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Abstract

Solid solutions of Mn and Mg mixed diphosphates Mn, .Mg.P,07 (0.2 <x < 1.5) have been prepared by calcination (1000 °C/4 h) of coprecipitate
precursors and characterized for the first time (through thermal analysis, XRD, SEM/EDX and UV-vis-NIR techniques). Its colouring performance
(CIE-L*a*b* parameters) within a ceramic glaze has been also analyzed. XRD and SEM/EDX results confirm the formation of a homogeneous
and continuous B-Mn,. Mg, P,07 solid solution having the thortveitite structure, isomorphous to 8-Mn,P,0; and B-Mg,P,0;. The diphosphates
exhibit light brown or pinkish-white colours associated to Mn?* ions in low-symmetry octahedral coordination. Interestingly, they develop intense
purple (x< 1) or pink (1.0 <x <1.5) colours once enamelled (5 wt.%) within a single-firing ceramic glaze, which are mainly associated to the
presence of Mn** ions according to UV-vis-NIR spectra. Therefore, the Mn-Mg binary diphosphates could be used as new pink ceramic dyes for

the colouration of conventional ceramic glazes.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Divalent metal diphosphates or pyrophosphates M, P, O7 may
present many different polymorphic modifications. The two
major classes of polymorphism in metal diphosphates are con-
cerned with the adoption of either the thortveitite (ScySi;O7) or
the dichromate structure types.'= In addition, they may exhibit
also different temperature-dependent polymorphic modifica-
tions, the low-temperature o form and the higher temperature
forms (B, v, 8, etc.)."> Many diphosphates of small divalent
cations (such as Mg or a first series transition metal from Cr
to Zn) adopt the thortveitite structure as their high temperature
B modifications,® while for larger divalent metals (such as
Ca, Sr, Ba, Cd and Pb) the dichromate-type structure is gener-
ally observed.>? The crystalline structure of thortveitite-based
B-diphosphates (monoclinic C2/m space group) is character-
ized by having a staggered (non-eclipsed) conformation of
P,072 anions, with almost linear P-O—P bonds and an irregular
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octahedral coordination for the divalent cations. During cooling
all these thortveitite-based 3-diphosphates, with the exception
of Mn;P,07, experience reversible solid state phase transitions
to the low-temperature modifications (« forms). In comparison
to the isomorphous 3 series, the structures of a-diphosphates
exhibit bent P-O-P angles, with the cations lying in both six-
fold and fivefold coordination, and may crystallize in different
monoclinic space groups of lower symmetry such as B21/c or
P21/c (M=Mg, Co or Ni), C2/c (M=Cu) or I2/c (M=Zn).3?
Noteworthy, in the case of mixed metal or binary diphosphates,
M;,_AP>07 (with M or A being also Mg or a 3d transi-
tion metal), the formed solid solutions may present at room
temperature the structure of the thortveitite [3-modification,
without transition to the a-form (as in MnyP,07), or also
the low-temperature a-form, depending on the involved metals
(this is referenced and discussed with more details in Section
3.2).

In the last decades, many research works have been con-
ducted concerning mixed metal binary diphosphates, which
may present improved properties as compared with single metal
diphosphates.'? The studies on these mixed metal diphosphates
have been focused on crystallochemical aspects as well as on
their many different properties or widespread applications (cat-
alytic, dielectric, ferroelectric, optic, magnetic, environmental,
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etc.).lo‘17 More recently, several studies have also analyzed the
possible application of some mixed metal orthophosphates and
condensed phosphates (pyrophosphates, cyclotetraphosphates,
etc.) as inorganic pigments. Onoda et al., for instance, have
reported about the synthesis and characterization of inorganic
pigments based on different mixed metal phosphates containing
transition metals (Co, Ni, Mn and Cu) and also rare earths (La,
Nd, Ce, etc.).!32% Through the doping with rare earth elements
the acid-base resistance of the mixed phosphates was improved,
which is of paramount importance for their application as inor-
ganic pigments. However, in all these studies their performance
as ceramic pigments or dyes for the colouration of ceramic
glazes was not investigated. In contrast with a ceramic dye, a
ceramic pigment is generally insoluble and exhibits a low affin-
ity or reactivity with the substrate or medium to which is added
(ceramic glaze, porcelainized stoneware, etc.) during the firing
treatment.

Concerning this issue, in previous works we reported about
the characterization and possible application of different Co-Fe
mixed phosphates or oxy-phosphates as ceramic pigments or
dyes,?!?? and the colouring performance within a conventional
ceramic glaze of mixed metal (Mn,Mg)Fe4(PO4)¢ orthophos-
phates was also investigated.”> Regarding to condensed
pyrophosphates, the solid solutions of Co and Mg mixed
diphosphates Coy_,Mg,P>,0O7 were also recently characterized
as alternative blue-violet ceramic pigments.* In this system,
a continuous and homogeneous solid solution formed within
the whole experimental range (0.1<x<1.8), crystallizing
with the structure of the low-temperature o-modification,
isomorphous to single metal a-CorP,07 and a-MgrP>05
diphosphates (B21/c symmetry, standardized to P21/c space
group). The doping with Mg ion is not only justified for its
lower economical cost and less harmful environmental or toxic
effects, but also for the high chemical and thermal stability
of magnesium phosphates.”> Moreover, in our investigations
we have noticed that Mg addition enables also to reduce or
eliminate the occurrence of enamelling defects in the fired
glaze, such as the well-known “pin-hole” effect.

Following with these investigations, in the present study we
report on the synthesis and characterization of Mn and Mg mixed
diphosphates Mn,_,Mg,P> 07 through diverse techniques (ther-
mal analysis, XRD, SEM/EDX and UV—vis-NIR). In previous
studies of Maass about M,_,Mg,P>O7; mixed diphosphates
(M = Cr—Cu),'3%6 the formed Mn—Mg diphosphates crystallized
with the thortveitite (3) structure (isostructural to 3-MgrP>0O7
and Mn2P207).26 However, only two compositions (x=0.8
and 1.0) were studied and, as far as we are concerned,
further investigations on these binary Mn—Mg diphosphates
are practically absent in the literature. Herein we analyze
for the first time the possibility to form a continuous and
homogeneous Mn,_,Mg,P>0O7 solid solution series having the
thortveitite structure within a more extended compositional
range (0.2 <x< 1.5). Given the high thermal and chemical sta-
bility of Mg and Mn phosphates, and also considering the
light pink colours associated to Mn phosphates, we have tested
as well the potential use of the prepared Mn-Mg binary
diphosphates as alternative pink ceramic pigments or dyes,

Table 1
Nomenclature of the theoretical (initial) formulations Mn,_, Mg, P> O7 prepared
by the coprecipitation route.

Sample Theoretical formulation
Ml (x=0) Mny P07

M2 (x=0.2) MnjsMgo2P207

M3 (x=0.5) Mn; sMgo.sP207

M4 (x=0.7) Mnj 3Mgo.7P207

MS (x=1.0) MnMgP>07

M6 (x=1.2) MnosMg;2P207

M7 (x=1.5) MnosMgjsP207

analyzing their stability and colouring performance within a
conventional single-firing ceramic glaze.

2. Materials and methods
2.1. Sample preparation

A solid solution series of Mn and Mg binary diphos-
phates with compositions Mn;_Mg,P,0O7 (x=0, 0.2, 0.5,
0.7, 1.0, 1.2 and 1.5) was prepared through the conventional
coprecipitation route, using Mn(NO3),-4H,0 (97%, Aldrich),
Mg(NO3)7-6H20 (99%, Aldrich) and H3PO4 (80%, Fluka) as
precursors. Table 1 indicates the nomenclature used for the pre-
pared formulations. In a typical preparation, Mg and Mn salts
were added (in this order) to an aqueous solution (150 mL)
containing the required stoichiometric amount of H3POy4 (con-
tinuously stirred and at room temperature). Aqueous ammonia
(NH3:H>,O = 1:1) was then added dropwise to the homogeneous
solution until reaching a pH of ca. 7-7.5. The obtained copre-
cipitate powders were then dried overnight in an electrical dryer
(at 110°C), and the resulting dried powders were subsequently
submitted to calcination in an electrical furnace up to 1000 °C
(5°C/min of heating gradient and 4h of soaking time at the
maximum temperature).

2.2. Sample characterization

Simultaneous differential thermal and thermo-gravimetric
analysis (DTA-TGA) of dried coprecipitates was carried out
with a Mettler Toledo thermal analyzer (using Pt crucibles with a
constant 10 °C/min heating from 25 °C 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 CuK,, radiation (from 15° to 60° 26, with steps of
0.02° 20 and a counting time of 10 s per step). The diffractometer
was equipped with a graphite secondary monochromator to elim-
inate the Kg and fluorescence signals (important in compositions
with a large amount of Mn). Moreover, the cell parameters of
1000 °C-fired diphosphates were also calculated with the TOPAS
program?’-?8 using refined XRD patterns.

On the other hand, the morphology and microstructure
of Mnj,..Mg,P>07 solid solution samples obtained after cal-
cination was examined by scanning electron microscopy
(SEM) with a Leo-440i Leica electron microscope (following
conventional preparation and imaging techniques). The com-
position and chemical homogeneity of the samples (Mn:Mg:P
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molar ratio) was determined by semi-quantitative elemental
analysis with an EDX analyzer (supplied by Oxford University)
attached to the microscope.

In order to analyze the stability and optical or colouring
properties of the obtained solid solutions within a conventional
ceramic glaze, the 1000 °C-fired powders were also 5 wt.%
enamelled within a commercial single-firing transparent glaze
(§102—-Al,03-Ca0O-ZnO system) onto conventional ceramic
biscuits, and fired following a fast-firing scheme (52 min of dura-
tion from cool to cool at a maximum temperature of 1080 °C).
The optical properties of fired powders and enamelled sam-
ples were then analyzed by diffuse reflectance spectroscopy
(UV-vis-NIR) performed with a Jasco V670 spectrophotometer.
The colour parameters (L*a*b*) were also measured following
the CIE-L*a*b* colourimetric method recommended by the CIE
(Commission Internationale de l’Eclairage),29 using a 8/d (dif-
fused illumination of 8°) geometry, with the observer at 10°
and a standard lighting D65 (in agreement with ASTM E 308-
85 standard). 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.

Finally, the dispersion and possible interaction or solubiliza-
tion of the diphosphate particles within the glassy matrix during
enamel firing were investigated through SEM observations and
EDX analyses, performed onto the surface of enamelled sam-
ples. To complement this analysis, the particle size distribution
of the fired powders was previously measured with a Mastersizer
2000 (Malvern) laser diffraction equipment (see Supplementary
data in Appendix A). This information is relevant, since a differ-
ent particle size of the fired powders could result in a different
chemical resistance during enamel firing, affecting also to their
colouring performance (colour saturation, shade, etc.).

3. Results and discussion
3.1. Thermal analysis (DTA-TGA)

The differential thermal (DTA) and thermogravimetric
(TGA) analyses of the precursor mixtures (coprecipitates)
showed in all cases similar curves, with only minor
differences arising from the replacement of Mn by Mg in
the compositions. In Fig. 1 we show the thermal analyses
of two compositions selected as representatives, a sample
with a low Mg content (M2, with x=0.2) and another Mg-
enriched (M7, with x=1.5). XRD characterization of raw
samples (not shown for brevity reasons) showed that all copre-
cipitate powders consisted of a mixture of monohydrated
ammonium metallophosphates (NH4MPO4-H,O, with M = Mn,
Mg) and ammonium nitrate and, accordingly, the obtained
DTA-TG curves of raw powders must be consistent with
de decomposition processes of these ammono compounds.
In this respect, it has been reported that ammonium man-
ganese phosphate monohydrate (NH4MnPO4-H,>O) decompose
in two or three main steps’’: the first two steps (between
150°C and 320°C) are partially overlapped and correspond
to the endothermic deammination and dehydration processes
(NH4MnPO,4-H>O(s) - MnHPO4(s) + NH3(g) + H,O(g)), with
an important associated weight loss (around 19%). Then, the
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Fig. 1. DTA-TG curves of selected Mny_ Mg, P07 samples: (a) x=0.2 and (b)
x=1.5.
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third step (between 320°C and 550°C) corresponds to the
polycondensation or dimmerization reaction (with intramolec-
ular dehydration) leading to the formation of manganese
pyrophosphate (MnHPO4 — 1/2Mn,P>07 + 1/2H,0), which is
accompanied by a gradual and less pronounced weight loss
(around 5-6%). In the case of NH4MgPO4-H,O (dittmarite),
a similar decomposition pattern occurs, with the elimination of
water and ammonia molecules (between 190°C and 325 °C)
being followed by a gradual weight loss (325-650 °C) due to
the dimmerization of the hydrogenphosphate group and for-
mation of Mg diphosphate (Mg;P,07).3! In some cases, a
partial dehydration has been also observed at lower temper-
atures (80-187 OC).32 On the other hand, ammonium nitrate
(NH4NO3) melts at around 170°C and then decomposes
exothermically around 200-290 °C into water and nitrous oxide
(NH4NO3(m) — 2H>0(g) + N2O(g)).
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The shown DTA-TG curves (Fig. 1) of selected samples (M2
and M7) are in accordance with these processes, and only reflect
slight differences due to the increased Mg content. In sample
M2 (x=0.2), for instance, after the removal of adsorbed water
(ca. 0.3wt.%) below 140°C, with two associated endother-
mic peaks at 51 and 127 °C, a partially overlapped two-step
weight loss is observed between 140-200°C (around 7.5%)
and 200-310°C (ca. 46%), corresponding to the elimination of
water and ammonia molecules of NH4(Mn,Mg)PO4-H>O and
also owing to NH4NO3 decomposition. The first two processes
are accompanied by endothermic peaks at 190 and 269 °C, while
the additional sharp endothermic peak observed at 170 °C could
be assigned to the melting of ammonium nitrate. The decompo-
sition of this compound would be responsible of the exothermic
effect with amaximum around 290 °C, and its associated weight-
loss would overlap with the last part of the deammination and
dehydration processes. Finally, a gradual and softer weight loss
(ca. 5%) takes place between 320°C and 600 °C, that could
be assigned to the polycondensation or dimmerization reaction
leading to the formation of (Mn,Mg),P>0O7 diphosphate. Indeed,
the small exothermic effect appearing at around 585 °C could be
ascribed to the crystallization of this mixed metal diphosphate,
in agreement with previous observations.3"

In the case of sample M7, doped with a much higher amount
of Mg (x=1.5), similar features can be observed in the DTA-TG
curves. This time, the elimination of adsorbed water (endother-
mic peaks around 50 and 127 °C) could be overlapped by a
partial dehydration at lower temperatures of the ammonium
metallophosphate (weight loss around 2%), in agreement with
previous observations3Z and being responsible for the additional
endothermic peak at 101 °C. Then, the subsequent elimination
of ammonia and the remaining hydration water (endothermic
peaks at 200 and 269 °C), with an associated weight loss of
ca. 6.5% (150-200°C) and ca. 49.5% (200-310°C), would
be partially overlapped with the melting (endothermic peak
at 170°C) and decomposition of ammonium nitrate (exother-
mic peak at 283 °C). Again, the final and gradual weight loss
(5%) between 310 and 650 °C would correspond to the poly-
condensation of the hydrogenphosphate groups and formation
of (Mn,Mg),P>07 diphosphate, the crystallization of which is
accompanied by a small exothermic effect at around 656 °C.
Thus, the crystallization of the binary diphosphate is slightly
shifted to higher temperatures (from 585 °C to 656 °C) as the
Mg doping is increased (from x=0.2 to x=1.5).

Also noticeable, in all samples we could not observe below
1200 °C any intense endothermic band associated to the melt-
ing of pyrophosphates (i.e. the melting point of Mg;P>07 is
1395 °C). The possible starting of an endothermic band above
1050-1100 °C could only be appreciated in the DTA curves of
samples with a lower Mg doping (see for instance in sample
M2, with x=0.2). This was not visible in Mg-enriched sam-
ples, in which the presence of some small exothermic effects
around 1100°C (see for instance in sample M7, with x=1.5)
could be presumably due to the incongruent melting of the
formed binary diphosphates. Anyway, these results confirm that
all the prepared diphosphates are thermally stable at least below
1100°C.

Samples Mn,_,Mg,P,0,
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Fig. 2. XRD patterns of representative Mny_ MgP>O; samples fired
at 1000°C/4h. Crystalline phases: P=Mn;_Mg,P,07 solid solution,
O =Mj3(POy4); (with M =Mn or Mn + Mg).

3.2. X-ray diffraction characterization (XRD)

The XRD patterns of representative Mn;.,Mg,P>07 com-
positions fired at 1000°C/4h are shown in Fig. 2. While
Mn,P,07 may only adopt the thortveitite (3-structure at room
temperature (no phase transition to the low-temperature o-
modification has been observed above —60 °C), Mg diphosphate
may present both structures, 3-Mg>P>07 (monoclinic C2/m
space group, PDF number 073-0535 and ICSD? file 22328)
and a-Mgy P07 (monoclinic P21/c spatial group, PDF num-
ber 072-0019 and ICSD file 15326), and a reversible transition
to the low temperature isotype (B — a) occurs at around
68°C.%8 Since Mn,P,0O7 (monoclinic C2/m space group,
PDF number 077-1244 and ICSD file 47137) is isostruc-
tural to the high temperature B-MgoP>07 polymorph, it is
expected that the prepared mixed metal Mn and Mg diphos-
phates Mn;_,Mg,P>O7 crystallize at room temperature also
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Table 2

Calculated cell parameters (using the TOPAS fitting program)?’ for representative Mn,_,Mg, P20 powders (1000 °C-fired).

Sample Cell parameters (a, b, ¢ and B) and cell volume (V) of Mn,_,Mg,P,0O7 solid solution®

a(A) b(A) B V(A%
Mn;,P,07 (PDF 77-1244) 6.6330 8.5840 4.5460 102.67 252.54
x=0.0 6.6348 (2) 8.5802 (2) 4.5452 (1) 102.740 (2) 252.38 (1)
x=0.2 6.6220 (1) 8.5521 (2) 4.5421 (1) 102.831 (1) 250.805 (9)
x=0.5 6.6034 (2) 8.5121 (3) 4.5365 (2) 102.997 (2) 248.46 (2)
x=0.7 6.5844 (3) 8.4759 (3) 4.5298 (2) 103.125 (3) 246.20 (2)
x=1.0 6.5584 (2) 8.4219 (3) 4.5190 (2) 103.338 (2) 242.87 (1)
x=1.2 6.5419 (4) 8.3928 (5) 4.5176 (3) 103.478 (4) 241.21 (3)
x=1.5 6.5192 (3) 8.3471 (4) 4.5119 (3) 103.663 (3) 238.57 (2)
B-Mg,P,07 (PDF 73-0535) 6.4940 8.2800 4.5220 103.80 236.13

? The standard deviation (of the last figure) is shown between brackets.

with the thortveitite () structure, similarly to other binary
diphosphates such as B-Mgg_xCrxPzO7,l3 B-Mgo_ xCuxP20714
or B-an_xNixP207.l6 Indeed, Maass observed the crystal-
lization of B-Mny_,Mg,P>07 in the only two compositions
analyzed in his study (x=0.8 and 1.0).2% In contrast, other
binary diphosphates have been found to crystallize with
the low-temperature o-form (such as a-Coz_ngxP207“’24
and a—Niz_ngxP20712), since in these systems the sin-
gle metal a-diphosphates are all isostructural (P21/c spatial
group).

As it can be observed in Fig. 2, a continuous B-
Mn;_Mg,P>07 solid solution formed successfully within the
whole studied experimental range (0.2 <x < 1.5) adopting the
thortveitite structure, isotypic to the pure phases MnyP,07
and B-Mg;P>07. Indeed, as the Mg content (x) increases the
position of the peaks shifts gradually to higher 26 values,
in accordance with the unit cell contraction caused by the
entrance of the smaller Mg?* ions, and the relative intensi-
ties of the peaks also change. For instance, the intensities
of the 020 and 200 peaks, around 21 and 28° 26, become
steadily higher as the Mg content increases. Moreover, the suc-
cessful formation of the (3-Mnjy_,Mg,P>0O7 solid solution is
further evidenced by the presence of only a very minor or
negligible amount of M3(PO4), orthophosphate as secondary
phase (with M =Mn or Mn + Mg) for x < 1.0, and also by the
measured cell parameters. In this respect, Table 2 summa-
rizes the cell parameters and cell volume calculated with the
TOPAS program from refined XRD patterns.”’ As it may be
also appreciated in Fig. 3, there is a linear tendency in the
variation of cell parameters of Mn,_,Mg,P>0O7 diphosphates
with the composition (x). The calculated cell parameters (a,
b and c) decrease linearly with increasing amounts of Mg (x)
in the formulation. As a result, the overall cell volume of
the solid solution also diminishes, being compressed between
the standard values indexed for single metal Mn,P,O7 and
Mg,P,07 diphosphates (PDF files 077-1244 and 073-0535,
respectively). This is in accordance with the smaller ionic size
of Mg?* in six-fold coordination (86 pm), with respect to the
size of 6-coordinated (high spin) Mn?* (97 pm).** Remarkably,
it must be also highlighted that the b-axis diminishes about 2
and 4 times more than a- and c-axis, respectively, which is
indicative of a considerable anisotropy in the unit cell varia-
tion.

3.3. Electron microscopy characterization (SEM/EDX)

To gain further information about the morphology, homo-
geneity and semiquantitative composition of the samples at
the microscale, SEM/EDX characterization was performed
with selected fired samples. SEM observations of the selected
Mn; +MgP>0O7 powders calcined at 1000 °C are shown in Fig. 4
(samples with x=0, x=0.5, x=1.0 and x=1.5). As it may be
appreciated, the morphology is quite homogeneous and simi-
lar in all samples, irrespective of the amount of Mg doping.
In general terms, all the samples are formed by aggregates of
heterogeneous sizes (from 5 to ca. 50 wm), as it may be better
visualized in the SEM image of sample M1 (Fig. 4a), obtained
at a lower magnification (x1000). Moreover, these aggregates
are constituted in all samples by smaller and interconnected
round-grained particles (ca. 1-3 pwm), giving rise to large and
open macropores (around 1 wm-sized). A similar grained-like
morphology was observed in the case of Co and Mg mixed
diphosphates (Co;..MgP;07).%*

On the other hand, to determine the chemical composition and
homogeneity of the obtained diphosphate solid solutions, semi-
quantitative EDX analyses were performed in different regions
of the samples. In Fig. 5 we show the EDX spectra collected
from the areas shown in the SEM images of Fig. 4. In gen-
eral terms, the analyses showed that the samples were quite
homogeneous, obtaining only a slight dispersion in the molar
Mn:Mg:P ratios through the different analyzed regions. The

Table 3

Theoretical (initial) formulations and the corresponding EDX-measured average
compositions for selected Mn,_ Mg, P,O7 coprecipitate samples (1000 °C-fired
powders).

Sample  Theoretical Average EDX composition (atomic)?
formulation
Mn Mg P

x=0.0 MnyP>0; 2.0(2) - 2.0(2)
x=02 Mn;j sMgo2P207 1.9 (3) 0.19(1) 2.0()
x=0.5 Mnj sMgosP207 1.4 (3) 0.5 (1) 2.00 (8)
x=0.7 Mnj 3Mgo.7P207 1.32(6) 0.65(6) 2.00(4)
x=1.0 MnjoMgi.0P207 098(9) 093(8) 2.00(8)
x=15 MngsMg;5P207 048(4) 147(7) 2.00(6)

# The compositions have been normalized to 2 mol of P. The standard deviation
(of the last figure) is shown between brackets.
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Fig. 3. . Evolution of cell parameters a, b and ¢ (a—c), and cell volume (d) with Mg doping (x) for the prepared Mn,_,Mg,P,0O7 diphosphate solid solutions (x=0,
0.2,0.5,0.7, 1.0, 1.2 and 1.5) fired at 1000 °C/4 h (obtained from the TOPAS ﬁtting27).

theoretical and experimental (EDX-measured) average compo-
sitions of selected samples are summarized in Table 3. As it may
be observed the experimental (semiquantitative) compositions
are quite close to the theoretical initial formulations.

3.4. UV—vis-NIR spectroscopy and colour characterization

The UV-vis-NIR optical spectra of representative diphos-
phate Mn;_,Mg,P>0O7 powders fired at 1000 °C/4 h are shown
in Fig. 6 (above). The absorbance spectra of all powdered sam-
ples exhibit a broad, weak and multiple band extending from
300 to ca. 650 nm, which becomes steadily less intense as the
Mg content (x) in the formulation is increased, replacing for
Mn. The occurrence of these bands of very weak intensity
may be unambiguously ascribed to the presence of Mn>* ions
in the irregular octahedral sites of the diphosphate thortveitite
structure. Indeed, Mn2* ions (d°) have a ground level 6A; g(6S)
configuration in octahedral (and tetrahedral) coordination and
the electronic transitions to the excited states give rise to very
weak absorption bands, since they are doubly forbidden (parity
forbidden by the Laporte rule and also spin forbidden due to the
different multiplicity of the excited states).>> In agreement with
previous studies reporting the electronic spectra of Mn?* phos-
phates (including Mn,P,07),% the obtained optical spectra
show the typical bands associated to the crystalline field
spin-forbidden transitions of Mn?* ions in low-symmetry
octahedral coordination: the prevailing and typical sharp

transition vz (°A(S)— 4E, 4A(G)) at 404nm, and the
associated and partially overlapped v; (®A1(S) = *Ta2(G))
and vy (GAI(S) — 4T1(G)) transitions around 420-460 and
460-600 nm, respectively. In addition, the broad and multiple
absorption between 300 and 370 nm could be also assigned to
the transitions to the higher energy terms (D and P) of Mn?*: v
(°A((S) = *T(P)) at 314 nm, vs (°A1(S) — *E(D)) at 337 nm,
and v (°A(S) — *T»(D)) at 354 nm.3®

As a result of this broad absorption below 600—620 nm,
the obtained 1000 °C-fired diphosphates exhibited light brown
(x< 1) or pinkish-white (1.0 <x < 1.5) pale colourations. Table 4
shows the measured CIE-L*a*b* colour parameters of the
different diphosphate Mn, .Mg,P>07; powders. As it may be

Table 4
Colour parameters (L*a*b*) of Mny_,.Mg,P>07 fired powders (1000 °C) and
enamelled samples (single-firing glaze, 1080 °C).

Sample L*/a*/b* parameters
Fired powders Single-firing glaze

x=0 79.7/3.5/7.5 40.8/7.9/-4.5
x=0.2 81.7/2.7/5.5 37.0/7.9/-3.9
x=0.5 84.0/2.1/4.2 36.5/9.2/-2.4

=0.7 83.7/1.8/3.9 39.5/10.2/-1.7

=1 84.4/1.3/3.1 46.0/10.6/0.2

=12 90.5/1.1/-0.7 51.2/10.5/1.1

1.5 90.4/0.7/-0.6 60.0/10.4/5.0




M. Llusar et al. / Journal of the European Ceramic Society 32 (2012) 765-776 771
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Fig. 4. SEM images (backscattering detector) corresponding to selected 1000 °C-fired samples: (a) M1 (x=0; Mn,P,07), (b) M3 (x=0.5; Mn; sMgo5P207), (c)

M5 (x=1.0; Mn; oMg;0P207) and (d) M7 (x=1.5; Mng sMg; sP207).

appreciated, the powders become slightly redder (higher positive
a* values) and yellowier (higher positive b* values) the higher
the Mn content (lower x value), which results in light or pale
brown colours for x< 1. In contrast, the Mg-enriched diphos-
phates (1.0 <x < 1.5) posses very high L* values (84.4-90.5)
and small @* and b* values, indicative of pale pinkish (or pinkish
white) colours.

Given the light brown or pinkish colours exhibited by the
prepared diphosphate solid solutions, in the last part of our
investigation we tested also their stability and colouring perfor-
mance within a conventional ceramic glaze. It is well known
that manganese phosphate compounds may give rise to nice
pink or purple colourations in glassy systems, the developed
colour depending on the Mn content and relative abundance
of Mn?* and Mn>* ions.?” Accordingly, the thortveitite-based
Mn;_,Mg,P>0O7 diphosphates could find technological appli-
cation as new pink or purple ceramic dyes. For this study we
selected a glaze composition (Si02—Al,03-Ca0-ZnO system)

typical of a single-firing schedule (enamel firing at 1080 °C),
which is more frequently used in the ceramic tile industry. Inter-
estingly, the enamelled samples developed intense purple (x < 1)
or pink (1.0 <x <1.5) colours once enamelled (5 wt.%) within
the single-firing ceramic glaze. The visual aspect of enamelled
samples may be appreciated in Fig. 7.

Noteworthy, the absorbance spectra corresponding to enam-
elled samples (Fig. 6, below) presented clearly distinct features
than those observed in diphosphate powders (Fig. 6, above).
Distinctly, the spectra of enamelled samples showed a strong
and broad absorption band extending from 400 to 800 nm.
This strong-intensity band cannot be associated to Mn?* ions,
since these species usually originate low-intensity (doubly for-
bidden) bands below ca. 600 nm, with a typical sharp peak
around 404 nm (v3 transition) as the most characteristic fea-
ture (as it was previously observed with diphosphate powders).
In agreement with previous studies on Mn-containing glasses,
the observed complex band may be mainly ascribed to the
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Fig. 5. EDX spectra of selected 1000 °C-fired samples (corresponding to the regions shown in the SEM images in Fig. 4: the area included in the rectangle for sample
M1, and the whole area for the other samples): (a) M1 (x=0; Mn2P,07), (b) M3 (x=0.5; Mn; sMg 5P207), (c) M5 (x=1.0; Mn; Mg oP207) and (d) M7 (x=1.5;

Mng 5sMg) 5P207).

presence of octahedrally coordinated Mn3* ions (d* config-
uration), which exhibit a characteristic broad and multiple
band around 400-800 nm, usually centred at 510-530 nm, and
which is associated to the spin-allowed, three-fold split transi-
tion 5Eg(5 D) — 5ng(5 D).370 In addition, the obtained optical
spectra also showed an important absorption below 400 nm, as
a result of the intense charge transfer (CT) excitations from
oxygen to manganese ions.’’ Thus, the observed spectra of
enamelled samples indicate that a considerable amount of Mn*
ions was oxidized to Mn3* in the ceramic glaze during enamel
firing. This oxidation from Mn?* to Mn3* is also commonly
found when melting manganese-containing phosphate glasses,
and a melt reduction process must be employed to maintain man-
ganese in the Mn>* oxidation state.?” In any case, the presence of
some amount of Mn?* ions in enamelled samples should not be
completely discarded, since the broad and intense band associ-
ated to Mn3* ions would be masking the less intense absorption
bands of Mn”* ions appearing below 600-620 nm. Anyway,
the optical spectra of Mny_,Mg,P>0O7 enamelled samples are
clearly dominated by the more intense Mn>* absorption fea-
tures, and the observed complex band has a stronger intensity

(the maximum centred at around 500 nm) as the amount of Mn
is increased in the formulation (lower x).

As a result of the broad absorption around 500nm, the
enamelled samples with a lower Mg doping (x<1.0) devel-
oped very intense purple colours (see Fig. 7), while the colour
became pink for lower Mn contents (1.0 <x < 1.5). The cor-
responding L*a*b* colour parameters of enamelled samples
are also shown in Table 4. As it may be appreciated, the L*
values (brightness index) diminish slightly from x=0 (40.8) to
x=0.5 (36.5), and then become gradually higher (36.5 — 60.0)
as the Mg doping increases (x>0.5), indicative of less dark
or less intense colours. On the other hand, samples with x< 1
present positive a* values (red hue) and negative b* values
(blue hue), in correlation with the observed purple colours,
while samples M5, M6 and M7 (1.0 <x <1.5) exhibit nice
and considerably intense pink colours, with positive and con-
siderably high a* values (10.6-10.4; red hue) and small and
positive b* values (0.2-5.0; yellow hue). Thus, the increase
in the Mg doping (x) results in a gradual evolution from pur-
ple to pink colours, which is accompanied by an increase of
the red component (a¢*), and a change from the blue (negative



M. Llusar et al. / Journal of the European Ceramic Society 32 (2012) 765-776 773

Mn, Mg P,0, fired powders

Absorbance

300 400 500 600 700 800 900 1000
Wavelength (nm)

Mn, Mg, P,0, enamelled samples (single-firing)

12 @
*E(°D) --> °T,(°D)
1 4
8 08 L
=
N
=
S 06 +
=
=
0.4 +
02 +
0
300 400 500 600 700 800 900 1000

Wavelength (nm)

Fig. 6. Absorbance spectra corresponding to selected Mn;_,Mg,P,O7 diphos-
phate powders (above) and samples enamelled within the single-firing glaze
(below).

b*) to the yellow hue (positive a*). Remarkably, the nice pink-
ish colours (L*/a*/b* values around 46-60/10.6-10.4/0.2-5.0)
developed by Mg-enriched Mn;_Mg,P,0O7 solid solutions
(1.0 <x<1.5) are quite similar to those obtained with other
conventional pink ceramic pigments, such as Mn—-Al,O3 and
Cr—Al,03 corundum-based pigments (DCMA*! numbers 3-04-
5 and 3-03-5, respectively) or the Zn(Al,Cr);04 spinel-based
pigment (DCMA number 13-32-5).4>%3 We performed addi-
tional tests enamelling the diphosphate powders (5 wt.%)
with another transparent glaze having a different compo-
sition (Si0;—Al,03-B>03-Ca0-Na;O0-K>0 system), typical

MI (x=0) M2 (x=0.2) M3 (x=0.5)

M4 (x=0.7)

of a low-temperature double-firing schedule (melting around
1000 °C). Interestingly, similar purple (x < 1) and pink coloura-
tions (1.0 <x < 1.5) were obtained (the L*/a*/b* values of the
pink colours were around 53-69/9.6-10.4/—1.3-3.0). There-
fore, these thortveitite-based diphosphate solid solutions could
be used as alternative pink ceramic dyes for the colouration of
conventional (transparent) ceramic glazes melting at relatively
low temperatures (below 1100 °C). It must be highlighted that
they cannot be considered as ceramic pigments since they are
not chemically inert within the glassy matrix (see Section 3.5).
Further tests should be performed to confirm if these compounds
can develop the same pinkish colourations when using ceramic
glazes of higher firing temperatures (i.e. porcelainized Gres).

3.5. Interaction of fired diphosphates with the single-firing
ceramic glaze

As it has been discussed in the previous section, the UV-vis
characterization of enamelled samples demonstrated that a con-
siderable amount of Mn®* ions was oxidized to Mn>* in the
single-firing ceramic glaze during enamel firing. Accordingly,
some interaction or reaction between the diphosphate powders
and the ceramic glaze must occur during enamel firing. This
effect was corroborated by performing SEM-EDX analyses onto
the glassy surface of enamelled samples. As a complementary
characterization, the particle size distribution of selected fired
powders was previously measured (see Supplementary data in
Appendix A). This characterization showed some appreciable
differences in the particle size distribution of the powders, with
a gradual decrease of the particle size with the increase of Mg
doping (i.e., the values of the dsy diameter were 13.8, 8.2 and
5.2 pm for compositions with x=0, 1.0 and 1.5, respectively;
see Table A.1 and Figure A.1 in the appendix). This information
is relevant, since the fired powders having a finer particle size (in
this case, Mg-enriched samples) could interact or dissolve more
easily in the molten glaze during enamel firing, and this could
therefore affect to the colour developed by enamelled samples.

Nevertheless, the SEM/EDX analyses performed on enam-
elled samples confirmed quite a similar interaction of the
diphosphate particles with the ceramic glaze in all samples.
Irrespective of the different particle size distributions (and Mg
content), most of the P and Mn of the diphosphate powders was
leached or solubilized into the glassy matrix. As an example,
Fig. 8a shows the SEM image of enamelled sample M1 (x=0;
Mn;P>07) obtained with the backscattered detector. In spite of
the coarser particle size of M1 powders (according to the par-
ticle size characterization), this image confirms the extensive

M5 (x=1.0) M6 (x=12) M7 (x=1.5)

Fig.7. Aspectof Mn,_Mg,P,07 diphosphate samples enamelled (5 wt.%) within a conventional single-firing ceramic glaze. (For appreciating the colour differences

in this figure, the reader is referred to the web version of the article.)
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Fig. 8. SEM images (a, c and d) and EDX spectra (b, e and f) of samples enamelled (5 wt.%) within the single-firing glaze: (a and b) sample M1 (x=0; Mn2P,07),
and (c—f) sample M5 (x=1.0; Mn; Mg 0P207). The EDX spectra correspond to the local regions labelled as 1-3.
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reaction of the diphosphate with the glaze, showing regions with
very small (nanosized or submicronic) and brighter spots corre-
sponding to pristine diphosphate particles partially solubilized
or incorporated into the glassy matrix (see for instance in the
region labelled as 1). The associated EDX spot-analysis of this
region (shown in Fig. 8b) confirms the presence of some amount
of P and Mn, along with other elements present in the glaze (Si,
Al, Zn, Ca and K). Noteworthy, the EDX analyses indicate a
higher signal of Ca in all these brighter regions associated to
the decomposition of diphosphate powders, suggesting a high
affinity of Ca ions to segregate from the glaze and interact with
the diphosphate powders.

Similarly, Fig. 8c and d shows two representative SEM details
of an Mg-enriched enamelled sample (M5, x=1.0) at different
magnifications, in which the presence of some particles dis-
persed in the glassy matrix may be also appreciated. The brighter
regions would be indicating the presence of a higher amount of
heavier elements (in this case, Zn, Mn, Ca and K). Noteworthy,
the EDX spot analyses performed in the glassy regions (see for
instance the EDX in Fig. 8e, corresponding to the region labelled
as 2 in Fig. 8d) show the presence of P and Mn signals. The
slightly weaker intensity of the P and Mn signals (with respect
to M1 sample) is in agreement with the lower Mn content in
this composition (MS5), and it could be also indicating a more
advanced (extensive) and homogeneous diffusion, or a faster sol-
ubilization of both elements into the glassy phase. On the other
hand, the EDX spot-analyses performed onto the dispersed par-
ticles (i.e. see EDX of region 3 in Fig. 8f) indicate the presence
of small amounts of Mn and P, and much higher amounts of Mg
and Ca. Accordingly, the dispersed particles would correspond
to the pristine Mn—-Mg binary diphosphates partially decom-
posed by the reaction with the molten glaze. Thus, the chemical
interaction between the dispersed diphosphate particles and the
molten glaze during enamel firing is clearly evidenced by the
segregation of calcium from the glaze to concentrate onto the
diphosphate particles (irrespective of the Mg doping), and by the
extensive leaching or solubilization of P and Mn species (mainly
oxidized as Mn3* ions, according to UV—-vis spectra), that are
more easily incorporated into the glassy matrix than Mg ions.

In summary, these analyses confirm that the diphosphate solid
solutions would be acting as ceramic dyes, due to its reactiv-
ity (low stability) within the ceramic glaze, and the colouration
mechanism would be mainly attributed to ion-colouring, given
the extensive incorporation of Mn species (Mn>*) into the glaze.
Thus, the observed differences in the colouring performance
(L*a*b* parameters) of enamelled samples would be mainly
caused by the different concentrations of chromophore ions
(Mn3*) solubilized in the glaze.’” Indeed, the obtained grad-
ual variation of the colour from dark purple (low Mg doping)
to light pink (high Mg doping) would be in agreement with the
gradual decrease of the Mn content in the binary diphosphates
and, accordingly, in the ceramic glaze.

4. Conclusions

In this study we prepared by the coprecipitation route and
characterized for the first time a solid solution series of Mn and

Mg mixed diphosphates (Mn,_Mg,P>07) within an extended
compositional range (x=0.2-1.5). XRD and SEM characteriza-
tion confirmed the formation of isostructural and homogeneous
B-Mn;_,Mg,P>07 solid solutions having the thortveitite struc-
ture (monoclinic C2/m spatial group) within the whole range
of studied compositions. A progressive decrease in the mea-
sured unit cell parameters was observed in accordance with the
replacement of Mn>* by the smaller Mg?* ions. The fired diphos-
phate powders (1000 °C/4 h) exhibited light brown (x< 1.0) or
pinkish-white (1.0 <x<1.5) pale colours, owing to the low
intensity optical absorption (300-650 nm) associated to the spin-
forbidden transitions of Mn?* ions in the distorted octahedral
sites of thortveitite structure. Interestingly, the diphosphate sam-
ples developed intense purple (x < 1.0) or pinkish (1.0 <x < L.5)
colours once enamelled (5 wt.%) within a conventional single-
firing ceramic glaze (enamel firing at 1080 °C). According to
UV-vis-NIR characterization, these colours were mainly asso-
ciated to the broad and complex absorption (400—-800 nm) of
Mn** ions in an octahedral environment. SEM-EDX analy-
ses performed onto enamelled samples confirmed the chemical
interaction of the diphosphate powders with the ceramic glaze,
with an extensive solubilization of Mn (Mn3*) and phosphate
species into the glassy phase. The developed pink colours were
similar to those obtained with other classical pink ceramic pig-
ments and, accordingly, the thortveitite-based Mn;_,Mg,P>,0O7
diphosphate solid solutions (1.0 <x <1.5) could be used as
alternative pink ceramic dyes for the colouration of conventional
ceramic glazes melting at relatively low temperatures (below
1100°C).
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