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Cr1/3Zr2P3O12 with unusual tetrahedral coordination 
of Cr(III): peculiarities of the formation, thermal 
stability and application as a pigment 

Nataliia Gorodylovaa, Veronika Kosinováa, Petra Šulcováa, Petr Bělinaa and 
Milan Vlčekbc  

All the known chromium (III) NASICON-related phosphates are considered as solid solutions. 
In these compounds chromium atoms share their position in the basic framework of the crystal 
lattice with another structure forming elements such as zirconium. In our study, we have 
hypothesised a completely new way of structural organisation of the chromium (III) 
zirconium (IV) NASICON framework, consisting in the distribution of chromium over the 
charge-compensating atom sites with tetrahedral oxygen coordination. The possibility of the 
formation of the corresponding phosphate, Cr1/3Zr2P3O12, was studied using a classical ceramic 
route and a sol-gel method. Structural affiliation of the obtained pure phase product was 
studied using XRD analysis. The results confirmed that the Cr1/3Zr2P3O12 phosphate belongs to 
monoclinic SW-subtype of NASICON family. In this structure, chromium atoms occupy 
charge-compensating sites with strongly distorted tetrahedral oxygen environment. To the best 
of our knowledge, it is the first example of tetrahedral coordination of chromium (III) in 
phosphates. Along with the unusual crystallographic characteristics of chromium, special 
attention in this paper is devoted to the thermal stability of this phosphate and to its 
performance as an inorganic pigment. The sample was characterised by heating microscopy 
and DTA study, particle size distribution analysis, IR- and VIS-spectroscopies. Stability of the 
obtained powder in a glaze environment, its colouring performance and lightfastness are 
discussed as well. 
 

Introduction 

During the last thirty years a considerable part of research in the 
field of phosphate chemistry has been focused on the investigation of 
NASICON-related compounds (NASICON is an acronym for 
NAtrium Super Ionic CONductor, Na1+xZr2SixP3−xO12). Numerous 
framework phosphates of this family have been intensively studied 
for a range of practical applications, in particular as low thermal 
expansion ceramics [1, 2], solid electrolytes [3, 4], host material for 
radioactive waste immobilisation [5], catalysts [6, 7] and pigments 
[8, 9, 10]. Originally, the term “NASICON” only referred to 
compounds of rhombohedral symmetry isostructural to the original 
prototype, NaZr2P3O12, which is also commonly known as NZP [11]. 
Nowadays, a broad variety of non-isostructural compounds 
containing the [Mସ

୍୚(PO4)6] structural fragment and possessing 
electronic conductivity are classified to the NASICON-family too. 
Considering lattice symmetry, common NASICONs embrace 
rhombohedral (R3തc, R3ത, R3ത2, R-3തc, R-3ത, P3ത, P3തc1), orthorhombic 
(Pbcn) and monoclinic (С2/с and P21/n) crystal systems and on this 
basis the NASICONs are divided into several subtypes. In particular, 
NASICONs of R3തc and R3ത point groups are isostructural to the 
original NASICON prototype, NaZr2P3O12, and are sub-classified as 
NZP-subtype; NASICONs belonging to R3ത2, R-3തc, R-3ത, P3ത and 
P3തc1 point groups are isostructural to CaZr4P3O12 (CZP-subtype); 
NASICONs of P21/n and Pbcn point groups are structurally related 
to scandium wolframate, Sc2W3O12, and thus, sub-classified as SW-
subtype. All subtypes deriving from NASICON differ mainly in the 
packing and/or orientation of [Mସ

୍୚(PO4)6] structural fragments. 
Basically, within the [Mସ

୍୚(PO4)6] polyhedral interconnection, two 
types of interstitial sites are created for charge compensating ions 
“A”, one of which is structurally forming and connects [Mସ

୍୚(PO4)6] 

groups, while the other one is created in framework cavities [11-14]. 
The ability of the phosphate units to rotate without breaking the 
existing symmetry determines the flexibility of the NASICON three-
dimensional skeleton toward cationic substitutions and the existence 
of numerous chemical compositions. In particular, the basic 
framework sites besides MIV = Ti, Zr, Hf, Ge, Sn, Mo, some Ln and 
An, can also be substituted by trivalent Cr, Fe, Sc, In or Yb, as well 
as by quinquivalent Nb, while the interstitial sites can be empty, 
partially or fully occupied by s-, p-, d- and/or f- elements of 
oxidation state from +1 to +3 with radii ranges from H+ to Cs+ [12]. 
The astonishing variety of substituent combinations makes the basic 
NASICON framework ideally suited for the development of various 
compositions meeting the requirements of the specific application. 
The deriving extensive possibilities for chemical modifications in 
combination with excellent thermal stability and leaching resistance 
of NASICONs make this class of phosphates also extremely 
attractive for application as thermally stable colourants. Our research 
group at the University of Pardubice is highly interested in the 
development of new thermally stable ceramic pigments and while 
considering the colouring performance of NASICON compounds, 
we recently reported excellent purple-blue colourants based on 
Co0.5Zr2P3O12 for application in ceramic glazes [10]. Due to the high 
performance characteristics of the described phosphates, we continue 
our investigation in this area and, in particular, zirconium phosphates 
containing chromium (III), which provides saturated green or pink 
colour shades, have interested us as perspective material for 
pigmentary application. Several NASICON-based potential 
colourants containing chromium (III) have been already described by 
different research groups worldwide [15-17]. It was shown, that the 
chromatic characteristics of Cr-NASICON pigments strongly depend 
on co-substitutions in the structure. Specifically, the variation of the 
chemical composition of charge compensating ions and the degree of 
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substitution allow to control the crystal field strength and the 
covalence factor which act on the chromophore Cr3+ and thus, the 
visual appearance of the pigments. For example, solid solutions 
Na1+xZr2-xCrxP3O12 and Ca(1+x)/2Zr2-xCrxP3O12 provide green, beige, 
grey or pink shades depending on the degree of substitution “x” [16]. 
The described compounds are stable at high temperatures and were 
used for colouration of glazes. Moreover, scientific interest in 
chromium NASICON compounds is not limited by their pigmentary 
application. Several compositions were reported to possess 
superionic conductivity (Li2CrMIVP3O12 (MIV = Ti, Zr, Hf), 
Li1+xCrxHf2-xP3O12, Na2(LaCr)ZrP3O12, Na3Cr2P3O12, 
Na1+xZr2-xCrxP3O12, [18-24]) or as being an attractive geological 
medium for nuclear waste immobilisation (MIICrZrP3O12, M

II = Sr, 
Ba, Pb [25]).  
As it follows from the discussed studies [15-25], all the discovered 
chromium (III) NASICON-related phosphates can be considered as 
solid solutions in Mଷ

୍Cr2P3O12-M	
୍Mଶ

୍୚P3O12 or Mଵ.ହ
୍୍ Cr2P3O12-

M଴.ହ
୍୍ Mସ

୍୚P3O12 systems, where chromium atoms share the basic 
framework position in crystal lattice with another structure forming 
elements such as zirconium. However, there is another potential way 
of structural organisation of chromium (III) zirconium (IV) 
NASICON framework, consisting in distribution of chromium atoms 
over the charge-compensating sites A. Taking into account the 
required electro neutrality of the resultant compound, a formula of 
such potential chromium zirconium phosphate, containing 
[Zrସ

୍୚(PO4)6] structure fragments, may be presented as Cr1/3Zr2P3O12. 
In order to find out which of the NASICON subtypes is structurally 
the most suitable for Cr1/3Zr2P3O12, it is necessary to analyse the 
compositionally related NASICONs in more detail. A group of 
isostructural double zirconium phosphates containing lanthanides, 
Lnଵ/ଷ

୍୍୍ Zr2P3O12 [24, 26], is compositionally the closest to 
Cr1/3Zr2P3O12. The crystal structure of these phosphates belongs to 
the CZP-subtype (sp. gr. R3ത, recently refined to P3തc1 or P3ത [26]), 
where rare earth atoms occupy A sites, i.e. compensating ion 
position within an octahedral oxygen environment. In addition, the 
crystal structure of other related phosphates containing large-sized 
divalent cations (M଴.ହ

୍୍ Zr2P3O12, MII = Sr, Cd, Ba, Pb) was 
characterised as isostructural to CZP too. However, substantial size 
difference between all these elements and chromium (III), which is, 
for example, for the smallest lanthanide, Yb (III), more than 1.4 
times larger than that for Cr (III) in octahedral coordination [27], 
may not allow realisation of the CZP lattice symmetry for the 
Cr1/3Zr2P3O12 composition. The crystal structure of another group of 
the related compounds containing smaller divalent metals, 
M଴.ହ
୍୍ Zr2P3O12 where MII = Mg, Mn, Co, Ni, Cu, Zn, is distorted to 

monoclinic symmetry (the SW-subtype, sp. gr. P21/n) [12]. The 
main distinction between the SW and CZP subtypes is the symmetry 
conversion of the structure forming sites A (I) from octahedral (in 
CZP) to a strongly distorted tetrahedral oxygen environment (in 
SW). Thus, with respect to the ion radii of chromium (III), the 
crystal structure of the Cr1/3Zr2P3O12 phosphate may be rather 
isostructural to SW-subtype. However, tetrahedral coordination is 
very uncommon for chromium (III) and its realisation with oxygen 
has been reported only for few spinels [28-33]. To the best of our 
knowledge, chromium (III) occupies octahedral positions in all 
known phosphates. The preferable octahedral coordination of 
chromium (III) can be explained in terms of crystal field stabilisation 
energy and, specifically, octahedral site preference energy, which is 
one of the highest for d3 electronic configuration of Cr (III) [32, 34]. 
Thus, from the point of view of the crystallographic preference of 
Cr (III), its location in the charge-compensating tetrahedral sites of 
SW lattice may cause some constraint and instability of the resultant 
structural formation.  

This paper addresses whether the considered concept makes sense 
and verifies the possibility of the formation of Cr1/3Zr2P3O12. For the 
synthesis we have employed two different approaches and special 
attention in our study is devoted to the thermal stability of the 
obtained phase and its characterisation as an inorganic pigment.  
 

Experimental part 

Materials and methodology 

Two different approaches were used for synthesis: solid state 
reaction and sol-gel method. In the first case we used Cr2O3 (P., 
Lachema, CZ), ZrO2 (P.A., Sepr, FR) and (NH4)2HPO4 (P.A., 
Lachema, CZ) as initial reagents. Stoichiometric powder mixture 
was thoroughly ground in an agate mortar with a pestle and 
transferred into an agate milling form and homogenised by ball-
milling in a planetary mill (Pulverisette 5, Fritsch, DE). In order to 
obtain a thick suspension, an appropriate amount of acetone was 
added. The rotation speed was 200 rpm and the homogenisation time 
– 2 h. After this procedure the obtained suspension was completely 
dried overnight in open air and subjected to further thermal 
treatment. Calcination was performed in an electric furnace in 
several steps: 200 oC for 4 h, 300 oC for 4 h (heating rate 
5 oC·min-1); regrinding and further calcination at temperatures of 
800, 1000 and 1200 oC (heating rate of 5 oC·min-1) with exposure 
time of 24 h at each step. 
The synthesis procedure of the sol-gel method (SG) was performed 
as following: stoichiometric amounts of CrCl3·6H2O (P., Lachema, 
CZ) and ZrOCl2·8H2O (P.A., Merck, DE) were separately dissolved 
in distilled water with addition of a little amount of HCl (P.A., 
Penta, CZ). The zirconium solution was added dropwise to the 
chromium solution while constantly stirring. Afterwards, an 
appropriate amount of 1 M solution of (NH4)2HPO4 was added 
dropwise to this mixture while continuous heated at a temperature of 
70 oC and constantly stirred to maintain uniform mixing. A 
gelatinous precipitate began to form immediately after addition of 
the phosphate solution. After complete mixing, the gelled suspension 
was maintained under stirring for some hours, dried overnight at 
60 oC and exposed to calcination. At the first stage the sample was 
continuously heated at a temperature of 600 oC during 24 h (heating 
rate of 5 oC·min-1) in order to remove all volatile residues. After this, 
the ground powder was calcinated similarly to the solid state reaction 
method (800, 1000 and 1200 oC). 

Characterisation techniques 

Crystallochemical characterisation of the calcined powders was 
performed by X-Ray diffraction analysis (monochromatic CuKα 
radiation, a scintillation detector and a Diffractometer D8 Advance, 
Bruker, GB). Data were collected by step scanning over 2θ range 
from 10o to 80o with a step size of 0.02o and 3 s counting time at 
each step. Thermal behaviour of the reaction mixtures and the final 
product of Cr1/3Zr2P3O12 was investigated using simultaneous 
differential thermal and thermogravimetric analysis (DTA-TGA, 
Jupiter STA 449/C/6/F, Netzsch, DE) with temperature intervals 
between 20 and 1400 oC and a heating rate of 10 oC·min-1. α-Al2O3 
was used as reference material and the mass of the sample was ~150 
mg. Thermal stability of Cr1/3Zr2P3O12 was tested using a heating 
microscope with automatic image analysis (EM201-12, Hesse 
Instruments, DE). The equipment was calibrated using Sn, In, Al, Zn 
and its standard measurement uncertainty typically is ≤ 5 oC. For the 
measurement, a pellet of cylindrical form with dimensions of 
3×3 mm was prepared manually using ethanol as a binding agent. 
The test was performed with temperature intervals between 20 and 
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which is energetically very disadvantageous for its d3 electronic 
configuration. Aroused constraints of such structural organisation 
result in low thermal stability and degradation of this phase above 
800 oC leading to the formation of zirconium and chromium 
phosphates (ZrP2O7, Zr2(PO4)2O and Cr2P6O18).  
The single phase product of Cr1/3Zr2P3O12 has been characterised as a 
ceramic pigment. The sample provides saturated green colouration 
of glazes, which is stable to sunlight irradiation. The presented 
optical spectrum of this compound can be considered as the first 
example of such spectrum characterising chromium (III) in a unique 
oxygen tetrahedral environment. The ceramic glaze with a lower 
content of fluxing agents provided a very low pigment-glaze 
interaction, which helped to avoid the pigment dissolution and 
unfavourable crystallisation on the enamelled surface, and, therefore, 
can be suggested as preferable for this application.  
 
Acknowledgements 

The Ministry of Education, Youth and Sports of the Czech 
Republic, Project CZ.1.07/2.3.00/30.0021 “Enhancement of 
R&D Pools of Excellence at the University of Pardubice“, 
financially supported this work. 
  
Notes and references 

a Department of Inorganic Technology, Faculty of Chemical Technology, 
University of Pardubice, Doubravice 41, 532 10 Pardubice, Czech 
Republic. 
b Institute of Macromolecular Chemistry, Academy of Sciences of the 
Czech Republic, Heyrovsky sq. 2, 120 06 Prague, Czech Republic.  
c Joint Laboratory of Solid State Chemistry of Institute of 
Macromolecular Chemistry of the Academy of Sciences of the Czech 
Republic and the University of Pardubice, 532 10 Pardubice, Czech 
Republic. 

 

1 J. Alamo and R. Roy, J. Am. Ceram. Soc., 1984, 67, 78. 

2 T. Oota and I. Yamai, J. Am. Ceram. Soc., 1986, 69, 1. 

3 C. N. R. Rao and J. Gopalakrishnan, Cambridge Univ. Press, 

Cambridge, 1986. 

4 J. B. Goodenough, H. Y. P. Hong and J. A. Kafalas, Mater. Res. Bull., 

1976, 11, 203. 

5 B. E. Scheetz, D. K. Agrawal, E. Breval and R. Roy, Waste Manag., 

1994, 14(6), 489. 

6 I. Shchelokov, E. Asabina, M. Sukhanov, M. Ermilova, N. Orekhova, 

V. Pet’kov, et al., Solid. State. Sci., 2008, 10, 513. 

7 M. M. Ermilova, M. V. Sukhanova, R. S. Borisova, N. V. Orekhova, V. 

I. Pet’kov, S. A. Novikovac, et al. Catal. Today, 2012, 193, 37. 

8 S. Komarneni and W. W. Gould, The Penn State Research Foundation, 

assignee. United States patent US 2000-177564P, 2000, Jan 21. 

9 S. Komarneni and W. W. Gould, The Penn State Research Foundation, 

assignee. United States patent US 006387832B1, 2002, May 14. 

10 N. Gorodylova, V. Kosinová, Ž. Dohnalová, P. Bělina and P. Šulcová, 

Dyes Pigm., 2013, 98, 393. 

11 L. Hagman and P. Kierkegaard, Acta Chem. Scand. 1968, 22, 1822. 

12 A. I. Orlova, Czech J. Phys., 2003, 53, A649. 

13 A. Jouanneaux, A. Verbaere, Y. Piffard, A. N. Fitch and M. Kinoshita, 

Eur. J. Solid State Inorg. Chem., 1991, 28, 683. 

14 V. I. Petkov, V. S. Kurazhkovskaya, A. I. Orlova and M. L. 

Spiridonova, Crystallography Reports, 2002, 47, 736. 

15 F. J. Berry, N. Costantini and L. E. Smart, Solid State Ionics, 2006, 177, 

2889. 

16 M. C. Cuadrado and J. Alamo, Br. Ceram. Trans. J., 1988, 87, 141. 

17 R. S. Pavlov, V. B. Marza and J.B. Carda, J. Mater. Chem., 2002, 12, 

2825. 

18 K. Byrappa, G. S. Gopalakrishna and A. B. Kulkarni, Indian J. Phys., 

1987, 61A, 377. 

19 E. R. Losilla, S. Bruque, M. A. G. Aranda, L. M. Real and E. M. M. 

Quarton, Solid State Ionics, 1998, 11, 253. 

20 M. Sugantha and U. V. Varadaraju, Solid State Ionics, 1997, 95, 201. 

21 M. Barj, K. Chhor, L. Abello, C. Pommier and C. Delmas, Solid State 

Ionics, 1988, 28-30, 432. 

22 J. F. Bocquet, M. Barj, G. Lucazeau and G. Mariotto, Solid State Ionics, 

1988, 28-30, 411. 

23 C. Delmas, J. C. Viala, R. Olazcuaga, G. Le Flem, P. Hagenmuller, F. 

Cherkaoui and R. Brochu, Solid State Ionics, 1981, 3/4, 209. 

24 A. Alami Talbi, R. Brochu, C. Parent, L. Rabardel and G. Le Flem, J. 

Solid State Chem. 1994, 110, 350. 

25 G. Buvaneswari and U. V. Varadaraju, Mater. Res. Bull., 2000, 35, 

1313. 

26 V. S. Kurazhkovskaya, D. M. Bykov, E. Yu. Borovikova, N. Yu. 

Boldyrev, L. Mikhalitsyn and A. I. Orlova, Vib. Spectrosc., 2010, 52, 

137. 

27 R. Shannon, Acta Crystallogr., 1976, A32, 751. 

28 Y. Du, Z. X. Cheng, S. X. Dou and X. L. Wang, Mater. Lett., 2010, 64, 

2251. 

29 S. Singhal and K. Chandra, J. Solid State Chem., 2007, 180, 296. 
30 A. Rais, A. M. Gismelseed, and I. A. Al-Omari, Phys. Stat. Sol., 2005, 

242, 1497. 

31 S. Ji, S.-H. Lee, C. Broholm, T.Y. Koo, W. Ratcliff, S. W. Cheong and 

P. Zschack, Phys. Rev. Lett., 2009, 103, 037201. 

32 D. T. Sviridov and R. K. Sviridova, Zhurnal Prikladnoi Spektroskopii, 

1981, 34, 663. 

33 J. Arsene, J. Lopitauz, M. Drifford and M. Lenglet, Physisca Status 

Solidi, 1979, 52A, K111. 

34 http://wwwchem.uwimona.edu.jm/courses/CFSE.html 

35 CIE. In Supplement No. 2 of CIE Publ. No. 15 (E1-1.31)1971. Paris: 

Bureau Central de la CIE, 1978. 

36 J. Rodriguez-Carvajal and T. Roisnel, International Union for 

Crystallography Newletter, 1998, 20. 

37 A. Kazakos-Kijowski,  S. Komarneni, D. Agrawal and R. Roy, Mater. 

Res. Bull., 1988, 23, 1177. 

38 M. Barj, G. Lucazeau and C. Delmas, J. Solid State Chem., 1992, 100, 

141. 

39 H. Szymczak, M. Wardzynska and I. E. Mylnikova, J. Phys. C: Solid 

State Phys., 1975, 8, 3937. 

40 N. Gorodylova, Ž. Dohnalová, P. Koštál, P. Šulcová and M. Vlček, J. 

Therm. Anal. Calorim., 2014, 100, 605. 

41 K. Nomura, Private Commun., 1993. 

42 G. Buxbaum and G. Pfaff, Industrial Inorganic Pigments, Wiley-VCH, 

Weinheim, 2005. 

43 H. G. Völz, Industrial Colour Testing. Fundamentals and Techniques, 

Wiley-VCH, Weinheim, 2001.  

44 CIE. Technical Report 116, 1995. 

45 CMC. British Standard BS 6923, 1988. 

 

 

Page 9 of 10 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE  Journal Name 

10 | J.  Name., 2012, 00, 1‐3  This journal is © The Royal Society of Chemistry 2012 

 

Page 10 of 10Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t


