New mixed-valence oxides of bismuth: Bi; .Y, O,5,;(x=0.4)
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New bismuth mixed-valence compounds Bi; .Y, O, 5., (x=0.4,0<5<0.16) have been synthesized by introducing excess oxygens
into an anion-deficient fluorite type crystal Biy Y, 4O, 5 by heating at 703 K under high oxygen partial pressure up to 300 atm.
Values of 6 were determined by iodometric titration and thermogravimetric analysis. A distinct red shift of the absorption edge
from 2.7 to ca. 1.7 eV was observed on going from 6 =0 to 0.16. These compounds showed semiconductive properties with an
activation energy of 0.9 eV, ruling out the possibility that the introduction of excess oxygen causes the formation of a single-
valence Biion. These optical and electrical properties demonstrated the formation of a mixed-valence state between Bi®** 6s? and
Bi®" 6s°; gap-narrowing was explained by charge-transfer absorption.

Study of mixed-valence states of cations in solids is an attractive
topic' because of the unique optical and electrical properties
of such materials, e.g., superconductivity as observed in
Ba(Pb, _,Bi,)O; (x ca. 0.25).* In halide complexes of bismuth
ions, the mixed-valence states between Bi** with 6s26p° elec-
tronic configuration and Bi®>* with 6s°6p° are well known. On
the other hand, in solid oxides, few materials containing
pentavalent bismuth ion have been synthesized so far.>~!3
Under ordinary redox conditions, Bi*" is not readily oxidized.
However, the formation of Bi** is often observed in oxides
containing alkali- or alkaline-earth cations. Alkali- and alka-
line-earth ions enhance effective negative charges on the adjac-
ent oxide ions and the large negative charges enable oxidation
of some fraction of Bi** to Bi®™".

The purpose of the present study is to prepare a new mixed-
valence oxide of bismuth containing no alkali- or alkaline-
earth metallic cations. Recently, we have synthesized mixed-
valence oxides of post-transition-metal ions in which inter-
valence charge-transfer absorption from ns? to ns® appeared, by
using the following route.!® Bi, (Y, ,O; 5 [(Bi,03);_.(Y,0;),,
x=0.47"""22 was selected as the candidate host material. In
the present paper, the preparation of Bi; Y O, 5, (x=0.4)
in the region 0<0<0.16 is reported along with the change in
optical absorption spectra as a function of ¢. The formation
of the mixed-valence state of bismuth was investigated.

It is appropriate to give an explanation for the selection of
the host material and on the approach to the synthesis of a
mixed-valence material with reference to the crystal structure.
All bismuth ions in (Bi,O3); - (Y,03), (0.10<x<0.43) exist
as Bi*". The crystal structure can be described as an anion-
deficient fluorite structure, represented as MX, 5, and is derived
by introducing anionic vacancies into the fluorite structure,
MX, (cubic, Fm3m). The cation is coordinated by eight equival-
ent anions at 8c sites in the fluorite structure. The polyhedron,
MXg,, shares its edges with twelve adjacent ones. In
Bi,_ .Y, 0, s(x=0.4), disordered Bi** or Y** ions occupy the
4a site at random and are coordinated by six anions and two
anionic vacancies. A neutron scattering study indicated that
there is a small deviation in the position of the cation from
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the 4a site.!2! This material is known to show high oxide
ionic conductivity, ca. 1073 Secm ™! at 773 K, via the anionic
vacancies.'”!® Kruidhof et al. reported for Biy,Yo3015
that the mass changes depending on the atmosphere at
673-1073 K.2-2* A nitrogen or oxygen atmosphere gave rise
to a mass loss or gain, respectively, but no discussion was
given as to the origin of the mass changes.

The approach employed in converting the single-valence
compound to the mixed-valence state is that the trivalent ions
in the solid are expected to be oxidized by introducing excess
oxygens into the empty anionic sites (8c), 1/4 of which are
vacant initially in the MX, 5 compound. Consequently, the 6s>
ions in the vicinity of excess O?~ are expected to be oxidized
to Bi"* (n>3), if the introduction of excess oxygen into the
pre-existing vacant 8c site is performed at relatively low
temperatures.

Experimental

Biy Y040, 5+ s samples as discs were prepared by the following
procedure. Bi,O; (99.9%) and Y,0; (99.9%) powders were
mixed in an agate mortar and pestle with methanol, and the
dried mixture obtained was calcined at 1023 K for 10 h in air.
The resulting Biy Y405 powder was ground, pelletized and
sintered at 1183 K for 10h in air. In order to control the
amount of excess oxygen, 0, the pellets were annealed at 703 K
under different atmospheres [ N,, O, or Ar—O, (4:1)] for Sh.
The atmosphere of Ar—O, (4:1) at a pressure of 1500 atm was
generated by the use of a hot isostatic press (HIP).

X-Ray powder patterns were obtained with a Rigaku
RINT2500 X-ray diffractometer using graphite-monochrom-
ated Cu-Ka radiation (voltage =50 kV, current =200 mA) and
Si or CaF, was used as the internal standard to determine the
lattice constant.

Oxygen contents were determined by iodometric titration
and thermogravimetry (TG). TG and differential thermal
analysis (DTA) were performed on a Rigaku TAS-200 instru-
ment with alumina powder used as a reference. The heating
rate employed was 10 K min~!. Electrical conductivities of
polycrystalline discs were measured by the dc two-probe
method in the temperature range 400—573 K in air. Diffuse
reflectance spectra of powder specimens were measured
with a Hitachi U-4000 spectrometer. The reflectance was

J. Mater. Chem., 1997, 7(6), 943-946 943



transformed into absorbance by using the Kubelka—Munk
function.?

Results

The crystalline phase in the samples was identified as
Biy Y40, 5 (cubic, ax0.545 nm) by powder X-ray diffraction.
Table 1 shows the excess oxygen content, J, in the specimens,
Bip6Y0.401.5+5, prepared under different atmospheres. The &
values obtained by titration corresponded to those obtained
from TG; values of ¢ increased with increasing oxygen partial
pressure. The sample with the smallest value of § of zero was
obtained under nitrogen; that with largest value of 6 of 0.16
was obtained under the HIP condition.

The anion-deficient fluorite structure was retained in the
region 0<0<0.16, as shown in Fig. 1(a). However, the lattice

Table 1 Excess oxygen content § of samples annealed at 703K as
determined by iodometric titration and thermogravimetry

sample atmosphere 0 colour
1 N, (1 atm) 0 lemon yellow
2 air 0.01 orange
3 0O, (20 atm) 0.07 red—brown
4 Ar—0, (4:1) (1500 atm) 0.16 black—brown
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Fig. 1 (a) X-Ray powder diffraction patterns of BigY(4O1.5+5 With
0=0, 0.07 and 0.16. Diffraction peaks were indexed on the assumption
of a fluorite structure. The inset is an enlargement of the (400)
diffraction. (b) Cubic lattice constants for Big Y .40;.5+5 as a function
of the excess oxygen content, J.
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Fig.2 TG-DTA curves of BiysY, 40150 (0=0) as a starting sample.
The measurements were carried out under O, gas flow.

constant decreased with increasing J [ Fig. 1(b)], as evidenced
by the shift of the (400) diffraction peak in the inset in Fig. 1(a).
Simultaneously an increase in the full width at half maximum
at the peak was seen with increasing o.

Fig. 2 shows TG and DTA traces for measurements carried
out under an oxygen flow for BiysYo40150 (0=0) as the
starting material. The TG curve showed an increase in mass
up to 703 K and a decrease to the original mass at higher
temperature, indicating that a high oxidation state was formed
at ca. 703 K under oxygen flow and that the incorporated
excess oxygen was released at higher temperature. In accord
with the increase and decrease in mass, exothermic and endo-
thermic peaks were observed in the DTA trace, respectively.

The temperature dependence of the dc electrical conductivity
of BiysYy40;66 Was measured in the temperature range
573-400 K, where significant change in ¢ did not occur during
the measurement. Semiconductive and thermal activation type
behaviour with an activation energy of 0.9 eV was observed.
The conductivity at 500 K was 1 x 1077 S cm ™. Big ¢Y0.4O1.50
also showed similar conductivities.

The colours of the sintered discs changed from lemon yellow
for =0 through orange for =0.01, brown for §=0.07, and
finally to black-brown for §=0.16. Fig. 3 shows the optical
absorption spectra for samples Bi, (Y, 4O, 5,5 and the inset
shows the dependence of the absorption edge on §. The edge
in each spectrum was estimated from an intersection point
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Fig. 3 Optical absorptions of BigY 401545 [(@) 0=0, (b) 6=0.01,
(¢) 0=0.07, (d) 6=0.16]. Data were obtained by transforming from
diffuse reflectivity spectra with the Kubelka-Munk function.® The inset
shows absorption edges as a function of the excess oxygen content, J.



between the x-axis and a straight line drawn from the higher
energy side along the observed spectrum. It was noted that a
decrease of ca. 1¢eV in the energy of the absorption edge was
observed upon changing J from 0 to 0.16.

Discussion
Incorporation of excess oxygen

It should be pointed out that excess oxygen is introduced even
under moderate conditions. The dependence of lattice constant
on ¢ in Fig. 1(b)indicates that the excess oxygen is incorporated
continuously into the crystal lattice, although the anionic
positions could not be determined by the powder X-ray
diffraction method owing to the weakly scattering nature of
oxygen atoms in these oxides. The increase in the full width
at half maximum of the diffraction peak with increasing o
[Fig. 1(@)] indicates a decrease of the crystalline size. The
TG-DTA traces in Fig.2 show that the excess oxygen is
introduced easily up to the composition of BiggY 401 51,
calculated from the maximum in the mass gain at 703 K. A
high oxidation state was formed at ca. 703 K under oxygen
flow and the incorporated excess oxygen was released at higher
temperature.

Mixed-valence state of Bi

We propose the formation of a mixed-valence state, Bi**-Bi®*,
which can explain consistently the observed phenomena dis-
cussed above. The results of iodometric titrations indicate the
oxidation of Bi** because Y** is known only to adopt the
trivalent state. Using this assumption, the Bi** /(Bi** +Bi’ ")
ratio in Big Y404 66 1s 0.27. The low conductivities observed
for the sample with 6=0.16 ruled out the possibility of the
formation of the single-valence state, Bi*>**, or that of mobile
positive holes. Therefore, disproportionation of Bi ions is
expected. The lattice contraction shown in Fig. 1(b) originates
from the formation of Bi** whose ionic radius is smaller than
that of Bi**, even though excess oxygen is introduced into the
lattice. The two types of Bi ion must adopt different chemical
environments. However, site distinction was impossible in the
X-ray powder diffraction patterns, owing to the similar scat-
tering nature of Bi** and Bi** in these oxides.

It is well known that excess oxygen often leads to the
formation of positive holes in the valence band in semiconduc-
tive ionic compounds.?®?’ However, positive holes in the
valence band composed of Bi** 6s? orbitals in semiconductive
oxides have not, to our knowledge, been reported. In the
present experiments, two holes caused by excess oxygen are
trapped on Bi*", resulting in the formation of Bi**. Such
newly formed Bi®* is expected to attract O~ more than Bi**,
owing to the large positive charge. This lattice relaxation
annihilating the holes might originate from the softness of the
ionic lattice containing Bi**. Battle et al. concluded from
neutron scattering measurements and NMR spectra that there
is local ordering of anion vacancies depending on adjacent
cationic species.?®22 It is reasonable to consider that the
introduction of excess oxygen increases the amount of lattice
defects, since newly formed Bi*" can be regarded as a defect.
The large polarizability of Bi**, with 6s? electrons, may result
in disorder of the three types of cations, Bi**, Y3* and Bi**,
which prefer different local structures.

Optical absorption

Finally, we consider the origin of the observed red shift with
increase in ¢ in the optical absorption spectra in Fig. 3; such
an observation in these solid oxides has not been previously
reported. The formation of Bi** has a large influence on the
optical absorption edge in BipeY4O1.5+5. Fig. 4 shows the
proposed schematic energy band diagram of Bij Y401 .50 and
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Fig. 4 Schematic energy band diagram of Biy¢Y4O0;5+5 with
(@) =0 and (b) 6=0.16

Biy Y040, 5.5 (6=0.16). For >0, the 65° state of Bi®" is
expected to lie just below the conduction band. As J increases,
the level of the 6s° state shifts to lower energy and the bottom
of the conduction band may start to be composed of Bi** 6s°.
The origin of the gap-narrowing seems to be the appearance
of unoccupied Bi 6s° below the Bi 6p° conduction band.
Therefore, the observed optical absorption at lower energy is
due to the intervalence charge-transfer absorption from Bi**
652 to Bi®* 6s°. The transition might be caused by the direct
interaction between Bi** and Bi** as a consequence of the
short distance, ca. 0.384 nm, between each cation in the fluorite
structure for Bi; .Y O, 5,5.

Conclusions

Polycrystalline BiyY(40;.5+5 was synthesized at 703 K by
controlling the oxygen partial pressure. The results obtained
are summarized below.

(1) A zero value of 6 was obtained under nitrogen and the
highest ¢ value, 0.16, under Ar—O, (4:1) (1500 atm). The
anion-deficient fluorite structure was retained in the region
0<0<0.16, although the lattice constant decreased gradually
with increasing 0.

(2) As ¢ increased, the colour of the samples changed from
lemon yellow to black-brown and the bandgap E,, estimated
from the diffuse reflectance spectra, decreased from 2.7 to
1.7eV. The temperature dependence of dc electrical conduc-
tivities of Biy Y, 404 ¢ and Bij Y, 4O, 50 measured under air
in the temperature range 400-573 K showed Arrhenius type
behaviour with an activation energy of 0.9 eV.

(3) The change of optical absorption was explained in terms
of the formation of the mixed-valence state Bi**-Bi**.
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