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Abstract

Bi,O,_,, a Bi mixed-valence phase was prepared at 95 °C, by a precipitation process, in a basic medium with a highly oxidizing
K,S,04/Na,S,0g. This phase has a low thermal stability as it decomposes below 400 °C in a multiple step process by some O,
losses prior to finally transforming into y-Bi,O3. The as-prepared powders are 50-60 nm in size with a narrow size distribution.
Optical spectra of Bi,O,_, exhibit a broad absorption band with a band gap of ~1.4 eV as compared to 2.61 eV for Bi,O5. The
composition of this non-stoichiometric phase, which crystallizes in cubic fluorite related structure with a cell parameter of
5.538(3) A, is Bi»03.65 + 0.10-
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The high-temperature modification of bismuth sesquioxide (8-Bi,O3), which crystallizes in the defect fluorite-
type structure, is known as an excellent oxide-ion conductor [1]. Such a structure is usually stable over the 730-
825 °C temperature [2], but it can be stabilized at room temperature by the substitution of various divalent, trivalent
and pentavalent cations [1-4]. In the fluorite structure 1/4 of the oxide ion vacancies are accommodated in the
lattice. Their arrangements, together with the stability of the ordered—disordered oxygen sublattice, depend upon
the nature of the dopant cations and more specifically of their polarizability. Among the potential dopants to
stabilize the fluorite structure of Bi,Oj3, is Nb, W or Dy, which have the highest polarizability. In cubic Bi,O4_,,
which was first reported by Jansen and Begemann [5], the fluorite phase is stabilized by the presence of some
amount of Bi*" in the structure. They have also reported the Bi,O, and Bi4O; with the monoclinic and triclinic
pyrochlore-type structure, respectively. More specifically, the Bi,O,_,, whose structure was not detailed was
prepared by the thermal decomposition of HBiO3-nH,O and amorphous Bi,Os under high oxygen pressures [5].
Although trivalent bismuth, Bi(IIl) is the most stable oxidation state for Bi in oxygen lattice, mixed Bi(II[)/Bi(V)
valences have been stabilized in some oxides such as BaBiO; [6], Bag Ko 4Bi105 [7] and K, g;Bi; ;3BiO5 [8] with a
few of them showing charge ordering and being superconductors. In these mixed-valence bismuth containing
oxides, equivalent amount of Bi is oxidized to 5+ by substitution of divalent or monovalent ion for trivalent Bi ion.
However, in binary oxides such as Bi,04, Bi4O7, Bi,O4_, [5,9,10] and in ternary oxides such as ZnBi,Og and
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MgBi,0¢ [11], Bi(V) is stabilized regardless of the presence of mono or divalent ions in the structure. These
materials are generally obtained using hydrothermal conditions rather than high temperature routes. Here we report
the synthesis of the cubic fluorite Bi,O,_, phase by an oxidative precipitation process, and we compared its
chemical/physical properties with other Bi’* containing binary oxides such as Bi4O; and monoclinic Bi,O.

2. Experimental

In a typical preparation of Bi,O4_,, 22 g of NaOH (550 mmol) was dissolved in 500 ml of distilled waterina 11
beaker and heated on a hot plate under constant stirring. When the basic solution temperature reached 95-100 °C,
16.35 g of K,S,04 (60.48 mmol) an aqueous solution of 10 g of Bi(NO5),-5H,0 (20.61 mmol), dissolved in 1 ml of
concentrated HNO;3; and 50 ml of distilled water, were added in that order. A brown precipitate instantaneously
formed.

After 3 h of reaction time, the suspension was cooled down to room temperature and centrifuged at 4000 rpm for
10 min. The brown precipitate was washed with a weak electrolyte (1% NH4NOj3) to avoid both its peptization and
hydrolysis at neutral pH. The washing/centrifugation steps were repeated to ensure complete removal of soluble ions
and finally the product was dried at 100 °C. We experienced that Na,S,0g can also be used as an oxidizer, instead of
K5S,0g, without any influence on the final product.

In addition, the Bi,O4 and Bi4O, phases were prepared by hydrothermal synthesis following the procedures
reported in the literature [9,10].

Powder X-ray diffraction pattern were recorded with a Philips diffractometer (PW 1710) with Cu Ka radiation
(A =1.5418 A). Structural parameters were obtained using FullProf Refinement programme [12]. Transmission
electron microscopy studies of samples were carried out with a Philips CM 12 transmission electron microscope
operated at 100 kV. Optical absorption spectra were measured in UV, visible and near infrared regions with a Perkin-
Elmer Lambda 35 spectrometer at 300 K. Thermogravimetric data were collected with a Mettler thermogravimetric
analyzer at a heating rate of 5 °C/min under static air.

Chemical estimation of Bi and oxygen content were done with EDTA and iodometric titrations, respectively
[13,14].
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Fig. 1. X-ray diffraction patterns for different Bi-oxides: (a) cubic Bi,O4_,, (b) monoclinic Bi,O, reflections from cubic Bi,O4_, asterisk (*)
impurity are indicated and (c) triclinic Bi4O.
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Table 1
Lattice parameter, space group and crystal systems for Bi-oxides
Chemical formula Crystal system, space group Lattice constant

a(A) b (A) c (&)
Bi,O4_, Cubic, Fm3m 5.538(2) 5.538 5.538
Bi,O, Monoclinic, C12/c1 12.385(2) 5.121(7) 5.574(6)
BiO, Triclinic, P 11.421(8) 11.211(3) 10.788(2)
t-Bi, O3 Tetragonal, P-42,c 7.742(4) 7.742 5.631(6)
¢-Bi,03 Cubic, Pn3m 5.529(2) 5.529 5.529
v-Bi,03 Cubic, 123 10.261(8) 10.261 10.261
8-Bi,03 (PDF No: 01-074-1633) Cubic, Fm-3m 5.665 5.665 5.665

3. Results and discussion

Bi-oxides with Bi in the 5+ oxidation state can be precipitated under highly oxidizing conditions by oxidizing
agents such as K,S,0g/Na,S,0g, whose oxidation potential is higher than that required to oxidize Bi** to Bi®" as
indicated below:

S,08> +2e~ — 250,> (2.01V) (1)
Bi*" — Bi’" +2e” (1.82V) )
Thus, the precipitation reaction of Bi,O,_, can be written as follows:

2Bi(NO3)3 4 2Na;S;05 + 10NaOH — “‘Bi; 04"’ 4+ 4Na;SO4 + 6NaNO; + SH,0 + (1/2)0; 3)
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Fig. 2. Transmission electron micrographs of Bi,O,4_,: (a) bright field image of 50-60 nm size particles and (b) process diffraction treatment of the
SAED pattern shown in the inset.
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Fig. 3. Thermogravimetric analysis of Bi,O4_, performed under flowing air.

The XRD pattern of the reddish brown powder obtained by precipitation (Bi,O4_,), together with that of
monoclinic Bi,Oy4 and triclinic Bi4O7,are shown in Fig. 1(a)—(c), respectively; the corresponding lattice parameters,
which are in good agreement with the reported values [5,9,10], are given in Table 1.

A transmission electron micrograph of the as-prepared Bi,O4_, is shown in Fig. 2(a). The particle sizes of as-
prepared samples are in the range of 50-60 nm. The corresponding electron diffraction pattern (Fig. 2(b), inset) is
composed of bright diffraction rings, and the corresponding X-ray pattern Fig. 2(b), calculated using process
diffraction software [15], could be indexed with a cubic Bi,O5 cell (PDF No: 74-1373).

EDS analyses carried out on numerous crystallites did not show the presence of K or Na, despite the presence of a
large quantity of alkali metal ions under the synthesis conditions. Thus neither potassium nor sodium is incorporated in
the product.

Fig. 3 illustrates a TGA curve for “Bi,O,” in air. The TG curve indicates multiple steps of weight loss due to
oxygen removal. Oxygen evolution at these temperatures has been confirmed by temperature-programmed
desorptions with Quadruple mass spectrometer. Corresponding X-ray diffraction pattern collected for the sample at
various TG steps are presented in Fig. 4(a)—(c). The first 1.0% weight loss noted on the TGA trace was ascribed to
absorbed water based on the absence of any changes in the XRD powder patterns. In contrast, the X-ray diffraction
pattern collected after the second weight loss step (325 °C) in Fig. 4(b) showed a significant change. Careful analysis
of the pattern indicated that it is composed of a mixture of metastable phases of Bi,O5 crystallizing in tetragonal
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Fig. 4. X-Ray diffraction patterns of samples recorded at different Tg steps, showing phase transformations at various stages of decomposition. XRD
patterns for (a) Bi;O4_,, (b) mixture of 3-Bi,Os3, and 8-Bi,05; the diffracted lines marked with an asterisk are due to 8-Bi,O3 and (c) y-Bi,O;.
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Fig. 5. Diffuse reflectance spectra for (a) Bi,O,4_, and (b) Bi,O3.

(P-424c) and cubic (Pn3m) structures which are denoted as t-Bi,O3 and c-Bi,05. The Bragg peaks of the latter phase
being marked by asterisk (Fig. 4b). The lattice parameters obtained for t-Bi,O3 and c-Bi,Oj3 are given in Table 1, and
they are in good agreement with those reported (PDF No: 78-1793 and 74-1373).

The second weight loss step (2.12%) at 325 °C corresponds to the removal of 0.64 mol of oxygen from the parent
Bi,03 phase. Upon further heating from 325 to 700 °C, the TG profile indicates a small weight loss (0.8%), with the
XRD of the 700 °C sample matching well with that of vy-Bi,O5 (Fig. 4(c)); its lattice parameter is in agreement with
that reported (PDF No: 45-1344). From the thermogravimetric analysis, it can be deduced that the precipitated phase
composition could be written as Bi;O3 ¢4-0.27H,0. Iodometric titrations showed an average oxidation state of 3.65 for
Bi, which agrees well with the composition obtained from thermogravimetric analyses.

All of the as-prepared samples are dark brown, which is in agreement with other Bi’* containing binary oxides such
as Bi4O5 and Bi,0, or ternary oxides such as in MgBi,04 and ZnBi,0O¢. We note from the diffuse reflectance spectra
presented in Fig. 5 for Bi,O4_, that the absorption edges of Bi**-containing samples shift to higher wavelengths
leading to a band gap of ~1.4 eV as compared to 2.61 eV for vy-Bi,Oj3. For the latter, the band gap was ascribed to the
electronic excitation from O (2p) to Bi** (6p0) state [16]. In contrast, for Bi,O,4_,, because part of Bi** gets oxidized to
Bi’* and the low lying Bi (6s°) state is empty, it is tempting to ascribe the band gap to an O (2p)-Bi>* (6s°) electronic
excitation.

Based on the initial crystal structure model for Bi,O,_,, the Rietveld refinement was carried out in the space group
Fm-3m considering a full Bi occupancy at 4a (0 0 0) site, and oxide ions distributed over 8c (1/4 1/4 1/4) sites. While
the structural refinement was apparently satisfactory, the refinement of occupancy and thermal parameters of each ion
were unusually large suggesting the possible existence of other sites. Moreover, careful examination of the intensities
of the (22 0) and (3 1 1) reflections revealed these reflections were poorly fitted. The refinement with other model
structures based on fluorite such as 8-Bi,O3, Pr;01,, YUOg and IngWO;, were also not satisfactory. Finally,
introduction of partial oxide ion occupancy at 4b (1/2 1/2 1/2) site in an ideal fluorite structure and redistribution of
oxide ion occupancy among 4b and 8c sites gave a good fitting with acceptable values of occupation number and
thermal parameters. The final refined parameters obtained for the above model are listed in Table 2. Both oxygen and
Biso values converged and the relatively larger Biso values of oxygen suggest split oxygen occupancies in the lattice.
Fig. 6 shows the observed, calculated and difference diffraction profile for Bi,O,_,. The refinement converged with

Table 2

Structural parameters obtained from Rietveld refinement for Bi,O,_, phase

Composition Space group Lattice parameter, a Atom Position X y z Occupancy Biso Ryp

BiyO4_, Fm3m 5.538(2) Bi(1) 4a 0.00 0.00 0.00 0.6538 0.0279 3.09
O(1) 8c 0.250 0.250 0.250 0.6409 0.0847

0(2) 4b 0.500 0.500 0.500 0.01595 0.0847
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Fig. 6. Rietveld refined pattern for cubic Bi,O,_,; good fitting of experimental (Q) with calculated (|) pattern, as well as the difference pattern (—)
and Bragg positions (|).

Ry, =2.99%, R, =3.09%, which are the lowest compared to the refinements with other models. The refined site
occupancies with this model correspond to Bi,O3 g6, which is near to the composition found from chemical analysis.

In 8-Bi, 05, Bi* ions are located at 4a site and the oxide ions at 8¢ and 32f positions, whereas in cubic Bi,O4_, Bi’*
and Bi** are randomly distributed at 4a sites and the oxide ions at 4b and 8c sites; thus the present compound is a
disordered fluorite phase. The ionic radii of Bi®* 0.76 1&) is smaller than that of Bi** (1.17 A), and there is a decrease
in the cell parameters of Bi,O4_, (a = 5.538(2) A) compared to fluorite related cubic 8-Bi,O3 (a = 5.655 ;\) (PDF No:
74-1633), which crystallize in Fm-3m space group [17]. Furthermore, the mean Bi—O bond distance in Bi;O4_, is
2.57 A, close to the bond distances of those found for Bi**-O (2.56 A) and Bi’*-0 (2.10 A) in monoclinic Bi,O4 [10].

4. Conclusions

We have reported for the first time the direct precipitation of Bi,O4_, (x = 0.36 = 0.10) divided powders in aqueous
medium with high yield. Bi,O4_, crystallizes in Fm3m space group with cubic ‘a’ parameter of 5.538(2) A. Cubic
fluorite related structures are stabilized by some amount of Bi>*, which upon thermal treatment is reduced to Bi** with
release of O, to finally transform to y-Bi,O5 above 400 °C. Bi,O4_, exhibits a broad band gap of ~1.4 eV attributed to
charge transfer of O (2p) to Bi* (6s°) electrons.
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