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Abstract The structure of molybdenum substituted Polycrystalline calcium zirconium phosphate

(CZP) was determined on the basis of crystal data of solid solutions. It was found that up to

�5.81 wt.% (�1.74 mol%), molybdenum could be loaded into CZP formulations without signifi-

cant changes of the three-dimensional framework structure. The crystal chemistry of

Ca1�2xZr4M2xP6�2xO24 (M‚Mo, x= 0.1 and 0.3) phases has been investigated using General

Structure Analysis System (GSAS) programming. The Mo substituted CZP phases crystallize in

the space group R-3 and Z= 6. Powder diffraction data have been subjected to Rietveld refinement

to arrive at a satisfactory structural convergence of R-factors. The PO4 stretching and bending

vibrations in the Infra red (IR) region have been assigned. Morphology and compositional analysis

have been carried out by scanning electron microscopy (SEM) and Energy Dispersive X-ray Anal-

ysis (EDAX) of the specimens.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Calcium zirconium phosphates are member of the so-called
orthophosphate group of the NaZr2P3O12 (NZP) family. Their

unique structure and properties stimulated the development of
many derivative materials (Breval et al., 1998; Limaye et al.,
1990, 1987). In recent years these solid solutions are receiving
attention for their potential to be used as (i) ionic conductors
(Goodenough et al., 1976) and (ii) host material for radio-ac-

tive waste immobilization because of their structural flexibility
with respect to isomorphic ionic replacements and high stabil-
ity against leaching reactions (Kumar et al., 2011; Volkov and

Orlova, 1996).
The NZP group is characterized by a flexible framework

structure belonging to the rhombohedral system with a possi-

bility of isomorphic replacements of various groups of ele-
ments (Chourasia et al., 2010; Fukuda and Fukutani, 2003;
Senbhagaraman and Umarji, 1990). Compounds of the NZP
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Figure 1 Powder XRD pattern of Ca1�2xZr4M2xP6�2xO24

(M‚Mo and x = 0.1–0.5) ceramic samples. *Marked peaks are

due to MoZr4P5O24.

Figure 2 (a and b) Rietveld refinement plot for Ca0.4Zr4Mo0.6P5.4O24

and difference (lower) curves. The vertical bars denote Bragg reflectio

Figure 3 (a and b) Probability plot between observed intensity (Io) an
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family (CZP, NASICON and CTP) may be represented
by the general crystal-chemical formula (M1)(M2)3
f½L2ðTO4Þ3�

p�g31. The structure consists of a network of cor-

ner sharing LO6 octahedrons and TO4 tetrahedrons. The struc-
tural unit consists of two octahedrons and three tetrahedrons
f½L2ðTO4Þ3�

p�g, which are connected in the form of ribbons

parallel to the c-axis of the unit cell. These ribbons are linked
together and perpendicular to the c-axis by TO4 tetrahedrons
to build the three-dimensional framework. Molybdenum hav-

ing different valences is reported to occupy either L or T posi-
tions in Calcium zirconium phosphate (CZP) framework
Jazouli et al., 1986; Lii et al., 1989; Shrivastava and Chourasia,
2008; Bennouna et al., 1995. Because Mo(IV) easily oxidizes in

the presence of air, it is difficult to fix Mo(IV) in the L-type
(Zr-site) position of CZP structure, therefore fixing of Mo
atoms in T-type positions would be a favorable study for effec-

tive results. Compounds with NZP skeleton are anisotropic,
changing their dimension in apposite magnitudes when the
counter ion of the skeleton is substituted or thermally affected.
ceramic sample showing observed (+), calculated (continuous line)

ns of the crystalline phases.

d calculated intensity (Ic) for Ca0.4Zr4Mo0.6P5.4O24 ceramic sample.



Table 1 Crystallographic data for Ca1�2xZr4M2xP6�2xO24

(x = 0.1 and 0.3) calcined phases at room temperature.

Parameters Ca0.8Zr4Mo0.2P5.8O24 Ca0.4Zr4Mo0.6P5.4O24

Lattice constants

a= b 8.78964 (15) 8.78308 (24)

c 22.6862 (8) 22.7410 (12)

Rp 0.0788 0.0906

Rwp 0.1046 0.1256

Rexpected 0.0510 0.0499

RF2 0.08603 0.10810

Volume of unit cell 1517.87(5) 1519.27(7)

S (GoF) 4.215 6.372

DWd 0.507 0.328

Unit cell formula

Weight 5886.881 5941.703

DensityX-ray 6.440 gm/cm3 6.494 gm/cm3

Slope 1.7114 1.9365

Structure: rhombohedral, space group: R-3, Z:6, a = b = 90�,
c = 120�.

Rp ¼
P

yiðobsÞ�yiðcalÞP
yiðobsÞ

Rwp

P
wiðyiðobsÞ�yiðcalÞÞ2P

wiðyiðobsÞÞ2

� �2

Re ¼ ðN� PÞ=
P

wiy
2
oi

� �1=2

S= Rwp/Rexp yi(o) and yi(c) are observed and calculated intensities

at profile point i, respectively. wi is a weight for each step i.

N is the no of parameters refined.

Table 2 Refined atomic coordinates of Ca1�2xZr4M2xP6�2x
O24 (x = 0.1 and 0.3) polycrystalline solid solutions at room

temperature.

Atom x y z Occupancy Uiso (Å2)

Ca0.8Zr4Mo0.2P5.8O24

Ca1 0.0 0.0 0.0 0.8 0.10917

Zr1 0.0 0.0 0.14706 1.001 0.33083

Zr2 0.0 0.0 0.64403 1.0 0.04667

Mo3 0.2928 0.0 0.2528 0.035 0.8

P4 0.2928 0.0 0.2528 0.968 0.13042

O1 0.1971 0.0059 0.1961 1.0 0.18589

O2 0.0429 �0.1673 0.6939 1.0 0.09752

O3 0.183 0.1727 0.084 1.0 0.0736

O4 �0.169 �0.2097 0.5906 1.0 0.19139

Ca0.4Zr4Mo0.6P5.4O24

Ca1 0.0 0.0 0.0 0.4 0.01452

Zr1 0.0 0.0 0.14706 1.001 0.2367

Zr2 0.0 0.0 0.64403 1.0 0.04621

Mo3 0.2928 0.0 0.2528 0.035 0.00579

P4 0.2928 0.0 0.2528 0.899 0.35967

O1 0.1971 0.0059 0.1961 1.0 0.19059

O2 0.0429 �0.1673 0.6939 1.0 0.11925

O3 0.183 0.1727 0.084 1.0 0.07004

O4 0.169 �0.2097 0.5906 1.0 0.16641

Table 3 Inter atomic distances (�A
0
) of polycrystalline

Ca1�2xZr4M2xP6�2xO24 (x = 0.1 and 0.3) ceramic phases.

Bond lengths (Å) Ca0.8Zr4Mo0.2P5.8O24 Ca0.4Zr4Mo0.6P5.4O24

Ca1–O3 2.46604 (5)*6 2.46885 (8)*6

Zr1–O1 2.03762 (3)*3 2.03803 (5)*3

Zr1–O2 2.12049 (4)*3 2.12196 (6)*3

P4/Mo3–O1 1.53199 (4) 1.53426 (6)

P4/Mo3–O2 1.51857 (3) 1.52048 (5)

P4/Mo3–O3 1.53942 (3) 1.53829 (4)

P4/Mo3–O4 1.51740 (5) 1.51629 (4)

P4/Mo3–Ca1 3.74369 (6) 3.59426 (9)

Ca1–Zr1 3.33626 (11)*2 3.34430 (17)*2

The values in parentheses denote esd (estimated standard deviation)

values.
* Indicates multiplicity of bonds and bond angles.

Table 4 O–M–O bond angles of polycrystalline

Ca1�2xZr4M2xP6�2xO24 (x = 0.1 and 0.3) ceramic phases.

O–M–O bond angle

(deg.)

Ca0.8Zr4Mo0.2P5.8O24 Ca0.4Zr4Mo0.6P5.4O24

O3–Ca1–O3 66.688 (2)*6 66.546 (3)*6

O3–Ca1–O3 180.0 (0)*3 180.0 (0)*3

O3–Ca1–O3 113.312 (2)*6 113.454 (3)*6

O1–Zr1–O1 93.028 (1)*3 92.915 (2)*3

O1–Zr1–O3 91.099 (2)*3 91.229 (2)*3

O1–Zr1–O3 170.048 (0)*3 170.043 (0)*3

O1–Zr1–O3 95.794 (1)*3 95.914 (2)*3

O3–Zr1–O3 79.470 (2)*3 79.334 (3)*3

O2–Zr2–O2 92.070 (1)*3 91.954 (2)*3

O2–Zr2–O4 89.537 (1)*3 89.655 (2)*3

O2–Zr2–O4 88.846 (1)*3 88.965 (2)*3

O2–Zr2–O4 178.120 (0)*3 178.118 (0)*3

O4–Zr2–O4 89.520 (1)*3 89.399 (2)*3

O1–P4–O2 110.850 (2) 111.016 (3)

O1–P4–O3 107.572 (1) 107.522 (1)

O1–P4–O4 108.516 (0) 108.495 (0)

O2–P4–O3 119.055 (1) 118.971 (2)

O2–P4–O4 110.434 (1) 110.338 (2)

O3–P4–O4 109.273 (0) 108.906 (0)
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This fact is the basis of a series of materials with very low ther-
mal expansion (a � 10�7 �C�1) Mentre et al., 1994; Alamo and

Roy, 1984; Roy et al., 1984; Lenain et al., 1984.
This work is devoted to the synthesis and crystal structure

refinement of Ca1�2xZr4M2xP6�2xO24 (M‚Mo, x = 0.1 and
0.3) ceramic phases. This communication also quantifies the
crystallographic parameters of polycrystalline phases and ana-
lyzes the microstructural changes of Mo substituted CZP pro-

totype compounds having different levels of substitutions on
the T(P) site.
2. Experimental

2.1. Ceramic route synthesis of Ca1�2xZr4M2xP6�2xO24 phases

In the present work the solid solution of Ca1�2xZr4M2x

P6�2xO24 with x = 0.1, 0.2, 0.3, 0.4 and 0.5 compositions

was synthesized by the conventional solid state reaction meth-
od. The stoichiometric quantity of fine dry powders of precur-
sor nitrates/carbonates and ammonium dihydrogen phosphate

was mixed in a mortar-pestle in glycerol medium. The selected
chemical compounds were AR grade CaCO3, (NH4)6Mo7O24Æ
4H2O, ZrO(NO3)2 and (NH4)H2PO4. The glycerol paste was
gradually heated initially at 600 �C for 8 h in a platinum cruci-



Figure 5 (a and b) Scanning electron micrographs and EDAX spec

electron micrographs and EDAX spectrum of Ca0.4Zr4Mo0.6P5.4O24 c

Figure 4 DIAMOND view of crystal structure of Ca0.8Zr4-
Mo0.2P5.8O24 ceramic phase.
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ble. The initial heating is done to decompose CaCO3,
(NH4)6Mo7O24 and (NH4)H2PO4 with the emission of carbon
dioxide gases, ammonia and water vapors.

The powders were then compacted into small disks of
12.5 mm diameter and 2–3 mm of thickness under a load of
four tons. Then pellets were sintered in a platinum crucible

at 1250 �C for 72 h. The process was repeated to get a dense,
polycrystalline material.

2.2. Characterization

The phase purity of the synthesized samples was checked by X-
ray diffraction on a Pan Analytical diffractometer (XPERT-

PRO) using Cu Ka radiation (k = 1.54 ) at a step size of
2h = 0.02� and a fixed counting time of 5 s/step and was re-
fined by the Rietveld method using the General Structure
Analysis System (GSAS) program Agrawal and Stubican,

1985. The GSAS program with the EXPGUI (Larson and
Von Dreele, 2000) graphical user interface was used to carry
out crystal structure determination which allows refinement

of atomic coordinates, site occupancies and atomic displace-
ment parameters as well as profile parameters (lattice con-
stants, peak shape, peak height, instrument parameters and

background).
The homogeneity and chemical compositions of the sam-

ples were checked by Scanning electron microscopy (SEM).
Scanning electron microscopy (SEM) has been carried out

on a HITACHI S-3400n electron microscope system attached
trum of Ca0.8Zr4Mo0.2P5.8O24 ceramic phases. (c and d) Scanning

eramic phases.



Table 5 Distribution of particle size (nm) along with prom-

inent reflecting planes of Ca1�2xZr4M2xP6�2xO24 (x = 0.1 and

0.3) phases.

h k l x= 0.1 x = 0.3

2 0 �4 54.82 44.21

1 1 6 44.21 44.21

2 1 1 97.9 82.83

2 0 8 152.28 124.6

1 1 9 72.13 35.14

2 2 0 97.9 65.26

2 1 �8 62.3 52.17

4 0 �2 80.62 76.14

3 1 8 97.9 85.66

4 0 �8 91.37 152.28

4 1 6 72.13 152.28

3 2 10 114.21 57.10

Table 6 Assignment (cm�1) of IR bands for

Ca1�2xZr4M2xP6�2xO24 (x = 0.1 and 0.3) ceramic samples.

Compound t3 t1 t4 t2

tas (P–O) ta (P–O) d (P–O) (P–O)

Ca0.8Zr4Mo0.2P5.8O24 1010.73

1030.02 904.64 520.80 410.85

1039.67 931.65 563.23 430.14

1172.76 985.66 443.64

1271.13

1288.49

Ca0.4Zr4Mo0.6P5.4O24 1043.52 900.79 505.37 405.41

1051.78 983.79 543.94 410.49

1107.18 999.16 563.23 484.15

1197.83 611.45

644.25

Figure 6 Infrared spectra of Ca1�2xZr4Mo2xP6�2xO24 (a)

x= 0.1 and (b) x = 0.3.
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with Thermonoran ultra dry detector facility for energy disper-
sive X-ray (EDAX) analysis. The images presented are re-

corded in backscattered electron (BSE) mode and electrons
of energy 20 keV were used in all experiments. To confirm
functional compositions of the phosphates, their IR spectra

were recorded using a SHIMADZU FTIR-8400S instrument.
Samples were prepared by finely dispersing powder material
on a KBr carrier.

3. Results and discussion

3.1. Rietveld refinement and crystallographic model of the phases

The powder XRD data showed that monophases of composi-
tion Ca1�2xZr4M2xP6�2xO24 (M‚Mo and x = 0.1 and 0.3)

are isostructural to CaZr4(PO4)6 Toby, 2001 but beyond
x = 0.3, a secondary phase of molybdenum zirconium phos-
phate (marked asterisk) (International Tables for X-ray crys-

tallography, 1984; International tables for X-ray
crystallography, 1983) is evident along with CZP (Fig. 1).
Mo modified CZP crystallizes in the rhombohedral system

(space group R-3). The conditions for the rhombohedral lat-
tice: (i)�h + k+ l= 3n (ii) when h = 0, l = 2n and (iii) when
k= 0, l= 2n have been verified for all reflections of 2h = 10–

90�. The intensity and positions of the diffraction pattern
match with the characteristic pattern of parent compound cal-
cium zirconium phosphate, which gives several prominent
reflections of 2h = 12–61� (Pet’kov et al., 2003). Ca atoms

were assumed to occupy the M1 (6b) site. The occupancy of
Ca(1) was allowed to vary but the total P and Mo contents
were constrained and refined according to their theoretical mo-

lar ratios. The structure refinement leads to rather good agree-
ment between the experimental and calculated XRD pattern
(Fig. 2) and yields acceptable reliability factors: RF2, Rp and

Rwp (Kojitani et al., 2005; Chourasia and Shrivastava,
2011). The normal probably plot for the histogram gives nearly
a linear relationship indicating that the Io and Ic values for the
most part are normally distributed (Fig. 3). The cell parame-

ters of the specimens register a slight increase in the c direction.
Simultaneously, the structure shows a slight contraction along
a direction (Table 1). This is due to angular distortions as a re-

sult of the coupled rotation of ZrO6 and PO4 polyhedrons
(Lenain et al., 1987). Alteration in lattice parameters shows
that the network slightly modifies its dimensions to accommo-

date the cations occupying M1 and T sites without breaking
the bonds. The basic framework of CZP accepts cations of dif-
ferent sizes and oxidation states to form solid solutions but at

the same time retaining the overall geometry unchanged. The
final atomic coordinates and isotropic thermal parameters (Ta-
ble 2), inter-atomic distances (Table 3) and bond angle (Ta-
ble 4) are extracted from the crystal information file

prepared after the final cycle of the refinement. Selected h, k,
l values, d-spacing, and intensity data along with observed
and calculated structure factors have been listed in

Table 7.The refinement leads to acceptable Zr–O, P–O bond
distances. Zr atoms are displaced from the center of the octa-



Table A1 Selected h, k, l values, d-spacing, observed, and intensity of Ca1�2xZr4M2xP6�2x ceramic phases with respect to their h, k, l

values. The reflection selected from the Crystallographic Information Framework (CIF) output of the final cycle of the refinement.

h k l d-Space F2 (Obs.) F2 (Calc.) Intensity (%)

Ca0.8Zr4Mo0.2P5.8O24

1 0 �2 6.32085 1.945 E + 04 1.851 E + 04 18.7278

1 0 �2 6.32085 1.931 E + 04 1.851 E + 04 9.2909

1 0 4 4.54809 6.901 E + 04 6.749 E + 04 59.7960

1 0 4 4.54809 6.669 E + 04 6.749 E + 04 28.8712

1 1 0 4.39488 9.350 E + 04 7.761 E + 04 80.3263

1 1 0 4.39488 9.277 E + 04 7.761 E + 04 39.8276

1 1 3 3.79980 5.777 E + 04 5.658 E + 04 96.1332

1 1 3 3.79980 5.603 E + 04 5.658 E + 04 46.5929

2 0 �4 3.16042 7.932 E + 04 7.639 E + 04 63.7449

2 0 �4 3.16042 7.804 E + 04 7.639 E + 04 31.3425

1 1 6 2.86632 6.328 E + 04 5.908 E + 04 99.9999

1 1 6 2.86632 6.158 E + 04 5.908 E + 04 48.6294

2 1 1 2.85426 9.729 E + 03 9.691 E + 03 15.3614

2 1 1 2.85426 8.407 E + 03 9.691 E + 03 6.6349

2 1 4 2.56587 1.802 E + 04 1.800 E + 04 27.9419

2 1 4 2.56587 1.896 E + 04 1.800 E + 04 14.6934

3 0 0 2.53738 5.668 E + 04 6.178 E + 04 43.8504

3 0 0 2.53738 5.902 E + 04 6.178 E + 04 22.8179

2 0 8 2.27405 9.674 E + 03 1.140 E + 04 7.3366

1 1 9 2.18663 5.081 E + 03 5.146 E + 03 7.6485

2 2 0 2.19744 7.939 E + 03 6.744 E + 03 5.9806

3 0 �6 2.10695 1.253 E + 04 1.156 E + 04 9.3637

2 1 �8 2.01969 2.050 E + 04 2.084 E + 04 30.3546

2 1 �8 2.01969 2.046 E + 04 2.084 E + 04 15.1385

3 1 �4 1.97860 1.197 E + 04 1.198 E + 04 17.6380

3 1 �4 1.97860 1.135 E + 04 1.198 E + 04 8.3593

2 0 �10 1.94876 1.447 E + 04 1.504 E + 04 10.6282

2 0 �10 1.94876 1.468 E + 04 1.504 E + 04 5.3895

2 2 6 1.89990 2.592 E + 04 2.680 E + 04 37.8503

2 2 6 1.89990 2.491 E + 04 2.680 E + 04 18.1782

4 0 �2 1.87681 7.106 E + 03 6.779 E + 03 5.1737

2 1 10 1.78148 2.262 E + 04 2.100 E + 04 32.5016

2 1 10 1.78148 2.183 E + 04 2.100 E + 04 15.6763

3 1 �7 1.76900 3.602 E + 03 4.076 E + 03 5.1666

3 1 8 1.69347 1.068 E + 04 1.149 E + 04 15.1286

3 1 8 1.69347 1.033 E + 04 1.149 E + 04 7.3096

3 2 4 1.66902 1.351 E + 04 1.241 E + 04 19.0574

3 2 4 1.66902 1.268 E + 04 1.241 E + 04 8.9364

4 1 0 1.66111 2.393 E + 04 2.562 E + 04 33.7124

4 1 0 1.66111 2.364 E + 04 2.562 E + 04 16.9398

1 0 �14 1.58498 1.273 E + 04 1.304 E + 04 8.8356

4 0 �8 1.58021 9.607 E + 03 9.506 E + 03 6.6589

3 1 �10 1.54554 1.327 E + 04 1.317 E + 04 18.2586

3 1 �10 1.54554 1.283 E + 04 1.317 E + 04 8.8171

4 1 �6 1.52082 7.335 E + 03 6.465 E + 03 10.0317

4 1 6 1.52082 7.475 E + 03 6.589 E + 03 10.2229

4 1 6 1.52082 7.357 E + 03 6.589 E + 03 5.0262

2 0 14 1.49098 1.642 E + 04 1.691 E + 04 11.1458

2 0 14 1.49098 1.642 E + 04 1.691 E + 04 11.1458

2 0 14 1.49098 1.665 E + 04 1.691 E + 04 5.6440

5 0 �4 1.47038 1.069 E + 04 1.026 E + 04 7.2175

3 3 0 1.46496 1.107 E + 04 1.180 E + 04 7.4581

4 0 10 1.45801 9.974 E + 03 9.508 E + 03 6.7097

2 1 �14 1.41194 8.916 E + 03 8.612 E + 03 11.8337

2 1 �14 1.41194 9.002 E + 03 8.612 E + 03 5.9673

4 2 �4 1.39441 4.686 E + 03 4.545 E + 03 6.1839

3 2 10 1.38384 4.464 E + 03 4.423 E + 03 5.8709

5 1 4 1.32911 9.824 E + 03 8.553 E + 03 12.6645

5 1 4 1.32911 9.140 E + 03 8.553 E + 03 5.8841

3 1 14 1.28548 6.561 E + 03 6.390 E + 03 8.3047

6 0 0 1.26869 1.585 E + 04 1.325 E + 04 9.9566

3 2 �14 1.18787 5.546 E + 03 5.563 E + 03 6.6701

4 3 10 1.09578 6.436 E + 03 3.934 E + 03 7.2292

(continued on next page)
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Table A1 continued

h k l d-Space F2 (Obs.) F2 (Calc.) Intensity (%)

Ca0.4Zr4Mo0.6P5.4O24

1 0 �2 6.32220 8.041 E + 04 8.553 E + 04 30.4796

1 0 �2 6.32220 8.066 E + 04 8.553 E + 04 15.2485

1 0 4 4.55381 2.573 E + 05 2.654 E + 05 72.5969

1 0 4 4.55381 2.545 E + 05 2.654 E + 05 35.8337

1 1 0 4.39154 3.180 E + 05 2.727 E + 05 87.3569

1 1 0 4.39154 3.234 E + 05 2.727 E + 05 44.3497

1 1 3 3.79992 1.954 E + 05 1.971 E + 05 97.5891

1 1 3 3.79992 1.947 E + 05 1.971 E + 05 48.5432

2 0 �4 3.16110 3.092 E + 05 3.117 E + 05 89.8527

2 0 �4 3.16110 3.101 E + 05 3.117 E + 05 34.9777

1 1 6 2.86931 2.315 E + 05 1.971 E + 05 100.000

1 1 6 2.86931 2.229 E + 05 1.971 E + 05 48.0930

2 1 1 2.85224 3.036 E + 04 3.033 E + 04 13.0812

2 1 1 2.85224 2.592 E + 04 3.033 E + 04 5.5779

2 1 4 2.56557 9.080 E + 04 8.662 E + 04 37.4274

2 1 4 2.56557 8.111 E + 04 8.662 E + 04 35.3589

3 0 0 2.53546 2.292 E + 05 2.360 E + 05 47.0099

3 0 0 2.53546 2.552 E + 05 2.360 E + 05 26.1500

2 0 8 2.27691 3.796 E + 05 3.928 E + 04 7.4719

2 2 0 2.19577 3.726 E + 04 3.641 E + 04 7.2369

1 1 9 2.19013 1.518 E + 04 1.506 E + 04 5.8898

1 0 10 2.17881 2.769 E + 04 2.953 E + 04 5.3637

3 0 �6 2.10740 4.804 E + 04 5.293 E + 04 9.1921

2 1 �8 2.02137 8.237 E + 04 7.459 E + 04 31.0496

2 1 �8 2.02137 8.898 E + 04 7.459 E + 04 16.7540

3 1 �4 1.97785 5.351 E + 04 5.913 E + 04 20.0114

3 1 �4 1.97785 5.359 E + 04 5.913 E + 04 10.0122

2 0 �10 1.95179 5.509 E + 04 6.582 E + 04 10.2511

2 2 6 1.89996 1.085 E + 05 1.060 E + 05 39.9978

2 2 6 1.89996 1.158 E + 05 1.060 E + 05 21.3246

4 0 �2 1.87555 3.279 E + 04 2.700 E + 04 6.0128

2 1 10 1.78357 8.224 E + 04 8.629 E + 04 29.5992

2 1 10 1.78357 7.985 E + 04 8.629 E + 04 14.3558

3 1 8 1.69407 3.632 E + 04 4.223 E + 04 12.8140

3 1 8 1.69407 4.354 E + 04 4.223 E + 04 7.6727

3 2 4 1.66821 5.503 E + 04 5.431 E + 04 19.2985

4 1 0 1.65985 1.100 E + 05 1.089 E + 05 38.4985

4 1 0 1.65985 1.152 E + 05 1.089 E + 04 20.1324

1 0 �14 1.58854 5.997 E + 04 5.008 E + 04 10.3052

1 0 �14 1.58854 6.682 E + 04 5.008 E + 04 5.7355

4 0 �8 1.58055 4.893 E + 04 3.987 E + 04 8.3906

3 1 �10 1.54661 4.914 E + 04 5.263 E + 04 16.6935

3 1 �10 1.54661 4.948 E + 04 5.263 E + 04 16.6256

4 1 �6 1.52044 2.900 E + 04 2.774 E + 04 9.7786

4 1 6 1.52044 2.947 E + 04 2.818 E + 04 9.9358

2 0 14 1.49381 6.174 E + 04 6.372 E + 04 10.3251

5 0 �4 1.46957 4.198 E + 04 4.528 E + 04 6.9673

3 3 0 1.46385 4.849 E + 04 5.456 E + 04 8.0321

4 0 10 1.45879 4.662 E + 04 4.204 E + 04 7.7102

2 1 �14 1.41423 3.536 E + 04 3.505 E + 04 11.5176

2 1 �14 1.41423 3.548 E + 04 3.505 E + 04 5.7712

4 2 �4 1.39361 2.154 E + 04 1.991 E + 04 6.9631

3 2 10 1.38441 1.650 E + 04 1.585 E + 04 5.3151

5 1 4 1.32833 3.611 E + 04 3.689 E + 04 11.3729

3 1 14 1.28704 2.522 E + 04 2.309 E + 04 7.7962

6 0 0 1.26773 6.631 E + 04 6.028 E + 04 10.1509

5 2 0 1.21800 2.353 E + 04 1.995 E + 04 7.0133

3 2 �14 1.18897 2.582 E + 04 2.635 E + 04 7.5614

4 3 �8 1.14462 2.035 E + 04 1.982 E + 04 5.7792

4 3 10 1.09575 2.830 E + 04 2.012 E + 04 7.7237

Intensities <5% were omitted.
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hedron due to the Ca2+–Zr4+ repulsions. Consequently the
Zr–O(2) distance, neighboring the calcium Ca(1), is slightly
greater than the Zr–O(1) distance, however, average Zr–O dis-

tances are smaller than the values calculated from the ionic ra-
dii data (2.12 Å) Shannon, 1976. The O–Zr–O angles vary
between 79.334� and 178.120�. The angles implying the short-

est bonds are superior to those involving the longest ones due
to O–O repulsions which are stronger for O(1)–O(1) than for
O(1)–O(2).

The P–O distances are close to those found in Nascicon
type phosphates (Anantharamulu et al., 2011; Navulla,
2010). The O–P–O angles vary between 107.522� and
119.055�. Fig. 4 illustrates the Diamond view showing the

ZrO6 inter ribbon distance in the structure of the title phase
which is a function of amount and size of alkali cation in the
M site of the 3D framework, built from ZrO6 octahedrons

and corner sharing PO4 tetrahedrons.

3.2. SEM and EDAX analysis

The microstructure of the Ca1�2xZr4M2xP6�2xO24 (x = 0.1
and 0.3) ceramic phases has been examined by SEM and
EDAX analysis of the specimen. The morphology of MoCZP

phases can be seen clearly in the electron micrographs of the
ceramic sample (Fig. 5). Within the limits of experimental er-
ror, the EDAX analytical data on atomic and wt.% of Ca,
Zr, P and Mo are found agreeable with their corresponding ex-

pected molar ratios. Simultaneously, the particle size was also
determined using Scherrer’s equation where broadening of
peak is expressed as full width at half maxima in the recorded

XRD pattern. The particle size varies between 35.14 and
152.28 nm (Table 5) Chourasia et al., 2010.

3.3. IR analysis

The presence of orthophosphate anions in the crystal structure
was confirmed with the IR spectroscopy. Table 6 lists the IR

assignments for Ca1�2xZr4M2xP6�2xO24 (x= 0.1 and 0.3)
ceramic phases. The IR spectra of CZP compounds of the for-
mula Ca1�2xZr4M2xP6�2xO24 (x = 0.1 and 0.3) are very simi-
lar and shown in Fig. 6. In both IR spectra, the absorption

bands in the range between 12501022 cm�1 and 650–
507 cm�1 are assigned to stretching and bending vibrations
of P–O bonds of the PO4 tetrahedron, respectively. The

stretching vibrations occur between 1270 and 1020 cm�1 as
t3 band, the symmetric stretching t1 and anti symmetric bend-
ing t4 vibrations are observed in the regions 990–900 cm�1 and

640–505 cm�1, respectively (Barj et al., 1983; Mbandza et al.,
1985; Thomas and Andrews, 1974; Buvaneswari and Var-
adaraju, 1999).

4. Conclusions

Principally phase pure molybdenum containing CZP formula-

tions can be prepared with simulated molybdenum loadings up
to �5.81 wt.% (�1.74 mol%), beyond these limits traces of the
minor secondary phase of molybdenum zirconium phosphate
start appearing along with the solid solution. The Rietveld

plots represent a structure fit between observed and calculated
intensity with satisfactory R-factors. The bond distances Zr–
O, P–O, Ca–O match with their corresponding values for
respective oxides. Analytical evidence allows us to conclude
that molybdenum is crystallochemically fixed in the ceramic
matrix.
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