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Abstract
The structural characterization of  Ni3−xCuxP2O8 (0.0 ≤ x ≤ 3.0) compositions was performed and the colour parameters of 
these materials measured. Solid solutions with  Ni3P2O8,  Ni2CuP2O8 and  Cu3P2O8 structures were obtained and the com-
positional range in which they are formed was established. Structural distortion was detected in these solid solutions 
when x increases from the variation in the unit cell parameters and that of the interatomic distances. Solid solutions with 
 Ni3P2O8 structure are stable at 1200 °C and may be used as ceramic pigments. Changes in the colour of these materials 
were related to the structural changes. Yellow materials are obtained from  Ni3−xCuxP2O8 solid solutions with a  Ni3P2O8 
or  Ni2CuP2O8 structure and a gradual change from yellow to brown is obtained with the introduction of Cu(II) in the 
 Ni3P2O8 structure, 0.0 ≤ x ≤ 0.7 at 1200 °C.
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1 Introduction

Metal phosphates can be used to prepare cathode and 
anode materials, magnetically ordered at low temperature 
materials and pigments [1–4]. d–d electronic transitions 
within transition metal ions give rise to many colours. The 
absence of a charge transfer band in the visible wave-
length range explains the pale blue or weak greenish-
blue colourations in  Cu2P2O7 and  Cu3P2O8 compounds. 
Strong absorbance due to charge transfers is the most 
important component in the colouration of some materi-
als [4–6]. The Ni(II) orthophosphate structure is stable with 
temperature and in a commercial glaze and can be used 
as a yellow ceramic pigment in industry [4]. The  Ni3P2O8 

compound melts at 1350 °C. Yellow colouration can be also 
stable in some commercial glazes or can change to beige 
in others commercial glazes. Dopant cations and changes 
in the structure of the compounds modify their physical 
properties. Phosphates have a high capacity to form solid 
solutions. For example,  Mg0.5Cu1.5VxP2−xO7 (0 < x ≤ 2) solid 
solutions fired at 600 °C can be used in the preparation 
of yellow–orange–red paint pigments. The colour of the 
materials darkens with increasing temperature [6].

Information about  Ni3P2O8,  CuNi2P2O8 and  Cu3P2O8 
compounds can be found in the bibliography but infor-
mation about solid solutions between  Ni3P2O8—Cu3P2O8 
compositions cannot be found. At 900 °C, mixtures of 
the  Cu3P2O8 and  CuNi2P2O8 or  Ni3P2O8 and  CuNi2P2O8 
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crystalline phases are obtained from  Cu3−xNixP2O8 compo-
sitions when the content in Cu(II) or Ni(II) is high [7]. Infor-
mation about the stability of these compounds and mix-
tures of compounds with the temperature is not included.

Ni3P2O8 crystallizes in the monoclinic system with space 
group P 1  21/c 1, a = 5.830(2) Å, b = 4.700(2) Å, c = 10.107(4) 
Å, β = 91.22(2)° and Z = 2 [8]. In the  Ni3P2O8 crystal structure 
the Ni(II) ions are octahedrally coordinated at two types of 
sites: a special site (2a) and a general site (4e), with average 
Ni–O bond lengths of 2.081(2) Å and 2.067(2) Å. Groups of 
three octahedra  (Ni3O14 edge-sharing octahedra) are inter-
connected with tetrahedra  PO4. The phosphorus atoms 
occupy only one crystallographic site (4e). The mean P–O 
bond length is 1.547(2) Å, although the tetrahedron shows 
some unusually large distortions with bond lengths rang-
ing from 1.521(2) to 1.595(2) Å. Four different sites are 
occupied by oxygen atoms (four 4e general positions) in 
this structure. Figure 1 shows the  Ni3P2O8 structure from 
ICSD-153159 data [9]. The structure was drawn with the 
Studio program [10–12]. Yellow lines have been drawn 
between the oxygen atoms in a group of three octahedra 
and all the atoms in this trimer have been labelled. This 
compound exhibits three-dimensional antiferromagnetic 

couplings with a Neel temperature of 17.1 K and it is mag-
netically ordered at 1.5 K. It is an antiferromagnetic phase 
with the presence of ferromagnetic couplings in the trimer 
units [3].

The only Ni(II) and Cu(II) orthophosphate structure 
described to date corresponds to the 2:1:2:8 stoichiom-
etry.  Ni2CuP2O8 crystallizes in the monoclinic P21/n space 
group, with cell parameters a = 6.393(1) Å, b = 9.325(1) Å, 
and c = 4.718(1) Å; β = 90.71(1); V = 281.24 Å3; and Z = 2 
[9], standard cell 4.7180, 9.3250, 7.8983, 90.000, 125.967, 
90.000 (space group P 1  21/c 1). The Cu(II) ions are in  CuO4 
planar square coordination (Cu1 at a special site (2a)) with 
an average Cu–O bond length of 1.990(2) Å. The Ni(II) 
ions are in square-planar pyramid coordination (Ni1 at 
a general site (4e)) with an average Ni–O bond length of 
2.031(2) Å. Each two square-planar pyramids have two 
common oxygen atoms  (Ni2O8 dimers) and are linked 
to  CuO4 planar squares by one oxygen atom. The  Ni2O8 
dimers and  CuO4 planar squares form chains connected 
with tetrahedra  PO4. The phosphorus atoms occupy only 
one crystallographic site (4e). The mean P-O bond length 
being 1.538(2) Å with bond lengths ranging from 1.5055(2) 
Å to 1.5552(2) Å. Four different sites (four general positions 

Fig. 1  The crystal structure of  Ni3P2O8 with the labelled atoms for a Ni2-Ni1-Ni2 trimer. Axes: a, in red; b, in green; and c, in blue
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(4e)) are occupied by oxygen atoms in this structure. Fig-
ure 2 shows the crystal structure of  Ni2CuP2O8 with the 
labelled atoms for a planar square centred around Cu and 
a  Ni2O8 dimer obtained from ICSD-245202 data [9]. The 
structure was drawn with the Studio program [10–12]. Yel-
low lines have been drawn between the oxygen atoms in a 
part of the -CuO4-Ni2O8-CuO4-Ni2O8- chain. The heterome-
tallic phosphate  Ni2CuP2O8 was obtained from the thermal 
treatment of the Cu(II) intercalated compound [13]. The 
 Ni2CuP2O8 phosphate has also been synthesized via the 
ceramic method at 800 °C in air [14]. This compound exhib-
its three-dimensional antiferromagnetic couplings with a 
Neel temperature of 29.8 K and it is magnetically ordered 
at 2.0 K temperature. It is an antiferromagnetic phase with 
the presence of ferromagnetic couplings inside the  Ni2O8 
dimers [13, 14].

Cu3P2O8 crystallizes in the triclinic system with space 
group P − 1, a = 4.8537(7) Å, b = 5.2855(6) Å, c = 6.1821(8) Å, 
α = 72.35(1)°, β = 86.99(1)°, γ = 68.54(1)º and Z = 1 [15]. The 
Cu(II) ions are in planar squares coordination (Cu1 in  CuO4) 
and square-planar pyramids coordination (Cu2 in  CuO5) at 
two types of sites: a special site (1a) and a general site (2i), 
with average Cu–O bond lengths of 1.949(2) and 2.030(2) 
Å. Each two square-planar pyramids have two common 
oxygen atoms  (Cu2O8 dimers) and are linked to  CuO4 pla-
nar squares by one oxygen atom. Copper-oxygen layers 
are formed by zig-zag chains (–CuO4–CuO5–CuO5–CuO4–) 
which form four- and six-membered rings, the chains 

being aligned parallel to the [101] direction [15]. Only one 
crystallographic site is occupied by phosphorus atoms (2i), 
which are tetrahedrally coordinated with oxygen atoms. 
The mean P-O bond length is 1.540(2) Å, with bond lengths 
ranging from 1.510(2) to 1.572(2) Å (the tetrahedron dis-
tortions in  Cu3P2O8 are smaller than in  Ni3P2O8). Four dif-
ferent sites (four general positions (2i)) are occupied by 
oxygen atoms in the  Cu3P2O8 structure [9]. Figure 3 shows 
the crystal structure of  Cu3P2O8 with the labelled atoms for 
a planar square centred around Cu1  (CuO4) and a  Cu2O8 
dimer obtained from ICSD-68811 data [9]. The structure 
was drawn with the Studio program [10–12]. Yellow lines 
have been drawn between the oxygen atoms in a part of 
the –CuO4–Cu2O8–CuO4–Cu2O8– chain (repeating group). 
This compound orders antiferromagnetically at TN = 22 K 
[16].

Ni (II) ions are octahedrally coordinated in the  Ni3P2O8 
structure and in square-planar pyramidal coordination 
in the  Ni2CuP2O8 structure while Cu (II) ions are in planar 
square coordination in  Ni2CuP2O8 and  Cu3P2O8 structures 
and in square-planar pyramidal coordination in the struc-
ture  Cu3P2O8. Therefore, the coordination of square-planar 
pyramids can be occupied by Ni (II) and Cu (II) ions and 
these ions could be substituted in the formation of pos-
sible solid solutions.

The aim of this study was to investigate the possible 
formation of  Ni3−xCuxP2O8 (0.0 ≤ x ≤ 3.0) solid solutions 
with  Ni3P2O8,  Ni2CuP2O8 and  Cu3P2O8 structures so as to 

Fig. 2  The crystal structure of  Ni2CuP2O8 with the labelled atoms for a group repeating on the –CuO4–Ni2O8–CuO4–Ni2O8– chains. Axes: a, in 
red; b, in green; and c, in blue
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establish the compositional limits they present and moni-
tor the evolution of the colour of these materials with com-
position and temperature for the purpose of obtaining 
materials with different shades of yellow or brown that 
may be used as ceramic pigments.

2  Experimental

Ni(NO3)2·6H2O (Acros Organic, 99%), Cu(NO3)2·2.5  H2O 
(Sigma-Aldrich, 98%) and  H3PO4 (Merck, 99%) were used 
to synthesize  Ni3−xCuxP2O8 (0.0 ≤ x ≤ 3.0) compositions via 
the chemical co-precipitation method. The stoichiometric 
amount of Ni(NO3)2·6H2O, Cu(NO3)2·2.5  H2O and a 0.5 M 
solution of  H3PO4 in water were added to water to obtain 
a final volume of 200 mL. Samples were vigorously stirred 
for 12 h at room temperature and then an ammonia aque-
ous solution (Panreac, 25%) was added until reaching pH 
10. The materials co-precipitated were dried using IR-
irradiation until to obtain the 100% in solid materials. The 
Ni:Cu:P molar ratio of the starting materials is preserved. 
Only water is evacuated with drying. The dry samples were 
fired at 300, 600, 800, 1000 and 1200 °C for 6 h at each 
temperature.

To study the development of the crystalline phases 
at different temperatures, the resulting materials were 
examined using a Panalytical X-ray diffractometer with 

 CuKα radiation. Diffraction patterns ranging between 6 
and  110o (2θ) were collected employing monochromatic 
 CuKα radiation, a step size of 0.02o (2θ) and a sampling 
time of 10 s. Fullprof.2 k computer program based on the 
Rietveld method [10–12] was used to refine the struc-
tures by adjusting the diffraction profile. The unit cell 
parameters and interatomic distances in the developed 
structures were obtained to investigate the possible 
formation of solid solutions under these synthesis con-
ditions. The initial structural information was obtained 
from the Inorganic Crystal Structure Database [9]. This 
database includes standard cell [17], standard space 
group, fractional atomic coordinates and other informa-
tion on crystalline phases found in the literature.

The Ni(II) and Cu(II) sites and the transfer charge 
bands in the materials were studied by UV–Vis-NIR 
spectroscopy (diffuse reflectance). A Jasco V-670 spec-
trophotometer was used to obtain the ultraviolet visible 
near infrared (UV–Vis-NIR) spectra in the 200 to 2500 nm 
range.

The CIEL*a*b* colour parameters on the fired compo-
sitions were obtained with an X-Rite spectrophotometer 
(SP60, standard illuminant D65, an observer 10°, and a 
reference sample of MgO). L* is the lightness axis (black 
(0) → white (100)), a* is the green (−) → red ( +) axis, and 
b* is the blue (−) → yellow ( +) axis [18].

Fig. 3  The crystal structure of  Cu3P2O8 with the labelled atoms for a planar square  (CuO4) and a  Cu2O8 dimer, repeating group on the zig-zag 
chains. Axes: a, in red; b, in green; and c, in blue
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3  Results and discussion

Table 1 shows the evolution of the crystalline phases 
with composition and temperature in the  Ni3−xCuxP2O8 
(0.0 ≤ x ≤ 3.0) samples. At 600 °C, the  Ni3P2O8 composi-
tion is not crystalline under the synthesis conditions 
employed in this study. The  Ni3P2O8 crystalline phase 
can be detected with a weak or medium diffraction 
intensity when 0.5 ≤ x ≤ 2.5 at this temperature. At tem-
peratures above 600 °C, the  Ni3P2O8 crystalline phase is 
developed only when x ≤ 1.0. At 600 °C, the  Ni2CuP2O8 
phase can be detected when 1.5 ≤ x ≤ 2.5. At tempera-
tures above 600 °C, this phase is detected in all com-
positions including Ni(II) and Cu(II), 0.5 ≤ x ≤ 2.5, and it 
is the only crystalline phase when 1.5 ≤ x ≤ 2.0 at 800 °C 
and when x = 0.20 at 1000 °C. The  Cu3P2O8 crystalline 
phase can be detected with medium and strong dif-
fraction intensities in compositions when 1.5 ≤ x ≤ 3.0 
at 600 °C. At temperatures above 600 °C, the  Cu3P2O8 
crystalline phase is detected when x ≥ 2.5. At 1200 °C, 
x ≥ 1.5 compositions melt and the diffraction intensities 
show strong preferred orientations. When 1.5 ≤ x ≤ 2.0, a 
crystalline phase  M3P2O8 (M = Ni, Cu) with Z = 4 and S.G. 
P − 1 (structure type “triclinic  Mg3P2O8” (ICSD-84710)), 
develops at 1200 °C under the experimental conditions 
employed in this study. The coordination number of M is 
4, 5 and 6 in this last structure. The evolution of the crys-
talline phases with temperature from x = 1.0 composition 
 (Ni2CuP2O8) is shown in Fig. 4.

Table 2 shows the unit cell parameters in the  Ni3P2O8 
structure obtained from  Ni3−xCuxP2O8 (0.0 ≤ x ≤ 1.0) fired 
compositions, while the values at 800, 1000 and 1200 °C 
are represented in Fig. 5. The slight increase in the a unit 
cell parameter of the  Ni3P2O8 structure with increasing 
x is in accordance with the partial substitution of Ni(II) 
by Cu(II), as the radius of Cu(II) is slightly larger than 
that of Ni(II). No significant variation in the b unit cell 

parameter is observed and the decrease in the c unit 
cell parameter is not according with the ionic radius. 
These inverse variations of the a and c parameters can 
be attributed to the deformation of the  Ni3P2O8 struc-
ture when Cu(II) is incorporated and the increase in the 
unit cell volume is very slight (Table 3). This structure 
is not compact throughout its volume; it includes less 
dense areas that allow this deformation. From Fig. 5, the 
x = 0.7 composition can be established as the composi-
tion with the maximal distortion in the  Ni3P2O8 structure 
and this composition is seen to be the limit composition 
in the formation of solid solutions with this structure. 
At 800–1200 °C,  Ni3−xCuxP2O8 solid solutions are formed 
when x ≤ 0.7.

The inverse variation in the a and b parameters in the 
 Ni2CuP2O8 structure were obtained from the  Ni3−xCuxP2O8 
(1.5 ≤ x ≤ 2.5) compositions fired at 800 and 1000  °C 
(Table 4 and Fig. 6). As the radius of Cu(II) is slightly larger 
than that of Ni(II), the increase in the a unit cell param-
eter is in accordance with the partial substitution of Ni(II) 
by Cu(II), but the decrease in b cannot be explained by 
the radius values. The aforementioned increase can be 
explained by the deformation of the  Ni2CuP2O8 struc-
ture when Cu(II) is incorporated, forming solid solutions. 
Hence, the increase in the unit cell volume is very slight 
(Table 3). The variation in the c parameter is the smallest 
and the β angle increases with x. A composition limit with 
x cannot be established from Fig. 6. The variation in the 
unit cell parameters is more evident when x ≥ 1.0 and the 
 Ni3−xCuxP2O8 solid solutions with a  Ni2CuP2O8 structure 
may well have been formed when 1.0 ≤ x ≤ 2.5 at 800 and 
1000 °C.

In the  Cu3P2O8 structure, structural deformation was 
obtained with decreasing x (Table 5). A slight decrease in 
the a and b unit cell parameters of the  Cu3P2O8 structure 
with decreasing x is in accordance with the partial sub-
stitution of Cu(II) by Ni(II), as the radius of Ni(II) is slightly 
smaller than that of Cu(II). The slight increase in the c unit 

Table 1  Evolution of crystalline 
phases with temperature in 
 Ni3-xCuxP2O8 compositions 
(XRD patterns of the samples 
are included in the supporting 
information)

Crystalline phases: N =  Ni3P2O8 (monoclinic, P 1  21/c 1), C =  Ni2CuP2O8 (monoclinic, P 1  21/c 1), 
P =  Cu3P2O8 (Z = 1, triclinic, P -1), A = α-Cu2P2O7 (monoclinic, C 1 2/c 1), B = β-Cu2P2O7 (monoclinic,  
C 1 2/m 1), X =  M3P2O8 (M = Cu, Ni; Z = 4; triclinic, P -1; “Mg3P2O8-triclinic”)

Diffraction peak intensity: s = strong, m = medium, w = weak, vw = very weak

x 600 °C 800 °C 1000 °C 1200 °C

0.0 –- N(s) N(s) N(s)
0.5 N(vw) N(s), C(m) N(s), C(vw) N(s), C(vw)
1.0 N(w) C(s), NP(m) C(s), N(w) N(s), C(vw),
1.5 N(m), P(m), A(m), C(w) C(s) C(s), CP(vw) X(s)
2.0 P(s), C(m), A(w), N(w), B(vw) C(s) C(s) X(s), C(w)
2.5 P(s), C(m), A(vw), B(vw), N(vw) P(s), C(m) P(s), C(m) C(s), P(m)
3.0 P(s), A(m), B(vw) P(s) P(s) P(s)
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Fig. 4  Crystalline phases 
obtained from the  Ni2CuP2O8 
composition (x = 1.0). 
N =  Ni3P2O8, C =  Ni2CuP2O8
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cell parameter is not in accordance with the ionic radius. 
At 600 °C, a tendency for the volume of this structure to 
decrease with x can be detected in the 3.0 ≥ x ≥ 1.5 compo-
sitional range (Table 3). At T > 600 °C, the  Cu3P2O8 structure 
is developed in the compositions with x ≥ 2.5.

Figure 7 shows the variation in the M–O and P–O dis-
tances in the  Ni3P2O8 structure. This variation is in accord-
ance with the variation in the unit cell parameters (Fig. 5). 

The increase in the M2–O3b and M2-O4b distances with 
increasing amounts of Cu(II) ions (0 ≤ x ≤ 0.7) lengthens 
the a unit cell parameter because the Ni2–O4b direction 
is near to that of the a axis. The Ni1–O and Ni2–O distances 
and the position of the labelled atoms for a Ni2–Ni1–Ni2 
trimer are shown in Fig. 1. The O1–M2–O2 direction is 
parallel to the c axis and the decrease in the M2–O1 and 
M2–O2 distances shortens the c unit cell parameter 
with increasing x. The O4b–M1–O4b direction is near to 
the direction of the c axis and the slight decrease in the 
M1–O4b distance contributes to the decrease in the c unit 
cell parameter. An increase in the covalent component in 
the M1–O4b bonds in the c direction might explain this 
variation, which is not in accordance with the variation in 
the ionic radius. The longest M2–O4a distance (the O4a 
oxygen atoms are bonded to two trimers) does not vary 
with x. The variation in the obtained distances could be 
explained by the tendency to square plane coordination 
of Cu(II), a plane of the octahedron with smaller distances 
and the other two oxygen atoms situated at a longer dis-
tance. The  Ni2CuP2O8 and  Cu3P2O8 structures with Cu(II) 
in square plane coordination are obtained when x ≥ 1.0 at 
1000 °C (Table 1). No significant change in the three similar 
P–O distances around 1.54 Å and a slight increase in the 
four distances around 1.60 Å are detected at 1000 °C.

Table 2  Variation in unit cell parameters in the  Ni3P2O8 structure 
obtained from  Ni3-xCuxP2O8 fired compositions

T (°C) x a (Å) b (Å) c (Å) β (°)

600 1.0 5.87 (6) 4.70 (5) 10.06 (11) 91.2 (8)
600 1.5 5.8699 (5) 4.6979 (4) 10.0505 (8) 90.973 (6)
800 0.0 5.82696 (8) 4.69654 (8) 10.1053 (1) 91.1244 (9)
800 0.5 5.84946 (9) 4.69672 (9) 10.0880 (2) 91.073 (1)
800 1.0 5.8513 (2) 4.6960 (2) 10.089 (4) 91.043 (3)
1000 0.0 5.82673 (5) 4.69607 (4) 10.10529 (8) 91.1320 (5)
1000 0.5 5.86013 (6) 4.69620 (6) 10.0776 (1) 91.0473 (8)
1000 1.0 5.8575 (1) 4.6964 (1) 10.0815 (2) 91.0472 (9)
1200 0.0 5.82625 (5) 4.69474 (4) 10.10279 (8) 91.1272 (6)
1200 0.5 5.8485 (1) 4.6953 (1) 10.0832 (2) 91.088 (1)
1200 1.0 5.8472 (1) 4.6955 (1) 10.0844 (2) 91.109 (2)
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Fig. 5  Variation in unit cell parameters in the  Ni3P2O8 structure obtained from  Ni3−xCuxP2O8 compositions fired at 800, 1000 and 1200 °C
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From the variation in the M(II)–O bond lengths (M = Ni, 
Cu) with x in the  Ni2CuP2O8 structure at 1000 °C (Fig. 8), 
a decrease in most of the bonds and an increase in the 
M1-O4 and M2-O3 (M1 = Cu, M2 = Cu, Ni) distances 
can be observed. These last bonds are aligned in the 

direction of the a axis (Fig. 2) and their increase with 
increasing amounts of Cu(II) ions (1.0 ≤ x ≤ 2.5) length-
ens the a unit cell parameter (Fig. 6). This increase is in 
accordance with the partial substitution of the Ni(II) ion 
by the slightly larger Cu(II) ion. All the other M–O dis-
tances decrease when x increases. This decrease causes 
a decrease in the b unit cell parameter and may be due 
to the increased covalent character of the bond when 
the increasing amount of Cu(II) ions in the compositions 
is replaced by Ni(II) ions. Deformation of the tetrahedra 
around the P atoms is detected in this structure with 
increasing x. The P–O3 distance (O3 is coordinated to P 
and M2) decreases and the P-O1 distance (O1 is coordi-
nated to P, Cu1 and M2) increases with x.

The presence of Ni(II) in the  Cu3P2O8 structure 
decreases the M2–O2 and M1–O3 distances (M2–O2 
is considerably longer than the other distances) and 
increase the other distances with decreasing x (there is 
Ni(II) in the compositions). It is in accordance with the 
decrease in the a and b parameters and the increase 
in the c unit cell parameter when x decreases (Table 5 
and Fig. 3). This phase is only developed when x ≥ 2.5 
at T > 600 °C. The presence of Ni(II) weakens most of the 
bonds while strengthening the longest bond. Hence, 
distortion occurs with the formation of solid solutions 
in the three structures to accommodate the cations.

Figure  9 shows the UV–V spectra obtained from 
the  Ni3P2O8 and  Cu3P2O8 compositions (raw mate-
rial and fired composition). Three absorption bands 
assigned to  Ni2+ at an octahedral site are detected from 
 Ni3P2O8 fired at T ≥ 800 ºC. Maximum values of these 
bands are observed around 1300  nm (3A2g → 3T2g(F), 
first transition), 800 nm (3A2g → 3T1g(F), second transi-
tion) and 450 nm (3A2g → 3T1g(P), third transition). The 
[200–650] wavelength range includes the absorption 
band associated with the third d-d transition and the 
charge transfer band of Ni(II)–O. The three spin-allowed 
transitions of  Ni2+ at an octahedral site generally fall 
within the 1400–800, 900–500 and 550–370 nm ranges, 
respectively, in octahedral systems [19]. The broad 
band observed in  Cu3P2O8 fired at T ≥ 800 ºC within the 
550–1900 nm wavelength range with the absorption 
maximum at 800–900 nm is assigned to the d-d transi-
tion of the  Cu2+ ion  (d9). A d–d transition is allowed from 
the Cu(II) ion. At 1200 °C, the charge transfer band of 
Cu(II)–O is observed around 400 nm. The high asymme-
try observed in all the bands is due to the difference in 
Ni–O (between 1.982 and 2.181 Å) and Cu–O distances 
(between 1.924 and 2.259 Å) in the  Ni3P2O8 and  Cu3P2O8 
structures (ICSD-153159 and ICSD-1143 [5]). Structural 
distortion due to the Jahn–Teller effect also contributes 
to the asymmetry in the observed bands obtained from 
the  Cu3P2O8 composition.

Table 3  Variation in unit cell volume in  Ni3P2O8,  Ni2CuP2O8 and 
 Cu3P2O8 structures obtained from  Ni3-xCuxP2O8 fired compositions

T (°C) x Ni3P2O8
V (Å3)

Ni2CuP2O8
V (Å3)

Cu3P2O8
V (Å3)

600 1.5 277.12 (4) – 134.68 (3)
600 2.0 – – 135.23 (2)
600 2.5 – – 140.56 (1)
600 3.0 – – 140.483 (8)
800 0.0 276.494 (7) – –
800 0.5 277.101 (8) 281.30 (1) –
800 1.0 277.18 (2) 281.425 (8) –
800 1.5 – 281.442 (6) –
800 2.0 – 281.354 (7) –
800 2.5 – 281.30 (1) 140.533(6)
800 3.0 – – 140.484(3)
1000 0.0 276.455 (4) – –
1000 0.5 277.293 (5) 281.30 (1) –
1000 1.0 277.286 (7) 281.425 (8) –
1000 1.5 – 281.442 (6) –
1000 2.0 – 281.354 (7) –
1000 2.5 – 281.30 (1) 140.533 (6)
1000 3.0 – – 140.460 (4)
1200 0.0 276.285 (4) – –
1200 0.5 276.84 (1) 281.10 (3) –
1200 1.0 276.824 (9) 281.0 (1) –
1200 2.5 – 281.37 (1) 140.514 (5)
1200 3.0 – – 140.584 (7)

Table 4  Variation in unit cell parameters in the  Ni2CuP2O8 structure 
(std cell) obtained from  Ni3-xCuxP2O8 fired compositions

T (°C) x a (Å) b (Å) c (Å) β (°)

800 0.5 4.7220 (1) 9.3139 (2) 7.9054 (2) 125.993 (1)
800 1.0 4.71871 (7) 9.3251 (1) 7.9018 (1) 125.9645 (9)
800 1.5 4.72594 (5) 9.3173 (1) 7.90170 (9) 126.0122 (6)
800 2.0 4.75108 (6) 9.2808 (1) 7.9043 (1) 126.1718 (8)
800 2.5 4.7625 (1) 9.2610 (3) 7.9060 (2) 126.227 (2)
1000 0.5 4.7220 (1) 9.3103 (3) 7.9028 (2) 125.986 (2)
1000 1.0 4.71555 (4) 9.32634 (8) 7.90163 (7) 125.9508 (5)
1000 1.5 4.72312 (6) 9.3202 (1) 7.8978 (1) 125.9881 (7)
1000 2.0 4.75043 (5) 9.2816 (1) 7.90365 (8) 126.1770 (5)
1000 2.5 4.75964 (9) 9.2681 (2) 7.9048 (2) 126.229 (1)
1200 0.5 4.7148 (3) 9.3242 (5) 7.9013 (4) 125.975 (4)
1200 2.5 4.75797 (9) 9.2721 (6) 7.9038 (2) 126.201 (2)
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The UV-V spectra obtained from the  Ni3−xCuxP2O8 
(0.0 ≤ x ≤ 3.0) compositions fired at 800, 1000 and 1200 °C 
are shown in the Fig. 10. The three absorption bands 
assigned to  Ni2+ at an octahedral site and the d-d transi-
tion band of the  Cu2+ ion can be observed when x ≤ 2.0 
and x ≥ 2.5, respectively. Slight variations are observed 
with the change in the  Ni2+:Cu2+ ratio. An increase in 
absorbance around 1700 nm can be detected. In the 
 Ni3P2O8 composition, a shoulder in the band assigned 
to the first Ni(II) transition band appears at this wave-
length. The maximum value of this band is not observed 
around 1300 nm in 1.5 ≤ x ≤ 2.0 compositions at 800 °C. 
At this temperature, the variation with composition 

in the inflection point between maximum and mini-
mum absorbance within the 650–1000 nm wavelength 
range (second Ni(II) transition band) can be observed 
in 0.0 ≤ x ≤ 2.0 compositions. The wavelength at these 
inflection points increases with the amount of copper 
in the samples (x). No noticeable changes in the position 
of the Ni(II) third transition with x can be detected. These 
slight changes in spectra with composition are related 
to the variation in the Ni–O and Cu–O distances, which 
involve changes in the relative position of the oxygen 
atoms around M(II) (M = Ni, Cu) with x in the crystalline 
phases detected by XRD. With increasing temperature, 
the increase in absorbance around 1100 nm makes it 
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Table 5  Variation in unit 
cell parameters in the 
 Cu3P2O8 structure obtained 
from  Ni3-xCuxP2O8 fired 
compositions

T (°C) x a (Å) b (Å) c (Å) α (°) β (°) ϒ (°)

800 2.5 4.8479 (1) 5.2788 (1) 6.2056 (2) 72.354 (2) 87.002 (2) 68.533 (2)
800 3.0 4.85561 (7) 5.28732 (8) 6.18340 (9) 72.3845 (8) 87.022 (1) 68.5196 (8)
1000 2.5 4.84291 (6) 5.27645 (6) 6.21425 (7) 72.3152 (8) 86.9769 (9) 68.5502 (7)
1000 3.0 4.85467 (5) 5.28713 (6) 6.18472 (6) 72.3378 (9) 86.994 (1) 68.5310 (8)
1200 2.5 4.84557 (9) 5.2780 (1) 6.2087 (1) 72.327 (1) 86.991 (2) 68.556 (1)
1200 3.0 4.8569 (2) 5.2895 (2) 6.18444 (5) 72.335 (1) 86.985 (2) 68.534 (3)
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Fig. 8  Variation in interatomic 
distances in the  Ni2CuP2O8 
structure obtained from 
 Ni3−xCuxP2O8 compositions 
fired at 1000 °C
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difficult to distinguish the first and second Ni(II) transi-
tion bands. The lower definition of the absorption bands 
at T ≥ 1000 °C modifies the colouration of the samples.

Figure 11 and Table 6 show the observed colour of 
the compositions at 70, 600, 800, 1000 and 1200 °C. The 
yellowish green (x = 0.0), bluish green (x = 0.5) and light 
blue colouration (1.0 ≤ x ≤ 3.0) of the materials at 25 °C 
changes to yellow (0.0 ≤ x ≤ 2.0), pale green (x = 2.5) and 
bluish green (x = 3.0) at 800 °C. The  Ni3P2O8 (0.0 ≤ x ≤ 1.0), 
 Ni2CuP2O8 (0.5 ≤ x ≤ 2.5) and  Cu3P2O8 (2.5 ≤ x ≤ 3.0) 

crystalline phases were detected at this temperature. 
Thus, the main change in colour with increasing Cu(II) 
in the samples is detected together with the presence 
of the  Cu3P2O8 structure at 800 °C. Yellow colouration 
is also obtained in 0.0 ≤ x ≤ 1.0 compositions at 1000 °C. 
Brown colouration in x = 1.5 at 1000 °C (not obtained at 
800 °C) and in x = 1.0 or 2.0 at 1200 or beige colouration 
in x = 0.5 at 1200 °C is associated with the lower defini-
tion of the Ni(II) transition bands and can be related to 
the observed structural distortion when solid solutions 

Fig. 9  UV–vis–NIR spectra of 
 Ni3P2O8 (x = 0.0) and  Cu3P2O8 
(x = 3.0) compounds.  Ni2+ in 
CN = 6: (1) 3A2 → 3T2(F), (2) 
3A2 → 3T1(F), (3) 3A2 → 3T1(P) 
and charge transfer band.  Cu2+ 
in CN = 4 and 5: (4) d-d transi-
tion  (d9 ion), (5) charge transfer 
band
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are formed or to the presence a different crystal struc-
ture. Both circumstances produce changes in the M–O 
(M = Cu, Ni) interatomic distances and the position of 
the bands in the spectra. The formation of solid solu-
tions with presence of a small amount of Cu(II) in  Ni3P2O8 

structure modifies the colour of the material from yellow 
to beige. At 1200 °C, the change from yellow (x = 0.0) 
to beige-brown is obtained when the diffraction inten-
sity of  Ni3P2O8 crystalline phase is strong (Table 1) and 
the  Ni3−xCuxP2O8 (0.0 ≤ x ≤ 0.7) solid solutions with this 

Fig. 10  UV–vis–NIR spectra 
of  Ni3-xCuxP2O8 (0.0 ≤ x ≤ 3.0) 
compositions.  Ni2+ in CN = 6: 
(1) 3A2 → 3T2(F), (2) 3A2 → 3T1(F), 
(3) 3A2 → 3T1(P) and charge 
transfer band.  Cu2+ in CN = 4 
and 5: (4) d-d transition  (d9 
ion), (5) charge transfer band
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structure are stable (Fig.  5). Because of this stability 
at the work temperature in the ceramic industry (the 
 Ni3P2O8 compound melts at 1350 °C), these materials 
may be used as ceramic pigments.

4  Conclusions

Ni3−xCuxP2O8 (0.0 ≤ x ≤ 3.0) compositions were synthesized 
via the chemical co-precipitation method. Structural char-
acterization of these materials and the variation in the unit 
cell parameters with composition in  Ni3P2O8,  Ni2CuP2O8 
and  Cu3P2O8 structures confirm the formation of solid 

solutions in these structures in a partial compositional 
range. Between 800 and 1200 °C,  Ni3−xCuxP2O8 solid solu-
tions with a  Ni3P2O8 structure were formed when x ≤ 0.7. 
 Ni3−xCuxP2O8 solid solutions with the  Ni2CuP2O8 struc-
ture were formed when 1.0 ≤ x ≤ 2.5 at 800 and 1000 °C. 
At T > 600 °C, the  Cu3P2O8 structure is developed in the 
compositions with x ≥ 2.5. The variation in volume with x 
in these structures is slight. The variation in the unit cell 
parameters in the same structure is the opposite because 
of structural distortion with inverse variation in the 
interatomic distances. These structures are not compact 
throughout their volume; they include less dense areas 
that allow their deformation.

Fig. 11  The colour images of all the as-prepared samples (dried and fired  Ni3-xCuxP2O8 0.0 ≤ x ≤ 3.00 compositions)
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A gradual change from yellow to brown is obtained when 
the  Ni3P2O8 crystalline phase is obtained with a strong dif-
fraction intensity (0.0 ≤ x ≤ 1.0) at 1200 °C. These compo-
sitions are yellow at 800 and 1000 °C. Under the condi-
tions employed in this study, the broadest compositional 
range (0.0 ≤ x ≤ 2.0) within which the materials are yellow 
is obtained at 800 °C. At this temperature, yellow materi-
als are obtained from  Ni3−xCuxP2O8 solid solutions with a 
 Ni3P2O8 or  Ni2CuP2O8 structure.  Ni3−xCuxP2O8 (0.0 ≤ x ≤ 0.7) 
yellow–brown solid solutions with  Ni3P2O8 structure are sta-
ble at 1200 °C and may be used as ceramic pigments.
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