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Black pigments are very commonly used and arouse widespread interest in the ceramic industry. Nevertheless,
these pigments contain toxic elements that are detrimental to human health. In view of this, the present work is
focused on the development of sustainable black pigments prepared by a coprecipitation method at 1200 °C.
Samples with the nominal formula (Gd;_xCa,)(Feg.95Zn0.05)02.975-x/2 (x = 0.00, 0.05, 0.10) showed single-phase
orthorhombic perovskite. The presence of dopants played an important role in the reduction of Fe>* to Fe?* and

caused different local distortions in the structure which explained the final black colouration of these pigments in
comparison with the red GdFeO3 sample. The loss of symmetry and the increase in the number of d-d transitions
of iron may explain the aforementioned changes. Co-doped pigments reached low C* values, improving on the
purest black colour obtained in a commercial black ceramic pigment, which contains toxic elements. In addition
to presenting good NIR solar reflectance values of up to 8%, the final colours of these pigments were also stable
after their application in a commercial transparent glaze at 1080 °C that could be used for tiles.

1. Introduction

In the ceramic industry, inorganic pigments are of the utmost
importance since they are the raw materials needed for colouring glazes
and inks. Particularly, black pigments are extensively used and represent
about 25 wt% of the total consumption [1]. Traditionally, the com-
mercial black pigments used in the ceramic industry have been com-
pounds with a spinel chromite/ferrite structure, mainly CuCr,04 [DCMA
13-38-9], (Fe,Co)Fe304 [DCMA 13-39-9], (Fe,Co)(Fe,Cr)204 [DCMA
13-40-9], (Fe,Mn)(Fe,Mn)>04 [DCMA 13-41-9] and (Ni,Fe)(Fe,Cr)204
[DCMA 13-50-9] due to their great stability [2,3]. Despite the fact that
the aforementioned inorganic pigments contain transition elements such
as nickel, cobalt, chromium and manganese, which are potentially toxic
and a matter of concern to human health, they are still being used at
present [4,5]. Although small amounts of these toxic elements are
essential for life, their regular use is considered dangerous: cobalt is
harmful to the environment [6], manganese can affect target organs [7]
and chromium and nickel are carcinogens [8,9].

Fortunately, as nowadays nations around the world are aware of the
need for climate protection, developed countries have taken an active
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stance towards approving regulations limiting the use of toxic elements
in order to protect human health and the environment. As a result, over
the last few years, other elements like lanthanides have become alter-
natives to eliminate potentially toxic elements in ceramic pigments
[10-12]. Consequently, studies mainly aimed at decreasing the toxicity
of ceramic black pigments and improving their optical properties have
also been conducted in the present century. Researchers obtained new
black inorganic pigments and improved the final colour by introducing
minor variations in the traditional compositions [13-15]. Nonetheless,
although in recent years studies have been carried out to obtain sus-
tainable black pigments, the use of toxic elements has not been totally
eliminated. NiFe;.,Cr,O4 (x = 0.0-2.0) compositions were synthesised
at 1200 °C to decrease the chrome concentration of (Ni,Fe)(Fe,Cr);04,
and Ni** was also replaced by MgZJr and Zn?* [3]. LajCaxCoO3 black
pigments (x = 0-0.4) were obtained at 800 °C by Melo et al. [16].
Additionally, CayMnOg4, also with black colouration and fired at
1200 °C, presented a NIR reflectance, Ryr, = 50% [17], and pigments
based on CasMny g5.Tip.15Z2n,04.x (With 0 < x < 0.10) were developed
to improve the final colour without decreasing the NIR reflectance [18].
Co%* doped ZnFe,0,4 pigments fired at 1000 °C were also prepared and
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Table 1
Compositions prepared based on Ca and/or Zn doped GdFeO3 and their toler-
ance factor t.

Samples General x y Nominal Reference t
formula Composition
Undoped GdFeO3 0 0 GdFeO3 GF 0.923
GdFeO3
Ca-doped  (Gdi,Ca) 002 0 (GdgosCanoz)  C2A 0.924
GdFeO3 FeOs3 /2 FeO3.99
0.05 (Gdo.95Cag.05) C5A 0.924
FeOz.975
Gd 0 0.05 Gd C5B 0.915
(Fe1,Ca,) (Fep.05Cag.0s)
O3/ O2.975
Zndoped  (GdiZn)  0.05 O (GdoosZnoos)  Z5A 0.920
GdFeO3 FeO3 y/2 FeOs 975
Gd 0 0.05 Gd Z5B 0.921
(FeyyZny) (Feo.95Zn0,05)
O3.y/2 02,975
0.10 Gd Z10B 0.918
(Feo.00Zn0.10)
02,05
Ca,Zn-co- (Gd;_Cay) 0.05 0.05 (Gdo.95Cag.05) C5AZ5B 0.922
doped (Fey_yZny) (Feg.95Zn0.05)
GdFeO3  O3_y/2y/2 O2.05
0.10 (Gdo.90Cao.10) C10AZ5B 0.923
(Feo.05Zn0.05)
02,925
0.15 (Gdp g5Cagp.15) C15AZ5B 0.925
(Feo.95Zn0.05)
0O2.90
0.20 (GdogoCaoz0)  C20AZ5B  0.926
(Feo.95Zn0.05)
O2.875

the best optical results were obtained for the pigment with a 16.7 wt% of
Co304 [19]. Recently, a black pigment with a perovskite structure
containing at least an alkaline earth metal element, titanium, and
manganese was patented in 2020 [20] and, finally, black pigments based
on Cr-doped Fe;O3 (C* = 0.7 and Ryjr = 23%), YMnOs3, Sr4sCuMnyOg
(C* = 9.6 and Ryr = 51%) and Srp(Mgg sMng 5)GeoO7 were also syn-
thesised [21].

At the same time, there are recent studies where black pigments were
developed from waste containing cobalt, manganese, chromium and/or
nickel [22-26]. Nevertheless, industrial waste is reprocessed and toxic
elements are also employed, a fact that is detrimental to human health.
Thus, we must emphasise that, as far as we are aware, there are no
environment-friendly black ceramic pigments available at the moment.

For this work, amongst all the inorganic structures where iron and
lanthanides are easily incorporated, perovskite-type oxides (ABO3) with
the Pbnm space group have been selected in order to develop a new
environment-friendly black inorganic pigment. In these compounds, A
and B are cations of different sizes, A (with a coordination number, CN,
of 12) being larger than B (with a CN of 6). As a result, lanthanides and
iron can be incorporated into A and B positions, respectively. In a recent
study [12], we developed environment-friendly reddish pigments, with
high near-infrared (NIR) reflectance, based on AFeO3 (A = La, Pr, Nd,
Sm, Gd, Tb, Y or Yb) synthesised by a coprecipitation method at 1200 °C.
In particular, glazes pigmented with GdFeOs, TbFeO3 and YFeOs pow-
ders possessed the most intense reddish colouration and these powders
also presented the highest NIR solar reflectance, reaching values of 50%,
which makes them optimal candidates for application as cool reddish
pigments in paint.

As per the above considerations, in this study we present novel
ceramic black pigments that have been synthesised based on Zn?" and
Ca?* doped GdFeO3 by a coprecipitation method and fired at 1200 °C. In
order to develop sustainable black pigments with a high degree of pu-
rity, the incorporation of Ca?* and Zn?* into the GdFeOj3 perovskite was
chosen because these dopants are non-toxic and non-chromophore ions,
present similar ionic radii to gadolinium and iron ions, the ions that
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conform GdFeOs perovskite, and they also have a single oxidation state,
which is useful to limit the factors that may affect the colour change
from red to black. Moreover, the optical properties, the chemical sta-
bility and the application of the final black powders in glaze have been
studied. The results highlight the potential use of these new black pig-
ments for high temperature applications in the ceramic industry with
good reflectance. We must note that our study presents a pioneering
strategy that fits together well with the stance towards the development
of environment-friendly compounds and it also greatly minimises the
safety hazards since the black ceramic pigments reported herein are
completely free of any toxic elements.

2. Experimental section

The coprecipitation method was employed to prepare the different
compositions of pigments based on Ca®* and/or Zn?" doped GdFeOs. In
particular, the synthesis methodology is the same as the one employed in
a recent study where reddish perovskites with the general formula
AFeO3 (A = La, Pr, Nd, Sm, Gd, Tb, Y or Yb) were obtained [12]. The
synthesised compositions with their corresponding references are
labelled in Table 1. The reference of the undoped sample was formed by
the initials of the metals that conform the GdFeOgs perovskite, and the
other references were formed by the initials of the cations that doped
GdFeOs, that is C for Ca?* and/or Z for Zn?*, with their proportion and
the initial A or B, which indicate the position where they were
incorporated.

In order to prepare them all, Gd(NO3)3-6H30 (99.9%, Sigma-
Aldrich), Fe(NO3)3-9H20 (98%, Sigma-Aldrich), Ca(NO3)2-4H20 (99%,
Strem Chemicals) and Zn(NO3),-6H2O (98%, Labkem) were used as
precursors. Besides, absolute ethanol (99.9%, Scharlab) was used as the
solvent and reagent-grade ammonia solution (32%, Scharlab) was used
as the precipitation agent. A general scheme of the method by which the
pigments were obtained is shown in Fig. S1 of the Supplementary In-
formation (SI). The final powders were fired at a maximum temperature
of 1200 °C for 12 h in an air atmosphere, using a heating rate of 5 °C/
min. Besides, to assess the application of the final products in glazes, the
pigments were mixed with a transparent commercial frit (4 wt% of the
pigment), the composition of which is shown in Table S1 of the SI, and
the pigment-frit mixtures were fired at a maximum temperature of
1080 °C (more detailed information about the procedure followed for
the preparation of the coloured glazes can also be found in the SI).

The characterisation techniques used to study the structural and
optical properties of the synthesised pigments were: X-ray diffraction
(XRD), energy dispersive X-ray spectrometry (EDX), Raman spectrom-
etry, X-ray photoelectron spectroscopy (XPS), UV-Vis-NIR spectros-
copy, and simultaneous thermogravimetric and differential scanning
calorimetry (TG-DSC) was used to determine the thermal stability of the
pigments. Moreover, the chemical stability of the pigments was studied
by the same method used in the work [12] but in this case the stirring
times employed were 30 min and 24 h. Detailed information about the
different characterisation equipment used and the thermal and chemical
stability can be found in the SI.

3. Results and discussion
3.1. Structural and chemical properties of the powdered pigments

Before performing the structural characterisation, the Goldschmidt
tolerance factor t can also shed some light on the stability and the
distortion of the crystal structure. For orthoferrites doped at A/B sites
with the general formula (A;_xA’x)(B1_,B’y)O3_s, the tolerance factor
was calculated using equation (1):

(1 —=x)Rs + xRy +Ro

_ 1
TRl — Y)Rs + YRy + Ro) W
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Table 2

Ionic radii of the different species occupying positions A (CN = 12) or B (CN = 6)
in perovskites with the general formula ABOs. It has been considered that Fe
cations are in a high-spin state.

Specie Position A (10\) Position B (i\)
Gd>* 1.27 0.938

Fe*' 1.13 0.78

Fe3* 0.99 0.645

Ca?* 1.34 1.00

Zn** 1.11 0.74

where R; are the corresponding ionic radii of the different ions [27]. For
an ideal cubic perovskite, t is close to 1, otherwise it has a distorted
structure, such as orthorhombic, rhombohedral or tetragonal [28].

In order to determine the values of ¢t, it is necessary to know the ionic
radii of the different cations involved in this study. The ionic radii of
some cations with different coordination number (CN), especially those
with CN > 8, are not included in Shannon’s data [29]. Notwithstanding,
the ionic radii for a certain CN can be determined according to equation
(2):

(2)

0.00135\ '
o (20)
where Ry and Ry_; are the ionic radius of an ion with coordination
numbers N and (N — 1), respectively [30]. For the particular case of a
CN = 12 (species occupying positions A in the orthoferrite) and using the
value of Rg (available in the database), the above expression results in
the next one (equation (3)):

'L 70.00135\ '/
R12:R3+Z( ; ) 3)

i=8

Table 2 presents the ionic radii of the different species involved in the
crystal structure. Regardless of the postulated nominal formula, it
should also be noted that dopants might occupy positions A/B inter-
changeably throughout the small segregation of a secondary phase,
which would be rich in Gd/Fe depending on the mechanism of
substitution.

Hence, as can be seen in Table 1, similar tolerance factors around
0.92 were obtained for all the compositions prepared, thereby suggest-
ing that there was no substantial distortion of the host lattice in com-
parison to the undoped compound (GdFeOs). In all cases, t was below,
but very close to, unity and this means that A ions were smaller than the
dodecahedral interstices. Thus, the FeOg octahedra tilt and rotate
leading to closer packing with an orthorhombic structure Pbnm [31].
Notwithstanding, it is important to mention that these results refer to the
theoretical nominal formulas proposed in Table 1.

The XRD patterns of the final powders fired at 1200 °C were obtained
and are shown in Fig. 1. The characteristic peaks of the orthorhombic
GdFeO3 perovskite with the Pbnm space group [JCPDS-ICDD 47-67]
were identified in all the synthesised compositions. In spite of this, some
of the doped samples showed small peaks corresponding to secondary
phases.

In detail, when GdFeOs perovskite was doped with calcium in A or B
positions, the XRD patterns (Fig. 1a) showed a secondary phase attrib-
uted to GdsFesOi13 [JCPDS-ICDD 48-77] or GdyOs [JCPDS-ICDD
12-7971, respectively. With respect to the Zn-doped GdFeOs samples
(Fig. 1b), when zinc was incorporated in A position with x = 0.05 (Z5A),
a secondary phase related to GdsFes015 [JCPDS-ICDD 48-77] was ob-
tained. On the other hand, when zinc was added to the B position with y
= 0.05 (Z5B), no secondary phase was identified, but when its concen-
tration was increased until y = 0.10 (Z10B), a small peak corresponding
to GdyO3 [JCPDS-ICDD 12-797] was found. Thus, the only sample
doped with one cation that presented a unique phase is Z5B.

Nonetheless, when both cations were present, Ca* atsite A and Zn?*
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Fig. 1. XRD patterns for powder samples fired at 1200 °C for 12 h: (a) Ca-
doped GdFeOs, (b) Zn-doped GdFeOs, and (c) Ca, Zn-co-doped GdFeOs. The
XRD pattern for undoped GdFeOs is included in all figures for comparison.
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Table 3
72 values of the refinements and refined unit cell parameters of the powders.
Space Group = 62 (Pbnm).

Powder 7 a(d) b (A) c® V(A%
GF 1.38 5.3529 5.6120 7.6734 230.52
Z5B 1.30 5.3509 5.6120 7.6688 230.29
C5AZ5B 1.21 5.3462 5.6008 7.6592 229.34
C10AZ5B 1.28 5.3515 5.5987 7.6654 229.68

at site B (Fig. 1c), the secondary phase attributed to GdsFes0;5 [JCPDS-
ICDD 48-77] was only formed for samples with the highest Ca%* con-
centration (x = 0.15 and 0.20). Thus, the presence of zinc in the struc-
ture facilitated the incorporation of calcium into the perovskite,
probably due to distortions in the lattice.

From now on, the results will be focused only on the GF sample and
doped and co-doped compositions that exhibited a single-phase (Z5B,
C5AZ5B and C10AZ5B). In addition, the XRD patterns of these compo-
sitions were refined and the results are presented in Fig. S2 of the SI and
Table 3. The goodness of fit parameter ;2 (Table 3) showed that the
refinements were correct and the orthorhombic perovskite phase with
the Pbnm space group was observed in all the samples with a single-
phase. Furthermore, as can be seen in Table 3, the unit cell volume
decreased for doped and co-doped perovskites.

In order to study the morphology and size of the particles of single-
phase samples, SEM was implemented. Fig. 2 presents the SEM images of
GF, Z5B and C5AZ5B fired at 1200 °C. The SEM image of GF (Fig. 2a)
revealed a uniform particle size distribution slightly smaller than 1 pm
and particles with straight boundaries. Otherwise, particles of the doped
samples, shown in Fig. 2b and c, presented a higher degree of sintering
in comparison to the undoped samples. Moreover, the EDX results of the
four single-phase samples confirmed that there was no presence of
secondary phases in any of them and each powder presented similar
atomic proportions in different areas studied. In addition, their stoi-
chiometric ratios are in accordance with their general formula, shown in
Table S2 of the SI, which presents the average content of the elements
from the EDX analysis at 25 different points considered to be repre-
sentative of each sample. Furthermore, an EDX spectrum with the cor-
responding region for C5AZ5B ratios is illustrated in Fig. S3 of the SI as
an example.

So as to study the possible local distortions caused in the structure
due to the doping of GdFeOs with Zn?* and Ca?*, Raman spectra at room
temperature in the 90-700 em™! range were reported. Before examining
the different Raman spectra obtained for each sample, it is essential to
note that compounds synthesised in this study crystallised in the Pbnm
space group that gives rise to 24 Raman-active vibrational modes, which
can be represented with Mulliken symbols as I' =7 A; ®© 7 B1g® 5 B2g ® 5
Bsg [32]. In accordance with the literature [33-35], the wavenumber
modes below 200 cm™! are essentially associated to displacements of
ions in position A, because of vibrations of A and O, specifically A-O
stretching vibrations. Raman peaks in the region between 200 cm ™! and
350 cm™! are attributed to BOg octahedral tilting. In addition, active
bands from 350 cm™! to 500 cm ™! are related to out-of-phase oxygen
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bending motions, specifically, oxygen octahedral bending vibrations.
Lastly, symmetric B-O stretching vibrations are above 500 cm ™.

The Raman spectra of GF, Z5B and C5AZ5B compositions are shown
in Fig. 3 (the Raman spectrum of C10AZ5B is analogous to that of the co-
doped C5AZ5B sample). As can be shown in this figure, the sums of the
Lorentzian functions were used to perform the spectra deconvolution
and make it possible to know the position of all the Raman-active modes;
the peak positions of each sample studied that were consistent with the
reported literature [35,36] are listed in Table S3 of the SI. Not all the
expected modes were identified because some of them were probably
either masked by band overlap or their intensity was below the detection
limit.

The Raman spectrum of the undoped sample (Fig. 3a) offered weak
changes with respect to the doped samples (Fig. 3b and c). Nevertheless,
there are peaks marked with an arrow symbol that are only present in
doped samples, probably because of the local distortions caused by the
dopants that have different ionic radii to the cations that conform the
undoped perovskite [37] (see Table 2). First, the peak around 170 cm !
is only found in co-doped samples. This can be explained by the fact that
Raman modes below 200 cm ™' are related to doping at site A [38],
namely in samples where Ca?* is doping the Gd®* site. On the other
hand, the peaks around 200 and 595 cm™! are in the three doped
samples. The addition of dopants to the GdFeO3 perovskite originated
oxygen vacancies and could modify the Fe-O stretching vibrations in-
side octahedral units because of distortions introduced by vacancies
[35]. Hence, a change in the symmetry was reflected in the identifica-
tion of more Raman-active modes with an increase in the doping. As a
consequence of the local distortion in the structure caused by doping, an
important modification could be achieved in the final colour of the
powders that were synthesised.

It is also important to emphasise that according to the nominal for-
mula, all compositions, except the GF sample, are oxygen-deficient.
Therefore, it might be possible that partial reduction of Fe*t to Fe?*
occurs in the host lattice in favour of the generation of oxygen vacancies
through O release (equations (4)—(6)):

2[Fe"(s)+1 e” < Fe*'(s)] @
07 (s) & 120, (g) +2¢~ (5)
2Fe* (s) + 0¥ (s) < 2Fe?" (s) + 120, (g) (6)

XPS spectra of Fe 2p and Fe 3p for the four single-phase samples were
obtained to confirm this oxidation-reduction mechanism. Deconvolution
of the spectra was performed by mixed Gaussian-Lorentzian fit (60:40).
Similar XPS spectra of Fe 2p for the four samples are shown in Fig. 4a
and the deconvolution of Fe 2p for CLOAZ5B is presented in Fig. 4b as an
example. According to the literature [39], the binding energies (BE) of
Fe,Si04 (Fe?t) and Fe,03 (Fe") for the Fe 2ps/, core level peaks are
709.0 eV and 711.0 eV, respectively, the associated satellites were found
at 714.7 and 718.8 eV, and as regards Fe 2p; /5, the BE of Fe;SiO4 (Fe?h)
and Fe;03 (Fe3+) are found at 722.6 eV and 724.4 eV, respectively.
Hence, in all cases, the characteristic BE of Fe>* and Fe®* for Fe 2p; /5, Fe

Fig. 2. SEM images of the powders fired at 1200 °C: (a) GF, (b) Z5B, and (c) C5AZ5B.
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Fig. 3. Raman spectra deconvolution of the powders fired at 1200 °C: (a) GF,
(b) Z5B, and (c) C5AZ5B.

2p3,2 and their satellites were identified in the XPS spectra.

As carried out in recent studies [40], in order to quantify the amount
of Fe?" and Fe®" in each sample, the area of the Fe 2p3 /5 peaks of both
cations were determined. As shown in Fig. 4c—f, the maximum intensity
of the Fe 2p3/» peak is essentially the same for the four samples studied
but as doping increased, the content of divalent iron ions rose from 9%
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to 24%, which indicates that the presence of zinc and calcium facilitate
the partial reduction of Fe3* to Fe?' and, as a consequence, co-doped
samples present a higher Fe?* content.

In the same way, the Fe 3p spectra confirm the above-mentioned
tendency of the amount of Fe?* and Fe3" in the samples. Each XPS
spectrum of Fe 3p for the four samples and their deconvolution are
presented in Fig. S4 of the SI. Bearing in mind the literature [39,41,42],
all Fe 3p spectra consist of both Fe 3p; /5 and Fe 3ps,2, but a single broad
peak with no separation between 3p; /5 and Fe 3p3/; lines was obtained
because the spin-orbit splitting between the two photoelectron peaks is
very small. After the deconvolution of the 3p peak into two peaks, the
lower BE transition is attributed to Fe?" ions and the higher BE transi-
tion is attributed to Fe** ions. Accordingly, as the maximum intensity of
the 3p peak shifted to lower energies when the amount of dopants in-
creases, the amount of Fe>™ was greater in the doped samples.

As a result of XPS studies, iron was present in both oxidation states
(Fe®* and Fe**) in the four final powders. In addition, as the amount of
dopants increases, a greater amount of Fe?* is expected to be found in
the doped samples because the maximum intensity of the main bands
shifts to lower energies.

3.2. Optical and colorimetric properties of the powdered pigments

Once the structural characterisation was completed and the tendency
of the oxidation states on iron in the samples was determined, UV-Vis
spectroscopy was performed in order to study their optical properties.
The UV-Vis reflectance of the four fired powders that present a single-
phase in the 300-750 nm range are shown in Fig. 5 and the colour dif-
ference between GF and the other three powders is confirmed. The
undoped sample spectrum exhibited an intense band centred at ~ 600
nm that confirmed the red colouration of this powder. Moreover, the
spectra of the doped samples showed low reflectance in all the UV-Vis
range studied, thus verifying the black colouration of these
compositions.

Fig. 6 shows the absorbance spectra of the different samples and, the
GF spectrum also offered important differences in comparison to the
others. In the spectrum of the GF compound, a broad and strong band
associated with the Oy, — Fesq charge transfer transitions and the d-
d transitions of Fe>* was observed from 350 to 550 nm [43]. The
deconvolution of this spectrum is presented in Fig. 6a, where the band
obtained at 355 nm is associated with Oy, — Fesq charge transfer tran-
sitions and the other four broad bands are in agreement with d-d tran-
sitions of Fe®" ions: 404 nm (6A1 — 4E, 4T2 transition), 466 nm (6A1 —
4E, ‘A transition), 530 nm (6A1 - 4T2 transition) and 697 nm (6A1 - 4T1
transition) [43]. However, the sharp absorptions associated with Gd3*
are very weak because the f-f transitions are forbidden by Laporte’s
parity selection rule and, besides, this cation can only absorb UV radi-
ation with wavelengths smaller than 311 nm [44]. However, the black
samples (Fig. 6b) presented a high absorbance in all the UV-Vis range,
and it was thus difficult to determine the different associated transitions.
This fact could be associated with a larger number of bands as a result of
the local distortion of the structure, that is, a change in the
site-symmetry [45].

Furthermore, the chromatic parameters of these powders and their
final colour are shown in Fig. 7. The values of the chromatic coordinates
of GF confirmed the reddish colouration of the powder. However, the
other three samples with a small amount of Zn?>* or Zn?* and Ca?*
presented a decrease in L* values, which were found to be around 42 in
all of them, a* values were between —0.01 and 0.47 and b* values were
between —0.34 and 1.14. As a result, saturation (C*) had values from
—0.40 to 1.22, C5AZ5B and C10AZ5B being the samples that presented
the best black colouration with the lowest C* values. Moreover, knowing
that a commercial black ceramic pigment that contains iron, nickel,
cobalt, chromium and manganese that is currently in use presented a
similar L* value and a small increase in the saturation parameter (L*, a*,
b* and C* are 41.98, 0.16, 0.61 and 0.65, respectively), it can be stated
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Fig. 4. (a) XPS spectra of Fe 2p for single-phase samples; (b) XPS spectrum deconvolution of Fe 2p for CI0AZ5B; (c) Fe 2p3,» peak deconvolution for GF; (d) Fe 2ps/,
peak deconvolution for Z5B; (e) Fe 2p3,» peak deconvolution for C5AZ5B; (f) Fe 2ps,, peak deconvolution for C10AZ5B.

that C5AZ5B and C10AZ5B compositions, free of any toxic elements,
present a better pure black colouration than commercial black pigments.
Above and beyond this, in C10AZ5B powders the gadolinium content
decreases and so does their production cost.

Moreover, as can be seen in Fig. 8, the black pigments C10AZ5B that
were prepared present a lower C* value than the reported black powders
that can be employed in high temperature applications (the C* values for
the different black pigments were obtained by the a* and b* parameters
provided in each corresponding paper, employing equation S(2) of the
SI). This fact confirms that the sustainable pigments developed in this
work have an excellent black colouration with high purity, better than
all the reported ones.

3.3. Evaluation of the colouring performance of the pigments in glaze

At this point, it is also important to note that the inorganic pigment
synthesised at 1200 °C should be stable and exhibit a good colour when
it is added to different media. Thus, a powdered pigment-frit mixture
was prepared and fired according the cycle set out in the experimental

section at the maximum temperature of 1080 °C. The L*, a*, b* and C*
chromatic coordinates of the pigmented glaze were obtained. A photo-
graph of the compositions after their application in the frit with their
corresponding coordinates is also shown in Fig. 7. The reddish colour-
ation of the GF composition improves and, focused on the three black
pigments, they also offered good stability in this media because a* had
values from 2.22 to 1.49 and b* had values from 1.09 to 1.48. Subse-
quently, low values of C*, between 1.85 and 2.68, were found, C10AZ5B
being the pigment that developed the purest black colouration with the
lowest values of a*, b* and C*. The crystalline phase of the pigment
remained after treatment of the pigment-frit mixture at 1080 °C, as can
be seen in Fig. S5 of the SI, where the main peaks of the perovskite were
found, together with the amorphous halo of the majority vitreous matrix
for the C10AZ5B powder-frit mixture. Analogous results were obtained
for the other coloured ceramic glazes. Hence, the results confirmed that
the perovskite crystalline phase of the pigment remains after that
treatment.
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Fig. 5. UV-Vis reflectance spectra of GF, Z5B, C5AZ5B and C10AZ5B powders.

3.4. Mechanism of colour in powdered pigments

Before discussing the mechanism by which colour is produced in the
powdered pigments developed in the present work, it is important to
remember that the final colour of a pigment is affected by the chromo-
phore ions present in the crystal structure. In particular, it is funda-
mental to consider the d-d transitions that take place, the oxidation state
of the chromophore, and its local distortion. Regarding black powders in
which iron is the only chromophore in the host lattice, as in this study, it
is of particular interest to analyse the well-known magnetite (Fe3Q4),
which has an inverse cubic spinel structure (AB204) [46]. The crystal
structure of this spinel consists of a unit cell with the oxygen ions in a
close-packed FCC structure and iron ions forming the tetrahedral and the
octahedral subunits: [Fe3*] A[F62+F63+] 04, where the tetrahedral po-
sition is occupied by the Fe>* ions and the octahedral position is occu-
pied by Fe?" and Fe®* ions [47]. Therefore, the black colouration of the
magnetite could be associated with the presence of both oxidation states
of iron (Fe?* and Fe®") as well as the presence of iron in both tetrahedral
and octahedral positions in the crystal structure.

Absorbance (a.u.)

300 350 400 450 500 550 600 650 700 750
Wavelength (nm)
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With the purpose of determining the factors influencing the colour
transition from red to black produced between the undoped sample and
the doped samples, the previous results about the oxidation state of iron
(the only chromophore cation in the structure) were taken into account.
In view of this, to know whether the increased population of Fe?* in
doped samples determines the final black colour, the C10AZ5B sample
was oxidised with an oxygen atmosphere at a maximum temperature of
900 °C for 2 h with the aim of promoting the oxidation of Fe>* to Fe3*.

To confirm the oxidation process, the XRD of the oxidised C10AZ5B
sample was compared with the original C10AZ5B sample (Fig. S6a of SI).
The characteristic peaks of the orthorhombic GdFeO3; perovskite with
the Pbnm space group [JCPDS-ICDD 47-67] were also observed in the
oxidised compound. Moreover, when the C10AZ5B composition was
oxidised, a displacement towards higher °26 angles of the Bragg peaks
could be observed in the XRD patterns with respect to the C10AZ5B
sample (see Fig. S6b of SI). This fact is understandable according to
Bragg’s law, n-A = 2 d-sinf, where d is the interplanar distance, 6 is the
diffraction angle, and 4 is the diffraction wavelength. Based on the radii
(see Table 2), Fe3* has a smaller ionic radius than Fe?* [29]. Thus, if
oxidation occurred, iron was found as Fe®>' and, as a result, the inter-
planar distance decreases and therefore the °20 angle increases.
Furthermore, the oxidation process of iron is examined by comparing
the XPS spectra of the Fe 2p results before and after oxidation (Fig. S7a
of SI): the maximum intensity of Fe 2p; 5 and Fe 2p3,5 peaks are moved
to longer binding energies for the oxidised sample. The XPS spectrum of
Fe 2p for the oxidised sample (Fig. S7b of SI) showed that this sample
contains a higher amount of Fe>* (87%) than the non-oxidised sample
C10AZ5B (76%). In accordance with this, the oxidation of Fe?* to Fe3*
took place at 900 °C, but oxidised C10AZ5B powders preserved their
original black colouration. As a consequence, the partial reduction of
Fe3" to Fe?* favoured by the addition of Ca?* and Zn?" is not the main
factor that caused the black colouration for doped GF samples.

Considering the Raman spectroscopy results and that iron is the only
chromophore cation present in the compositions, the aspect that could
contribute to the major change in the colour of perovskite from red to
black could be local distortions of the ions. More specifically, this refers
to a change in symmetry due to the introduction of Ca?* and Zn?" into
the initial reddish perovskite, where there is a difference between the
ionic radii of the dopants and the metals that conform the initial GFO
perovskite. Thus, the lack of symmetry of Fe2*/Fe>" sites may promote
the existence of more transitions due to the relaxation of the selection
rules and the existence of a different distribution of energy levels. As a
consequence, UV-Vis absorbance spectra for black powdered pigments
could present a larger number of bands, which would explain their
colouration [43,45].
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Fig. 6. Absorbance spectra of the powders fired at 1200 °C: (a) GF, (b) Z5B, C5AZ5B and C10AZ5B.
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Fig. 8. C* values of the pigment C10AZ5B that was prepared and those re-
ported for high temperature applications. The C* value for the C10AZ5B sample
is indicated with a discontinuous line.

3.5. Studies of the thermal and chemical stability of the powdered
pigments

In order to finalise the evaluation of the synthesised pigments and
due to its excellent black colouration, the CI0AZ5B composition was
selected in order to study the thermal and chemical stability of the
synthesised pigments.

Thermogravimetric analysis in the temperature range from 50 °C to
1200 °C was used to evaluate the thermal stability of C10AZ5B.
Furthermore, as a reference, the GF sample was also studied. Fig. S8 of
the SI presents the TG-DSC curves for these compounds and a negligible
weight change and phase transition of the pigments was observed in this
temperature range, which indicated that the pigments were thermally
stable.

In order to determine the chemical stability of CLOAZ5B powders,
this sample was treated with solutions at three different pH values: acid
(5 wt% HNO3), alkali (5 wt% NaOH) and deionised water. To do this,
0.2500 g of C10AZ5B powders were soaked in the solutions for 30 min
and 24 h with constant stirring using a magnetic stirrer. Following this,
the different samples were filtered, washed with deionised water, dried
and weighed again. The final weight, the chromatic coordinates and the
total colour differences (AE*) of the tested compound after the chemical
stability studies for both stirring times are enumerated in Table 4. In all
cases, an insignificant weight loss was detected and small differences in
the chromatic coordinates of the tested sample were determined. As a
result, low values of total colour differences (AE*) were obtained, which
indicated that the black pigment is chemically stable in the three
different media tested.

3.6. Evaluation of the NIR solar reflectance

Focusing on final black powders, it is also important to evaluate their

Table 4

Final weight, chromatic coordinates and the total colour differences of the CI0AZ5B pigment after treatment in the different media after 30 min and 24 h of stirring.
Test for CL0AZ5B 30 min 24 h

pH Minal (8) L* a* b* AE* pH Meinal (8) L* a* b* AE*

Air - 0.2500 41.66 —0.01 0.40 - - 0.2500 41.66 —0.01 0.40 -
Acid 1.69 0.2472 41.67 0.00 —0.35 0.75 1.62 0.2479 41.52 0.06 0.02 0.41
Alkali 12.03 0.2468 41.59 0.01 —0.23 0.63 12.15 0.2484 41.62 0.12 —0.23 0.64
Water 6.84 0.2486 41.91 0.12 0.10 0.41 6.95 0.2467 41.55 0.64 0.50 0.67
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Fig. 9. (a) NIR reflectance spectra of Z5B, C5AZ5B and C10AZ5B powders; (b) NIR reflectance spectra of black pigment-frit mixtures.

reflectance. Fig. 9a shows their NIR reflectance spectra. The black final
powders showed very similar spectra with the highest NIR reflectance
~25%. The NIR solar reflectance values of the pigments took the values
of 8%, 5% and 4% for Z5B, C5AZ5B and C10AZ5B, respectively. Besides,
the three black ceramic pigments synthesised offered total solar reflec-
tance (Rt) values of 7% for Z5B, 5% for C5AZ5B and 5% for C10AZ5B,
similar Rt values to conventionally black pigments like carbon black
that present a total solar reflectance of 6% [1].

Moreover, Fig. 9b depicts the NIR reflectance spectra of these three
samples and of the black commercial pigment used as a reference with
their application in the same frit. In all cases, NIR reflectance acquired
similar representation with values between 2.5 and 15% over all the
range, and more specifically the NIR solar reflectance values were 5%
for all the black glazes obtained. In addition, the black glaze prepared
with the commercial black pigment presented the same NIR solar
reflectance value of 5%. As a consequence, new environment-friendly
black ceramic pigments with good optical properties have been syn-
thesised in this study.

To sum up, environment-friendly black pigments based on Ca%* and
Zn%" doped GdFeO3 with good solar reflectance were synthesised in the
present work for high temperature applications to be used, in particular,
as pigments for ceramic glazes. CLOAZ5B is the pigment that presented
the purest black colouration.

4. Conclusions

Novel environment-friendly black pigments based on Ca?" and Zn**
doped GdFeOs were prepared by the coprecipitation method at 1200 °C.
The GdFeO3 orthorhombic perovskite that crystallised in the Pbnm space
group was obtained in GdFeOs and (Gd;_,Ca,)(Fep 95Zn¢,.05)02.975-x/2 (X
= 0.00, 0.05, 0.10) compositions without any secondary phase. Doped
samples presented a higher degree of sintering than the GdFeOs
composition. Moreover, Raman spectroscopy confirmed that the oxygen
vacancies, generated by the incorporation of Ca®" and Zn?* into the
GdFeOs, produced a distortion on the Fe-O stretching vibrations inside
FeOg octahedral units and, as shown by the results of the XPS, the
dopants also promoted the partial reduction of Fe3* to Fe?*. These facts
could be associated with the important red-to-black colour change
experienced from undoped to doped GdFeO3 compositions.

Focusing on the three black pigments, which have a* and b* values
close to zero, their saturation (C*) values were achieved from —0.40 to
1.22, C5AZ5B and C10AZ5B being the samples that present the purest
black powder colouration with C* values of —0.40 and 0.42, respec-
tively. Furthermore, the two pigments mentioned above improved the
colouration of a currently commercial black ceramic pigment that con-
tains toxic elements with a C* value of 0.65. The pigments also exhibited

a good stability when they were applied to a transparent commercial frit
at 1080 °C, with C10AZ5B as the composition that presented the lowest
a*, b* and C* values. With respect to the NIR solar reflectance, the three
black powders studied offered values of 8%, 5% and 4% for Z5B,
C5AZ5B and C10AZ5B, respectively, and a NIR solar reflectance of 5%
was obtained for all black glazes, that is, for synthesised commercial
pigments. Moreover, the final powders also had good thermal and
chemical stability.

Consequently, novel sustainable black ceramic pigments with high
purity based on Ca?" and Zn?* doped GdFeOs with good NIR solar
reflectance synthesised in this study are optimal for high temperature
applications like glazes for tiles. In our view, these are the black ceramic
pigments with the best purity without any toxic elements developed to
date.
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