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ABSTRACT

Sol-gel synthesis of Biy.,AlNis3O7:5 (A1-A4: x = 0.0, 0.25, 0.50, 0.75) composite
oxides were performed via nitrate-citrate route. Analysis of the powder XRD patterns by
Fullprof shows cubic unit cell with lattice parameters in A1-A4: a = 10.2678, 10.1197,
10.1183, 10.1134 A; Z= 4 and space group Pm3n. Average crystallite sizes in A1-A4
determined by Scherrer's relation are found to be in the range ~ 42-61 nm. The
differential thermal analysis (DTA)/ thermogravimetric (TG) results show no phase
transitions in the range 25-800 °C. The morphology of the samples characterized by
scanning electron microscopy (SEM) show similar results with respect to the particle
sizes and shapes. Rietveld refinement of the unit cell structure shows appreciably
lowered agreement factors R,, Ry, and Rey, for all the samples. The Bi-O and Ni-O
bonds of different sites show marginal variations in the samples. Circular electron
density contours around Ni and O due to valence orbitals shows the partial ionic
character of Ni-O bonds. The plane-wave Density Functional Theory (DFT) calculations
on crystal of structure of A1-A4 for band structure and density of states (DOS) using a
CASTEP programme package show the valence band (VB) located at -8.0 to ~ 0.0 eV
(Fermi level) predominantly comprised of O 2p orbitals overlapping with in-phase with
Ni toq, and the Bi 6s orbitals to form Ni-O-Bi bonds, and O 2p orbitals overlapping with Ni
tog or Bi 6s forming O-Ni-O or Bi-O-Bi bonds. The conduction band (CB) is composed of
Ni e, orbitals, which narrows down with complete smearing of ~2.0 to 3.0 eV CB as in
A1 in A2-A4 due to the absence of A** d orbitals. This result shows the transition of
semiconductor-like as in A1 to metallic character with the Ni e; band predominantly
crossing the Fermi level, in A2-A4.
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1. INTRODUCTION

In the past decade, the preparation and characterization of new composite oxide materials
have become a topic of great interest, both experimentally and theoretically. Transition metal
oxides, because of the interesting diverse physical properties they exhibit, relatively easy to
prepare, and low cost, have attracted much attention as the new materials in recent years.
The study of physical properties of composite oxides requires single-phase samples
because electrical transport and magnetic properties are closely related to the structure.
Therefore, it is necessary to ensure if the samples are really monophasic. Of special interest
to us are the novel hybrid metal-ceramic materials prepared by sol-gel technique (Roy and
Roy, 1984). This technique has enabled the preparation of variety of interesting solid
materials including composite oxides, ceramic powders and glasses (Roy and Roy, 1984;
Komarneni et al.,1986). Located at the center of the first transition metal series, Ni** is a
good trap of photogenerated hole converting it to Ni**, which is good oxidant of organic
molecule through formation of carbocataion (Ghorai et al., 2008). The holes associated with
a quadrupole complex contribute to conductivity by hopping and/or by band like conduction,
depending on various parameters like temperature, frequency of the applied signal, defect
concentration, and dopant concentration, if any (Morin, 1954). The nature of the highest
occupied bands, responsible for the electronic properties of a material, is strongly dependent
on both its composition and its crystal structure. In this present study, we report on the
synthesis of new series of composite oxides materials, Bi,.+AlNis3,07.5 (x = 0.0, 0.25, 0.5,
0.75) by sol-gel method via nitrate-citrate route, detailed analysis of crystal structure and
calculations of the electronic energy band structure and density of states (DOS) by the
plane-wave-density functional theory (DFT). The substitution effects of the trivalent cations
M** (Bi** and AI**) on the electronic structure are also studied.

2. MATERIALS AND METHODS

2.1 Sample Preparation

Synthesis of BisAlNis3,07.5 (A1-A4: x = 0.0, 0.25, 0.50, 0.75) composite oxides was
performed by sol-gel method via nitrate-citrate precursor route. Calculated amounts of
stoichiometric bismuth nitrate, Bi(NO3);-5H,0, aluminium nitrate, Al(NO3); and nickel nitrate,
Ni(NO3),, were dissolved in acidified (HNOj3) water to prepare a solution of pH ~ 2 each. The
solutions were mixed together and stirred for 1 h at ~ 50 °C, then ~30 ml 1.5 M solution of
citric acid was added and stirred continuously ~ 50 °C for ~ 90 h which then forms a waxy
gel. The resulting gel was then decomposed at ~ 120 °C, which was then sintered in air
successively at 450 °C for 2 h for complete combustion of organic materials, and at 800° C
for 4 h and quenched in air to obtain fine green powder.
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2.2 Experimental Techniques

The powder X-ray diffraction (XRD) pattern of the samples were recorded on an X'pert
powder X-ray diffractometer (PAN ANALYTICAL make) with scan rate 2°/ minute in range 5°
- 75° in 20. Monochromatic Cu K, radiation (A ~ 1.5418 A) was used as the x-ray source
with power 40 kV/30 mA. The powder x-ray diffraction data were analyzed by the FullProf
Suite (version 3.90) software package (Carjaval, 1990) to determine the unit cell parameters
and indexing. The refinement of the unit cell structure was done using Rietveld refinement
method (McCusker et al., 1999). The Fourier electron density mapping on the crystal
structure after refinement was done using FullProf Suite (version 3.90) software. The
microstructures of the samples were examined by a SEM JSM-5410, and the distribution of
the elements throughout the grains and the chemical compositions of the samples were
determined from the EDX profiles recorded using a Hitchi-S3400 instrument. DTA/TG
analysis was done using a Perkin-Elmer Diamond TG/DTA instrument (sensitivity of 0.2 ug)
in the range 25- 800 °C at heating rate of 25°C/min in air. The densities of the samples are
determined by liquid displacement method using carbon tetrachloride as a immersion liquid
(density 1.596 g/cc at 300 K).

2.3 Band Structure and Density of States Calculations

The calculations of electronic energy band structures and density of states were done using
a plane-wave density functional theory with local gradient-corrected exchange-correlation
functional (Perdew et al., 1996) and performed with a commercial version of the CASTEP
(Cambridge Serial Total Energy Package) programme package, (Clark et al., 2005; Segall
et al., 2002a,b; Payne et al.,1992) using Material Studio (MS) software which uses a plane-
wave basis set for the valence electrons and norm-conserving pseudopotential (Hamman et
al., 1979) for the core states.

3. RESULTS AND DISCUSSION

3.1 Determination of Unit Cell Parameters

The powder XRD patterns of samples A1-A4 of Biy.xAlxNis 3075 (0.0 < x < 0.75) composite
oxide system are shown in Figure 1. Using the Fullprof software the unit cell parameters as
well as the indexing of the lattice planes in the samples A1-A4 are done. The unit cell in the
samples is found to be cubic with space group Pm3n. The cell parameters are shown in
Table 1 along with the observed densities of the samples. Comparison of the observed
density with the calculated ones show that Z=4 for the samples A1-A4. The cell dimension
decreases in A1-A4 with increasing x. This is attributed to the incorporation of higher valent
Bi®* and AI** ions in the lattice. The average crystallite sizes in the samples are determined
by Scherrer’s relation (Klug and Alexander, 1997), and the values are also shown in Table 1.
The crystallite sizes are in the plausible range of 42-61 nm in the samples.
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Fig. 1. Powder XRD patterns and indexed lattice planes of A1-A4 of Biy.xAlxNis3xO7.5
(0.0 =x=< 0.75) composite oxides

Table 1. Unit cell parameters, calculated and observed densities and average
crystallite sizes in A1-A4 of Bi,.xAlxNis.3x07.5 (0.0 < x < 0.75) composite oxides

Unit cell A1 A2 A3 A4
data/Sample

Cell Formula BigNimOzg Bi9A|1Ni13028 Bi10A|2 Ni10 028 Bi11A|3Ni7028
La’f&tice parameter* 10.2767 10.1197 10.1183 10.1134
a

Céll )volume (A®) 1085.32 11036.35 1035.90 1034.40
Space group Pm3n Pm3n Pm3n Pm3n

Z 4 4 4 4
Calculated 4.693 4.944 5.013 5.065
density (g/cc)

Experimental 4.398 4.946 5.169 4.825
density (g/cc)

Average crystallite 42 50 45 61

size (nm)

* before refinement
3.2 Microstructure, EDX and Thermal Studies

Figure 2 shows the SEM micrographs A1 and A4, and EDX profile of representative sample
A4. The high magnification SEM micrograph of A4 is shown in the inset in Figure 2(b), which
shows particles with quadrupods-like shape with random orientations. Investigation of
various regions of the sample also shows similar results with respect to the particle sizes
and shapes. The compositions of the samples were characterized by EDX profiles which
show that all samples have the stoichiometry close to nominal. The EDX analysis indicated
homogeneous distribution of all elements, within the grains of the samples. The mapping of
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the samples also shows the high dispersion and homogeneity in distribution of elements in
the samples.

DTA and TG traces show no endothermic peak with weight loss upto 600 °C indicating no
absorption of moisture or co-ordinated water in the samples. Rather the weight increase in
TG curve in the range 20-400 °C (~1.2 %) may be resulted from the oxidation of the nickel
present in the system. DTA curves show an endothermic peak with weight loss at 630 °C.
No other anomalies were observed. This fact indicated that no any phase transitions upto
800°C.

3.3 Crystal Structure Refinement and Electron Density Fourier Mapping

The unit cell structure (Figure 3(a)-(b)) of the samples A1-A4 is developed on space grou
Pm3n (sp. gr. No. 223) with Z=4. The Bi** ions are put in 8(e) sites in A1 with additional Bi**
ions in A2-A4 in 6(d) sites; Ni**(or A**) ions in 12(f) and 6(c) sites; O ions in 16(i) and 12 (f)
sites. The unit lattice dimensions and the agreement factors after Rietveld structure
refinement (McCusker et al., 1999) are shown in Table 2. The Tables 3-5 also show the
refined atomic position coordinates, bond lengths and bond angles in the asymmetric units of
A1-A4, respectively.

Element| Met 2
Sing Coints Weight % | Atam %
(c) 0k a6 12.45 58.68
Full scale counts: 442 ’g‘l_ K 974 405 5.73
I K 458 512 G.58
2004 Bi Mi L 114 - -
BiL 776 80.38 29.01
Bi 3096 - -
Bi 254 - -
100 Total 100,00 100.00
Ni
0 . . ) . ; - ; : : =
0 1 2 3 4 ] 4] 7 a3 | 10

kel

Fig. 2. (a) SEM micrographs of A1, and (b) SEM micrographs of A4 at different
magnifications (c) EDX profiles of A4 with compositions of the elements in
randomly selected grain (inset).
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(b)
Fig. 3. (a) 3-dimensional, and (b) 2-dimensional view on (001) plane of BigNi 05 (A1:
x=0.0) unit cell structure. Bi-dark red, Ni(Al)-blue, O-red in 2-dimensional view

Table 2. Unit cell dimension, a (A), and the agreement factors after Rietveld
refinement of the unit cell structure of A1-A4 of Biy.,Al,Nis3,07.5

Agreement Samples

Factors A1 A2 A3 A4
a(A) 10.2678 10.1266 10.1160 10.1163
Rp (%) 97.10 96.19 96.14 95.97
Rup (%) 99.83 96.80 96.98 96.37
Rexp(%) 0.23 0.26 0.30 0.23

At first sight, it appears that for the compositions A2-A4, no significant changes are observed
in the bond lengths suggesting that the total bonding interaction is practically constant in the
composition range studied. No significant change in bond angles is also observed in the
samples. This is related to the microstructure of the samples which show uniform behaviour.
The Fourier mapping of the 3-dimensional electron density from xz-plane (010), and the 2-
dimensional electron density contour on (010) plane are shown in Figures 4(a)-(b),
respectively. The circular nature of the contours around the Ni due to localized valence d
orbitals and the O due to valence 2s and 2p orbitals in the lattice sites with isolated
overlapping contours also shows the partial ionic character of Ni-O bonds (Hugel and
Carabatos, 1983) in the crystal.
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Table 3. Generated crystal coordinates (xyz) and Cartesian coordinates (XYZ) before
and after refinement of the atomic positions in the asymmetric unit in A1-A4 of
Bi2.xAlxNig.3xO07:5 (0.0 < x < 0.75) composite oxides

Sa-

mp- Atom Crystal coordinates

le/

No X

Yy A

Cartesian coordinates
before refinement

Cartesian coordinates
after refinement

X Y

Y4 X

Y

Bi1
Ni1
Ni2
o1

02

0.2500
0.7853
0.2500

0.6501

Bi1
Bi2
Ni1
Ni2
o1
02

0.2500
0.2500
0.7853
0.2500
0.1363
0.6501

Bi1
Bi2
Ni1
Ni2
o1

02

0.2500
0.2500
0.7853
0.2500
0.1363
0.6501

Bi1
Bi2
Ni1
Ni2
o1

02

0.2500
0.2500
0.7853
0.2500
0.1363
0.6501

mmAool\a—xfoum-hwmégovm-hoom—\%m#wwék

0.2500 0.2500
0.0000 0.0000
0.0000 0.5000

0.1363 0.1363 0.1363

0.0000 0.0000

0.2500 0.2500
0.5000 0.0000
0.0000 0.0000
0.0000 0.5000
0.1363 0.1363
0.0000 0.0000

0.2500
0.5000
0.0000
0.0000
0.1363
0.0000

0.2500
0.0000
0.0000
0.5000
0.1363
0.0000

0.2500
0.5000
0.0000
0.0000
0.1363
0.0000

0.2500
0.0000
0.0000
0.5000
0.1363
0.0000

-2.5669
2.9293
-2.5669
-3.7344
1.5411

-2.5669
-5.1338
-5.1338
-3.7344
-5.1338

-2.5300
-2.5300
2.8871
-2.5300
-3.6806
1.5189

-2.5299
0.0000
-5.0599
-5.0599
-3.6806
-5.0599

-2.5296
-2.5296
2.8867
-2.5296
-3.6801
1.5187

-2.5296
0.0000
-5.0592
-5.0592
-3.6801
-5.0592

-2.5284
-2.5284
2.8853
-2.5284
-3.6783
1.5179

-2.5284

0.0000
-5.0567
-5.0567
-3.6783
-5.0567

-2.5669
-5.1338

0.0000
-3.7343
-5.1338

-2.5670
2.9293
-2.5670
-3.7345
1.5411

-2.5299
-5.0599
-5.0599

0.0000
-3.6805
-5.0599

-2.5317
-2.5317
2.8890
-2.5317
-3.6831
1.5199

-2.5296
-5.0592
-5.0592

0.0000
-3.6800
-5.0592

-2.5290
-2.5290
2.8860
-2.5290
-3.6793
1.5183

-2.5284
-5.0567
-5.0567

0.0000
-3.6782
-5.0567

-2.5291
-2.5291
2.8861
-2.5291
-3.6794
1.5184

-2.5670
-5.1339
-5.1339
-3.7344
-5.1339

-2.5670
-5.1339
0.0000
-3.7344
-5.1339

-2.5317 -2.5317
0.0000 -5.0633
-5.0633 -5.0633
-5.0633 0.0000
-3.6831 -3.6830
-5.0633 -5.0633

-2.5290 -2.5290
0.0000 -5.0580
-5.0580 -5.0580
-5.0580 0.0000
-3.6792 -3.6792
-5.0580 -5.0580

-2.5291
0.0000
-5.0582
-5.0581
-3.6793
-5.0582

-2.5291
-5.0581
-5.0581
0.0000
-3.6793
-5.0581

Table 4. Bond lengths (A) in asymmetric units of A1-A4 of Biy.xAlNis.3,07.5
(0.0 = x = 0.75) composite oxides

S.No. Atoms A1 A2 A3 A4
1 Bi1-O1 2.0221 (16) 1.9943 (16) 1.9922 (16) 1.9923 (16)
2 Bi2-0O1 -- 4.0982 (48) 4.0940 (48) 4.0941 (48)
3 Ni1-O01 2.1367 (48) 2.1073 (48) 2.1051 (48) 2.1051 (48)
4 Ni1-02 1.3882 (30) 1.3691 (30) 1.3677 (30) 1.3677 (30)
5 Ni2-O01 4.1554 (48) 4.0982 (48) 4.0940 (48) 4.0941 (48)
6 Ni2-02 6.5752 (24) 6.4848 (24) 6.4780 (24) 6.4782 (24)
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Table 5. Bond angles in degrees in asymmetric units of A1-A4 of Biy.xAlyNis.3x07+5
(0.0 £ x £ 0.75) composite oxides

Sl. No. Atoms A1 A2 A3 A4
1 Bi1-O1-Bi2 - 60.8813 (1) 60.8813 (24) 60.8813 (1)
2 Bi1-O1-Ni2 60.8813 (1) 60.8813 (1) 60.8813 (24) 60.8813 (1)
3 Bi2-O1-Ni2 -- 121.7626 (1) 121.7626 (45) 121.7626 (1)
4 Ni1-O2-Ni2  128.6665 (1) 128.6665 (1) 128.6665 (20) 128.6665 (1)
5 01-Ni2-02 58.2540 (1) 58.2540 (1) 58.2540 (24) 58.2540 (1)
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Fig. 4. (a) 3-dimensional electron density from (010) plane, (b) 2-dimensional electron
density contour on (010) plane of BigNi 0,5 (A1) showing the symmetric positions of
Ni and O atoms on the plane.

3.4 Band Structure and Density of States

The Figures 5(a)-(b) and Figures 5(c)-(d) show the electronic energy band structures and the
density of states, of representative samples A1 and A4, respectively, calculated by the
plane-wave density functional theory method using a commercial version of the CASTEP
programme package. This program evaluates the total energy of periodically repeating
geometries based on density-functional theory and the pseudopotential approximation. In
this case only the valence electrons of the elements are represented explicitly in the
calculations, and the valence-core interaction being described by nonlocal pseudopotentials.
The band structure of the composite oxides predominantly having MOg (M=transition metal)
polyhedra may be represented by the transition metal d and the O 2p orbitals (Li et al.,
2006). Figure 6 shows the calculated total density of states and partial density of states of
elements O, Ni, Al, and Bi in Bi{1Al3Ni;O,5 (A4: x= 0.75). The Fermi level is pinned at 0 eV.
A smearing of 0.5 eV is used to generate the DOS plots. It can be seen that the samples do
not have clear band gap. Four occupied bands and one unoccupied band are visible from
the density of states diagrams, in which the bands consists of O 2s and Al 2s, Bi 6s, O 2p, Ni

37



International Research Journal of Pure & Applied Chemistry, 1(2): 30-41, 2011

3d and Al 2p orbitals in turn form the lowest to the highest bands. The band located at -8.0 to
+1.0 eV is due to O 2p orbitals (Li et al., 2006), the band located at -8.0 to +0.5 eV is due to
Bi 6s orbitals (Zhou et al., 2007), and the band at -8.0 to +1.0 eV is due to the Ni 3d orbitals
(Wei et al., 2010). Due to the overlapping of Ni 3d and O 2p orbitals it is reasonable to
assume that Ni d orbitals will be split into t,43 and e4 under the preferable octahedral field on
composite oxide matrices. This means that O 2p orbitals overlap in phase with Ni t;q and the
Bi 6s orbitals to form Ni-O-Bi bonds, or O 2p orbitals may overlap with Ni t,g or Bi 6s forming
O-Ni-O or Bi-O-Bi covalent bonds with partial ionic character, which comprises the valence
bands (VB). Formation of Ni-O-Bi or O-Ni-O bonds in the samples is evidenced by the
powder XRD analysis by Rietveld refinement (McCusker et al., 1999) of crystal structures of
the samples discussed earlier.

5;% 5 e
|:| D..-:-__:: .ih _ .
= =
-8 AT T
e m— o
-10 : 10—
57 77
=20 ] -EI:I-:—_—__E_"'
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a
1 Qf —======—=== ==
B -5-;
% 10 E I
a2 ‘é'm::?
5 5
& 10 g%
-20 -QD-E—
S R ht G F 1] 20 40 B0 80 100 120

Density of states (electrons/ev)
(c) (d)

Fig. 5. (a) Band structure and (b) density of states of BigNi;sO.3(A1); and (c) band
structure and (d) density of states for Bi;;Al;Ni;O,3 (A4) calculated using a
plane-wave density functional theory with a CASTEP programme package
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Bi1 1A|3N i7028(A4: X= 075)

With the incorporation of A** ions partially in place of Ni?* in the same Wycoff sites, and the
additional Bi** ions in different Wycoff sites in A2-A4, due to the absence of valence Al d
orbitals and with no high energy Bi orbitals above the Fermi level, the band gap narrows
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down indicating the conduction band (CB) composed predominantly of Ni e4 orbitals. This is
clearly observed in the density of states plots for the samples A2-A4 where the bands ~ 1.0
eV to 2.0 eV as observed in A1 is smeared out. This results further show that the transition
of semiconductor-like as in A1 to metallic character with the Ni d band predominantly
crossing the Fermi level and with no high-energy Bi band present, in A2-A4 with the partial
replacement of Ni** ions by A** ions atoms in the lattice. The band in the range -11.5 to —
8.5 eV is predominantly due to Bi 4f bands and Al 2s bands, and the band in the range -20.5
to -18.0 eV consists of O 2s band (Li et al., 2006).

4. CONCLUSION

Single phase composite oxides with cubic unit cell in Bis:+xAl,Nis3,07+5 (A1-Ad: x = 0, 0.25,
0.50, 0.75) system is obtained by sol-gel method via nitrate-citrate route. Unit cell
parameters in A1-A4 are: a = 10.2678, 10.1266, 10.1160, 10.1163 A; Z= 4 and space group
Pm3n. The average crystallite sizes in A1-A4 determined by Scherrer’s relation are found to
be in the range ~ 42-61 nm. DTA/TG results show no phase transitions in the range 25-800
°C. The EDX show stoichiometry close to nominal in the samples. Rietveld refinement of the
unit cell structure developed in space group Pm3n shows the appreciably lowered
agreement factors R,, Ry, and Re, for all the samples. Electron density contour on (010)
plane shows the density of Ni and O atoms in the plane as per structure. DFT calculations
on the crystal of structure of A1-A4 for band structure and DOS show the valence band (VB)
located at -8.0 to ~ 0.0 eV (Fermi level) predominantly comprised of O 2p orbitals
overlapping with in-phase with Ni t,5, and the Bi 6s orbitals to form Ni-O-Bi bonds, and O 2p
orbitals overlapping with Ni tog or Bi 6s forming O-Ni-O or Bi-O-Bi covalent bonds with partial
ionic character. The conduction band (CB) is predominantly composed of Ni ey orbitals,
which narrows down with complete smearing of ~ 2.0 to 3.0 eV CB as in A1 in A2-A4 due
to the absence of A** d orbitals. This result shows the transition of semiconductor-like as in
A1 to metallic character with the Ni eq band predominantly crossing the Fermi level, in A2-
A4,
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