at present there is still
the inconvenience of the higher price of Tb with respect to Pr.
The “colloid stabilization route” with nitrates (CONO3-2) and
also the homogeneous coprecipitation routes with oxalates and
urea (COOX and COUR-1) appear as the most recommendable
synthesis approaches.
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