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New pyrochlore solid solutions Bi; 5Sb; 5_xNb,CuO; have been synthesized (0 <x <1.5)
via the ceramic method in the air at 1000 °C. Rietveld refinement of the compounds
Bi; 5Sbq.5_x\NbyCuO; for x=0, x=0.75 and x=1.5 by means of X-ray powder diffraction
analysis confirmed an overall A;B,0; cubic pyrochlore structure according to
(Bi*1.5Cu"05)(Sb%*1 5_«Nb>*,Cu?*5)0; formula with 10.42009 (3)A, 10.47193 (3)A

Keywords: and 10.52679(4) A, respectively, and Fd3m space group. Composition dependencies of
nyOChlore cell parameters show a linear increase with the niobium x fraction. The magnetic
?’“‘gﬁs ) susceptibility measurements achieved between 4 and 400K indicate a paramagnetic
ynthesis

behavior with an oxidation state “+2” for the copper ion. The electric resistivity measured
using complex impedance spectroscopy evidences an increase of the electric conductivity
with temperature and niobium substitution.

© 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Solid solutions

1. Introduction

Pyrochlore-type oxides have attracted great attention
for a long time due to their remarkable physical and
chemical properties as high thermal stability, high
resistance to radiation damage and low thermal con-
ductivity. These properties entitle them to extensive
applications, for instance as catalysts [1,2], ionic/electric
conductors [3], lithium ion batteries [4], radiation-
damage-resistant materials [5], nuclear waste disposal
[6,7], thermal barrier coatings [8] or solid electrolytes
in high temperature fuel cells [9]. Pyrochlore oxides have
the general formula A,B,0s0’ with z=8; A, B are cations
and O, O’ are anions. Most pyrochlore oxides crystallize

* Corresponding author.
E-mail address: mourad7dz@yahoo.fr (M. Sellami).

in space group Fd3m (#227). Of the four possible choices of
origin in this space group, the most commonly used places
are the smaller B-type cation at the 16c¢ site with the larger
A-type cation at 16d. There are two anion sites, with O at
48f, and O’ at 8b. There are only two variable structural
parameters, the cubic lattice parameter a, and the
positional parameter x, for the O atom in 48f. The
pyrochlore structure can be described as interpenetrating
BOg octahedra and A0’ chains [10,11]. The B,0g frame-
work consists of [BOg] octahedra sharing all vertices to
form large cavities [12]. From extensive experimental
work on the synthesis and structural characterization of
cubic pyrochlores, stability fields have been proposed for
allowable substitution into the A and B cation sites based
on measures, such as the ratio of the cation radii size and
the cation electronegativity [13]. These new pyrochlore
solid solutions Bi; 5Sbys5_x\Nb,CuO; will be used in the
future as catalysts [14]. Here, we report the synthesis and
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the study of the corresponding structural, magnetic and
electric properties.

2. Experimental

The solid solutions were prepared by solid-state
reaction of stoichiometric amounts of reagent-grade
Bi;03 (99.9%), Sby03 (99%), Nby0Os (99%) and CuO (99%)
(Aldrich Chemical Company Ltd). The mixtures were
ground for 1h with an agate mortar and pestle. The
resulting powders were calcined at 500 °C for 24 h in an
alumina crucible. Then, the powders were again ground
and calcined two more times successively at 700 °C and
900 °C for 48 h each. The resulting powders were re-milled
for 1/2 h and uniaxially pressed into pellets about 13 mm
in diameter and 2 mm in thickness. Then, they were
sintered at 1000 °C for 48 h in the air. The samples’ color
was brown. The specimens were initially characterized by
X-ray powder diffraction using a PANalytical X'Pert Pro X-
ray diffraction system. Data were collected using Cu Ko
radiation. Rietveld refinement [15] of the X-ray powder
diffraction data was carried out using the FULLPROF
program [16]. Polished specimens were examined using a
conventional Philips SEM XL30 scanning electron micro-
scope. The magnetic susceptibility of powder samples was
measured from 4 to 400K with SQUID. Electrical con-
ductivity measurements were carried out using an
impedance lock-in EG&G 7220-type with a 10-mV AC
signal amplitude at frequencies between 30Hz and
120 kHz.

3. Results and discussion
3.1. Structural characterization

3.1.1. Study of Bi; 5Sb;5_xNbyCuO; solid solution

Previous studies [17] showed that the substitution of
copper by manganese in compound Bi; 5Sb; 5Cu0O; [18]
forms a continuous solid solution with a pyrochlore
structure. Here, we substitute antimony by niobium
according to this system: Bi;sSb;s_4NbyCuO;. Fig. 1
shows X-ray diffraction patterns of as-synthesized
Bi; 5Sby 5_xNbyCuO5. All the diffraction lines in each
pattern can be well indexed in the pyrochlore pattern
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(ICSD 01-077-8429). The results indicated that all
compounds had a single cubic pyrochlore structure
of Bij5Sby.5_.xNb,CuO; belonging to space group Fd3m
(No. 227). Using Scherrer’s equation [19], the crystallite
sizes of the samples were calculated from the size effect
contribution to the peak half-width of the (2 2 2) peak
and were found to be in the 100-140 nm range. These size
limits depend on the ceramic preparation method (high
temperature). It was worth noting that the diffraction
peaks of the samples were shifted toward a smaller
diffraction angle as a result of the increasing Nb doping
content, indicating that the lattice parameters had
increased according to Vegard’s law [20] Effectively, the
cell parameters were practically on the correlation line,
indicating that the difference between the niobium
jonic radius, Ryn(VI)=0.72A, and the antimony ionic
radius, Rsp(VI) = 0.60 A [21], is the reason of this increase
in the lattice constant. Fig. 2 shows SEM photographs of
the surface morphologies of the disk samples. It was
found that the grain size of the samples slightly changes
with increasing x. Samples with x=0 and 0.5 seem to be
rounded, whereas sharp grain edges are evidenced for
x=1. The difference in the grain growth rate during
sintering, which causes the variation in grain size, is
attributed to the different diffusion rates of the ionic
species.

3.1.2. Structural refinement

The highly symmetrical ideal pyrochlore structure
A,B,0, crystallizes in space group Fd3m with A and B
cations on two special positions (16d, 16c) and oxygen
atoms on two sites, 48f O and 8b O/, resulting in a single
positional variable (x for the 48f site oxygen atoms in the
B,0gs octahedral network). Rietveld refinement with this
model shows that copper is statistically distributed on
the A and B sites, leading to formula (Bi;sCugs)
(Sbq.5_xNbyCug5)07. As expected, this model results in
anomalously large thermal parameters for the A site
cations and the O’ oxygen atoms in this initial refinement.
The disordered structure was therefore modelled assum-
ing static displacements of the A and O’ atoms, similar to
that of analogous Bi-M-Nb-0 pyrochlores (M =Zn [22], Fe
[23], Mn [24]), whose structures were refined using
neutron powder diffraction data. The refinement of the
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Fig. 1. (Color online.) XRD patterns of Bi; 5sSb; 5_xNb,CuO- solid solutions.
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Fig. 2. SEM micrograph of Bi; 5Sb; 5_xNbyCuO; compounds (x=0; x=0.5; x=1; x=1.5).

positional parameters for the disordered metal sites was
carried out assuming displacements of the A,O’ network,
as found for a number of other pyrochlore compounds
[25-28]. Refinement without displacement of the A site
Bi/Cu gave bad residuals for the smallest reflections.
Improved results were obtained with Bi/Cu displaced to six
partially filled 96g sites and O’ site displaced to the 32e
site. Observed, calculated and difference X-ray powder
diffraction spectra are displayed in Fig. 3. The agreement
between the observed and calculated profile is excellent
and Rgagg factors < 6.54; they depend on both the atomic
coordinates and the chemical composition. The final
refinement results are given in Tables 1 and 2. The
pyrochlore structure, (Bi;sCugs)(Sbys_xNb,Cugs)O5, can
be described by the interpenetrating networks of (Sbys_
«Nb,Cug5)O octahedra and intersecting (Bi;sCugs)O’
chains, where A cations are in the 96g position and O’
anions are in the 32e position. Fig. 4 illustrates the
displacive disorder of the A,O’ network. The arrangement
of the octahedra, sharing vertices, generates hexagonal
cavities where the A sites are located. The little red spheres

represent the oxygen atoms and the yellow spheres are
niobium/copper atoms. The blue spheres represent the six
equivalent 96g sites for the A site Bi/Cu cations, and the
large red spheres denote the 4 possible displaced positions
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Fig. 3. (Color online.) Observed, calculated and difference X-ray powder
diffraction patterns of Bi; sNb; sCuO-.
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Table 1
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Rietveld refinement results of Bi; 5Sb 5_4Nb,CuO- solid solutions.

Sample x=0 x=0.75 x=1.5

Global formula Bi;2CugSb1,05¢ Bi12CugSbgNbgOs6 Bi;2CugNb;,05¢

Formula mass 53736¢g 5200.2 g 5026.88¢g

Crystalline system Cubic Cubic Cubic

Space group Fd3m Fd3m Fd3m

Cell parameter 10.42009(3) A 10.47193(3)A 10.52679(4) A

Cell volume 1131.393(6) A3 1148.366(6) A3 1166.510(8) A>

Wyckoff sequence fdcb fdcb fdcb

Number of reflexion 74 74 73

Number of refined parameters 14 17 14

Function profile Pseudo-Voigt Pseudo-Voigt Pseudo-Voigt

Rwp 3.67 3.35 2.97

Ry 2.59 241 2.36

Rexp 2.03 1.86 2.32

Rerage 6.51 5.72 6.54

Table 2
Atomic positions and site occupancies from Rietveld refinement results of Bi; sSby 5_xNb,CuO7 solid solutions.

Atom Position Site occupancy X y z Biso [A?]

x=0 Bi(1)/Cu(1) 96g 0.125/0.041 0.5076(7) 0.5076(7) 0.4709(9) 0.10(9)
Sb(2)/Cu(2) 16¢ 0.75/0.25 0 0 0 0.10(5)
01 48f 1 0.3243(9) 1/8 1/8 1.7(3)
02 32e 1/4 0.346(3) 0.346(3) 0.346(3) 1.7(3)

x=0.75 Bi(1)/Cu(1) 96g 0.125/0.041 0.5101(7) 0.5101(7) 0.4705(9) 0.10(9)
Sb(2)/Nb(2)/Cu(2) 16¢ 0.375/0.375/0.25 0 0 0 0.60(9)
01 48f 1 0.3239(8) 1/8 1/8 1.4(3)
02 32e 1/4 0.342(1) 0.342(1) 0.342(1) 1.4(3)

x=1.5 Bi(1)/Cu(1) 96g 0.125/0.041 0.5140(9) 0.5140(9) 0.4697(9) 0.90(9)
Nb(2)/Cu(2) 16¢ 0.75/0.25 0 0 0 0.10(4)
01 48f 1 0.3154(6) 1/8 1/8 1.4(3)
02 32e 1/4 0.354(3) 0.354(3) 0.354(3) 1.4(3)

Fig. 4. (Color online.) (Bi; 5Cugs)(Nb;.5Cugs)0- cubic pyrochlore structure.
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Fig. 5. (Color online.) Susceptibility and inverse susceptibility versus
temperature of Bi; sSb; sCu0O and Bi; sNb; 5CuO-.

for the O’ oxygens. (For interpretation of the references to
color in Fig. 4, the reader is referred to the web version of
this article).

3.2. Magnetic susceptibility

Magnetic data obtained for the compounds indicate
that the samples were overall paramagnetic in nature, with
an effective moment of 1.74(5) and 1.70(3) wp for the
copper in compounds Bi; 5Sb; 5Cu0O; and Bi; sNb; 5Cu0;.
The inverse susceptibility versus temperature data for the
Bi; sNb; 5Cu0; show upward curvature at the lowest
temperatures and at high temperatures deviate somewhat
from a linear Curie-Weiss behavior (regions between 200
and 300 K). The observed effective magnetic moments
(Uegr/mol Cu), calculated from the slopes of the Curie-
Weiss fits indicates the “2 + " oxidation state of the copper.
The temperature dependence of the magnetic suscept-
ibility and its inverse are shown in Fig. 5. The copper
oxidation state confirm the pyrochlore formula (1.5-1.5-
1-7 compound), since bismuth has a “3+” and niobium
and antimony [29] have a “5+” oxidation state.
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Fig. 6. (Color online.) Conductivity variation versus inverse temperature
(1/T) of Bi;.5Sby.5_xNby,CuO; compound.

3.3. Electrical characterization

Fig. 6 shows the temperature dependence of the total
conductivity of Bi; sSbys_xNb,CuO; ceramics, obtained
from AC electrical measurements and impedance plots
over the temperature range between 300 and 800 K in the
air. Clearly, the total conductivity of Bi; 5Sby 5_xNb,CuO-
ceramics gradually increases with increasing tempera-
ture from 300 to 800 K. The temperature dependence of
the total conductivity of Bi;sSbqs_xNb,CuO; ceramics
can be described by the Arrhenius equation,
o T=09 exp (-E/kg T) where o, T, 0o, E, and kg are the
total conductivity, absolute temperature, pre-exponen-
tial factor, activation energy and Boltzmann constant,
respectively. The total conductivity data follow a linear
behavior, which confirms that the electrical conductivity
process is thermally activated. The activation energy for
the total conductivity of Bi;sSbys_xNbyCuO-; ceramics
slightly decrease with increasing the niobium content.
The activation energies were determined as 0.45, 0.42
and 0.41 eV for the samples doped with x=0, 0.5 and 1,
respectively. The decrease in the activation energy is the
result of an increasing in the conductivity with increasing
the Nb content, and reflects the impurity level shift
toward the conduction or valence band by increasing
the number of sharing electrons or holes. All compounds
are considered as semi-conductors.

4. Conclusion

A new pyrochlore solid solution with formula
Bi; sSby5_xNbyCuO; was synthesized by solid-state
reaction at 1000°C. All samples had a single cubic
pyrochlore structure of Bi;sSbys_yNb,CuO; with space
group Fd3m (No. 227). The lattice constant increased
linearly with increasing niobium concentration. Rietveld
refinements confirmed an overall B,0g:A;0’ cubic pyro-
chlore structure with Cu cations on both A and B sites.
Magnetic characterization measurements confirmed
a “+2” oxidation state of the copper cation. Electric
measurements at high temperature revealed an increase
in the electrical conductivity, with a decrease in
the activation energy. Our synthesized compounds are
considered as semi-conductors.
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