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An extended X-ray absorption fine structure study at the copper
K-edge of Nasicon-type phosphates with formulas Cu'M,(PO,);
M = Ti, Zr), A;_,Cu;Zr,(PO); (0 <x=1,A = Na; x = 0.5,
A = H) and Cull{M,(PO,); (M = Ti, Zr) is reported. For
Cu'Zry(PO,);, HysCul sZr;(PO,);, and Na, .,CulZr,(PO,); (0 <
x = 1) copper pairs have been evidenced (Cu'-Cu! = 2.40 A} in
the M| site of the Nasicon structure. In contrast, for the copper(11)
phosphates, the Cu®* ions are surrounded by four oxygen atoms
at about 1.95 A. Copper distribution in these various materials is
discussed in relation to structural parameters. o© 1994 Academic

Press, Inc.

INTRODUCTION

The structure of the Nasicon-type phosphates whose
prototype is NaZr,(PO,), consists of a three-dimensional
network formed by PO, tetrahcdra sharing corners with
ZrOg octahedra (i}). The sitc occupied by sodium is an
clongated antiprism formed by triangular faces of two
Zr0, octahcdra along the ¢ axis of the hexagonal cell
{(Fig. 1). This site is usually called M,. The framework
creates also a karge tenfold coordinated site M,. Every
M site is surrounded by six M, sharing common triangu-
lar faces. ‘

Copper Nasicon-type phosphates have been investi-
gated mainly in two different fields of the solid state chem-
istry. Cu(l} zirconium phosphates are the first examples
of copper(l)-rich fluorescent insulators (2, 3). On the
other hand, oxidation of the Cu(l) phosphates, e.p.,
Cu'Ti,(PO,); or Cu'Zr,(PO,),, leads to the formation of
Cu(Il} phosphates with a reversible oxidoreduction pro-
cess iliustrated by the cquation

4Cu'M,(POy); + O, 2 4Culls M,(PO,), + 2Cu0.
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Such a reaction, which does not alter the 3D [ramework,
is at the origin of interesting catalytic behavior, e.g., the
mild oxidation of propylene into acroleine and the oscillat-
ing activity in the decomposition of butanol (6, 7).

From a structural point of view in Cu'Ti,(PQ,); and
Cu'Zr,(PO,),, the copper atoms are located in the M, site
in an off-centered position giving rise 1o two short Cu-Q
distances: the copper surrounding is a compromise be-
tween the usual linear coordination and the geometry of
the M, site. Copper pairs have been evidenced in
Cu'Zry(PO,); but not in Cu'Ti,(PO,); by a preliminary
EXAFS investigation (9). The role of these clusters have
been discussed with respect to the luminescent proper-
tics (3).

In contrast, the structures of the copper(II} phosphates
are far from being completely understood. These materi-
als could be prepared by solid state reaction(s) as well as
via sol-gel routes (g} (10-12). Their unit cells exhibit
different monoclinic distorsions which can be related to
the hexagonal cell of the prototype.

Within these various contexts, the present paper re-
ports & gencral EXAFS investigation of copper(l) and
copper{ll) Nasicon-typc phosphates typical of situations
resulting from the effects of the elaboration process of
copper Il phascs, of the variation of copper(I) concentra-
tion and of the composition of the covalent framework
(Zr vs Ti).

DATA COLLECTION

The X-ray absorption spectra of A, ,CulZr,(PO,),
(A = Na, x = 0.25, 05, 075, A = H, x = 0.5),
Cu'M,(PO,);, CulliMy(PO,); (M = Ti, Zr) and the
reference compounds Cu,0 and Cu(CH,COO), were re-
corded at LURE by using the EXAFS III spectrometer
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FIG. 1. The structare of Cu'Zry(POy),.

in transmission mode at room temperature. This station
is equipped with a two-crystal Si311 monochromator.
During the experiment, the storage ring used 1.85-GeV
positrons with an average intensity of 200 mA. Each mate-
rial was powdered, uniformly dispersed, and sandwiched
between two X-ray transparent Kapton adhesive tapes.
Air filled ionization chambers were used to measure the
flux intensity before and after the sample. Ten EXAFS
spectra were then recorded for each sample within a
1000-eV range, with 2-eV steps and an accumulation time
of 0.3 sec per point, and then averaged.

DATA ANALYSIS

The EXAFS analysis was carried out by using standard
methods in the plane-wave approximation (13, 14). The
continuous absorption background was estimated by fit-
ting the spectrum before the edge by a linear function,
while the main absorption beyond the edge n(E) was fitted
with an iterative procedure (13). The EXAFS contribu-
tions of the various shells are isolated by applying a &3
weighted Fourier transform of y(k)} from & space to R
space. The different peaks obtained in the resulting radial
structure function correspond to individual coordination
shells (Figs. 2 and 3).

The first peaks are separated between 1 and 1.9 A and
the second peaks between 1.9 and 2.8 A for both copper{I)
and copper(Il) compounds. Each peak is back-trans-
formed giving filtered EXAFS functions.

Then a least-squares fit of these filtered EXAFS signals,
using phase shift and amplitude functions previousty de-
rived from the reference compounds, yields each shell
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atom identity and structural parameters N, (average coor-
dination number), R; (average interatomic distance), and
o; (Debye-Waller factor). The accuracy of the fitted pa-
rameters has been estimated by treating one reference
compound as an unknown using electronic parameters
extracted from the other one. This procedure indicates
errors of =0.01 A in R, =20% in N for the first shell and
+0.02 A in R, +20% in N for the second shell. Second
shell signals and least-squares simulations ar¢ given in
Fig. 4.

RESULTS AND DISCUSSION

All the EXAFS simulation results are collected in Ta-
ble 1.

A. The Copper(Il) Phosphates

For all compounds, the first coordination shell is made
up of four oxygen atoms at an average distance of 1.95 A.
The same result is also found for the amorphous material
labeled ggy which is a gel of composition Cu}'sZr,(PO,);,
dried at 600°C, i.¢., just before the occuring of crystalliza-
tion (12).

The intensity of the second shell peak in the Fourier
transform is comparatively more important for the Zirco-
nium phosphate (s) than for CufTi,(PO,); which indi-
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FIG. 2. Radial structure functions for Cul!l compounds: (a)
CU“@JTiz(PO,@)], (b) Cuno_5zr2(PO4)3 (5), (C) Cunu_szl'z(PO4)3 (gm), (d)
CulysZr,(PO,); (8ago)- (5), (8eor), 2nd (ggy) indexes indicate that the
materials have been prepared by a solid state route, a sol—gel route until
600°C, and a sol-gel route until 800°C respectively.
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Radial structure functions for Cu' compounds: {a) Cu'Ti)(PO,); (b) Cu'Zr, (PO, (€} Nay osCul 75Zr,(PO,);, (d) Nag sCub sZr (PO, ),

() Nag 5sCul 25 Zr,(PO,)y, (( HysCul sZr(PO,), (s), (2) HysCul sZr,(PO,); (g). (s) and (g) indexes indicate that the materials have been prepared

by a solid state and a sol-gel route, respectively.

cates the presence of heavy atoms as next nearest neigh-
bors. Effectively the corresponding EXAFS signal can be
closely ﬁntted by introducing one copper atom at a distance
of 2.76 A and one oxygen atom at a distance of 2.81 A.
Thus half of the copper atoms are centered in M, sites
whereas the others are located in the concomitant M, site
and 75 = 5% of M, sites remain consequently empty.

The EXAFS signals of the second shell for the two
zirconium phosphates prepared by sol-gel routes (gg,, and
g400) €xhibit a beating atk = 5 A~ that is usually explained
by the presence of one givep atom at two different dis-
tances (Ad Cu-Cu = 0.3 A) (15, 5). But in this case
simulations using two different Cu—Cu distances have
been attempted in vain.

Finally the third shell peaks in the Fourier transform
which are attributed to zirconium atoms are similar for
all the samples which is consistent with a preservation of
the zirconium phosphate framework whatever the prepa-
ration conditions.

These results give a better insight into the crystal struc-
ture of these phases. Atroom temperature, Cull ; Ti,(PO,);
and CullsZr,(PO,), (s) are characterized by a rather large
value of the ¢ parameter of the equivalent hexagonal cell
(10, 11). According to the rules governing the structural
properties of the Nasicon-type phosphates, this behavior
is correlated to the O?~—0*" repulsion occuring when a
high proportion of M, is empty (16). In addition for
CulLTi,(PO,), the absence of copper contribution to the

second shell peak means that all the copper atoms are
located in M,. This conclusion is strongly in agreement
with arecent structure determination of the high-tempera-
ture form (17).

The structure of the (g) form of CullsZr,(PQ,), is rather
of the Sc,(WOQ,); type which has extensively been re-
perted for Nij sZr,(PO,); (18). The divalent ions are lo-
cated in a strong distorted tetrahedron sharing two oppo-
site edges with ZrO, octahedra. In this case the copper
environment preexists in the amorphous phase ().

B. The Copper(l} Phosphates

Figure 3 shows the radial structure functions for
Cu'M,(PO,); (M = Ti, Zr), Na,_,CulZr,(PO,); and the
hydrogenated compound H,,Cu}sZr,(PO,), (g and s
forms).

Two oxygen atoms are found in the first coordination
shell as it is usually observed for Cu! oxides. The Cu-O
distances (=2 A) are slightly less than those reported from
X-ray or neutron diffraction investigations: 2.08 A (X-
ray) and 2.06 A (ncutron) for Cu'Ti,(PO,),, 2.05 A (X-
ray) and 2.09 A (neutron) for Cu'Zr,(PO,); (4, 8, 19). The
second shell of Cu'Zr,(PO,), is partially constituted of
copper atoms at a short distance: 2.40 A. The EXAFS
simulation of the studied samples gave an average number
of copper pairs equal to 0.4, Since the number of M, sites
is equal to the number of copper atoms 20 = 6% of these
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FIG. 4. EXAFS second shell signals (solid lines) and least-squares simulations (crossed lines) illustrating the absence (a, b) and the presence

(c, d, e, f) of copper atoms in the second shell.

sites contain these pairs, 20 + 6% remain empty whereas
60 + 6% contain only one copper atom. In contrast for
Cu'Ti,(PO,), the smaller size of M, site prevents the for-
mation of such an association. ’
The same type of copper environment is observed for
the solid solution Na, _,Cul Zr,(PO,); (5). The two oxygen
nearest neighbors are located at 1.99 = 0.03 A and the

next ones at 2.81 A for x = 0.25 and 2.72 A for x = 0.5,
0.75, 1. With respect to the structure of Cu'Zr,(PO,),
these last distances reflect the location of two oxygen
respectively at 2.66 and 2.74 A.

Copper (1) pairs are detected in the region 0 < x = [,
In these aggregates, the Cu'-Cu! distances are remarkably
constant 2.40 A. The evolution of the number of pairs N
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TABLE 1
Fitting Results for the EXAFS Spectra of Copper(l, 1I)
Nasicon-Type Phosphates

Samples Shelt R(AY N Aci (A E,(eV)

Cul
CulTi,(PO,), Cu-01  2.00 1.70 0.0039 8987.0
Cu'Zr, (PO, Cu-0l1 199  2.00 0.0001 8996.4
Cu-02 273 1.63 0.0056 8995.5
Cu-Cu 240 040 0.0039 9003.3
NagsCuly s Zry (PO,  Cu-01 197 2.00 0.0011 8992.2
cu-02 2.7 2.38 0.0011 8990.7
Cu-Cu 240  0.80 0.003% 9004.4
Nay (Culy Zr,(PO,); Cu-01 196  2.00 0.0011 8991.8
Cu-02 272 1.65 0.0056 8990.9
Cu-Cu  2.41 0.40 0.0011 9002.5
NagsCul 525 (PO,), Cu-01 202 200 0.0056 8993.8
Cu-02  2.81 2.04 0.0075 8996.4
HysCulsZry(PO,) () Cu-0l 1.97  2.00 0.0011 8993.4
Cu-02 272 200 0.0024 8997.3
H Cul s Z6,(POY, {8} Cu-O1 196 20 0.0024 8989.0
Cu-02 268 200 0,001 £986.7
Cu-Cu 239 030 0.0056 8998.0

CU"
Cull, Ti,(PO,); Cu-01 185 400 0.0011 8992.9
CullsZry (PO}, (5) Cu-01 185 4.0 0.0011 8993.2
Cu-02 282 070 0.0001 8994.9
Cu-Cu 276 092 0.000] 8976.9
CuflsZry(PO,); (Race) Cu-01 194 400  0.0024 §992.3
CulsZr,(PO,); (gew) Cu-01 1.94 4.00 0.0039 $992.7

Note., R (A) (average interatomic distance), N (average coordination
number), Ac(A?) (Debye—Waller factor), E, (eV) (threshold energy).

is less precise. Within the accuracy of the estimation,
their proportion tends to increase with x: undetected for
x = 0.25; 10 = 3% for x = 0.5; 30 = 9% for x = 0.75;
20 2 6% forx = 1.

The compounds H, sCu ;Zr,(PO,), are prepared by hy-
drogenation of the two phases Cull;Zr,(PO,); (g or s)
according to the reaction

4Cug'sZr,(PO,); + Hy— 4H, sCuf sZr,(PO,);.

Two varieties can be obtained depending on the elabora-
tion process of the starting materials (12, 20). They exhibit
a monoclinic symmetry whose parameters of the equiva-
lent hexagonal cell are respectively

a=884A c=22314A
a=2884A c=2135A.

(s) form
(g) form

The first shell of copper in these two phases is also com-
posed of two oxygens at 1.96 A. The next nearest OXygen
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neighbors are found at 2.70 A. The copper pairs (Cu'-
Cul = 2.39 A) are detected only in the (s) form whose
volume of the unit cell is larger. In this case, the propor-
tion of doubly occupied M, sites is equal to 20 + 6%.

CONCLUSIONS

Whether the phosphates of Cu' or Cu' are concerned,
the EXAFS results are in agreement with the structural
features of the material already reported. As a general
trend the calculated copper—oxygen distances are slightly
lower than those deduced from X-ray or neutron diffrac-
tion studies.

Cu*-Cu* pairs with a remarkably short and constant
distance have been unambiguously evidenced. These
pairs are at the origin of an intense yellow green lumines-
cence observed for Cu'Zr,(PO,), (2, 3) and related com-
pounds, but more generally in materials containing large
sites allowing copper aggregation: 8" alumina (21), zeo-
lithe (22}, etc. Such a pairing was predicted by means of
molecular orbital calculation: a weak attractive interac-
tion exists as a result of a mixing of 4s and 4p orbitals
with 3d orbitals (23). They have been clearly reported in
one organic sulfide Cu,,Cr,Sn,_,,S, and mostly in various
organic complexes (24, 25}.
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