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Structural characterization of NisV4P, 4Og (0 <x <2) and Ni,V,P, ,0; (0 <y <2) compositions was
made and colour parameters of these materials measured. Ni(Il) diphosphate and divanadate crystalline
phases are not stables at high temperature. Solid solutions in Ni3P,Og and Ni3V,0g are obtained by incor-
poration of V(V) in Ni orthophosphate and P(V) in Ni orthovanadate structures. Solid solutions with
Ni3V,0g structure are formed in a greater compositional interval than solid solutions with NizP,0g struc-
ture. These materials might be used as ceramic pigments because of its thermal and chemical stability.

gﬁ{) ‘;V;l:gi;s Tan brown colorations were obtained in glazed tiles when the fired compositions were 4% weight enam-
Vanadates elled with a commercial glaze.

Nickel © 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
Structure license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Solid solutions

Colour

Introduction The expression can be extended to include compounds with more

The structure adopted by a particular crystalline material
depends, to a first approximation, on three main factors: the gen-
eral chemical formula and the valences of the elements present,
the nature of the bonding between the atoms and the relative size
of the atoms or ions. The nature of the bonding between atoms
affects considerably the coordination numbers and hence has a
major influence on the resulting crystal structure. In non-
molecular materials, the valence of an atom or ion does not have
a direct bearing on coordination numbers and structure, apart from
its obvious importance in controlling the general formula of the
compound. The coordination numbers are related directly to the
general formula. In a compound A,B,C,, in which A and B are
cations coordinated only to anions, C, the average cation coordina-
tion number (CN) is related to the anion coordination number by: x
(CN of A) +y (CN of B) =z (CN of C) [1]. In the case of different crys-
tallographic sites for a cation or for the two cations (A1, A2, B, ...)
in the structure, the occupation of crystallographic sites calculated
from the multiplicity of positions might be incorporated in the
mathematical expression (Multiplicity of each position of a space
group is given in International Tables for crystallography [2]).
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complicated general formula and solid solutions by:

n

> " [(occupation for cation i) - (CN of i)]

i=1

= Z [(occupation for anion j) - (CN of j)]
j=1

where n is the number of different crystallographic sites occupied
by cations and m is the number of crystallographic different sites
occupied by anions in the considered structure, when solid solu-
tions are not considered. Summands are added to include cations
or anions in the same crystallographic site when solid solutions
are considered. In the last case, n or m is the number of crystallo-
graphic different sites for cations or anions in the structure includ-
ing the crystallographic sites partially occupied by ions forming
solid solutions.

Vanadium is easily retained in bones. Replacement of phospho-
rous by the incorporation of vanadium in the inorganic phase of
bones (Ca;o(PO4)s(OH);) has been suggested in the literature due
to the similarity of the chemical behavior of V(V) and P(V) [3].
The size of the V(V) and P(V) is sufficiently different to be replaced
each other easily in crystal structures although it might be
possible by the formation of solid solutions in reduced ranges of
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composition. It seems most probably that vanadium-containing
compounds can be retained in the cavities of the phases of bones.

Most of divalent metal orthophosphates, M3P,0sg, crystallize in
monoclinic system (M = Mg, Ca, Cr, Mn, Fe, Co, Ni, Zn, Cd, Hg, Pb,
Sn) while, usually, the divalent metal orthovanadates, M5V,0Og,
have orthorhombic symmetry (M = Mn, Co, Ni, Zn, Mg), and the
divalent metal diphosphates, M,P,0;, tend to be polymorphic.
Two or more monoclinic crystalline forms are known for some
M,P,0; (M = Co, Ni, Cu, Mg) while the monoclinic symmetry is
known for some M,V,0; (M=Mn, Co, Ni, Cu, Zn, Mg, Pb, Cd)
[4-11]. More detailed structural information can be found as
“Supporting Materials”.

Ni%* in sixfold coordination in oxides produces green or yellow
colours frequently. Bright yellow colour results when Ni?* is in a
six-coordinated site significantly distorted from octahedral sym-
metry. Increased absorption intensity occurs when the metal ion
d-d bands are in the proximity to an ultraviolet charge transfer
band. Strong charge transfer transitions dominate the tan colour
of Ni3V,0g [12]. This yellow-brown colour might be interesting
as a ceramic pigment if it is not lost in glazed tiles.

The aim of this study is to investigate the possible formation of
solid solutions between NisP,0g and Ni3V,0g and/or between
Ni,P,0; and Ni,V,0; compounds, the variation of the colour with
different amounts of vanadium and phosphorous in these powder
samples and to test the colour in samples enamelled with a
commercial glaze because the obtained materials (solid solutions
or mixture of crystalline phases) might be used by the ceramic
industry as a ceramic pigment.

Experimental procedures

Ni3ViP,_x0s (0 <x < 2) and Ni,V,P,_,0; (0 <y < 2) composi-
tions were synthesized by the chemical coprecipitation method
[13]. The starting materials were Ni(NOs),-6H,0 (Panreac, 99%),
HsPO,4 (Merck, 99%) and NH,VO; (Alfa Aesar, 99%). The stoichio-
metric amount of Ni(NOs),-6H,0 and NH4VO3; was added on
100 mL of water with vigorous stirring at room temperature. When
x ory # 2.0, a 0.5 M solution of H3PO,4 in water was added on this
aqueous solution of Ni(NOs),-6H,0 and NH4VOs. After that, an
ammonia solution (Scharlau, 25%) was added until pH =10 and
precipitation of materials was obtained. After the co-precipitation
process, the materials were dried through IR-irradiation. In this
operation, only water is evacuated. As consequence, the Ni:V:P
molar ratio of starting materials is preserved. The dry samples
were fired at 300, 600, 800, 1000 and 1200 °C for 12 h in each
temperature.

The resulting materials were examined with a Panalitycal
X-ray diffractometer to study the development of the crystalline
phases at different temperatures. A structure profile refinement
was carried out by the Rietveld method (Fullprof.2k computer
program) [14-16]. Unit cell parameters and interatomic distances
(Ni-O and B-O with B=P, V) in orthovanadates and divanadates
structures were obtained from fired compositions to investigate
the possibility of formation of solid solution in these synthesis

conditions. The diffraction patterns were collected running
between 5 and 110° 26, using monochromatic CuK, radiation, a
step size of 0.02° 26 and a sampling time of 10 s. The initial struc-
tural information was obtained of the Inorganic Crystal Structure
Database [4]. Standard cell [13], standard space group, fractional
atomic coordinates and other information of crystalline phases
in the literature are included in it. Table 1 includes the reference
ICSD to every structure. This initial structural information also
appears in the references [6-11] for the main structures of this
study but often the standard unit cell is not adopted. Dicvol pro-
gram [17] was used to obtain initial cell parameters in some
compositions.

UV-vis-NIR spectroscopy (diffuse reflectance) allows the Ni(II)
site and the V(V)-O and Ni(Il)-O charge bands in samples to be
studied. A Jasco V-670 spectrophotometer was used to obtain the
UV-vis-NIR (ultraviolet visible near infrared) spectra in the 200-
2500 nm range. In order to test their efficiency as ceramic pigment,
the compositions fired at 1000 °C/12 h were 4% weight enamelled
with a commercial glaze (SiO, - Al,O3 — PbO - Na,0 - CaO glaze)
onto commercial ceramic biscuits. Many pigments are dissolved in
this glaze. The colour of material is lost when this happens. Glazed
tiles were fired for 5 min at 1065 °C and their UV-vis-NIR spectra
were obtained.

X-Rite spectrophotometer (SP60, an illuminant D65, an
observer 10°, and a reference sample of MgO) was used to obtain
CIEL*a*b* colour parameters on fired samples: L* is the lightness
axis (black (0) — white (100)), a* the green (—) — red (+) axis,
and b* is the blue (-) — yellow (+) axis [18]. The measurements
were made on powdered samples and on glazed tiles.

Results and discussion

Table 2 shows the crystalline phase evolution with temperature
in NizVP, xOg (0 <x <2) and Ni;V,P,_,0; (0 <y < 2) composi-
tions. Crystalline phases are poorly developed at 600 °C. From
NisV,P,_x0g compositions, mixtures of NisP,O0g and Ni3V,0g are
present when 0 < x <2 at 1000 (Fig. 1) and 1200 °C. At 1200 °C, a
single crystalline phase with NisP,0g structure is obtained from
x = 0 composition but a mixture of Ni3V,0g and Ni,V,0; crystalline
phases is obtained from x = 2 composition. The presence of liquid
phase during the thermic treatment of this composition (x=2)
could explain these results. Ni3V,0g compound melts incongru-
ently at 1220°C [19] while the NisP,0g compound melts at
1350 °C [20]. Mixtures of of Ni3sP,0g and Ni3V,0g crystalline phases
are also obtained from compositions with smaller amounts of
vanadium (x > 0).

From Ni,VyP,_,0; (0 <y < 2) compositions, o-Ni,P,07 is the
only crystalline phase when y =0 at T< 1200 °C. At 1200 °C, the
NisP,0g is detected together with a-Ni,P,0; crystalline phase in
composition with y=0. The melting point of Ni,P,07 is 1395 °C
and the presence of liquid occurs at T> 1320 °C in compositions
between Ni2P207 and Ni3P208 [20]

NisP,0g is the majority crystalline phase when T > 600 °C and
0<y<1.0 and when y>1.5 and 600 <T <800°C is Ni,V,05.

Table 1

Structural information of NisP,0g, Ni3V,0g, Ni,P,0, and Ni,V,0-.
Structure ICSD reference Crystalline system Standard unit cell (A and degrees) Standard space group z
Ni3P,0g 4269 Monoclinic a=5.830(2), b=4.700(2), c = 10.107(4), B = 91.22(2) P12c1 2
Ni3V,0g 2646 Orthorhombic a=>5.936(4), b=11.420(6), c = 8.240(5) Cmca 4
o-NiyP,07 27424 Monoclinic a=6.9365(2), b=8.2652(2), c=8.9725(3), p=113.754(1) P124c1 4
B-NiyP,0, 30433 Monoclinic a=6.501(1), b=8.239(1), c=4.48(1), B=104.14(1) C12/m1 2
-NiyP,0; 100194 Monoclinic a=4.475(3), b=9.913(5), c=5.212(3), p=97.46(10) P12/c1 2
Ni,V,07 2358 Monoclinic a=6.515(8), b=8.303(7), c=9.350(6), B =99.86(8) P124/c1 4

" Refs. [6-11].
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Evolution of crystalline phases with temperature in Ni3V,P,_xOs (0 < x < 2) and Ni,V,P,_,0; (0 <y < 2) fired compositions.

X T (°C) Crystalline phases in NizVP, 4Og Crystalline phases in Ni,VyP,_,07
0.00 600 OP(vw) P(s)

0.50 600 OP(vw), OV(vw) P(m), V(vw), OP(vw)

1.00 600 0OV(w), OP(vw), V(vw) OP(m), P(w), V(w), OV(vw)
1.50 600 OV(w), V(vw) V(m), OP(w), OV(w), P(vw)
2.00 600 ovV(w), V(vw) V(m), OV(w)

0.00 800 OP(s), P(vw) P(s)

0.50 800 OP(s), OV(w), P(vw) OP(s), OV(m), P(w

1.00 800 OP(s), OV(s), P(vw) OP(s), V(w), B P(vw), OV(vw)
1.50 800 OV(s), OP(w) V(m), OP(m), OV(w), P(vw)
2.00 800 OV(s), V(vw) V(s), OV(w)

0.00 1000 OP(s) P(s)

0.50 1000 OP(s), OV(m) OP(s), P(w), OV(w), V(w)
1.00 1000 0V(s), OP(m) OP(s), OV(m)

1.50 1000 0V(s), OP(w) OV(s), OP(m)

2.00 1000 0oV(s) OV(s), V(m)

0.00 1200 OP(s) P(s), OP(w)

0.50 1200 OP(s), OV(m) OP(s), P(w), V(w), OV(vw)
1.00 1200 OP(s), OV(s) OP(s), OV(m)

1.50 1200 OV(s), OP(w) OV(s), OP(w)

2.00 1200 OV(m), V(vw) OV(s), V(w)

Crystalline phases: OP = Ni;P,0g (monoclinic), OV = Ni;V,0g (orthorhombic),
P = 0-Ni;P,0, (monoclinic), BP = B-Ni,P,0; (monoclinic), V = Ni,V,07 (monoclinic).
Diffraction peak intensity: s = strong, m = medium, w = weak, vw = very weak.
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Fig. 1. Diffractograms from NisV,P,_,Og compositions fired at 1000 °C, (a) x = 0.5, (b) x=1.0, (¢) x = 1.5.

Mixtures of Ni3P,0g and Ni3V,0g are detected when 0.0 <y < 2.0 at primary phase. At 880 < T < 1190 °C, the Ni3V,0g cristallizes from

1000 °C and 1200 °C.

the liquid phase [19]. The Ni3V,0g crystalline phase is also

At 880 °C, Ni,V,0; compound melts incongruently, to give a detected in conditions of our study (Table 2) when T > 1000 °C.
mixture of Ni3V,0g crystals and liquid because Ni3V,0g is the When y>1.5 and T>1000°C or y=2.0 at 1200 °C, preferred
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Fig. 2. Diffractograms from Ni,V,P,_,0; compositions fired at 1000 °C. (a) y = 1.0, (b) y = 1.5, (c) y = 2.0.

orientation of Ni3V,0g structure can be observed from the diffrac-
tion profile. A strong increase of the three diffraction maxima with
hkl 020 (15.4 °20), 040 (31.5 °20) and 080 (65.7-65.9 °260) is
detected (Fig. 2b). This fact is in accordance with the crystallization
of Ni3V,0g from a liquid phase.

Figs. 3 and 4 show the variation of the standard unit cell param-
eters in Ni3P,0g and NisV,0g structures obtained from Ni3V,P,_,Og
(0 < x < 2)samples fired at 1000 °C and 1200 °C. The slight varia-
tions of the standard unit cell parameters in Ni3P,Og structure
(Table 3a) indicate that only small amounts of V(V) ions are incor-
porated in this structure (Fig. 3). A decrease of unit cell parameters
from Ni3V,0g structure is obtained when 0.5 < x < 2 at 800, 1000
and 1200 °C (Table 4a). The variation of these unit cell parameters
indicates the formation of solid solutions with NisV,0g structure.
The decrease of unit cell parameters when X decrease (increase
the amount of phosphorus) is in accordance with the replacement
of V(V) ion by the smaller P(V) ion in Ni3V,0g structure (Fig. 4). The
two points included when y=1.5 are the unit cell parameters
obtained from two crystalline phases with Ni3V,0g structure
which diffraction maximum appears at slightly different values
of °20 in high angles. These two phases are solid solutions with this
structure and with slightly different compositions (different V/P
ratio).

Tables 3-6 show the unit cell parameters and volume in
NisP,0g (Table 3a and Table 3b), Ni3V,0g (Table 4a and
Table 4b), a-Ni,P,0; (Table 5), and Ni,V,0; (Table 6) structures
obtained from prepared samples. According to the formation of
solid solutions with Ni3P,0g structure, the ¢ parameter slightly
increases as a consequence of the P/V replacement. However,
although the variation in the a and b parameters is almost

irrelevant, the change in the unit cell volume is a more sensitive
parameter than the variation in the ¢ parameter. The unit cell
parameters obtained from o-Ni,P,0; structure (Table 5) are in
accordance with the formation of solid solutions when
0 <y <0.5 at 800 and 1000 °C. The substitution of small amount
of P(V) ion by V(V) ion produces an slight increase of these values
when y increases. The decreasing of unit cell parameters from
Ni,V,07 structure when y decreases (Table 6) is in accordance with
the formation of solid solutions in this structure when
1.5<y<2.0 at 600°C and when 1.0<y<2.0 at 800°C. The
P(V) ion replaces partially to V(V) ion in Ni(Il) ortovanadate and
Ni(II) divanadate and only a small amount of V(V) ion replaces to
P(V) ion in Ni(II) orthophosphate and a-Ni,P,07 structures.

Figs. 5 and 6 show the variation of the unit cell volume in
NisP,0g and Ni3V,0g structures from NisVyP,_xO0g (0.5 < x < 2.0)
and Ni,V,P,_,0; (0.5 <y < 2.0) compositions fired at 1000 and
1200 °C. From the variation of volume, the limit of formation of
solid solutions can be established about a V:P ratio between
0.75:1.25 and 1.00:1.00 in Ni3P,0g structure and about a V:P
ratio = 1.25:0.75 in Ni3V,0g structure.

Fig. 7 shows the variation of the Ni-O and B-O (B =P, V) dis-
tances with composition in Ni3P,0g and in Ni3V,0g structures at
1000 °C. In the Ni3P,0g structure, an increase of the B-O (B=P, V)
distance can be appreciated when x < 0.75. This result is in accor-
dance with the substitution of P(V) ion by V(V) ion in this struc-
ture, because of the formation of solid solutions in it. A decrease
in some Ni-O distances with x can be observed. The formation of
solid solutions in Ni3P,0g structure changes the atomic coordinates
although the unit cell parameters only change slightly. In the
NisV,0g structure, the incorporation of P(V) when solid solutions
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Fig. 3. Variation of unit cell parameters in NizP,0g structure from NizVyP,_4Og (0.0 < x < 1.5) compositions fired at 1000 °C (a) and 1200 °C (b).
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Table 3a
Unit cell parameters in Ni3P,0g structure from NizVyP,_Og (0<x<2) fired
compositions.

Table 4a
Unit cell parameters in NisV,0g structure from NizVyP, xOg (0<x <2) fired
compositions.

Xory T(°C) a(A)/b(A)[c(A)IIB(°)/[V(A%) Xory T(°C) a(A)/b(A)[c(A)[IV(A®)
0.00 800 5.8275(2) [4.6960(1)/10.1058(1)//91.121(1)//276.45(2) 0.50 800 5.8952(2)/11.3393(2)/8.1635(3)//545.71(5)
0.50 800 5.8277(3)/4.7009(2)/10.1155(2)//91.404(1)//276.96(3) 1.00 800 5.9086(2)/11.3413(3)/8.2080(2)//550.03(5)
1.00 800 5.8243(1)/4.6976(2)/10.1092(2)//91.101(2)//276.54(2) 1.50 800 5.9251(1)/11.3642(2)/8.2215(3)//553.59(4)
1.50 800 5.8294(2)/4.6985(1)/10.110(1)//91.106(2)//276.90(2) 2.00 800 5.9306(2)/11.3816(2)/8.2367(2)//555.97(4)
0.00 1000 5.8269(1)/4.6958(1)/10.1052(2)//91.131(1)//276.44(2) 0.50 1000 5.9225(1)/11.3490(1)/8.2115(2)//551.93(3)
0.50 1000 5.8293(2)/4.6992(2)/10.1125(3)//91.112(2)//276.96(3) 1.00 1000 5.9237(2)/11.3554(2)/8.2171(1)//552.73(3)
1.00 1000 5.8257(2)/4.6971(3)/10.1081(4)//91.145(3)//276.54(4) 1.50 1000 5.9233(1)/11.3535(2)/8.2165(1)//552.56 (3)
1.50 1000 5.8247(1)/4.6963(1)/10.1066(1)//91.146(1)//276.41(1) 2.00 1000 5.9314(1)/11.3844(1)/8.2388(1)//556.33(2)
0.00 1200 5.8257(2)/4.6947(2)/10.1029(3)//91.132(2)//276.26(3) 0.50 1200 5.9228(2)/11.3414(3)/8.2067(3)//551.27(5)
0.50 1200 5.8252(2)/4.6966(2) [10.1075(2)//91.143(3)//276.47(3) 1.00 1200 5.9233(2)/11.3496(2)/8.2133(2)//552.16(4)
1.00 1200 5.8267(3)/4.6976(3)/10.1096(5)//91.133(2)//276.66(5) 1.50 1200 5.9234(1)/11.3525(1)/8.2190(1)//552.69(2)
1.50 1200 5.8260(2)/4.6968(2)/10.1081(3)//91.119(3)//276.54(3) 5.9234(1)/11.3455(1)/8.2138(1)//552.00(2)
2.00 1200 5.9289(1)/11.3837(1)/8.2362(1)//555.88(2)
Table 3b
Unit cell parameters in NizP,Og structure from NiVyP, ,0; (0<y <2) fired Table 4b

compositions.

xory  T(°C)  a(A)b(A)c(A)//B(*)IIV(A®)

Unit cell parameters in Ni3V,0g structure from NiVyP, ,0; (0<y<2) fired
compositions.

0.00 800 @ —————

0.50 800 5.8268(3)/4.6961(2)/10.1058(4)//91.128(2)//276.47(4)
1.00 800 5.8234(2)/4.6937(2)/10.1015(1)//91.142(1)//276.05(2)
150 800 5.8257(1)/4.6954(1)/10.1049(2)//91.140(1) //276.35(1)
0.00 1000  —————

0.50 1000 5.8270(2)/4.6954(2)/10.1054(3)//91.139(2)//276.43(3)
1.00 1000 5.8257(1)/4.6971(2)/10.1081(1)//91.145(1)//276.54(2)
1.50 1000 5.8247(2)/4.6963(1)/10.1066(3)//91.146(2)//276.41(2)
0.00 1200 5.8259(1)/4.6958(1)/10.1045(1)//91.138(2)//276.38(1)
0.50 1200 5.8280(2)/4.6972(2)/10.1075(3)// 91.134(2)//276.64(3)
1.00 1200 5.8257(4)/4.6971(3)/10.1081(3)//91.145(3)//276.54(4)
1.50 1200 5.8145(5)/4.6991(4)/10.1107(5)//91.179(3)//276.20(6)

are formed decreases the B-O (B = P, V) distances and the variation
of Ni-O distance can be appreciated. Changes in the interatomic
distances can be attributed to the distortion of the structure when
solid solutions are formed [21]. The decrease of the B-O (B=P, V)
distance and the Ni-O distance can be appreciated when
2.0 > x > 1.25 at 1000 °C according with the limit of formation of
solid solutions about x = 1.25 from Ni3V,0g structure at this tem-
perature. This limit can be also appreciated by a slope change in
the variation of unit cell parameters (Fig. 4).

The obtained interatomic distances in NisP,0g and in Ni3V,0g
structures from NisV,P, ,0g (0 <x <2) compositions fired at
1000 and 1200 °C are included in Tables 7 and 8 respectively.
The B-O (B=P, V) distance increases with x when x<1.0 from
Ni3P,0g structure and when x> 1.0 from Ni3V,0g structure at
1000 and 1200 °C, according with the replacement of pentavalent
ion when solid solutions are formed. From these values, changes
of the ranges of formation of solid solutions with Ni3P,0g and
Ni3V,0g structures at 1000 and 1200 °C are not detected.

The changes in distances can be associated with structural
changes and they are due to changes in bond strength when solid
solutions are formed. Interactions between ions could explain the
smaller Ni-O distances in Ni3ViP, xOg (0.5 <x <1.5) than in
Ni3P,0s.

In Ni3V,P,_4Og (0 < x < 2) compositions, a progressive modifi-
cation of the colour with vanadium amount is obtained when solid
solutions are formed.

The three spin allowed transitions of Ni** in an octahedral site:
3Agg — 3Tag(F), 3Azg — *Tig(F) and 3Ayg — Ti4(P) generally fall
within the ranges 1400-800, 900-500 and 550-370 nm respec-
tively in octahedral systems [22]. In addition two spin forbidden

xory T(°C) a(A)/b(A)[c(A)/IV(A®)
0.50 800 5.8924(3)/11.6057(4)/8.1629(2)//558.22(6)
1.00 800 5.8352(2)/11.5131(2)/8.20573//551.27(5)
1.50 800 5.8661(1)/11.4989(2)/8.2028(2)//553.31(3)
2.00 800 5.9304(2)/11.3826(2)/8.2334(1)//555.78(3)
0.50 1000 5.8903(2)/11.5178(2)/8.1844(1)//555. 26(3)
1.00 1000 5.9237(1)/11.3554(1)/8.2171(2) //552.73(3)
1.50 1000 5.9228(2)/11.3562(2)/8.2190(1)//552.81(3)
5.9228(2)/11.3347(2)/8.2085(1)//551.06(3)
2.00 1000 5.9309(1) /11.3815(1)/8.2353(1)//555.90(2)
0.50 1200 5.9039(2)/11.5348(2)/8.2119(2)//559.23(4)
1.00 1200 5.9237(1)/11.3554(1)/8.2171(1)//552.73(2)
1.50 1200 5.9228(2)/11.3552(2)/8.2190(1)//552.76(3)
5.9228(2)/11.3347(2)/8.2125(1)//551.33(3)
2.00 1200 5.9335(2)/11.3847(1)/8.2404(2)//556.65(4)
Table 5

Unit cell parameters in o-Ni,P,0; structure from Ni,V,P, ,0; (0<y <2) fired
compositions.

y T (°C) a(A)/b(A)/c(A)][B(*)]IV(A%)

0.00 800 6.9340(2)/8.2647(2)/8.9693(2)//113.732(1)//470.52(3)
0.50 800 6.937(1)/8.360(1)/9.031(1)//114.80(4)//475.45(2)

0.00 1000 6.9341(2)/8.2646(2)/8.9693(2)//113.732(1)//470.52(3)
0.50 1000 6.9374(3)/8.3785(3)/8.9856(4)//114.597(2)//474.86(6)
0.00 1200 6.9340(2)/8.2647(1)/8.9693(2)//113.732(2)//470.52(3)
0.50 1200 6.848(1)/8.378(1)/8.953 (1)//114.09(1)//468.92(2)

Table 6

Unit cell parameters in Ni,V,07; structure from Ni,V,P, ,0; (0<y<2) fired
compositions.

y T (°C) a(A)/b(A)/c(A)/[B(*)/IV(A?)

1.50 600 6.5006(3)/8.2623(4)/9.3252(4)//100.111(6)//493.09(7)
2.00 600 6.5211(2)/8.2974(4)/9.3632(3)//99.883(4)//499.13(5)
1.00 800 6.5059(3)/8.2728(3)/9.3389(2)//99.988(2)//495.10(5)
1.50 800 6.5113(2)/8.2815(1)/9.3448(1)//99.972(1)//496.34(3)
2.00 800 6.5194(1)/8.2970(1)/9.3620(1)//99.894(1)//498.81(2)
2.00 1000 6.5197(1)/8.2969(1)/9.3609(1)//99.893(1)//498.77(2)

bands are usually quite prominent, one, the transition to 1Eg near
the second spin allowed transition (for common systems with
Dq/B near unity), and the second, primarily 'T,, between the sec-
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Fig. 5. Variation of unit cell volume in NisP,0g structure from NizVP,_,Og (0.5 < x < 2.0) and Ni,V,P,_,07 (0.5 < x < 2.0) compositions fired at 1000 and 1200 °C.

Ni;V,0q Ni;V,0q
1000 C 1000 C
VIR 5610 VIR 5610
558.0 558.0
555.0 J 555.0 w
552.0 552.0 *
549.0 - ‘ ‘ ‘ ‘ 549.0 - ‘ ‘ : ‘
00 05 10 15 20 00 05 10 15 20
X y
Ni,V,0q NisV,0q
1200C 1200C
VIR) 1o VIR 5610
558.0 558.0
555.0 555.0
552.0 ,_/ 552.0
549.0 - : : : : 549.0 -+ T T T T
00 05 10 15 20 060 05 10 15 20
X y

Fig. 6. Variation of unit cell volume in Ni3V,0g structure from NizV,P,_,Og (0.5 < x < 2.0) and Ni,V,P,_,07 (0.5 < x < 2.0) compositions fired at 1000 and 1200 °C.

ond and third spin allowed band. The 1Eg state (Dq/B ~ 1) lies so
close to 3T, that extensive mixing takes place leading to observa-
tion of a doublet band where the spin forbidden transition has sto-
len intensity from the spin allowed transition. In a site of low
symmetry, the transition to 3T2g is split into up to three
components.

In Figs. 8 and 9, the [1000-2500], [600-1100] and [200-650]
nm wavelength ranges of the UV-V spectra obtained from
Ni3ViP,_xOs (0 < x < 2) and Ni,V,P,_,07 (0 <y < 2) compositions
are shown. The three absorption bands are observed about 1250
or 1800 nm (first transition), 700-850 nm (second transition) and
350-550 nm (third transition and charge transfer) from samples
fired at T > 800 °C. These bands are assigned to Ni?* in an octahe-

dral site. In this last [200-650] wavelength range are included
the absorption band associated with third d-d transition and the
charge transfer band of Ni(II)-O and also the V(V)-O charge transfer
band. Two facts are noteworthy, the different wavelength for the
Ni(ll) d-d first transition from rich in P(V) compositions
(1800 nm, x or y<0.5) and from rich in V(V) compositions
(1250 nm, x or y > 1.0) and the absence of transfer charge band
in the visible wavelength range from Ni3P,0g5 (x =0) and Ni,P,0;
(y = 0) compositions. Both facts are due to the weaker Ni-O bonds
when compositions are rich in P(V) because the oxygen between Ni
(I1) and P(V) are strongly bonded to P(V). The absence of charge
transfer in the visible wavelength range in phosphate structures
are also reported in Mg,Cu,_yP>0; (0.0 <x < 1.5) compositions
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Fig. 7. Variation of the interatomic Ni-O and B-O (B = P, V) distances in Ni3P,Og and
Ni3V,0g structures from NizVyP,_xOg (0.0 < X < 2.0) compositions fired at 1000 °C.

[21]. From Ni3V«P,_40g (0 < X < 1.5) compositions, the variation of
inflection point between maximum and minimum absorbance in
350-550 nm wavelength range with composition can be observed
(Fig. 8). The wavelength in these inflection points increases with
the vanadium amount in samples (x). The Ni-O charge transfer
band, the V-O charge transfer and the third d-d electronic transi-
tion of Ni(Il) in an octahedral site are included in these strong
absorbance in 350-550 nm wavelength range. An increase of
absorbance in 400-650 nm with x is also detected when
T > 800 °C. The variation of inflection point with composition is
related to the variation of the Ni-O distances with x (x > 0) of the
two crystalline phases detected by DRX (Fig. 7). From UV-V spectra
of Ni3V4P,_»0g (0 < X < 2) compositions can be also observed the
presence of two maximum of absorbance about 750 and 850 nm
in Ni(II) second transition band. It might be due to the differences
in the second coordination of the Ni(Il) in structures.

Table 9 includes the CIE L* a* b* colour parameters and observed
colour from NizV,P,_x0g (0 < x < 2) and Ni;V,P,_y07 (0 <y < 1.5)
fired compositions. At T > 800 °C, colorations between yellow
(x=0 and y=0) and brown (x=2 and y=2) are obtained in
Ni3VyP,_,0g (0 < x < 2) and Ni,V,P,_,0; (0 <y < 2) compositions.
The strong absorbance in 350-550 nm wavelength range due to
charge transfer bands is the most important component in the col-
oration of samples, just as in the tan colour of Ni3V,0g [12]. This
brown colour is also observed in glazed tiles (Table 10). Yellow col-
orations obtained from x=0 and y =0 change to beige into the
commercial glaze used in this study, although this yellow colour
is stable into other commercial glazes [13]. From NisV,P, ,Og
(0 < x < 2) compositions, variations of the tan colour of Ni3V,0g
are stable in tested glazed tile although the colour is dark brown
when x>15 (small a* and b* values). From Ni,V P, ,O;
(0 <y <2) compositions beige and greenish colorations are also
stable into tested commercial glaze. This fact indicates that these
compositions can be used as a ceramic pigment in industry.

Table 7
Interatomic distances in NisP,0g structure from NizVyP,_4Og (0 < X < 2) compositions fired at 1000 °C and 1200 °C.
Interatomic distances Ni3P,0s Ref. [6] T=1000°C
x=0.0 x=0.5 x=1.0 x=15
B-O 1.521(2) 1.484(2) 1.499(2) 1.517(1) 1.530(1)
(B=P,V) 1.536(2) 1.593(2) 1.684(2) 1.633(1) 1.547(1)
1.538(2) 1.541(2) 1.601(3) 1.626(1) 1.535(1)
1.595(2) 1.592(2) 1.599(2) 1.617(1) 1.597(1)
Ni1-0 (x2) 2.098(2) (x2) 2.133(2) (x2) 2.145(2) (x2) 2.146(2) (x2) 2.088 (2)
(x2) 2.076(2) (x2) 2.073 (2) (x2) 2.108 (2) (x2) 2.099(2) (x2) 2.076(2)
(x2) 2.069(2) (x2) 2.100(2) (x2) 2.138(2) (x2) 2.100(2) (x2) 2.072(2)
Ni2-0 2.088(2) 2.151(2) 2.149(2) 2.154(2) 2.082(2)
2.044(2) 2.033(2) 1.973(2) 2.011(2) 2.037(2)
2.099(2) 2.106(2) 2.112(2) 2.116(2) 2.106(2)
1.999(2) 1.973(2) 1.961(2) 1.951(2) 1.993(2)
2.190(2) 2.219(2) 2.222(2) 2.218(2) 2.185(2)
2.083(2) 2.087(2) 2.057(2) 2.050(2) 2.082(2)
T=1200°C
B-O 1.521(2) 1.494(2) 1.498(2) 1.518(1) 1.530(1)
(B=P,V) 1.536(2) 1.648(2) 1.683(2) 1.618(1) 1.547(1)
1.538(2) 1.606(2) 1.601(3) 1.636(1) 1.535(1)
1.595(2) 1.606(2) 1.596(2) 1.584(1) 1.597(1)
Ni1-0 (x2) 2.098(2) (x2) 2.148(2) (x2) 2.144(2) (x2) 2.143(2) (x2) 2.088(2)
(x2) 2.076(2) (x2) 2.084(2) (x2) 2.106(2) (x2) 2.101(2) (x2) 2.077(2)
(x2) 2.069(2) (x2) 2.090(2) (x2) 2.136(2) (x2) 2.128(2) (x2) 2.072(2)
Ni2-0 2.088(2) 2.152(2) 2.148(2) 2.181(2) 2.083(2)
2.044(2) 2.047(2) 1.972(2) 2.007 (2) 2.037 (2)
2.099(2) 2.124(2) 2.110(2) 2.086(2) 2.107(2)
1.999(2) 1.969(2) 1.960(2) 1.978(2) 1.993(2)
2.190(2) 2.215(2) 2.221(2) 2.255(2) 2.185(2)
2.083(2) 2.050(2) 2.056(2) 2.028(2) 2.082(2)
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Interatomic distances in Ni3V,0g structure from NizVyP,_xOg (0 < x < 2) compositions fired at 1000 and 1200 °C.

1103

Interatomic distances T=1000°C Ni3V,0s [Ref. 7]
x=0.5 x=1.0 x=15 x=2.0
B-O 1.711(2) 1.738(2) 1.625(2) 1.762(2) 1.722(2)
(B=P,V) 1.803(3) 1.773(4) 1.720(2) 1.800(2) 1.813(2)
(x2) 1.698(2) (x2) 1.723(2) (x2) 1.697(2) (x2) 1.742(2) (x2) 1.704(2)
Ni1-0 (x2) 2.009(2) (x2) 1.966(2) (x2) 2.043(2) (x2) 1.994(2) (x2) 2.017(2)
(x4) 2.077(2) (x4) 2.084(2) (x4) 2.126(2) (x4) 2.059(2) (x4) 2.084(2)
Ni2-0 (x2) 2.005(2) (x2) 2.045(1) (x2) 2.067(2) (x2) 2.019(2) (x2) 2.013(2)
(x2) 2.081(2) (x2) 2.141(1) (x2) 2.178(2) (x2) 2.103(2) (x2) 2.091(2)
(x2) 2.056(2) (x2) 2.084(1) (x2) 2.104(2) (x2) 2.063(2) (x2) 2.064(2)
T=1200-°C
B-O 1.714(2) 1.738(2) 1.624(2) 1.718(2) 1.722(2)
(B=P,V) 1.803(2) 1.773(2) 1.719(2) 1.810(2) 1.813(2)
(x2) 1.698(2) (x2) 1.723(2) (x2) 1.697(2) (x2) 1.701(2) (x2) 1.704(2)
Ni1-0 (x2) 2.009(2) (x2) 1.966(1) (x2) 2.043(2) (x2) 2.016(1) (x2) 2.017(2)
(x4) 2.077(2) (x4) 2.084(1) (x4) 2.126(2) (x4) 2.081(1) (x4) 2.084(2)
Ni2-0 (x2) 2.005(2) (x2) 2.045(2) (x2) 2.066(1) (x2) 2.010(1) (x2) 2.013(2)
(x2) 2.081(2) (x2) 2.141(2) (x2) 2.178(1) (x2) 2.087(1) (x2) 2.091(2)
(x2) 2.056(2) (x2) 2.084(2) (x2) 2.104(1) (x2) 2.063(1) (x2) 2.064(2)
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Fig. 9. d-d electronic transitions of Ni(II) in an octahedral site from Ni,V,P,_,0; compositions.

CIEL a" b’ colour parameters and observed colour in Ni3V,P,_,Og (0 < x < 3) and Ni,VyP,_,07 (0 <y < 2) fired compositions.

T (°C) X,y NisV,P,_40g L'/a’/b" (Observed colour) Ni,VyP, O, L'/a’[b" (Observed colour)
300 0.00 68.58/7.91/21.84 (beige) 72.04/6.99/27.05 (beige)

300 0.50 64.92/5.74/22.92 (beige) 66.29/8.64/29.56 (beige)

300 1.00 40.51/2.81/11.31 (brown) 62.47/12.01/31.19 (greenish brown)
300 1.50 48.23/2.57/11.23 (brown) 55.61/8.96/24.55 (greenish brown)
300 2.00 47.09/2.33/10.87 (brown) 58.80/8.17/28.51 (greenish brown)
600 0.00 70.18/7.81/19.21 (dark brown) 83.13/3.48/31.65 (yellow pale)
600 0.50 64.89/5.24/22.44 (dark brown) 73.83/6.32/30.61 (yellow-beige)
600 1.00 66.28/3.57/31.69 (orange) 67.49/1.74/23.91 (green)

600 1.50 65.80/3.27/34.54 (yellow) 75.04/2.25/39.60 (yellow)

600 2.00 66.95/1.19/36.40 (light yellow) 76.44/4.03/47.81 (yellow)

800 0.00 68.58/7.91/21.84 (light yellow) 89.10/2.02/29.02 (yellow)

800 0.50 64.92/5.74/22.92 (yellow) 64.65/13.89/36.05 (beige-orange)
800 1.00 40.51/2.81/11.31 (yellow) 59.90/7.95/25.36 (beige)

800 1.50 48.23/2.57/11.23 (yellow) 71.12/9.57/45.24 (yellow)

800 2.00 47.09/2.33/10.87 (beige) 73.71/9.98/51.45 (yellow)

1000 0.00 87.78/-1.54/35.21 (yellow pale) 87.32/3.85/38.46 (bright yellow)
1000 0.50 81.63/0.79/56.01 (yellow) 59.66/11.46/27.07 (reddish beige)
1000 1.00 72.90/5.98/49.66 (yellow brown) 58.50/7.38/23.41 (greenish beige)
1000 1.50 64.97/7.28/38.75 (tan brown) 59.59/6.67/23.64 (greenish brown)
1000 2.00 60.86/7.22/29.15 (tan brown) 59.79/5.21/24.78 (brown)

1200 0.00 82.49/0.69/47.31 (lemon yellow) 80.14/9.52/46.06 (bright yellow)
1200 0.50 71.24/5.55/40.05 (mustard yellow) 56.26/5.26/19.43 (brown)

1200 1.00 63.73/6.28/29.70 (beige) 61.49/4.09/27.12 (greenish brown)
1200 1.50 59.62/6.79/26.54 (tan brown) 62.24/4.80/29.47 (greenish)

1200 2.00 54.77/4.89/14.08 (tan brown) 57.62/3.04/19.69 (greenish)
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Table 10
CIEL" a" b’ colour parameters in NizVyP, xOg (0 < x < 3) and Ni;VyP,.,0; (0 <y < 2)
compositions fired at 1000 °C from glazed tiles.

X,y NisVyP,_40g L/a’[b’ NiVyP, ,O;7 L'/a’/b’

0.00 46.51/8.76/22.46 49.63/12.74/28.87

0.50 41.81/6.21/13.34 50.02/7.67/23.05

1.00 38.63/5.89/11.52 43.55/6.39/16.04

1.50 37.27/4.02/8.01 40.99/6.31/14.89

2.00 37.55/2.92/6.12 54.43/5.39/14.11
Conclusions

Structural characterization of precipitates with Ni3VyP>_4Og
(0 <x<2) and Ni;VyP,_y07 (0 <y <2) compositions were per-
formed and the results are presented. The presence of liquid phase
during the thermic treatment of the prepared compositions
explains the development of crystalline phases in them. Mixtures
of Ni3P,0g and Ni3V,0g are present when 0<x<2 at 1000 and
1200 °C. The decreasing of unit cell parameters when x decrease
(increasing the amount of phosphorus) is in accordance with the
replacement of V(V) ion by the smaller P(V) ion in Ni3V,0g struc-
ture. The slight variations of the standard unit cell parameters in
NisP,0g structure indicate that only small amounts of V(V) ions
are incorporated in this structure. The variation of the unit cell vol-
ume allows to establish the limits of formation of solid solutions
with NisP,0g structure about x = 0.75 and with NisV,0g structure
about x=1.25 at 1000 and 1200 °C/1 h. The Ni(Il) diphosphate
and Ni(Il) divanadate solid solutions are obtained but they are
not stables when temperature increases.

The different ratio of the crystalline phases modifies the col-
oration of the studied samples. The strong absorbance in 350-
550 nm wavelength range is the most important component in
the coloration of samples, just as in the tan colour of Ni3V,0s.
The Ni-O charge transfer band, the V-O charge transfer and the
third d-d electronic transition of Ni(Il) in an octahedral site are
included in these strong absorbance.

Colour of materials is not lost when they are enamelled with a
commercial glaze onto commercial ceramic biscuits. These new
materials are suitable to be used as a ceramic pigment.
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