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Introduction

Sillenite compounds, Bi;;MO,y, where M =
Ge, Si, Ti, P, Pb, B (Lobato ef al., 2000; Valent
and Suvorov, 2001; Valent and Suvorov, 2002;
Wignacourt et al., 1991; Marinova et al., 2002)
have been studied for their electro-optical,
photoconductivity and dielectric properties.
The general formula for stoichiometric sillenites
is Bi;;MO,, where M represents a tetravalent
element occupying B-site in the crystal structure
that belongs to the /23 space group with a body-
centred cubic cell (Swindells and Gonzalez,
1988; Horowitz et. al, 1989). Several different
mechanisms of isomorphic substitution allow
the formation of defective sillenites with cation
and oxygen vacancies and possibly even oxygen
excess (Swindells and Gonzalez, 1988). There
have been some controversies regarding the
occupancy of the tetrahedral M site in the
sillenite structure. In the study of the structure
of BiysFeOy and Bi;sZnOyg sillenites by X-ray
method (Craig and Stephenson, 1975), the
authors suggested that the M-cation valence or
effective valence of the isomorphous cationic
mixture at the M site was always equal to four.
Thus the Bi atom partially occupying the M-site
was pentavalent and the compositions

.3 .
Biy; Bi"'Fe'04  and

Bi;g Biy" Zn>" Oy, respectively. Similarly the

corresponded  to

structure of body-centred cubic y-Bi,O; was
proposed to be Bi;;r Bi’'04. Watanabe et al.

(1990) stated that full occupancy of the
tetrahedral site was the first necessity to the
stability of the sillenite-type structure and
suggested that a bismuth phosphate sillenite-
type material containing 6.73 mol% P,0Os had
the composition Bi(IlI),3 33[Bi(V)0.295P1.705]040
while ’Y—Bi203 would be BI(IH)2333BI(V)2040
There was, however, no experimental evidence
to support the existence of Bi(V). Radaev et al.
(1991), on the other hand, proposed that the
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compositions for sillenite compounds where M
= (Bi, Fe) and (Bi, Zn) were

Bi]z( Blg; Fe8§ )019'50 and
Biiy( Biys, Zngs,)01933, Tespectively based on

neutron diffraction data. They proposed a new
model for y-Bi,O; which was represented as
Bi3Bips01920 or Bija[BiOs]os[ O4]02016, i.e.
with 80% occupancy of tetrahedral site by Bi*"
in the form of umbrella like [BiO;] groups and
void tetrahedra (Radaev et al., 1992).

In a neutron powder diffraction study of
Bi,PbO,y it was shown that at low and room
temperature a sillenite structure was adopted in
which the anion vacancies were localized to
specific locations on the sublattice (Murray et
al., 1986). A fluorite structure related to the d-
Bi,0; and an ionically conduction was observed
in this material at higher temperature.

The existence of defective crystal structures
suggests potentially interesting and intriguing
electrical properties in these materials. Here we
report the synthesis and characterisation of
sillenite materials in the BiO;-P,Os binary
system. In addition the formation of solid
solutions by isomorphic substitution and their
properties are presented.

Materials and methods

Bismuth phosphate materials were prepared
using Bi,05 (99.9%, Aldrich) and NH4H,PO,
(99%, Merck) as reagents via solid state
reactions. The reagents used in the study of
chemical doping included As,Os (99.9%, Alfa
Aesar), V,0s5 (99.8%, Ventron), PbO (99.9%,
Alfa Aesar), Sr(NOs), (99.97%, Alfa Aesar),
ALO; (99.5+%, Fluka), Ga;,0; (99.999%, Alfa
Aesar), Fe,O; (99.99%, Johnson Matthey
Electronics), SiO; (99.995%, Alfa Aesar), GeO,
(99.9999%, Johnson Matthey Electronics) and
TiO; (99.99%, Aldrich). All the oxides except
As,Os were dried at 300°C prior to weighing.
As,05 was dried at 200°C while NH,H,PO, and
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Sr(NOs), were used as supplied. Compositions
were weighed (ca. 3g total), mixed with acetone
in an agate mortar, dried and fired in Au foil
boats at temperatures in the range of 750°C to
820°C and duration of 2-10 days, with
intermediate regrinding. Weight-loss checks on
these samples showed that material loss through
volatilisation was not significant.

The samples were analysed by X-ray
powder diffraction (Shimadzu diffractometer
XRD 6000, CuK, radiation). Electrical
properties were determined by ac impedance
spectroscopy  using a  Hewlett-Packard
Impedance Analyzer HP 4192A in the
frequency range of 10 Hz to 13 MHz. Pellets
were cold pressed and sintered at 750-820°C
overnight; Au paste electrodes were then fired
on at 200-600°C. Measurements were made
between 300°C and 820°C by incremental steps
of 50°C (or 10°C for temperature ranges 650°C
< T < 820°C) with 30 min equilibration time.
Most measurements were made in air, and
where necessary in nitrogen.

For differential thermal analysis (DTA) and
thermogravimetic analysis (TGA), a Perkin-
Elmer instrument (model DTA 7 and TGA 7)
with a heating and cooling rate of 10°C min™'
was used.

Results and discussion

Phase formation and purity
Compositions ranging from Bi:P of 10:1 to 25:1
in the Bi,05-P,05 Dbinary system were
synthesised and results are shown in Table 1.
Mixed phases of Bi;PO;; (monoclinic
symmetry with space group of P2;), a cubic
phase with space group Fm3m and sillenite
phase with space group /23 were formed for
materials with Bi:P ratios of 10:1 and 11:1
prepared at 800°C for 48 hours. For the
composition of 12:1, the mixture consisted of
Bi;PO,; and sillenite phase. When a small
amount of the melted sample (~0.3 g) was
quenched in Hg the XRD pattern was that of
single-phase cubic form, space group FmJ3m.
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TABLE 1 Phase assemblage in xBi,O;-P,O5 binary
system, 10<x< 25.

Bi:P  Heat treatment Phases

ratio

10:1  800°C,48 h Sillenite, Bi;POy3

and cubic nhase. Fm3m
melted and Hg Cubic phase, Fm3m,
quenched a=5.51314A

11:1  800°C,48h Sillenite, Bi;POy3

and cubic phase, Fm3m
melted and Hg Cubic phase, Fm3m,
quenched a=5.5128 A

12:1  800°C, 48 h Sillenite and Bi;PO;3
melted and Hg Cubic phase, Fm3m,
quenched a=5.5307 A

13:1  750°C,48h Sillenite
melted and Hg Cubic phase, Fm3m,
quenched a=5.5272 A

14:1  800°C,48 h Sillenite

15:1  750°C,48h Sillenite

16:1  800°C, 60 h, Hg Sillenite
quenched

17:1  800°C, 60 h, Hg Sillenite and y-Bi,O;
quenched

18:1  800°C, 60 h, Hg Sillenite and y-Bi,O;
quenched

19:1  800°C, 60 h, Hg Sillenite and y-Bi,O;
quenched

20:1 800°C, 60 h, Hg Sillenite, y-Bi,O3 and
quenched Bi,0O;"

22:1  800°C, 60 h, Hg Sillenite, y-Bi,O3 and
quenched Bi, 05"

25:1  800°C, 12 h, Hg Sillenite, Bi,O;" and
quenched an unidentified phase
melted and Hg Tetragonal phase,
quenched a=>5.5307 A,

c=5.6469 A

? Bismite, syn, monoclinic, ICDD card no: 41-1449.

Single phase sillenite compounds were
formed for materials with Bi:P ratios of 13:1 to
16:1. The XRD patterns of these materials could
be fully indexed using Chekcell refinement
software and the cell parameters are listed in
Table 2. Lattice parameters and volumes of
these materials increased with increase of Bi
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content. The ionic radius of Bi** (0.96 A) is
larger than P>* (0.17 A) (Shannon and Prewitt,
1969). It was thus expected that substitution of
Bi into P site would result in an increase of the
cell constant. Bij4PO; prepared by manual
mixing has a larger cell parameter than that

prepared by ball milling.

TABLE 2 Lattice parameter and cell volume of
sillenite-type phases as a function of Bi/P ratio from

X-ray diffraction data

Sample  Cell parameters Cell parameters
reported/
reference

Bi;3POs cubic, 123 cubic, 123

a=10.1660(4) A a=10.169(1) A
7=1050.6 A’ (ICDD card no:
81-443)
Bi,PO; cubic, 123 cubic, 123
a =10.1681(1) A a=10.1761(4) A
V=1051.28 A’ V=1053.77 A’
(Bi:P=13.953:1,
ICDD card no:
44-199)
BilSPOB cubic, 123
a=10.1733 3) A
V' =1052.89 A’
Bi;,POs cubic, /123
a=10.1765 (1) A
¥=1053.89 A°

At higher Bi:P ratios, a mixture of sillenite
phase and y-Bi,O; were obtained. Usually, y-
Bi,0; was formed at ~ 640°C, and it persisted to
room temperature when cooling rate was kept
very low (Sammes et al., 1999). Therefore, it
was possible to eliminate traces for y-Bi,O; at
compositions with Bi:P ratio of 16:1 by
quenching the material in Hg. The crystal
structure of ¥-Bi,O3 has, in fact, be described as
a defective sillenite with formula Bi;,Bij 3001920
(Radeav et al., 1992). Wignacourt et al. (1991,
1991b) reported the formation of single-phase 7y
solid solutions with a sillenite type unit cell for
compositions with Bi:P ratios of 13:1 to 19:1.
In the present study, however, it was not
possible to eliminate V-Bi,O; at Bi:P ratios
higher than 16:1.
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The material of composition Bi:P = 14:1
was selected for characterisation and further
studies. Assuming that all the Bi exists as Bi(III)
the formula of this material could be written as
Bi,Pg 5702014 Wwith partial occupation of
tetrahedral site and slight excess of oxygen. On
the other hand, if Bi exists as both Bi(Ill) and
Bi(V) and there is full occupancy of the
tetrahedral site as suggested by Watanabe et al.
(1990) the formula would be Bi11'325P0<845020 or
Bi(I1D) 11 67[Bi(V)o.155P0.sas]O20  with  2.78%
vacancy on Bi(Ill) site. The exact formula of
this material can only be confirmed with
crystallographic structure determination. For
ease of description and comparison we would
present the material as having composition
Bi,4POs in this paper.

Thermal analysis

DTA was carried out on single phase
materials with a heating and cooling rate of
10°C/min in the temperature range of 35°C to
860°C. All the materials exhibit similar DTA
results.

Figure 1 shows the DTA curves of two heat-
cool cycles for Bij4POs. In the first heating
cycle two endothermic peaks were observed at
829°C and 850°C, followed by the onset of
melting; the cooling cycle shows three
exothermic peaks at 832, 771 and 630°C,
respectively. The peak that appeared as a
shoulder —at  839°C  corresponds  to
recrystallisation after melting at ~880°C. An
endothermic peak at ~733°C, which was absent
in first heating process was observed in second
heating process. Besides, the two endothermic
peaks at ~830°C and ~850°C were well
separated in the second heating process. These
phenomena suggest that three were three
reversible phase transitions. It has been
reported that two polymorphic transitions were
observed for sillenite materials of compositions
13:1 to 19:1 at 820 and 867°C, corresponding to
Yy - o and & — O transformations,
respectively (Wignacourt et al., 1991b). Both &
and O have fluorite type structures. The phase
transitions observed at 819°C and 848°C
probably correspond to the transformations
reported earlier.
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FIGURE 1 DTA thermograms of Bi;,POj; of (a) first
cycle and (b) second cycle.

TGA experiments did not reveal any
significant weight loss over the range 35-860°C
and therefore significant composition changes
associated with volatilization of Bi and or P
below 860°C can be eliminated.

Electrical properties

Conductivity measurements were carried out on
single phase materials in the xBi,O3-P,O5 binary
system, 13 < x < 16. Conductivity values of the
materials were extracted from impedance
complex plane plots. Typical impedance data
are shown in Fig 2 for Bi;4PO;s. At 400°C, the
predominant feature is a single semicircle
distorted at low frequency indicating the
contribution of grain boundary effect (Figure
2a). The semicircle has an associated
capacitance of 5.6 x 10"* Fem™, which is
typical of a bulk component. At higher
temperatures, a low-frequency spike inclined at
~ 50° to the horizontal axis can be clearly seen
(Figure 2b). Its associated capacitance of ~ 107
F cm’ is characteristic of ionic polarization
phenomenon at blocking electrodes. At 800°C
the spike collapsed to form a semi-circular arc
(Figure 2¢) indicating that oxygen diffusion was
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through a layer of finite thickness (Irvine et al.,
1990). It thus appears that the conducting
species are predominantly oxide ions.
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FIGURE 2 Z* plot of Bi,4PO; at (a) 400°C, (b)
600°C and (c) 800°C.

In order to further examine the conduction
species in the materials, conductivity
measurements were carried out in dry oxygen
free nitrogen (OFN). Isothermal conductivity
plots for the sample in OFN and air are given in
Figure 3 and show the conductivity to be higher
in OFN, indicating that there is electronic
contribute to the conduction. At low oxygen
partial pressure, oxygen was removed from the
sample surface which leads to the generation of
n-type carries according to following equation:

20" >0, +4e
The material, Bij4POs, thus appears to be a
mixed conductor. Wignacourt et al. (1991)
reported that the electrical conductivity of

Bijt,, Bi’l . Poss3On (Bi:P = 13:1) was typical
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FIGURE 3 Isothermal conductivity of Bi;4POs in air
and nitrogen at (a) 500°C, (b) 750°C (o) nitrogen, (m)
air.

of a mixed conduction up to 820°C. The oxide
ion transference number was less than 0.5 at
400°C < T< 800°C, but close to unity at 820°C
where phase transformation took place.

Conductivity of the materials in the Bi,Os-
P,Os binary system decreases in the order of
Bi13P05 zBi14PO§>Bi15PC)5 >Bi16P05 (Figure 4)
The Arrhenius plots are linear up to 700°C, with
curvature being seen at around 750°C,
corresponding to the Y — &’ phase transition
(Wignacourt et al., 1991b). The activation
energy which is higher above 750°C relates to
that of migration of oxide ions.

Formation of solid solutions and their
properties
A complete solid solution series with

sillenite structure was obtained when As was
introduced to replace P while substitution of P
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by V results in the formation of partial solid
solutions, Bi4P;xVOs, 0 < x <0.3. Substitution
of P by Pb, Sr, AL, Si, Ge, Ti, Ga and Fe
resulted in the formation of limited solid
solutions, with x ranging from 0.2 (M = Sr, Pb)
to 0.4 (M = Fe, Ga) at the solid solution limit in
the formula Bi;4P;M,Os. Existence of y-Bi,O;
was observed at higher dopant concentration in
these materials.
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FIGURE 4 Arrhenius plots of conductivity for
xBi,0;-P,05 sillenite materials. (0) x = 13, (A) x = 14,
(o) x=15, (®) x = 16.

The DTA results and the complex plane
plots of the materials in Bij4P; M;Os solid
solutions are similar to that observed in Bi;4POjs.

In Bi4P;xAsO;s solid solutions,
introduction of As into P site in Bi;,PO3 did not
result in significant changes in the conductivity
of the materials. On the other hand, substitution
of P by V in Bi;4P,,V,Os solid solutions led to
an enhancement in conductivity. Figure 5
shows the Arrhenius plots of Bi;4POsand
selected doped materials. Enhancement in
conductivity was observed only in 5% Pb-, 5%
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Si- and 5% Ge-doped materials. However,
increasing the dopant concentration to 10%

resulted in a decrease in conductivity.
14
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FIGURE 5 Arrhenius plots of Bi;4,POs and some
doped materials.

(0)Bi14POs; (0)Bi14AsOs; (m) BiigPg 7V 30s;

(A)Bi 4P 95Pbg 0sOs; (0)  Bij4P.05810.050s;

(X) Bi4Pg95Geg.050s; (A) BiyPoosGag 0sOs;

(*) Bi4PoosFeo0sO05; (#) BigPooAly 105

In general, conductivity decreases in the
order of Bi14P1_xVxOS>Bi14P1.bex05>
Bi14P1_XASX05>Bi14PO§. The hlghest
conductivity was obtained in V-doped materials
with =27 mS cm™ (or 1.27 x 10" ohm™ cm ™)
at 800°C for Bi4Py3V(,0s, which is higher than
that of yttria stabilised zirconia (YSZ) at the
same temperature. The activation energy of
~0.92 eV is comparable to that of YSZ. The
enhanced conductivity in this composition is
due to a reduction in the phase transition
temperature from a sillenite-type structure
(space group [23) to a defect fluorite-type
structure related to 8-Bi,Os.

Conclusion
Sillenite solid solutions were formed in
Bi,05-P,Os binary system and when P was
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replaced by V, As and several other elements
including Si, Ge, and Pb. In general, these
materials exhibit similar conductivity behaviour,
i.e. they are mixed conductors at temperatures
<750°C but wundergo polymorphic phase
transitions at high temperatures, >800°C,
presumably to defect-fluorite-type materials;
however, high temperature in situ diffraction
studies are required to confirm the
crystallography of the high temperature
polymorphs. Based on the “stoichiometric”
model for sillenites suggested by Valent and
Suvorov (2002), the solid solution limit for P°*
in y-Bi,0; would be Bi/P=15:1. Clearly, our
data show that the single-phase sillenites can be
formed for 16:1 and 15:1, in agreement with this
model; however, both our data and that reported
by Wignacourt et al. (1991) suggest that
compositions with Bi/P=14:1 and 13:1 can also
be prepared as single-phase sillenite-type
materials. It would appear, therefore, that the
stoichiometry of several sillenite-type phases
remains a complex issue and is worthy of
further study.
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