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The Nasicon-like Copper(ll) Titanium Phosphate Cugs,Ti>(PO,);
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Cuy 5Ti(POy); is a Nasicon-type phase with a cooperative Jahn-Teller distortion below 550°C. Crystal
field, electron paramagnetic resonance, and magnetic data seem to be consistent with an octahedral
surrounding and a d)2_,2 ground state of Cu?*. © 1986 Academic Press, Inc.

Introduction

Nasicon-type ceramics have been exten-
sively studied for a long time as fast sodium
ion conductors (I, 2) and more recently as
low thermal expansion materials (3).
Among the members of the Nasicon group
the first complete crystal structure investi-
gation has been reported for NaZr,(PO,);
(4). The lattice consists of a three-dimen-
sional network made up of PO, tetrahedra
sharing corners with ZrQO¢ octahedra and a
three-dimensionally linked interstitial space
where sodium atoms may occupy four
available positions.

Due to the zeolitic morphology of the
skeleton structure copper compounds
could be of interest as active catalysts for
oxidative deshydrogenation reaction (35).
Therefore, we have undertaken a general
study of copper Nasicon-type phosphates
which at present time have been very
poorly investigated (6). In a previous paper
a copper(l) titanium phosphate was de-
scribed in the scope of a comparison of
solid solutions M/Nb;_ Ti;+.(PO,); and
M1+XCI'xTi2_x(PO4)3 (M = Na, CU) (7) Si-

multaneously Mbandza et al. analyzed in

detail some physical properties of
CUTiz(PO4)3 ( 8) .
A recent structural investigation of

CuTiy(PO,); by neutron diffraction confirms
that this compound belongs to the Nasicon
family: the copper atoms are decentered
from the position occupied by the sodium
atoms in the octahedral site usually called
M1 (9).

In this paper the relationships between
structure and physical properties of a new
copper titanium phosphate Cug sqTi2(PO,);
are reported.

Preparation

Cuy 5Ti2(POs); has been obtained by oxi-
dation of CuTi,(PO,); at 500°C:

4 CuTiz(PO4)3 + 0>
4 Cu0,50Ti2(PO4)3 + 2 CuQ N
CuO is removed by washing out shortly
the reaction products by a diluted and

warm nitric acid solution (¢ < 5 mn). Then
the isolated phosphate is filtered, washed

351 0022-4596/86 $3.00

Copyright © 1986 by Academic Press, Inc.
All rights of reproduction in any form reserved.



352

W 9% 8

~
! ' CagdifPOCu?*
—;\/\/\\ cuo'STiZ(POA)a

]

400G

2

CuTiPOMCu2*

NaTifPOslCu?*

100G
N=9M8GHz
{295K)

75 Z

=}

F16. 1. EPR spectra of Cuy 5Ti(PO,); and of some
Cu?*-doped titanium phosphates.

with warm water and dried at 600°C for 15
hr. The obtained powder is blue—green.

The oxidation of CuTiyPO,); investi-
gated by thermogravimetric analysis corre-
sponds to a weight gain which is perfectly
consistent with reaction (1).

The copper rates have been determined
by atomic absorption on the one hand in the
cupric oxide solution (A) and on the other
hand in a solution B obtained by attacking
Cuy 50 Ti,(POg); successively with a mixture
of concentrated HF and HCIO, and with
aqua regalis and subsequent dilution with
water. In both cases the calculated and ex-
perimental copper concentrations are in
good agreement:

sol. A calcd: 50%, found: 50.6%
sol. B calcd: 50%, found: 50.6%.

Structural Investigation

At room temperature the X-ray diffrac-
tion powder pattern can be indexed assum-
ing a monoclinic cell: am = 14.57 = 0.02 A,
by =8.410 = 0.005 A, c,, = 17.52 + 0.02 A,
B = 123.60 = 0.02°. Simple relationships
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exist between the parameters of the mono-
clinic cell (m) and those of the usual hexag-
onal cell (h) of the Nasicon structure:

am = apV'3, by = an, cn = $V3al + ¢},

2
cos(B — 90°) = 3%

Accordingly ay = 8.41 A and ¢, = 21.88 A.

There are eight Cug 5Ti(PO,); formula
units per unit cell (dex, = 3.05 + 0.01, deaeq
=3.07 g -cm).

A reversible allotropic transition occurs
at 550°C. The high temperature variety is
rhombohedral and the parameters of the
corresponding hexagonal cell (+ = 800°C)
are a, = 8.400 * 0.005 A, ¢, = 21.90 + 0.03
A. It seems that the material has a near-
zero thermal expansion.

EPR Study

The effect of the local and cooperative
Jahn-Teller distortion has been investi-
gated by EPR. The spectrum of CugsTi,
(PO,); has been compared with those of
NaTiz(PO4)3 . CU2+, Cao,50Ti2(PO4)3 . CU2+,
and CuTi,(POy); : Cu?* (Fig. 1).

The EPR parameters collected in Table 1
show no significant variations with the tita-

TABLE 1

EPR PARAMETERS FOR SOME Cu?*-DOPED
TITANIUM PHOSPHATES AND FOR Cuyg 5y Ti,(POy);

gl gl g T (K)
NaTi,(PO,);:Cu?* 2,366 2.072  2.174 300
CuTi)(PO,);:Cu?* 2360 2.060 2.164 300
Cag 5Ti,(PO,)y:Cuzt 2370 2.060 2.168 300
2.325 2,061 2.153 4.2
Cug 5 Tir(PO,); 2,324 2.066 2.155 32
2330 2.067 2.158 300

ag = (/8L +32gi.
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nium phosphate composition. Cu?* is lo-
cated in similar sites characterized by dx2-,2
ground state, i.e., a dhadl_,» electronic
configuration. The distortion of the coordi-
nation octahedron due to face sharing with
both adjacent TiOg octahedra, induces a co-
operative deformation of the whole struc-
ture at low temperature. The static charac-
ter of this distortion vanishes at the
temperature structural transition.

Magnetic and Optical Properties

The magnetic susceptibility has been
measured between 4.2 and 900 K with a
Faraday-type balance (Fig. 2). Below 120K
x~! = f(T) is a straight line running through
the origin. Above 120 K the curve progres-
sively concaves toward the T axis. This
evolution results from the increasing influ-
ence of the temperature independent para-

magnetism term (TIP) The entire curve fits

+ 200 X 1079 uem CGS. (2)
The diffuse reflection spectrum is com-
pared with those of TiO; and of the phos-
phate Cag sTi;(POy); doped or not with Cu?*
(Fig. 3).
The spectra can be divided into three re-
gions labeled A, B, C as the energy de-

~raagag
vivasvd.

In the A region the charge transfer transi-
tion O*~ — Ti*" has been observed. The
corresponding band gaps are TiO,, 3 eV;
Cay. 50Ti2(PO4)3 (doped or not with Cu?%),
3.54 eV; and Cuyg 50T1,(PO4)s, 3.26 €V.

In the B region a broad additional absorp-
tion band arises. It is located between 350
and 600 nm but exists only as far as Cu®* is
present. The absorption edge, 2.18 eV, is
independent of the phosphate composition,

The C region corresponds to the crystal
for Cu2*, The appearance
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Eq. (2)).

of an unresolved broad band with a shoul-
der in the lowest energy region is consistent
with a tetragonally distorted coordination
octahedron of Cu?* with a possible
orthorhombic component.
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Fi1G6. 4. Energy level diagram of Cu?* in CugsTi,
(PO,); assuming a tetragonally elongated octahedral
environment.

Discussion

TiO, has a Ti 3d conduction band edge at
3 eV above the O?~ 2p® valence band (10).
The band gap increase observed for
the phosphates results from the structural
features of the Nasicon-type structure in
the covalent skeleton, all oxygen atoms are
connected with both PO, and TiOg4 groups.
The strong covalent character of the P-O
bonds stabilizes the O?~ 2p band and in the
copper-free phosphates, E, shows a similar
increase, i.e., about 0.5 eV. The band gap
width, 3.26 eV, found for Cuy 5oTi,(POy); is
probably a consequence of the Cu?* sur-
rounding which is able to bring about a co-
operative distortion of the TiO¢ octahedra.

The absorption band in the B region may
be the result of two mechanisms:

(i) a Cu?* — Ti** charge transfer formally
formulated as

Cu*(dl2_2) + Ti**(d°) —
Cu*(d%-,2) + Tid*(d}hy)
(ii) a O~ — Cu?* charge transfer:
02-(2p%) + Cu?*(dh_p2) —
0-(2p%) + Cu*(d%_,)
As observed by Blasse and Dirksen (11) for
the charge transfer of type M"* — Ti**, the

ionization potential value of M"* can be
used as a rough reference to predict the en-

EL JAZOULI ET AL.

ergy of the transition: the Cu* — Ti** tran-
sition energy must occur at a lower energy
than the Cu?* — Ti** one. The optical band
gap of CuTi,(PO,); (Fig. 3)is about 1.77 eV.
The valence band edge consists of the 3d'°
orbitals of Cu* and the interband transition
corresponds to the charge transfer:

Cu*(3d") + Ti*(3d°) —
Cu?*(3d% + Ti3*(3d")

As a consequence the absorption edge
value found in the B region is consistent for
Cuy 50Ti,(PO4); with mechanism (i), but the
mechanism (ii) cannot be completely ex-
cluded.

The thermal variation of the magnetic
susceptibility of Cuys5oTi;(POg4); precludes
magnetic interactions between Cu?* nearest
neighbors, so that the EPR parameters
have to be discussed within the context of
local deformation of the copper sites.

The energy level diagram of Cu?* with a
dy2_y2 ground state configuration, assuming
an elongated tetragonal distortion of the oc-
tahedral site is given in Fig. 4. The d,2_,2
orbital contains the unpaired electron. For
such a geometry g and g, are related to the
spin-orbit coupling A and to the transitions
A, and A; by the expressions (12)

_ 8k

BI = 8 T A,B,, — By
_ 2k A

81 = 8e — A3(231g—> 2Eg)

where k; and k, are the respective orbital
reduction factors.

The center of the shoulder of the reflec-
tion spectrum in the C region may be as-
signed to the A;(*B;, — 2A;,) transition with
A; = 8000 cm~!. This value is of the same
order of magnitude as those found for ox-
ides containing tetrahedral groups such as
SiOy4, SOy, etc. (12). The g and g, values
allow us to give an estimate of the four
quantities kj, k,, A, and A; which must be
in agreement with the crysal field absorp-
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tion band (i.e., in the C region). We find: k
=k, =0.75, A, = 11.700 cm~!, A; = 14.300
cm™l,

By introducing those values in the usual
relations giving the thermal variation of the
magnetic susceptibility for Cu?* in a tetrag-
onally elongated octahedron (12), i.e.,

_Ng? .3( _‘”‘_u}‘)2+8_"’£zl‘_ﬁ
X~ 3T A, A,
_Ng& .3(1_’ﬂ_")2+ﬂ@2_"i
XL = 3T A, A,
X =%+ i

where the constants have their classical
values, the calculated susceptibility for 2
Cuy 50Ti2(PO4); becomes

456
X = 0.456 + 47 x 1076 uem CGS.

T

The experimental and calculated Curie
constants are in good agreement. On the
other hand the calculated TIP term is about
four times lower than the experimental one.
This difference has not yet been explained
and a parallel investigation of the isomor-
phous phosphate Cug 5¢Zr,(PO,); is in pro-
gress.

Nevertheless the following remarks can
be formulated:

(1) The magnitude of the k and A; (i = 1,
2, 3) parameters obtained from both EPR
and diffuse reflection spectra are close to
those generally found for such materials
(14, 15).

(2) On the contrary different numerical
simulations taking into account the mea-
sured TIP term have led to k and/or A; pa-
rameters without physical meaning.
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Finally the problem of the existence of a
solid solution Cug s+, Ti2(POy); in which Cu*
and Cu?* coexist is still opened and will
require appropriate investigation.
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