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Abstract: The one-step synthesis using high energy ball milling can be used in preparation of many complex/doped oxides. In this
work we report, as an example, on synthesis and characterization of mullite-type solid solutions. Mullite type Biy(Fe,Ga;,)4Og solid
Solutions with 0.1 < x < 1.0, were synthesized by combination of mechanochemical and thermal treatments of the Bi,0s/a-Fe,03/Ga,03
stoichiometric mixture. The microstructure of the as-prepared materials on the long-range and local atomic scales was investigated by X-ray

diffraction and 5’Fe Mdssbauer spectroscopy, respectively.
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1. Introduction

In recent years, the mullite structured bismuth-bearing
complex oxides with the general formula of Bi,M,04 (M = Fe**,
Ga®" and AIP") and their substituted derivatives of the type Bis.
2PoxMsOgx (e.0., A = Sr?*) have become attractive subjects in
materials research and applications [1]. It is due to their high
thermal stability, good creep resistance, low thermal conductivity,
low thermal expansion, anionic conductivity, high emission in the
infrared region, etc. [2]. As shown in Figure 1, their structure is
characterized by columns of edge-sharing MOg octahedrons parallel
to the c axis, which are interconnected by double M,0;
tetrahedrons. Tetrahedrally coordinated (T) and octahedrally
coordinated [O] sites can accept both transition and main group
metal cations [3].
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Fig. 1 Crystal structure of mullite-type Bi,(FexGaix)4Oq, X = 0.5.

It is well known that functional properties and
microstructure of complex oxides are closely related to the
processes used for their preparation [4]. In fact, in recent years,
several methods have been reported to synthesize bismuth-bearing
complex oxides with mullite structure. For example, Zha et al. [5]
and more recently Voll et al. [6] used a glycine-nitrate process to
synthesize mullite-type compounds. Giaquinta et al. [7] applied a
conventional ceramic route to bismuth-bearing oxides, based on the
annealing stoichiometric amounts of oxides at 1125 K in air for two
weeks with frequent grindings. Gesing et al. [8] reported on
glycerine- and the EDTA/citric acid synthesis method. In both cases
samples were heated at 1023 K for several tens of hours. Pure [9]
and doped [10] Bi,Al,Oy samples were also prepared by the
combustion synthesis route using the glycine-nitrate process and

followed by high-temperature annealing at 1323 — 1363 K. In
another powder syntheses of Bi,Al,O4 and Bi,Fe,O4, annealing
temperatures in the range from 1123 K to 1273 K were used [11-
13].

In this manuscript, the synthesis of mullite-type
Biy(FexGa; 4)40g solid solutions (0.1 < x < 1.0) prepared by
mechanochemical treatment of stoichiometric mixtures of the
Bi,0s/a-Fe,04/Ga,03 precursors, followed by their annealing at the
reduced temperature (1073 K), is reported. Although the similar
preparation method of mullite-type complex oxides has already
been described in our previous work [1,14,15], it should be noted
that the precise structural study of the above-mentioned solid
solutions has not been performed yet. Based on our previous
experience [see e.g., 4,16,17], the simultaneous use of diffraction
techniques sensitive to medium- and long-range structural order,
and spectroscopic methods, which make possible observations on a
local atomic scale, is crucial to reveal structure of the as-
synthesized complex oxides properly. In this work, information is
provided on the local structure of the as-prepared Bi,(Fe,Gas.,)4Og
(0.1 < x < 1.0) solid solutions, including coordinates of the atoms,
the unit cell dimensions and the atom occupation factors derived
from the Rietveld refinements of X-ray diffraction (XRD) data.
Moreover, due to the ability of ’Fe Mdssbauer spectroscopy to
reveal local environment of Fe nuclei, the effect of iron
concentration on the variation in site occupancy, isomer shift and
quadrupole splitting in Biy(Fe,Ga;.,)40g solid solutions is also
discussed.

2. Experimental material and method

Biy(FexGay 4409 (0.1 < x < 1.0) solid solutions were
prepared from the stoichiometric mixture of Bi,O; (Alfa Aesar,
99.999 %), a-Fe,O3 (Alfa Aesar, 99.998 %) and Ga,0; (Alfa Aesar,
99.99 %) powders by the mechanochemical/thermal synthesis using
a high-energy planetary ball mill Pulverisette 6 (Fritsch, Germany).
The precursors were milled for 3 h at 600 rpm in ambient
atmosphere using the chamber (250 cm®) with 22 balls (10 mm in
diameter) both made of tungsten carbide. The ball-to-powder mass
ratio was 22:1. After milling, the powdered mixture was calcined at
1073 K in air for 24 h.

XRD patterns were recorded with a PW 1820 X-ray
diffractometer  (Philips, Netherlands), operating in Bragg
configuration, using Cu—Ka radiation (A = 1.54056 A). XRD data
were collected in the range of 10-80° 20 with a step size of 0.02°
and collection time of 5 s. Rietveld refinements of XRD data of the
as-synthesized solid solutions were performed in Pbam space group
with orthorhombic structure using Fullprof software [18]. The XRD
line broadening was analyzed by refinement of regular pseudo-
Voight function parameters.
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*"Fe Méssbauer measurements were carried in the
transmission mode at room temperature. ¥’Co in Rh was used as y-
rays source. Recoil spectral analysis software was employed for the
quantitative analysis of the Mdsshauer spectra [19]. The velocity
scale and isomer shifts were calibrated using a metallic a-Fe foil
absorber at room temperature.

3. Results

The representative XRD patterns of the Biy(Fe,Ga;.4)40q solid
solutions with 0.1 < x < 1.0 are shown in Figure 2a. The as-
synthesized samples are characterized by narrow diffraction peaks
indicating their well-crystallized nature. All diffraction peaks
correspond to the orthorhombic mullite-type phase with Pbam space
group; no spurious or minority phases have been observed. It should
be highlighted that in relatively low annealing temperature (1073 K)
was applied in the present case. In this context we can conclude that
the combined mechanochemical/thermal treatment used in the
present study represents an effective, simple, lower-temperature
processing route, and thus, a low-cost protocol to synthesize
Bi,(Fe,Ga;.4)40q solid solutions.

To gain quantitative information on the structure of the as-
synthesized Bi,(FexGa;4)4O0g (0.1 < x < 1.0) solid solutions, their
XRD data were refined by Rietveld analysis. The representative
Rietveld refinement of the XRD data for the Biy(Fe,Gai,)sOq
sample with x = 0.5 is shown in Figure 2b. Here, the observed data
are represented by the open circles and the solid curve represents
the result of fitting. The bottom line shows the difference between
observed and calculated intensities. The derived crystal structure
parameters and the exact atomic positions for the Bi,Fe,Ga,Oq
sample are listed in Table 1.

The crystal structure parameters and the goodness parameters of
the fits resulting from the Rietveld analyses of the as-prepared solid
solutions are listed in Table 2. Rietveld refinements revealed that
the cell volume of the as-synthesized samples increases with iron
concentration. This effect most likely originates from the
replacement of Ga®* by Fe®" ions with different ionic radius (0.49
pm for Fe** (T) and 0.47 pm for Ga** (T)) [20]. The lattice
parameters of the solid solutions increase linearly with increasing
iron content as expected according to the Vergard’s law (see Figure
3) [1,7]. In order to reveal the short-range local structure of the as-
synthesized solid solutions, in the following we will present and
discuss the results obtained by >’Fe Mdssbauer spectroscopy. The
representative °’Fe Mossbauer spectra of the samples (for x = 0.1,
0.5 and 0.9) are shown in Figure 4. They demonstrate very clearly
the presence of two coordination sites for iron cations in the
mullite-type structure of Biy(Fe,Ga;.,)4Oq solid solutions; i.e., two
well-resolved doublets are characteristic for tetrahedrally
coordinated (IS = 0.2 mm.s™, external doublet in Figure 4) and
octahedrally coordinated (1S = 0.3 mm.s™, internal doublet in Figure
4) ferric cations.
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Fig.2. (a) XRD patterns of the as-synthesized Biy(FexGai-x)4Os solid
solutions with 0.1 < x < 1.0. (b) Rietveld refinement of the Bi,(FexGay.x)409
solid solution for x = 0.5.

Table 1

Crystal structure parameters (a, b, ¢ and V) and the exact atomic
positions (X, y, z) for Biy(FexGaix)sO9 (x = 0.5) derived from Rietveld
refinement of XRD data. R, Rwp and Rey, are the goodness parameters of the
refinement.

Empirical Formula: Bi,Fe,Ga,0q
Crystal System: orthorhombic
Space Group: Pbam (No. 55)

a (A) = 7.9552(3)

b (A) = 8.3746(3)

¢ (A) = 5.9503(2)

V (A3) = 396.424(2)

Atomic X y z
position
Fe, — 4f 0.50000 0.00000 0.2609(7)
Fe, —4h 0.3547(4) 0.3411(5) 0.50000
Gay — 4f 0.50000 0.00000 0.2609(7)
Ga, — 4h 0.3547(4) 0.3411(5) 0.50000
0,-2b 0.00000 0.00000 0.50000
0,-8i 0.3794(9) 0.2147(13) 0.2474(18)
Oz -4h 0.1365(12) 0.380(3) 0.50000
O4—4g 0.1708(18) 0.4303(12) 0.50000
R-values R,=11.4 Rup = 14.3 Rexp = 7.88
(%)
Fe, — 4f 0.50000 0.00000 0.2609(7)

They demonstrate very clearly the presence of two coordination
sites for iron cations in the mullite-type structure of Biy(Fe,Gas.
»40g solid solutions; i.e., two well-resolved doublets are
characteristic for tetrahedrally coordinated (IS = 0.2 mm.s?
external doublet in Figure 4) and octahedrally coordinated (IS = 0.3
mm.s, internal doublet in Figure 4) ferric cations.

Table 2
Lattice parameters (a, b and c), for Biy(FexGai-x)4Os solid solutions.

X a () b (A) cA)
01 7.930 8323 5.908
02 7.940 8.335 5.919
03 7.949 8.348 5.930
05 7.955 8.375 5.950
07 7.967 8.406 5.975
08 7.964 8.416 5.983
0.9 7.969 8.432 5.995
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Fig. 3. Lattice parameters (a, b, c) and lattice volume (V) of the
Biy(FexGayx)4Oy solid solutions as a function of iron content (x).
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Fig. 4. ¥Fe Mésshauer spectra of selected Biy(Fe,Ga;.,)40o solid
solutions (for x = 0.1, 0.5 and 0.9) measured at room temperature. The open
circles represent measured data and solid lines (red) represents the fitting
curves. The subspectra corresponding to tetrahedrally and octahedrally
coordinated ferric cations are denoted as Fe**(T) and Fe*"[O], respectively.
Subspectral area fractions Fe*'(T)/Fe**[O] are also indicated.

4, Conclusion

Mullite-type Biy(Fe,Ga;.x)40q solid solutions with 0.1 <x < 1.0
were synthesized by high-energy ball milling of Bi,Os/0-
Fe,04/Ga,0; stoichiometric mixtures followed by subsequent
annealing at 1073 K for 24 h. Relatively short time and lower
temperature of the combined mechanochemical/thermal synthesis of
the Biy(Fe,Ga;., )40y mixed crystals is ascribed to the pre-activation
of the reaction precursors. The long-range and short-range
structures of the as-prepared samples were characterized by XRD
and %"Fe Mdssbauer spectroscopy. Rietveld refinements of the
mixed crystals revealed that their lattice parameters vary linearly
with iron content and change in accordance with Vegard’s law. >'Fe
Maossbauer spectra of all investigated samples distinguished
tetrahedrally and octahedrally coordinated Fe** cations.
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