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Abstract: In our research, we focused on synthesizing new monophosphate phases, namely Pb3-

2xKxNdx(PO4)2, by varying the parameter x (0.05, 0.10, 0.15, 0.20, 0.25, 0.50, and 0.75). We provided 

a detailed account of the chemical preparation methods and presented the X-ray diffraction (XRD) 

results for these phases. Our main goal was to assess the possibility of substituting elements within 

B3(XO4)2 structures akin to Sr3(PO4)2. This study was prompted by the absence of previous efforts to 

explore substitutions within lead phosphate structures. Consequently, we successfully formulated these 

novel solid solutions, Pb3-2xKxNdx(PO4)2. The phases with x-values of 0.05, 0.10, and 0.15 exhibit the 

structure of β-Pb3(PO4)2, while those with x-values of 0.20, 0.25, 0.50, and 0.75 show a structure similar 

to that of Sr3(PO4)2. The incorporation of K+ and Nd3+ ions in place of Pb2+ resulted in a slight volume 

reduction. This reduction is consistent with the average ionic radii of potassium and neodymium, which 

are marginally smaller than that of lead. 

Keywords: monophosphate; chemical preparation; x-ray diffraction data; substitution; potassium; 

neodymium. 
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1. Introduction 

Previous works [1-4] have shown the existence of ABLn(PO4)2 phosphates in which A 

= K, Rb, Cs, Ba and B =Ca, Sr, H. The structure of these phases, determined on a single crystal 

of KCaNd(PO4)2 [5], is derived from the hexagonal variety of LnPO4 by inserting potassium 

into the large tunnels of the lattice. Calcium and neodymium statistically occupy the lanthanide 

sites. Since thallium (T1+)in oxidation state +1 has an ionic radius close to that of rubidium, we 

have prepared the new phases TlCaLn(PO4)2 where Ln = Nd, Sm, Eu, Gd, Dy, and 

TlCaBi(PO4)2 [6]. 

This substitution could result in a modification of the physical properties due to the fact 

that the Tl+ has a free doublet 6s2. On the other hand, several researchers have explored the 

potential for substituting elements within the B3(XO4)2 structures resembling Sr3(PO4)2. 

Consequently, solid solutions with the formula Sr3-2xNaxLnx(PO4)2 (Ln = Nd, Gd) were 

synthesized, with x varying between 0 and 0.9 for Nd and between 0 and 0.5 for Gd. These 

solid solutions share the same crystal structure as Sr3(PO4)2 [7,8]. A few of these phases display 
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fascinating optical characteristics [9]. Pb3(PO4)2 has two allotropic varieties αPb3(PO4)2 and β 

Pb3(PO4)2. 

 The structure of α Pb3(PO4)2 has an isotype with Sr3(PO4)2. The X-ray diffraction 

reveals that the compound β Pb3(PO4)2 crystallizes in the monoclinic system. The shift from 

the monoclinic form β to the hexagonal form α of Pb3(PO4)2 occurs upon heating to 200°C, and 

this transition is marked by a significant increase in dielectric permittivity. As we are not aware 

of any substitutions within lead phosphate, we have proposed to do so. The introduction of rare 

earth ions into the Pb3(PO4)2 structure can have the potential to yield materials exhibiting 

intriguing optical characteristics [10]. As we know, the lead has ferroelastic properties; the new 

material Pb3-2xKxNdx(PO4)2 could also have interesting ferroelectric properties [11,12], then we 

synthesized these new phases.  

The present work aims to present the synthesis of new phases Pb3-2xKxNdx(PO4)2 with 

x = 0.05,0.10,0.15,0.20,0.25,0.50 and 0.75 and their crystallographic characterization as well 

as the study of the progression of parameters aH and cH, along with the volume VH. 

2. Materials and Methods 

2.1. Starting materials. 

Neodymium oxide Nd2O3 is one of Merck's 99.9% pure products. It is calcined before 

use at 800°C for 12 hours. 

Lead nitrate Pb(NO3)2 is dried in an oven at around 150°C because, above this 

temperature, it oxidizes. 

Potassium carbonate K2CO3 is air-dried at 150°C for 3 days. 

Ammonium monohydrogen monophosphate (NH4)2HPO4 dried in an oven at about 

50°C. 

2.2. Methods of synthesis. 

All syntheses are carried out in the solid phase. The starting materials are mixed in 

stoichiometric ratios, ground, and pelletized at 70-150 Kg/cm2. They are then carried in 

alumina baskets at the desired temperature in electric ovens up to 1200°C [13]. 

The temperature is measured using a Pt-Pt thermocouple. It is automatically regulated 

by Stanton Redcroft PT 13-type devices. 

2.3. Preparatory reaction. 

The new material Pb3-2xKxNdx (PO4)2with different x:0.05, 0.10, 0.15, 0.20, 0.25, 0.50 

and 0.75were prepared by mixing the necessary starting materials Pb(NO3)2, K2CO3, Nd2O3 

and (NH4)2HPO4according to the following chemical reaction: 

 

2(3 − 2x)Pb(N𝑂3) + x𝐾2𝐶𝑂3 + x 𝑁𝑑2𝑂3 + 4(𝑁𝐻4)2HP𝑂4 →  2𝑃𝑏3−2𝑋𝐾𝑋𝑁𝑑𝑋(P𝑂4)2 +

xC𝑂2 + 8N𝐻3 + 6𝐻2O + 4(3 − 2x)𝑁𝑂2 + (3 − 2x)𝑂2 (1) 

His precisely balanced blend is thoroughly homogenized and subjected to calcination 

at 400°C for a duration of 12 hours. Subsequently, it is finely ground again, formed into pellets, 

and subjected to a 4-day treatment at 650°C. 
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2.4. X-ray diffraction crystallography. 

We gathered diffraction data at room temperature using either a Philips "PWW 1700" 

or a device "CGR θ 60" employing the Bragg-Brentano geometry. The experiments utilized 

CuKα radiation (λ = 1.54051 Å) with operating conditions set at 40 Kv and 30 mA [14-23]. 

The experimental 2θ range spanned from 7 to 80° 2θ, employing a step size of 0.01° 2θ, and 

each step had a counting time of 30 s [24,25]. 

3. Results and Discussion 

3.1. Isotype phases of α Pb3(PO4)2. 

The X-ray diffraction powder patterns for the Pb3-2xKxNdx(PO4)2 phases with x values 

of x=0.20, 0.25, 0.50, and 0.75 demonstrate structural similarity to the Sr3(PO4)2 configuration. 

The parameters aH and cH are listed together with the volume VH [26,27] in Table 1. 

Table 1. Parameters aH and cH and volume VH of materials Pb3-2xKxNdx(PO4)2 for x=0.20; x=0.25; x=0.50 et 

x=0.75. 

Value of x Phase (aH ± 0,01)Å (cH ± 0,01)Å (VH ± 2)Å3 

0,20 Pb2,60K0,20Nd0,20(PO4)2 5,51 20,33 534 

0,25 Pb2,50 K0,25Nd0,25PO4)2 5,51 20,35 535 

0,50 Pb2,00K0,50Nd0,50(PO4)2 5,50 20,43 535 

0,75 Pb1,50K0,75Nd0,75(PO4)2 5,47 20,44 530 

It can be seen that the threshold value ofx, referred to asx1, for reaching the solid 

solution is close to 0.75. Beyond this point, particularly when x equals 1, the X-ray diffraction 

powder patterns reveal the presence of the boundary phase Pb1.5K0.75Nd0.75(PO4)2, along with 

the phases K3Nd(PO4)2 and NdPO4.When x exceeds 0.75, the formation of the limit 

composition Pb1.5K0.75Nd0.75(PO4)2 can be conceptualized as follows:  

 

1.5Pb3−2XKXNdX(PO4)2 + 3
4⁄ xCO2 + 6NH3 + 9

2⁄ H2O + 3(3 − 2x)NO2 +

(9
2⁄ − 3

4⁄ x)O2  

 

 

1.5(3 − 2x)Pb(NO3)2 + 3
4⁄ xK2CO3 + 3

4⁄ xNb2O3 + 3(NH4)2HPO4

→ (3 − 2x)Pb1.5XK0.75Nd0.75(PO4)2 + (x − 0.75)K3Nd(PO4)2 + 2(x

− 0.75)NdPO4 

Figure 1 shows the development of the parameters of the parameters aH and cH, as well 

as the volume VH, for the phases Pb3-2xKxNdx(PO4)2 with x-values of 0.20, 0.25, 0.50, and 0.75. 

As x increases, aH experiences a very slight decrease, whereas cH undergoes a more noticeable 

increase. The volume VH shows a subtle decrease overall. 
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Figure 1. The variations in the parameters aH and cH, as well as the volume VH, for the 

solid solutions Pb3-2xKxNdx(PO4)2 with x values of 0.20, 0.25, 0.50, and 0.75. 

 

The change in aH becomes more pronounced as x exceeds 0.50, while the variation in 

cH remains relatively small. This decrease in volume, which is due to the substitution of Pb2+ 

by K+ and Nd3+, aligns well with the values of the ionic radii of these cations. Specifically, the 

average ion radius of K+ and Nd3+ is 1.32 Å, slightly smaller than that of Pb2+ at 1.33 Å. The 

ionic radii are as follows: rK+ = 1.55 Å and rNd3+ = 1.09 Å. 

3.2. Isotype phases of βPb3(PO4)2. 

The solid solutions Pb3-2xKxNdx(PO4)2 for x-values of 0.05, 0.10, and 0.15 were 

successfully indexed in the monoclinic system, and they share structural similarities with β 

Pb3(PO4)2. Table 2 provides the values for various parameters, including am, bm, cm, β, and 

the volume (Vm) of their elementary unit cells. These values are also compared with the 

corresponding parameters for the β Pb3(PO4)2 phase for reference. 

Table 2. Main crystallographic data for the solid solutions Pb3-2xKxNdx(PO4)2 for x = 0.05; 0.10 and 0.15 [28]. 

X Phase (am ± 0,01)Å (bm± ,01)Å (cm ± 0,01)Å (β± 0,01)° (Vm ± 4)Å3 

0 Pb3(PO4)2 13,82 5,69 9,43 102,36 724 

0,05 Pb2,90 K0,05Nd0,05PO4)2 13,82 5,66 9,44 102,54 721 

0,10 Pb2,80K0,10Nd0,10(PO4)2 13,86 5,63 9,47 102,70 722 

0,15 Pb2,70K0,15Nd0,15(PO4)2 13,88 5,56 9,52 102,81 716 

As x increases, there is a slight increment in the values of am, cm, and β, accompanied 

by a decrease in bm. Consequently, the volume experiences a subtle reduction with increasing 

x, consistent with the ionic radii of potassium (K+), neodymium (Nd3+), and lead (Pb2+). This 

structural adjustment results in the phases Pb3-2xKxNdx(PO4)2 for x = 0.05, 0.10, and 0.15 being 

analogous to β Pb3(PO4)2, while those for x = 0.20, 0.25, 0.50, and 0.75 resemble α Pb3(PO4)2. 

Remarkably, the transition from β Pb3(PO4)2 to α Pb3(PO4)2, typically requiring a temperature 

increase to 200°C, becomes achievable by substituting potassium (K+) and neodymium (Nd3+) 

ions for lead (Pb2+) ions, especially starting around x = 0.20. 
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Figures 2, 3, and 4 illustrate the changes in parameters and volume with respect to the 

variable x. 

 
Figure 2. The evolution of the parameters Cm et β of the solid solutionsPb3-2xKxNdx(PO4)2 For x = 0,05; 0,10 

and 0,15 as a function of x. 

 
Figure 3. Volume the evolution of the parameters am et bm of the solid solutionsPb3-2xKxNdx(PO4)2 For x = 

0,05; 0,10 and 0,15 as a function of x. 

 
Figure 4. Volume change (Vm) of the solid solutions Pb3-2xKxNdx(PO4)2 for x-values of 0.05, 0.10, and 0.15 as a 

function of x. 
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The phases of Pb3-2xKxNdx(PO4)2 with x-values of 0.20, 0.25, 0.50, and 0.75 exhibit a 

similar structural type to Sr3(PO4)2, which is confirmed by their X-ray diffraction patterns. 

Conversely, for x-values of 0.05, 0.10, and 0.15, the diffractograms indicate a structural 

similarity to Pb3(PO4)2. 

You can find the indexing details for the X-ray powder diffraction patterns of the new 

phases Pb3-2xKxNdx(PO4)2 with x-values of 0.05, 0.10, 0.15, 0.20, 0.25, 0.50, and 0.75 in Table 

3, Table 4, Table 5, Table 6, Table 7, Table 8 and Table 9. 

Table 3. Indexing of the X-ray diffraction pattern for Pb2,6K0,2Nd0,2(PO4)2. 

100 I/I0 dobs(Å) dcal(Å) 

15 4,65 4,646 

<5 4,317 4,139 

40 3,479 3,479 

100 3,096 3,095 

50 2,758 2,755 

<5 2,484 2,481 

<5 2,374 2,37 

<5 2,328 2,323 

30 2,258 2,259 

10 2,165 2,16 

<5 2,139 2,137 

20 2,06 2,058 

30 1,871 1,87 

<5 1,799 1,796 

15 1,748 1,747 

<5 1,739 1,739 

<5 1,702 1,7 

10 1,649 1,649 

5 1,59 1,59 

Table 4. Indexing of the X-ray diffraction pattern for Pb2,50K0,25Nd0,25(PO4)2. 

100 I/I0 dobs (Å) dcal (Å) 

25 4,649 4,646 

5 4,232 4,32 

50 3,48 3,48 

100 3,097 3,097 

70 2,757 2,755 

5 2,482 2,483 

5 2,37 2,37 

5 2,321 2,323 

40 2,26 2,261 

17 2,161 2,16 

5 2,139 2,138 

35 2,059 2,058 

40 1,872 1,872 

5 1,797 1,796 

25 1,748 1,748 

5 1,738 1,74 

5 1,701 1,7 

15 1,648 1,649 

5 1,592 1,591 

Table 5. Indexing of the X-ray diffraction pattern for Pb2,0K0,5Nd0,5(PO4)2. 

100 I/I0 dobs(Å) dcal (Å) 

20 4,644 4,639 

<5 4,315 4,317 

33 3,485 3,483 

100 3,102 3,101 

70 2,749 2,75 

<5 2,488 2,488 

<5 2,364 2,365 

7 2,32 2,319 

20 2,27 2,27 
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100 I/I0 dobs(Å) dcal (Å) 

15 2,158 2,158 

5 2,139 2,139 

30 2,057 2,057 

25 1,877 1,877 

<5 1,79 1,793 

20 1,75 1,751 

<5 1,746 1,742 

15 1,698 1,698 

8 1,647 1,647 

5 1,587 1,588 

5 1,55 1,551 

Table 6. Indexing of the X-ray diffraction pattern for Pb1,50K0,75Nd0,75(PO4)2. 

100 I/I0 dobs (Å) dcal (Å) 

24 4,605 4,607 

<5 4,294 4,291 

40 3,47 3,47 

100 3,092 3,092 

92 2,732 2,73 

<5 2,484 2,484 

<5 2,347 2,348 

7 2,305 2,303 

20 2,271 2,271 

20 2,148 2,146 

8 2,132 2,13 

36 2,048 2,047 

30 1,877 1,876 

<5 1,784 1,78 

20 1,747 1,746 

10 1,738 1,735 

5 1,688 1,687 

18 1,637 1,637 

10 1,578 1,576 

5 1,547 1,546 

Table 7. Indexing of the X-ray diffraction pattern for Pb2,85K0,05Nd0,05(PO4)2. 

100 I/I0 dobs (Å) dcal (Å) 

20 4,712 4,714 

15 4,608 4,607 

5 4,38 4,386 

<5 4,262 4,26 

10 3,606 3,608 

20 3,519 3,521 

65 3,49 3,493 

40 3,478 3,47 

<5 3,313 3,318 

100 3,117 3,117 

65 3,056 3,056 

25 2,828 2,83 

85 2,752 2,75 

15 2,703 2,705 

5 2,57 2,568 

10 2,48 2,477 

5 2,41 2,411 

5 2,354 2,357 

<5 2,344 2,341 

<5 2,307 2,304 

50 2,25 2,248 

15 2,193 2,193 

10 2,174 2,176 

5 2,141 2,141 

10 2,13 2,13 

30 2,076 2,076 
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Table 8. Indexing of the X-ray diffraction pattern for Pb2,80K0,10Nd0,10(PO4)2. 

100 I/I0 dobs (Å) dcal (Å) 

15 4,7 4,703 

10 4,627 4,62 

<5 4,378 4,374 

<5 4,28 4,277 

<5 3,606 3,607 

15 3,519 3,518 

45 3,49 3,493 

25 3,475 3,475 

<5 3,315 3,316 

100 3,116 3,115 

50 3,069 3,068 

15 2,816 2,815 

55 2,756 2,753 

10 2,691 2,693 

< 5 2,56 2,559 

5 2,402 2,404 

<5 2,35 2,351 

< 5 2,349 2,349 

< 5 2,31 2,309 

70 2,254 2,253 

10 2,189 2,187 

10 2,181 2,18 

10 2,144 2,142 

10 2,139 2,138 

20 2,074 2,074 

Table 9. Indexing of the X-ray diffraction pattern for Pb2,70K0,15Nd0,15(PO4)2. 

100 I/I0 dobs (Å) dcal (Å) 

15 4,669 4,668 

<5 4,64 4,641 

5 4,348 4,346 

<5 4,296 4,298 

< 5 3,601 3,6 

30 3,502 3,503 

50 3,482 3,482 

20 3,475 3,474 

5 3,31 3,31 

100 3,106 3,106 

50 3,081 3,078 

20 2,781 2,78 

50 2,757 2,756 

<5 2,664 2,663 

5 2,539 2,533 

7 2,48 2,484 

<5 2,385 2,385 

<5 2,362 2,362 

<5 2,331 2,334 

5 2,321 2,321 

75 2,256 2,256 

10 2,185 2,185 

7 2,173 2,173 

10 2,148 2,149 

10 2,145 2,143 

20 2,063 2,063 

4. Conclusions 

Our ongoing research has successfully developed innovative solid solutions labeled as 

Pb3-2xKxNdx(PO4)2, with x taking values of 0.05, 0.10, 0.15, 0.20, 0.25, 0.50, and 0.75. These 

compounds were synthesized by substituting 2x moles of Pb2+ ions in Pb3(PO4)2 with x moles 

of K+ and x moles of Nd3+ ions. 
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The resulting Pb3-2xKxNdx(PO4)2 phases exhibit structural similarities to β-Pb3(PO4)2 

for x values of 0.05, 0.10, and 0.15. For x values of 0.20, 0.25, 0.50, and 0.75, the crystal 

structures resemble that of Sr3(PO4)2. This structural transition is associated with a slight 

volume reduction, which is consistent with the smaller ionic radii of potassium and neodymium 

compared to lead. 

In Pb3(PO4)2, the phase transition from monoclinic to rhombohedral occurs at 200°C. 

For the solid solution Pb3-2xKxNdx(PO4)2, the rhombohedral phase is stable at room temperature 

when x equals or exceeds 0.20. It is anticipated that the temperature at which the monoclinic-

to-rhombohedral transition occurs will progressively decrease as the lead substitution level (x) 

increases from 0 to 0.15. Similarly, rhombohedral phases with x values of 0.20 or higher at 

room temperature are expected to become monoclinic at lower temperatures as x increases. 
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