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A new family of Nasicon-like zirconium phosphates of formula Mo.sZrz(POa)j with M = Ca, Cu, Sr, Cd 
or Pb has been described. The physical properties of the copper compound have been investigated in 
detail in which Cu*+ induces a Jahn-Teller distortion below 520°C. Crystal field, electron paramag- 
netic resonance, and magnetic data are consistent with an elongated octahedral surrounding of the 
cu2+ ions. 0 1987 Academic Press, Inc 

The Nasicon structure has been initially 
described by Hagman and Kierkgaard (1) 
for the NaAz(PO& (A = Ge, Ti, Zr) phos- 
phates. The crystal structure consists of a 
three-dimensional network formed by PO4 
tetrahedra sharing corners with MO6 octa- 
hedra. The site occupied by sodium is a 
distorted octahedron formed by triangular 
faces of two A06 octahedra along the c-axis 
of the hexagonal cell. This site is usually 
called Mr. 

Materials belonging to this structural 
family have been extensively studied for a 
long time as fast sodium ion conductors 
(2, 3) and low thermal expansion ceramics 
(4). Recently we have undertaken a general 
study of the copper compounds belonging 
to this structural family. Up until now the 
following phases have been successively 
described: CuZr$PO,& (5), CuTiz(PO& (6), 
Cu,Nbi-,Tir+.(PO& , and Cur +,Cr,Ti,-, 
(PO& (7). More recently it has been shown 
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that the oxidation of CuT&(PO& leads to 
Cu0.STi2(P0& which is also a Nasicon-type 
phase with a cooperative Jahn-Teller dis- 
tortion below 550°C (8). Such an evolution 
which does not alter the covalent Tiz(P04)3 
network could induce catalytic properties 
for oxidative-dehydrogenation reactions. 

In this context we report here the oxida- 
tion reaction of CuZr$PO& which leads, 
in a parallel way, to formation of 
Cuo.~Zrz(PO&. This new compound is 
characterized by its structural, magnetic, 
and optical features. An accurate analysis 
of the optical properties by diffuse reflec- 
tance technique in the visible and the UV 
needs identification of possible electronic 
transfer mechanisms and involves a compa- 
rison with similar copper-free zirconium 
phosphate such as M0.5Zr2(PO& (M = Ca, 
St-, Cd, or Pb). Thus two new phosphates 
have been obtained: Cd0.5Zr2(P04)3 and 
PbdMPCV3. 
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TABLE I 
CHEMICAL ANALYSIS OF 

Cuo.5WP04h 

Cu Cu Zr 
z; 7 7 

Exp. 0.27 0.18 0.66 
talc. 0.25 0.17 0.67 

I. Preparation 

The copper-free phosphates Mo.sZr2 
(PO,), (M = Ca, Sr, Cd, Pb) have been 
obtained from a stoichiometric mixture of 
MCO,, ZrOz, and (NH&HP04. The cor- 
responding reaction is 

MC03 + 4Zr02 + 6(NkJ&HPO$-, 
2M0.sZr2(P0& + 12NH3 + CO2 + 9&O 

The mixtures were heated at 400°C for 24 
hr; then at 800°C for 24 hr, and finally at 
1350°C for 48 hr in air. 

Cu0.sZrz(P04)3 has been obtained by oxi- 
dation of CuZrz(PO& at 500°C under 
oxygen: 

4CuZr2(PO& + 02 + 
4Cu0.5Zr2(P04)3 + 2Cu0 (1) 

CuZr2(PO& was prepared by a method 
previously described by Serghini (9) by 
heating a stoichiometric mixture of ZrP207, 
ZrO:! , and CuzO. 

CuO coming from reaction (1) is removed 

by washing out briefly the reaction prod- 
ucts by diluted and warm nitric acid solu- 
tion (t < 5 mn). The isolated phosphate is 
then filtered, washed with warm water, and 
dried at 600°C for 15 hr. A chemical analy- 
sis (Table I) gives a composition close 
to the theoretical value corresponding to 
Cuo.sZrz(PO,), . All Mo.5Zr2(PO& phases are 
white except the copper compound which 
is blue-green. 

II. Structural Investigation 

The X-ray diffraction patterns of the cop- 
per-free phosphates can be indexed assum- 
ing a rhombohedral cell. The parameters of 
the equivalent hexagonal cells are given in 
Table II. The order of magnitude of the data 
involves a Nasicon-type structure with a 
space group R-32 different from that of 
NaZrz(PO& R3c due to the presence of 
additional reflexions, h01, Okl: 1 = 2n + 1 
and 001: 1 = 3n. There are six M0.sZr2 
(PO& formula units per unit cell. The ex- 
perimental and calculated densities are 
given in Table II. 

At room temperature the X-ray diffrac- 
tion pattern of Cu0.sZr2(P0& can be in- 
dexed assuming a monoclinic cell: 

am = 15.31 + 0.04 A, 
b, = 8.84 +- 0.02 A 

Cm = 18.29 2 0.05 A, 
/I = 123.90 k 0.02”. 

TABLE II 
CRYSTALLOGRAPHIC DATA FOR THE M0.5Zr2(P04)3 PHOSPHATES 

(M = Ca, Cu, Sr, Cd, Pb) 

M0.5WPO4h ah -t 0,02 w q * 0.02 A V k 5 ii’ d,,,. dexp. k 0.02 

M = Cd 8.85 22.28 1511 3.45 3.41 
M = Ca (0) 8.80 22.60 1516 3.20 3.14 
M = Sr (16) 8.70 23.38 1532 3.32 3.24 
M = Pb 8.70 23.42 1532 3.71 3.66 
M = Cu 8.84 22.77 1540 3.23 3.24 
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TABLE III 

CRYSTALLOGRAPHICDATA FORTHE 
MZr2(P0& PHOSPHATES 
(M = Li, Na, K, Rb, Cs) 

MZr*@Q4)3 a (4 c (4 v (A3) 

M = Li 8.843 22.286 1509 
M = Na 8.815 22.749 1530 
M=K 8.720 23.94 1575 
M = Rb 8.66 24.38 1582 
M= Cs 8.62 24.86 1600 

Simple relationships exist between the 
parameters of the monoclinic cell (m) and 
those of the usual hexagonal cell (h): a, = 
Uhti, b, = ah, c, = 2/3-, cos(p 
- 90”) = (2/3)(ch/c,). Accordingly, @, = 
8.84 ki; c,, = 22,76 ii. 

There are eight Cuo.5Zr2(PO& formula 
units per unit cell (deXp. 3.24 + 0.02 g cm-3, 
d cdc. = 3.23 g cmm3). 

A reversible allotropic transition occurs 
at 520°C. The high temperature variety is 
rhombohedral and the parameters of the 
corresponding hexagonal cell (at 800°C) 
are: ah = 8.84 + 0.04 A, ch = 22.77 ? 0.05 
A. Cu,-,sZrz(PO& has a near-zero thermal 
expansion. 

All these results can be analyzed within 
the scope of the structural data characteriz- 
ing the Nasicon-type phosphates. 

Assuming that the divalent cations oc- 
cupy generally half of the M1 sites, the 
following distinguishes the copper phos- 
phate from the others. 

When M = Ca, Sr, Cd, or Pb, a size 
increase of the divalent ion leads to increas- 
ing c-parameters and decreasing a- 
parameters. Such an evolution usually ob- 
served in Nasicon-type phosphates (20) has 
been detected for instance for the zirco- 
nium series: MZr2(P04)3 (M = Li, Na, K, 
Rb, Cs) (II) (Table III). The M, coordi- 
nation polyhedron shares two faces with 
adjacent ZrOs octahedra along the c-axis. 
Occupancy by a larger ion leads to a higher 

c-value. Due to the elastic character of the 
network this expansion results in a correla- 
tive decrease of a. 

Due to the lack of detailed information 
concerning the structure of Cuo.5Zr2(P04)3, 
it is difficult to explain the rather large 
value of the unit cell volume. This anomaly 
has also been observed for Cuo,sTi2(PO& 
(8). Nevertheless the local surrounding of 
Cu*+ has been investigated by electron 
paramagnetic resonance (EPR). 

The EPR spectrum of Cuo,5Zr2(PO~)3 is 
compared with those of Cu0.5Ti2(P0& (8) 
and CuZr2(P04)3 : Cu*+ in Fig. 1. The EPR 
data collected in Table IV show no signifi- 
cant evolution with the variation of the 
phosphate composition. The Cu2+ are lo- 
cated in a similar site characterized by a 
d$d$+ electronic configuration. The Jahn- 
Teller distortion involves an elongated 
CuOs octahedron with two large and four 
short Cu-0 bonds. For Cuo.sZrz(PO& a 
new EPR shoulder appears centered at g’ = 
(811 + g,)/2 (811 and g, are the axial com- 
ponents of the g tensor). According to 
Reinen (22), it could be due to dipolar 
magnetic interactions between two nearest 

vd.75lGHz 
(295K) 

1: Cu‘,#o&#%,)3 
2:CuZr2(PO&cu2+ 

"~o.~n(po4)3 
4:cu0.Sn2(po~3 

;;;a ; 
I 
2 

FIG. 1. EPR spectra of Cuo.sZr2(P04)3 and of some 
copper Nasicon-like phosphates. 
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TABLE IV 

EPR PARAMETERS FOR SOME COPPER NASICON-TYPE PHOSPHATES 

447 

gllz g1x g,Y g* Ali (G) AL, ((3 AL, (G) 

Cu0.5&(~4)3 2.371 2.079 2.079 2.181 No observed 
cuzr*(Po4)3 : cu*+ 2.345 2.074 2.074 2.168 126 19.4 19.4 
Cwd-hZWW3 : Cd+ 2.359 2.063 2.069 2.168 118 13.9 13.3 
Cw5TidPOd3 2.33 2.067 2.067 2.153 No observed 

Note. g* = d(g: + gf + g$)/3. 

neighboring Cu2+ ions. This hypothesis is 
corroborated by the detection of a weak 
and relatively broad line (g” = 4.37) at half 
field (Fig. 1). This half field line can be 
assigned to a Ams = 2 transition which 
results from copper pair interactions. Thus 
a certain proportion of Cu2+ is probably not 
located in Ml but within the large size 
vacancies in the 3d-covalent framework. 
The rate of these shifted Cu2+ ions is 
however very low, as shown later by the 
magnetic study (Sect. IV). 

III. Optical Properties 

The diffuse reflectance spectra have been 
recorded for all M0,5Zr2(P0& investigated 

phases (Fig. 2). The spectra of the copper- 
free phosphates exhibit a single absorption 
band at about 245 nm (5.06 eV). The loca- 
tion of the maximum is independent of the 
nature of cation. The spectra are similar to 
those of NaZr2(P0& and ZrP207, where 
zirconium also occupies oxygen octahedra. 
The absorption can be assigned thus to an 
electronic 02- + Zr4+ transfer. 

The spectrum of Cu0.sZr2(PO& is more 
complex. It also shows at about 250 nm a 
broad absorption band (I) with a rather 
broad maximum, but in addition a large 
band (II) located between 500 and 1300 nm 
corresponding to the crystal field transi- 
tions of Cu2+. 

The diffuse reflectance spectra of Cu2 

(et) ) , ( 654 3 , 2 
E&V SC@00 

! 
20,000 12500 8DlO 

L 8 ” u q ’ ” r ‘* - “‘. 
1.0 - (I) 1: aP*o, 

2~Cd,+~(P0& 

3: sr&r*(Po4)3 
4: Cao.Str2(P04)3 
6: Pbo.sZr2(P0& 

FIG. 2. Diffuse reflection spectra of ZrP207 and of M0.5Zr2(P04)j (M = Ca, Cu, Sr, Cd, Pb). 
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1: Nai!r*(P0413 

2 Cui%JP04)3: Cal*+ 

3:Cu,-,~3H,,$r2(P0,+)3 

4: Nao &ho 02Zr2W’04)3 . * 
“Cu~P*o, I 

FIG. 3. Diffuse reflection spectra of Cu2P207 and of zirconium Nasicon-type phosphates containing 
different Cu*+ rates. 

P207~ and of several zirconium phosphates 
are given in Fig. 3. The spectrum of the 
copper pyrophosphate exhibits a band 
overlapping the (I) region of Fig. 2. Curves 
2 and 3 of Fig. 3 concern materials without 
Cu2+ or only doped with Cu2+ and display 
sharp bands at 230 nm, whereas curve 4, 
established for a Cu2+-rich material, exhib- 
its clear broadening of this band. As a 
consequence one may assume that band (I) 
of Cuo.sZr2(P0,J~ corresponds to both 02- 
+ cu2+ and 02- + Zr4+ transfers. 

This conclusion has been confirmed by 
following experience. By the action of hy- 
drogen on Cu0.sZr2(P0& at 400°C we obtain 
a new Nasicon-type phosphate with com- 
position close to Cuo.sHo.sZr2(P0&, the 
EPR and diffuse reflectance spectra of 
which are given in Figs. 1 and 3, respec- 
tively. The presence of an EPR hyperfine 
structure is consistent with the low rate of 
remaining Cu2+ (~5%). The width of band 
(I) is strongly reduced and the location of 
its maximum has been detected at 228 nm, a 
value very close to those observed for the 
ZrP207 and Mo.5Zr2(P0.& compounds (M # 
Cu). 

IV. Magnetic Study 

The magnetic susceptibility of CUO.S 
Zr2(PO& has been measured between 4.2 
and 900 K with a Faraday-type balance 
(Fig. 4). At low temperature x-’ = f(T) is a 
straight line running through the origin. 
Above 120 K the curve progressively be- 
comes concave toward the T-axis. This 
evolution results from the increasing influ- 
ence of the temperature-independent para- 
magnetism term (TIP). The whole magnetic 
curve fits with equation 

0.452 
xWu0.5Zr2(PO.d31 = T 

+ 100.10-6 uem CGS. (1) 

V. Discussion 

The properties of Cuo.soZr2(P04)3 are very 
similar to those of CuO,5Ti2(PO&. The main 
difference results from the location of the 
02- + Zr4+ electronic transfer, which oc- 
curs as expected at higher energy than the 
02- + Ti4+ one (4.13 eV) (8). This differ- 
ence reflects the more ionic character of the 
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-4 
x cu..,zr,(Po,), bm.CW 

FIG. 4. Thermal variation of the reciprocal 
corresponds to Eq. (I)). 

Zr-0 bond. The thermal variation of 
Cuo.SZr2(P04)3 magnetic susceptibility pre- 
cludes magnetic interactions between Cu2+ 
nearest neighbors (except some above- 
mentioned dipolar magnetic interactions 
due to the limited presence of copper 
pairs). 

The energy level diagram of Cu2+ with a 
d&z configuration, assuming an elongated 
tetragonal distortion of the octahedral M1 
site is given in Fig. 5. For such a geometry 
811 and g, are related to the spin-orbit 
coupling ho and to the transition energies A2 
and A3 by the expressions (13) 

8k2Ao 
“’ = ge - A2(2B,, + 2~2g) 

2k2ho 

where kll and kl are the respective 
reduction factors. 

(2) 

(3) 

orbital 

Absorption band II can be divided into 
three components, the maxima of which 
correspond respectively to A, = 9260 cm-‘, 
A2 = 11,300 cm-‘, and A3 = 14,290 cm-‘. 
These values are comparable to those 

Cu,,ZrJPOJ, (urn, C.GS.) 

1 
50 100 

* 
'M T(K) 

susceptibility of Cu0.SZr2(P04)3 (the solid curve 

found for Cuo.sTi2(P0&: At = 8000 cm-‘, A2 
= 11,700 cm-‘, and A, = 14,300 cm-’ (8). 

The gil and g, values obtained from Eqs. 
(2) and (3) allow us to estimate the orbital 
reduction factors: kll = 0.79 and kl = 0.82. 

By introducing those values in the usual 
relations giving the thermal variation of the 
magnetic susceptibility for Cu2+ and using 

FIG. 5. Energy level diagram of Cu” in CuaJ 
Zr2(PO& assuming a tetragonally elongated octahedra 
environment. 
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ho = -830 cm-’ (13), the calculated suscep- parameters requires a more detailed inves- 
tibility for 2Cuo.sZr~(P04)3 becomes tigation which is in progress. 

0.464 
xWu0.5Zr2(P04)31 = ---j7- 

+ 55.10-6 uem CGS. 

The experimental and calculated values 
are thus in good agreement and very close 
to those determined for the titanium phos- 
phate (8): 

0,456 
xWu0.5Ti2W4)~l = T 

+ 47.10e6 uem CGS. 

VI. Conclusion and Prospects 

This paper describes the basic properties 
of a new Nasicon-derived phosphate 
Cuo.5Zr2(P04)~. The compound has been 
characterized by its optical and magnetic 
properties. A more detailed structural 
study is actually achieved by neutron dif- 
fraction. 

The presence of several types of vacan- 
cies within the lattice and the ability of Cu2+ 
to be easily reduced suggest the possibility 
of catalytic properties. Thus a reversible 
intercalation of hydrogen has been ob- 
served and the obtained phase has a com- 
position close to Cuo.sHo.5Zr2(P0& (14). 
The reduction of Cu2+ to Cu+ leads to color 
change in removing the 02- + Cu2+ elec- 
tronic transfer band from the absorption 
spectrum (Fig. 3) and induces a yellow 
green luminescence under 250 nm excita- 
tion. The correlation between these various 
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