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bstract

olid solutions of Co and Mg diphosphates with compositions Co2−xMgxP2O7 (x = 0, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, 1.5 and 1.8) have been prepared
nd characterized for the first time as alternative low-toxicity blue ceramic pigments. The compositions were prepared through the conventional
oprecipitation route and calcined up to 1000 ◦C/2 h. Samples were characterized by thermal analysis, XRD, SEM/EDX, UV–vis-NIR spectroscopy
nd colour measurements (CIE-L*a*b*). Isostructural Co2−xMgxP2O7 diphosphate solid solutions (monoclinic system and P21/c spatial group)
ormed successfully within the studied range of compositions, accompanied only by a minor quantity of residual Co or Mg orthophosphates

M3(PO4)2). Interestingly, the obtained solid solutions developed nice blue-violet colourations even with high Mg doping after enamelling within
ouble-firing (x = 1.5–1.8) and single-firing (x = 1.0–1.5) ceramic glasses. These optimal compositions containing a minimized Co amount (measured
alues around 7–16 wt%) could be therefore less toxic alternatives to the conventional Co3(PO4)2 blue ceramic pigment.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Materials based on metallic phosphates are being pro-
usely investigated due to the versatility of their structures
nd compositions which make these materials very suit-
ble for many advanced applications, such as catalysts,1,2

ielectrics, pigments,3–6 thermo-resistant materials, molecular
ieves,7,8 sensors, photoluminescence,9 electrochemistry,10–12

agnetic13,14 and biocompatible materials,15 and so on.
Within the field of ceramic materials, some research on phos-

hates is directed to the development of ceramic pigments (or
yes) and also to obtain new photo-luminescent materials.9 At
resent there are only two phosphate-based ceramic pigments

ccording to the DCMA classification16: the violet Co phosphate
Co3(PO4)2, DCMA 8-11-1) and Co–Li phosphate (LiCoPO4,
CMA 8-12-1) pigments. Metallophosphates exhibit a great

∗ Corresponding author at: Departamento de Química Inorgánica y Orgánica,
niversitat Jaume I, Edifici Científico-Tècnic, Av. Sos Baynat s/n, 12071, Castel-

ón, Spain. Tel.: +34 964 728244; fax: +34 964 728214.
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ceramic pigments

apacity for the formation of diverse solid solutions through
he acceptance of different metal substitutions in the phosphate
attice. Taking advantage of this, Onoda et al. have recently
ynthesized ceramic pigments based on different phosphates
ortho-, di- and cyclo-tetra-phosphates) containing transition
etals (i.e. Co and Ni) and also La and other rare earths (Nd) as

oping ions.3,4,17,18

With the aim of obtaining new low-toxicity ceramic
igments,19–22 we have recently investigated some phosphate-
ased pigments.5,6 In these previous works, violet-blue ceramic
igments were prepared through the coprecipitation route in
he solid solution system of Fe (FePO4) and Co (Co3(PO4)2)
hosphates,5 and also in the system of Fe and Co oxy-phosphates
CoFeOPO4).6 Through the minimization of the Co amount
ntroduced in these solid solutions (10–20 wt%) it was possi-
le to develop bluish ceramic pigments or dyes involving lower
oxicity, similarly to previous minimization studies performed
n other oxide-based Co-containing ceramic pigments (with

livine –Co2SiO4–, spinel –CoAl2O4–, or Co-doped willemite
(Co,Zn)2SiO4– structures).19,23

Taking into account these previous investigations, the aim of
he present study is to develop and characterize for the first time

mailto:mllusar@qio.uji.es
dx.doi.org/10.1016/j.jeurceramsoc.2010.03.017
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lternative blue-violet ceramic pigments based on Mg-doped
o diphosphates, Co2−xMgxP2O7, and to minimize the Co con-

ent in these pigments. In these formulations the Co:P ratio is
ower than in the conventional Co3(PO4)2 blue pigment and, on
he other hand, there is presumably a large interval of solid solu-
ion formation between the isostructural Co2P2O7 and Mg2P2O7
iphosphates, since both structures crystallize in the same mono-
linic spatial group (P21/c). Therefore, through the doping with
ncreasing amounts of Mg we could minimize to a large extent
he Co content in the formulation, which may lead to an impor-
ant reduction of the toxicity of the obtained blue-violet ceramic
igments.

. Experimental procedure

.1. Sample preparation

Solid solutions of Co and Mg diphosphates with compo-
itions Co2−xMgxP2O7 (x = 0, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, 1.5
nd 1.8) were prepared through the conventional coprecipitation
oute, using Co(NO3)2·6H2O (98%, Fluka), Mg(NO3)2·6H2O

99%, Aldrich) and H3PO4 (80%, Fluka) as precursors. In a typi-
al preparation of the compositions, Mg and Co salts were added
in this order) to an aqueous solution (150 mL) containing the
equired stoichiometric amount of H3PO4 (continuously stirred

p
p
d
c

ig. 1. Thermogravimetric (TGA) and differential thermal analysis (DTA) of represe
nd (d) x = 1.8.
eramic Society 30 (2010) 1887–1896

nd at room temperature). Aqueous ammonia (NH3:H2O = 1:1)
as then added dropwise to the homogeneous solution until

eaching a pH of ca. 7–8. The obtained coprecipitate pow-
ers were then dried overnight in an electrical dryer, and the
esulting dried powders were subsequently submitted to cal-
ination in an electrical furnace up to 1000 ◦C (5 ◦C/min of
eating gradient and 2 h of soaking time at the maximum tem-
erature).

.2. Sample characterization

Simultaneous differential thermal and thermogravimetric
nalysis (DTA-TGA) of dried coprecipitates was carried out
ith a Mettler Toledo thermal analyzer (using Pt crucibles with
constant 5 ◦C/min heating from 25 up to 1250 ◦C). Crystal-

ochemical characterization of calcined samples was performed
y X-ray diffraction (XRD) in a Siemens D-500 powder diffrac-
ometer with Ni-filtered CuK� radiation (from 15◦ to 70◦ 2θ,
ith steps of 0.02◦ 2θ and a counting time of 2 s per step).
structure profile refinement was also carried out using the

OPAS program24,25 for the semi-quantitative analysis of the

resent crystalline phases (wt%) and calculation of structural
arameters. With this aim, much slower XRD runs were con-
ucted from 10◦ to 80◦ 2θ, with a step size of 0.03◦ 2θ and a
ounting time of 10 s per step. The accuracy of the refinements

ntative coprecipitate Co2−xMgxP2O7 samples: (a) x = 0, (b) x = 0.5, (c) x = 1.0
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as controlled by the values of the Rwp (“R-weighted pattern”)
nd GOF (“Goodness of fit”) fit indicators.26

On the other hand, the morphology and microstructure of
o2−xMgxP2O7 solid solutions obtained after calcination was
xamined by scanning electron microscopy (SEM) with a Leo-
40i Leica electron microscope (as grain amounts following
onventional preparation and imaging techniques). The com-
osition and chemical homogeneity of the samples (Co:Mg:P
atio) was determined by semi-quantitative elemental analysis
ith an EDX analyzer (supplied by Oxford University) attached

o the microscope.
In order to test the performance of the obtained solid solu-

ions as blue-violet ceramic pigments, the powders calcined
t 1000 ◦C were 5 wt% enamelled within commercial double-
ring and single-firing transparent glasses (SiO2–CaO–ZnO
ystem) onto conventional ceramic biscuits, and fired follow-
ng a fast-firing scheme (52 min of duration from cool to cool at
maximum temperature of 1050 ◦C for the double-firing glass,
nd 1080 ◦C for the single-firing glass). The optical properties
f enamelled samples were then analyzed by diffuse reflectance
pectroscopy (UV–vis-NIR) performed with a Perkin-Elmer
lambda 2000) spectrophotometer. In addition, L*a*b* colour
arameters of enamelled samples (with both glasses) were mea-
ured using a standard lighting C, following the CIE-L*a*b*

olorimetric method recommended by the CIE (Commission
nternationale de l’Eclairage).27 On this method, L* is the light-
ess axis (black (0) → white (100)), b* is the blue (−) → yellow
+) axis, and a* is the green (−) → red (+) axis.

. Results and discussion

.1. Thermal analysis (DTA–TGA)

The differential thermal (DTA) and thermogravimetric
TGA) analyses of representative Co2−xMgxP2O7 coprecipitate
owders are shown in Fig. 1. In all samples three endother-
ic peaks around 125, 180 and 265 ◦C can be first observed

n the DTA curves, all of them accompanied by an impor-
ant weight loss (above 50 wt%) in the TGA curves. These
eaks and the associated weight loss correspond to the elim-
nation of water and to the decomposition of the NH4NO3
resent in the coprecipitate powders. Moreover, a small weight
oss (around 4–6%) is also observed in all samples extending
rom ca. 330 ◦C until 650–700 ◦C. This weight loss could be
resumably associated to the condensation of HxPO4

3−x into
iphosphate P2O7

4− species, with the consequent H2O elimi-
ation. Also noticeable, an intense exothermic signal is observed
t higher temperatures (from 980 to 1080 ◦C up to 1187 ◦C) in
ll DTA curves for x ≤ 1.0. This exothermic effect would cor-
espond to the crystallization of Co2−xMgxP2O7 diphosphates.
oteworthy, in the case of Mg-enriched samples with nomi-
al compositions x = 1.5 (not shown) and x = 1.8 (Fig. 1d), this
xothermic effect is clearly less intense and also shifted to higher

emperatures (the maximum is at 1233 ◦C for x = 1.5 and is
igher than 1250 ◦C for x = 1.8). These samples correspond to
g2P2O7 diphosphates doped with very small quantities of Co

Co0.5Mg1.5P2O7 and Co0.2Mg1.8P2O7, respectively), and thus

i
0
p
i

ig. 2. XRD patterns of representative coprecipitate Co2−xMgxP2O7 sam-
les fired at 1000 ◦C/2 h. Crystalline phases: P, Co2P2O7; M, �-Mg2P2O7; C,
o3(PO4)2; F, Mg3(PO4)2 (farringtonite).

ts crystallization appears to be different (less exothermic and
t higher temperatures) to that of samples more Co-enriched
x ≤ 1.0). Interestingly, for x = 0 this exothermic band is subse-
uently followed by an endothermic band starting at 1206 ◦C
nd with the peak centred at around 1242 ◦C, which is associ-
ted to the melting of the cobalt diphosphate (Co2P2O7). This
elting point is also progressively shifted to higher tempera-

ures (above 1250 ◦C) with the increase of Mg doping (x) in the
olid solution, being this effect more evident for samples with
= 1.5 (not shown) and x = 1.8 (the melting point of Mg2P2O7

s 1395 ◦C).

.2. X-ray diffraction characterization (XRD)

The XRD patterns of representative Co2−xMgxP2O7 compo-
itions fired at 1000 ◦C/2 h are shown in Fig. 2. Remarkably, the

sostructural Mg-doped Co diphosphate (Co2P2O7; PDF number
1-084-2126, labelled as P in Fig. 2) or Co-doped Mg diphos-
hate (�-Mg2P2O7; PDF number 01-072-0019, labelled as M
n Fig. 2) formed as the major crystalline phases in all samples.
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Table 1
Results of the refinement (with the TOPAS program)24 of XRD patterns for representative Co2−xMgxP2O7 powdered samples (1000 ◦C-fired).

Sample Refinement fit indicatorsa Crystalline phases
(wt%) (Rietveld)

Cell parameters and cell volume of the (Co,Mg)2P2O7 major phase

Rwp GOF a b c β Volume

x = 0.0 16.23 1.20 (Co,Mg)2P2O7

(95.1 ± 2)
Co3(PO4)2 (4.9 ± 2)

7.0061 (1) 8.3635 (1) 9.0111 (2) 113.652 (1) 483.65 (2)

x = 0.2 16.17 1.22 (Co,Mg)2P2O7

(95.8 ± 3)
Co3(PO4)2 (4.2 ± 3)

6.9996 (1) 8.3548 (2) 9.0153 (2) 113.668 (1) 482.88 (2)

x = 0.5 16.46 1.27 (Co,Mg)2P2O7

(93.6 ± 2)
Co3(PO4)2 (6.4 ± 2)

6.9919 (1) 8.3448 (2) 9.0239 (2) 113.695 (1) 482.12 (2)

x = 1.0 15.59 1.26 (Co,Mg)2P2O7

(95.3 ± 4)
Co3(PO4)2 (3.3 ± 3)
Mg3(PO4)2 (1.4 ± 3)

6.9766 (1) 8.3266 (2) 9.0348 (2) 113.744 (1) 480.42 (2)

x = 1.5 15.17 1.35 (Co,Mg)2P2O7

(90.7 ± 4)
Co3(PO4)2 (4.9 ± 3)
Mg3(PO4)2 (4.4 ± 4)

6.9612 (2) 8.3082 (2) 9.0436 (3) 113.798 (1) 478.56 (2)

x = 1.8 15.48 1.54 (Co,Mg)2P2O7

(93.8 ± 2)
6.9543 (2) 8.2996 (2) 9.0500 (2) 113.826 (1) 477.83 (2)
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To gain further information about the morphology, homo-
geneity and composition of the samples at the microscale,
SEM/EDX characterization was performed with selected fired
samples. SEM observations of representative Co2−xMgxP2O7

Table 2
Theoretical (initial) formulations and the corresponding EDX-measured average
compositions for selected coprecipitate samples (1000 ◦C-fired powders).

Sample Theoretical
formulation

Average EDX composition (atomic)a

Co Mg P O

x = 0.0 Co2P2O7 2.3 (6) – 2.0 (1) 7.4 (7)
x = 0.5 Co1.5Mg0.5P2O7 1.7 (2) 0.5 (1) 2.0 (1) 7.1 (2)
x = 0.7 Co1.3Mg0.7P2O7 1.30 (5) 0.67 (2) 2.00 (4) 7.50 (6)
x = 1.0 Co1Mg1P2O7 1.0 (1) 0.95 (4) 2.00 (6) 7.1 (1)
Mg3(PO4)2 (6.2 ± 2)

a Refinement fit indicators: Rwp (“R-weighted pattern”) and GOF (“Goodnes

ffectively, the XRD peaks of Co diphosphate are observed in all
amples up to composition with x = 1 (Co1Mg1P2O7), while the
RD peaks of Mg diphosphate are observed in samples with
= 1.5 (Co0.5Mg1.5P2O7) and x = 1.8 (Co0.2Mg1.8P2O7). Both
rystalline phases belong to the monoclinic system and crystal-
ize in the P21/c (14) spatial group (the PDF file of �-Mg2P2O7
as originally published as belonging to the B121/C1(8) spa-

ial group, but it has been standardized to the monoclinic P21/c
14) spatial group in the new ICSD data base).28 Although
he XRD patterns of both compounds are very similar, they

ay be easily distinguished by the much increased intensity
f the peaks around 21.4–21.6◦ 2 and around 28.1◦ 2 in the
ase of �-Mg2P2O7. Moreover, the successful formation of
he Co2−xMgxP2O7 solid solutions was confirmed by the pres-
nce of minor intensity residual peaks of the corresponding
rthophosphates, Co3(PO4)2 for x ≤ 1.5 (PDF number 01-070-
795 and labelled as C in Fig. 2) and Mg3(PO4)2 (farringtonite)
or x ≥ 1.0 (PDF number 01-075-1491 and labelled as F in
ig. 2), and also by the variation of the measured cell parameters
commented below).

Table 1 summarizes the results of the refinement profile per-
ormed with the TOPAS program24 showing the fit indicators
Rwp and GOF),26 the phase content analysis (wt%) and the
alculated cell parameters (and cell volume). As the first obser-
ation, the obtained values for the Rwp (around 15–16) and GOF
around 1.2–1.5) fit criteria are indicative of refinements with
nd acceptably good confidence degree.26 Moreover, the mea-
ured phases content (wt%) in all the samples indicates that

hey are majorly constituted by the diphosphate solid solution
90.7–95.8 wt%), and only minor (residual) quantities of the
esidual Co and Mg orthophosphates are present (from 1.4 to
.4 wt%).

x
x

i

t”).26

On the other hand, there is also a clear linear tendency in
he variation of cell parameters of the diphosphates with the
omposition (see also Fig. 3). In this respect, the calculated cell
arameters a and b decrease linearly with increasing amounts of
g (x) in the formulation, while the parameter c increases also

inearly with Mg doping. As a result, the overall cell volume of
he (Co,Mg)2P2O7 solid solution diminishes (linearly) a little
it, which is consistent with the slightly smaller ionic size of
g2+ in six-fold coordination (86 pm), with respect to the size

f 6-coordinated (high spin) Co2+ (88.5 pm).29

.3. Electron microscopy characterization (SEM/EDX)
= 1.5 Co0.5Mg1.5P2O7 0.67 (7) 1.42 (6) 2.0 (3) 7.1 (2)
= 1.8 Co0.2Mg1.8P2O7 0.25 (5) 1.54 (3) 2.0 (2) 6.4 (4)

a The compositions have been normalized to 2 mol of P. The standard deviation
s shown between brackets.
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ig. 3. Evolution of cell parameters a, b and c (a–c), and cell volume (d) with M
.0, 1.5 and 1.8) fired at 1000 ◦C/2 h (obtained from the TOPAS refinement pro

owders calcined at 1000 ◦C (see Fig. 4) let us appreciate that
he samples are formed by aggregates of different sizes (around
–50 �m) constituted by smaller particles or grains (1–3 �m)
ith rounded morphologies, and partially sintered. In general

erms, the morphology is quite homogeneous and there are not
onsiderable differences in the brightness or contrast signal
hroughout the samples. This is indicative of quite an homo-
eneous composition of the samples throughout the different
ggregates or grains (the images were obtained with the electron
ackscattering detector; except for x = 0).

To characterize in a semi-quantitative way the chemical com-
osition and homogeneity of the samples, EDX analyses were
erformed in different regions of the samples. Representative
DX analyses of selected samples (x = 0, 0.5, 1.0 and 1.5) are
hown in Fig. 5. The analyses showed that the samples were quite
omogeneous, obtaining only a slight dispersion in the molar
o:Mg:P ratios through the different analyzed regions. The theo-

etical and experimental (EDX-measured) average compositions
f selected samples (semi-quantitative values) are summarized
n Table 2. As it may be observed the experimental average
ompositions are quite close to the theoretical initial formu-
ations (considering the standard deviation). In some cases a
mall deviation from the theoretical stoichiometry is observed,
hich can be due to a non-sufficiently homogeneous or com-
lete precipitation of the metal species from the liquid phase

n the preparation of precursor samples. A representative EDX

apping analysis of sample with x = 1.0 (CoMgP2O7) is pro-
ided in Fig. 6, confirming the homogenous (even) distribution
f all elements (Co, Mg and P) through the sample. The narrow

r

d
t

ing (x) for representative diphosphate Co2−xMgxP2O7 samples (x = 0, 0.2, 0.5,
.

ariability of the chemical composition in this sample may be
lso visualized in the triangular composition diagram included
n this figure (bottom, left; obtained with the EDX analyses of

ultiple points of the analyzed region).

.4. UV–vis-NIR spectroscopy and colour characterization

Fig. 7 shows the UV–vis-NIR spectra of representative
iphosphate Co2−xMgxP2O7 powders fired at 1000 ◦C/2 h. A
ultiple band around 500 nm (472, 525 and 591 peaks), along
ith other three bands centred at around 850, 1238 and 1683 nm
ay be observed in all powdered samples. These bands are in

ood accordance with the presence of Co2+ ions in both octa-
edral and trigonal bipyramidal coordination, which are the
wo crystallographic sites for the cobalt ion in the diphosphate
Co2P2O7) and orthophosphate (Co3(PO4)2) structures.30,31 In
ffect, the bands around 1238, 591 and 525 can be assigned to
1 (4T1 (F) → 4T2 (F)), ν2 (4T1 (F) → 4A2 (F)), and ν3 (4T1
F) → 4T1 (P)) spin-allowed transitions of Co2+ ions in an octa-
edral ligand field, respectively.23 On the other hand, the bands
round 1683, 850 and 472 nm could correspond to 4A2 → 4A1
2500–1111 nm), 4A2 → 4E (1000–676 nm) and 4A2 → 4E (P)
582–476 nm) transitions of Co2+ in high spin trigonal bipyra-
idal sites.5 In these sites, the transitions from the 4A2 ground

tate generally occur both in the near infrared and in the visible

egion, and the spectra of these species are quite rich.32

Interestingly, after enamelling the fired powders in both
ouble-firing and single-firing glasses, the UV–vis-NIR spec-
ra present distinct features (see Fig. 8), with a very broad band
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parameters (CIE-L*a*b*) of samples enamelled within both
double-firing and single-firing glasses are summarized in
Table 3. The aspect of enamelled samples is also presented in
Fig. 9, in which two reference samples enamelled with the clas-

Table 3
Colour parameters (CIE-L*a*b*) of representative Co2−xMgxP2O7 samples
(1000 ◦C-fired) enamelled within the double-firing and single-firing glasses.

Single-firing glass Double-firing glass

Sample L* a* b* Sample L* a* b*

x = 0 38.4 10.1 −28.9 x = 0 35.8 9.2 −26.4
x = 0.2 39.5 10.3 −29.4 x = 0.2 36.4 9.0 −29.7
ig. 4. SEM images of representative Co2−xMgxP2O7 samples fired at 1000 ◦C
amples except for x = 0 (secondary electron detector).

xtending in the near infrared region from 1200 to 1948 nm,
nd a multiple band with peaks (or shoulders) centred at around
40, 600 and 650 nm. The change in the position of the bands of
namelled samples with respect to the spectra of powdered sam-
les is indicating a change in the Co2+ coordination from 5 and
(powdered samples) to 4 (enamelled samples). Indeed, in the

ase of tetrahedral Co2+ the two first spin-allowed bands (ν1: 4A2
F) → 4T2 (F); ν2: 4A2 (F) → 4T1 (F)) fall in the infrared region
around 1400 and 1600 nm), and only the third one is present
n the blue region of the visible, usually as a triple band around
40, 590, and 640 nm.19 These transitions are in agreement with
he observed experimental bands. Accordingly, these results
ndicate that during the enamel firing the Co2+ ions would be

iffusing from their coordination sites in the pigment (Co2P2O7
tructure) to tetrahedral sites of the glassy matrix.5,6,23

Regarding the performance as blue-violet ceramic pig-
ents of the obtained diphosphate solid solutions, the colour

x
x
x
x

he images have been obtained with the backscattering electron detector for all
= 0.5 40.6 10.6 −30.0 x = 0.5 34.9 10.5 −29.3
= 1.0 45.9 10.4 −30.4 x = 1.0 39.6 10.0 −30.9
= 1.5 58.6 7.6 −25.0 x = 1.5 45.0 9.3 −34.8
= 1.8 70.2 4.7 −18.7 x = 1.8 53.0 6.0 −32.9
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Fig. 5. Representative EDX analyses of selected Co2−xMgxP2O7 samples.

Fig. 6. Representative EDX mapping analysis of sample Co1Mg1P2O7 (x = 1). A triangular composition diagram (bottom, left) showing the composition variation
through the analyzed region (up, left) is also presented.
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Fig. 7. UV–vis-NIR spectra corresponding to representative Co2−xMgxP2O7

powders fired at 1000 ◦C/2 h. (For interpretation of the references to colour in
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Fig. 8. UV–vis-NIR spectra corresponding to representative Co Mg P O
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These results are also comparable to those obtained with
his figure legend, the reader is referred to the web version of the article.)

ical Co orthophosphate pigment (Co3(PO4)2) are also shown
or comparison reasons. From these results it is possible to estab-
ish the compositional range for which the suitable blue colour
s maintained in both ceramic glasses.

As it may be appreciated (Table 3 and Fig. 9), in both glasses
he samples present an intense blue-violet colour, even with a Mg
oping as high as x = 1.0. The intense blue-violet colour obtained
p to x = 1.0 in both glasses is confirmed by the large negative b*

alues (from −26 to −31), which give the blue component, and
y the smaller but considerable positive a* values (between 9
nd 11), which correspond to the red hue. The L* component is
uite low (values around 36–46), indicating considerably dark
r intense colours. This blue-violet colour is consistent with the
eflectance spectra of enamelled samples (see for instance the
pectra obtained with the double-firing glass in Fig. 10), that
resent two intense and broad bands (reflectance) in the blue
around 400 nm) and red (around 750 nm) regions of the spectra.
emarkably, these colour parameters are quite similar to those
resented by reference samples enamelled with the Co3(PO4)2
igment, which are only slightly darker (L*/a*/b* values of
5.7/9.3/−27.6 for the double-firing glass, and 37.2/11.3/−30.5
or the single-firing glass).

At a higher Mg doping (samples with nominal composi-
ions x = 1.5 or x = 1.8), in the case of the single-firing glass the
lue component diminishes considerably (−25 or −19, respec-
ively), similarly to the red component that also decreases (8
r 5). Besides, the L* component increases considerably (from
8–46 to 59–70), which corresponds to less intense or lighter
olours. As a result, at this higher Mg doping (x = 1.5 or x = 1.8)
he colour of samples enamelled with the single-firing glass is
lighter, pale violet. In comparison, and very remarkably, the

amples enamelled with the double-firing glass present a much
urer and relatively intense blue colour for these compositions

aving a maximized Mg doping (x = 1.5 and 1.8) or a minimized
o content (experimental average Co wt% around 16 and 7%,

espectively). Indeed, these samples present a more negative b*

p
(
s

2−x x 2 7

amples enamelled with the double-firing glass (above) and with the single-
ring glass (below). (For interpretation of the references to colour in this figure

egend, the reader is referred to the web version of the article.)

alue (−35 and −33, respectively), and the red component (a*)
iminishes (to 6) in the case of sample with x = 1.8 (it is main-
ained to 9 for x = 1.5), while still presenting relatively low L*

alues (45 or 53).
In conclusion, the compositional range for which the intense

lue-violet colour is maintained extends up to x = 1.0 (exper-
mental Co wt% around 23%) in the case of the single-firing
lass and even up to x = 1.5 (measured Co wt% around
6%) for the double-firing glass. In this glass it is even
ossible to obtain an intense and pure blue colouration
L*/a*/b* = 53/6/−33) with a maximized Mg doping (nominal
omposition x = 1.8) or minimized amount of Co (experimen-
al Co wt% around 7%). Thus, these results confirm that
ntense blue-violet colours can be obtained with the synthe-
ized Co and Mg diphosphates, and the optimal compositions
measured Co wt% around 7–16%) can be clearly less toxic
lternatives to the classical Co3(PO4)2 blue ceramic pigment.
reviously studied solid solutions in the Fe1−xCoxPO4−x/2
12–20 wt% of Co) and Co1−xFe1+xO1−x(PO4)1+x (10 wt%)
ystems.5,6
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Fig. 9. Aspect of Co2−xMgxP2O7 samples (1000 ◦C-fired) enamelled with the double
the references to colour in this figure legend, the reader is referred to the web version

Fig. 10. Reflectance spectra corresponding to representative Co2−xMgxP2O7
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Ciencia” (Project MAT2008-02893) for financial support. More-
over, the technical assistance provided by the Central Services
amples enamelled with the double-firing glass 1000 ◦C/2 h. (For interpretation
f the references to colour in this figure legend, the reader is referred to the web
ersion of the article.)

. Conclusions

In this study we have analyzed for the first time the
reparation through the coprecipitation route of alternative

lue-violet ceramic pigments based on solid solutions of
o and Mg diphosphates (Co2−xMgxP2O7). Isostructural and

elatively homogeneous Co2−xMgxP2O7 diphosphate solid
olutions (monoclinic P21/c spatial group) formed success-

o
i
P
X

-firing glass (left) and with the single-firing glass (right). (For interpretation of
of the article.)

ully within the studied range of compositions (from x = 0.2 to
= 1.8), accompanied only by minor quantities of residual Co
r Mg orthophosphates (M3(PO4)2). Interestingly, through the
oping with increasing amounts of Mg it was possible to mini-
ize to a large extent the Co content in the formulation, while
aintaining an acceptably blue-violet colour in the enamelled

igments, especially within the double-firing glass. Accord-
ngly, an important reduction of the toxicity of the obtained
eramic pigments may be accomplished. The selected optimal
amples with nominal compositions x = 1.5 and 1.8 (experi-
ental Co wt% around 16 and 7%, respectively) could be

herefore less toxic alternatives to the classical phosphate-based
o3(PO4)2 blue ceramic pigment. These results would be com-
arable to those of previous Co-minimization studies performed
ith other phosphate-based5,6 or oxide-based Co-containing

eramic pigments (having olivine (Co2SiO4), spinel (CoAl2O4),
r Co-doped willemite ((Co,Zn)2SiO4) structures).19,23
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