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Abstract 

 

 

The thesis attempts to establish a versatile and technically simple aqueous-based 

chemical synthesis methodology for the preparation of nanocrystalline powders of 

CuNb2O6, CuGa2O4, FeNbO4, and Pt impregnated FeNbO4 for gas sensing application 

and nanocrystalline powders of Ni0.1W0.1Ti0.8O2, NiBaTi7O16, and Cr2xWxTi1-3xO2 (x = 

0.05, 0.1, 0.15) for pigment application. Nanocrystalline powders of the oxides are 

produced on calcination of carbonaceous precursors, generated through complete 

evaporation of the precursor solutions of triethanolamine (TEA) and water-soluble 

chelated complexes of the desired metal ions.  

Gas sensing studies of the compressed pellets of the nanocrystalline powders 

of CuNb2O6, CuGa2O4, FeNbO4, and Pt impregnated FeNbO4 reveal their sensitivity 

towards 500 ppm of reducing gases such as, H2, liquefied petroleum gas (LPG) and 

NH3. CuNb2O6 system shows the maximum response of 84% towards H2 at 300 ºC; 

around 80% towards LPG at 300 ºC; and 56% towards NH3 at 400 ºC, while the 

CuGa2O4 system reveals the maximum response of 82%, 75% and 37% towards H2, 

LPG, and NH3 respectively at the operating temperature of 350 ºC. Similar studies of 

the FeNbO4 system exhibit the maximum response of 93% towards H2 at 250 ºC, and 

92% and 52% towards LPG & NH3 gases respectively at 300 ºC. Incorporation of 

platinum into FeNbO4 (i.e., Pt- FeNbO4 system) is found to improve the system’s gas 

sensing properties through reduction in the sensor operating temperature, sensor 

response time and recovery time with maximum sensitivity of 94% towards H2 at 175 

ºC, 95% towards LPG at 200 ºC, and 61% towards NH3 at 250 ºC.  

Ni2+or Cr3+ doped nanocrystalline titanate powders [such as: Ni0.1W0.1Ti0.8O2, 

NiBaTi7O16, and Cr2xWxTi1-3xO2 (x = 0.05, 0.1, 0.15)] give rise to interesting color 

shades in different color range due to d-d transition of the d-electrons of Ni2+or Cr3+ 

ions, and show promising properties for pigments application. The measurement of 

the color parameters (CIE L* a* b*) reflect an intense yellow color with greenish 

shades for the BaNiTi7O16 composition, while the Ni0.1W0.1Ti0.8O2 solid solution 

exhibit yellow coloration with reddish shades. Doping Cr3+ ion in the rutile lattice on 



the other hand, impart buff colouration to the Cr2xWxTi1-3xO2 (x = 0.05, 0.1, 0.15)] 

solid solution. 

The developed chemical method uses simple metalo-organic based complex 

chemistry to prepare the aqueous-based precursor solution that contained appropriate 

amounts of TEA and the desired metal ions in the suitably chelated form. TEA used in 

the process, not only helps in homogeneous dispersion of the desired metal ions in the 

precursor solution through formation of stable, water-soluble coordinated complexes 

with the metal ions but also circumvents sintering of the final powders by generating a 

porous carbonaceous matrix for the metal ions on dehydration of the precursor 

solution. Moreover, the carbonaceous precursors (generated from TEA) when 

calcined generate heat through combustion thereby, facilitates realization of the 

desired oxide phase at external temperatures much lower than those reported through 

other routes so far. Low processing temperatures results in nanocrystalline powders of 

desired oxides with average grain sizes below 60 nm and high specific surface areas 

up to 110-120 m2g-1 in few cases.  
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Introduction 
 

1.1 Nanotechnology and Nanocrystalline Materials 

The concept of ‘nanotechnology’ was envisioned by Nobel Prize-winner 

physicist, Richard P Feynman, way back in 1959 (Feynman, 1960) but it was only in 

1974 that the terminology was actually conceived by Norio Taniguchi (Taniguchi, 

1974) and defined as the processes of separation, consolidation, and deformation of 

materials on a molecular scale. The term was later explored and popularized by K. 

Eric Drexler through his journal articles (Drexler, 1981) and the book ‘Engines of 

Creation: The Coming Era of Nanotechnology’ (Drexler, 1986). The word 

‘nanotechnology’, derived from the Greek word ‘nãnos’ meaning ‘dwarf’, is 

befittingly used to underline its fundamental theme of miniaturization. It can be 

broadly defined as the technology that deals with structures and processes in the 

spatial dimensions of less than 100 nanometers (1 nanometer = 1×10-9 meter). Some 

of these technologies despite having only limited control of structure at the nanometer 

scale are already in use, producing useful products. They are also being further 

developed to produce even more sophisticated products, in which the structure of 

matter is more precisely controlled. 

Nanotechnology received its greatest momentum when scientists acquired new 

sophisticated tools such as, the scanning tunneling microscope (STM) and the atomic 

force microscope (AFM) to picture single atoms with unprecedented clarity. STM, 

invented in 1982 by Binning and Rohrer, allows imaging of solid surfaces of 

conducting samples with atomic scale resolution. AFM, developed in 1986 by 

Binning, Quate and Gerber, enables scientists to study non-conducting surfaces as it 

scans van der Waals forces with its ‘atomic’ tips.  

Since the early 1990s, the term ‘nanocrystalline material’ and synonymous 

terminologies such as, nanoscaled material/nanophase material/nanosized material/ 

nanomaterial, have emerged to encompass the structure of matter, controlled at the 

nanometer scale, that can be used to produce novel materials and devices with useful 
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and unique properties. Nanocrystalline material may be broadly identified as those 

which have dimensions larger than that of a molecular cluster but smaller than that of 

a bulk material, more importantly they show selected properties/ phenomena that are 

different from either and can be uniquely assigned to them. Accordingly, it is 

nanotechnology through which we attempt to harness these phenomena of the 

nanocrystalline materials for the application at the macroscopic scale such as, for 

device application. ‘Nanomaterial’ is now a generic term used to designate materials 

that have structures within 100 nm (nm = nanometer) in at least one of the spatial 

dimensions.  

Materials with particle sizes (i.e., diameters) in the nanosize regime have 

experienced a rapid development in last two decades due to their exciting and 

potential applications in a wide variety of technological areas. With particle sizes 

diminishing to nanometer scale, the materials exhibit unique and interesting properties 

compared to their conventional coarse/bulk counterparts. A list of the physical 

properties which undergo change with diminishing grain sizes in a material is 

summarized in Table 1.1. 

 

Table 1.1: Summary of changes observed in some of the physical properties of 
nanocrystalline materials 

 
Properties Change Observed in Nanocrystalline Materials 

Mechanical • Increase in hardness and strength of metals and alloys  

• Enhanced ductility and toughness in metals and alloys 

 
Electrical • Higher electrical conductivity in ceramics and magnetic 

nanocomposites 
• Higher electrical resistivity in metals 

 
Magnetic • Increase in coercivity down to a critical grain size 

• Decrease in coercivity leading to super paramagnetic behavior 
in magnetic material below critical grain size 

 
Catalytic • Increased catalytic activity due to enhanced surface area, large 

interface volume and modified coordination number of the 
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surface atoms in metal/alloys/ceramics 
 

Optical • Blue-shift of optical spectra of quantum-confined crystallites 

• Increase in luminescence efficiency of semiconductors 

 
Temperatures  • Decrease of sintering and melting temperatures and increase 

of plasticity in pure and composite metals and ceramics 
 

The unique properties of nanocrystalline materials can be attributed to their 

high surface areas and dominance of quantum effects. The nanomaterials possess high 

surface-to-volume ratio and are therefore characterized by (i) large fraction of surface 

atoms and large number of grain boundaries (ii) high surface energy, and (iii) spatial 

confinement, which do not exist in their corresponding coarse-grained polycrystalline 

counterparts (Cao, 2004). Thus, in nanomaterials a large fraction of atoms are 

boundary atoms and as the grain size are reduced from 10 nm, 5 nm to 1 nm the 

fraction of their atoms at the surfaces or, at the grain boundaries increases from 30 %, 

40 % to 98 % respectively (Pathak et al., 2001). These surface atoms are 

characterized by (a) lower coordination number, (b) lower coordination symmetry, 

and (c) lower atomic density (Gleiter, 1989). Therefore, the interface structure plays 

an important role in determining the physical and mechanical properties of 

nanomaterials. Especially when the sizes of nanoparticles are comparable to Debye 

length, the entire material would be affected by the surface properties of nanosized 

materials (Lüth, 1995; Ogawa et. al., 1982). As the size of matter is reduced to tens of 

nanometers or less, quantum effects begin to come into play, and these can 

significantly change the materials’ physico-chemical properties, such as: optical, 

magnetic or electrical properties etc (Barker et al., 2008). Therefore, high surface 

areas and thus, large fractions of surface atoms together with small particle sizes 

provides scope for distinctly new and different properties in the nanocrystalline 

materials.  
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1.2 Nanocrystalline Metal Oxides and their Importance 

Metals form a large variety of oxide compounds that can exist in a number of 

structural geometries (Wyckoff, 1964) and depending on their electronic structure 

they can show insulating, semiconducting, metallic and even superconducting 

behavior. Metal oxides especially, of transition metals, play a significant role in many 

areas of chemistry, physics, and materials science (Fernández-García et al., 2004, 

Rickerbya et al., 2007) due to their wide ranging physico-chemical properties 

originating from the multiple valency states of the metal ions. In technological 

applications, metal oxides are used in the fabrication of microelectronic circuits, 

chemical sensors, piezoelectric devices, in coatings for corrosion protection or 

thermal isolation, in heterogeneous and environmental catalysis, etc (Al-Abadleh et. 

al., 2003; Faraday Discussion, 1999; Spoto et.al., 2004; Weiss et.al., 2002). The 

major proportions of the catalysts used in industrial applications involve metal oxides 

either as an active phase, or/and a promoter, or/and as “support”. The chemical and 

petrochemical industries predominantly use metal and metal oxide catalysts (Ertl, 

1997). For monitoring environmental pollution, metal oxide based catalysts or 

sorbents are employed to remove the oxides of carbon, nitrogen, and sulfur species 

generated during the combustion of fossil-derived fuels. Additionally, metal oxides 

are vastly used in the semiconductor industry. Most of the chips used in computers 

today contain a metal oxide component.  

In the emerging field of nanotechnology, an objective is to formulate 

nanocrystalline metal oxide materials with unique properties which are much 

improved with respect to those of bulk materials (Bäumer et. al., 1999; Gleiter, 1995; 

Rodriguez, et. al., 2002; Trudeau, et. al., 1996; Valden, et. al., 1998). Nanocrystalline 

oxides can exhibit unique chemical properties either owing to the limited size of their 

grains and a high density of low-coordinated surface sites or, can provide new 

extended systems with unprecedented structure, morphology and/or composition. 

Very unreactive oxides in the form of massive crystals become highly reactive when 

prepared in high surface area form (Kourtakis, 2002; Richards et al., 2001). Similarly, 
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unique structures and/or, chemical compositions of nanocrystalline oxides can bring 

about revolutionary properties in the materials. 

Nanocrystalline metal oxides have found technological applications as 

electronic, magnetic, optical materials, ceramics, catalytic and porous materials etc. A 

brief account of their varied applications is documented below. 

• Nanocrystalline oxides are usually used as heterogeneous catalysts and their 

catalytic activity is due to their enhanced surface area, large interface volume 

and modified coordination number of the surface atoms. Heterogeneous 

catalysis plays an important role in the production of fine chemicals, 

petroleum refinery, environmental protection and remediation, and processing 

of consumer products and advanced materials. 

• Nanocrystalline oxides have great technological and industrial importance for 

their photoactivity. There are many applications of pure, functionalized or 

doped oxide films or oxide nanoparticles (e.g., titania) for the photocatalytic 

activity in our everyday life, such as, in solar cells, as self-cleaning surface 

film on glass windows. 

• Thin films of nanocrystalline metal oxides with high dielectric constants, also 

called high-K dielectrics, are important in microelectronic industry as a 

substitute for silicon dioxide as an insulating component in metal oxide field 

effect transistors.  

• Recent years have witnessed a tremendous growth of research in the field of 

magnetoelectronics, in view of its obvious potential for novel devices with 

entirely new capabilities. The oxides of transition metals and their interfaces 

with metals and semiconductors represent one of the most exciting areas 

currently studied in magnetism. 

• Nanocrystalline semiconducting metal oxides with controlled composition are 

indeed of increasing interest in gas sensing, and also constitute a new and 

exciting subject in fundamental research. 

• Nanocrystalline metal oxides based pigments are commercially important 

because of their good chemical and thermal stability, high refractive indices, 
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insolubility (bleed resistance), high surface coverage, easy dispersibility in 

dispersing medium for paint formulation.  

 

 

1.3 Synthesis of Metal Oxide Nanoparticles 

There are two basic strategies involved in the synthesis of metal oxide 

nanoparticles/nanostructure; they are the bottom-up and the top-down approaches (Hu, 

et al., 1999). Both approaches are schematically represented in Figure 1.1. All the 

solution-based chemical methods for syntheses of oxides belong to the bottom-up 

approach, and it involves building up of nanostructures through staking of the 

fundamental building-blocks which can be atom-by-atom, or molecule-by-molecule, 

or cluster-by-cluster. Top-down approach, on the other hand, leads to the formation of 

nanostructures by breaking down bulk materials gradually into smaller sizes until the 

grains are obtained in the nanometric dimension. Thermal/mechanical attrition or, 

milling of the bulk material is typical example of this approach (Koch, 1989). 

Although the top-down approach of synthesis of oxides offers reliability and is 

suitable for fabrication of complex device components, they are constrained by higher 

energy usage, and greater waste generation compared to the bottom-up approach. 

Moreover, the conventional top-down approach such as, lithography results in 

imperfection in the surface structure and introduces additional defects during the 

etching step. Despite these disadvantages, the top-down strategy remains as a 

significant approach for the synthesis of oxide nanoparticles. 

 

 

 

 

 Figure 1.1: Schematic illustration for Bottom-up and Top-down approach (reproduced after 

Hu, E. L. et al., 1999). 
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Bottom-up approach, which is the common strategy involved in the synthesis 

of nanomaterials, can be classified under three major heads depending on their 

processing techniques; they are - chemical synthesis, self assembly, and positional 

assembly.  

• Chemical synthesis is a method of producing raw materials such as, molecules 

or particles, which can then be used either directly in products in their bulk 

disordered form, or as the building blocks of more advanced ordered materials, 

produced using the self assembly, and positional assembly techniques.  

• Self assembly is a bottom-up synthesis technique in which atoms or molecules 

arrange themselves spontaneously under equilibrium conditions into ordered 

and stable nanoscaled structures by physical or chemical interactions between 

the units. 

• The final bottom-up technique is positional assembly, whereby atoms, 

molecules or clusters are deliberately manipulated and positioned one-by-one. 

Bottom-up approach promises a better chance to obtain nanostructures with 

less defects, high chemical homogeneity and better short and long range ordering. 

Bottom-up approach is driven mainly by the reduction of Gibbs free energy, so that 

the nanoparticles produced are in a form closer to a thermodynamic equilibrium state.  

Solution-based chemical synthesis techniques are among the most common 

and crucial bottom-up synthesis strategies available for the synthesis of 

nanocrystalline powders, especially for the multi-component oxide systems. Few of 

the most popularly known chemical synthesis routes (Cushing et al., 2004) available 

for the preparation of nanocrystalline mixed oxides include: coprecipitation, 

solvothermal/hydrothermal, sol–gel, microemulsion and solvent evaporation methods. 

A concise review of the common chemical synthesis techniques available for the 

preparation of nanocrystalline mixed metal oxide powders is summarized below. 
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1.3.1 Coprecipitation Method 

Probably the most widely used method for the preparations of nanocrystalline oxides 

is the coprecipitation method. Since, in this method, two or more species are 

precipitated simultaneously, the method is termed coprecipitation. This method 

involves the precipitation of sparingly soluble products from aqueous/nonaqueous 

solutions. The coprecipitation of metal ions as hydroxides, carbamates, carbonates, 

bicarbonates, or oxalates, (called precipitates) followed by the separation of the 

precipitates with a filtration step and subsequent calcination and decomposition, is a 

common way of producing crystalline nanoparticles of oxides. The coprecipitation 

reaction involves nucleation, crystal growth, coarsening, and/or agglomeration in the 

precipitates simultaneously (Cushing et al., 2004). Besides simple addition/exchange 

reactions, precipitation can be performed by some other methods, such as, chemical 

reduction, photoreduction, oxidation, and hydrolysis. A chemical precipitation is 

generally not a controlled process in terms of reaction kinetics and the solid phase 

nucleation and growth process (Feng et al., 2004). The precipitation reactions for the 

synthesis of complex oxides containing multiple constituent ions (more than two) gets 

complicated, as multiple species, having variable reaction kinetics, need to get 

precipitated simultaneously for obtaining homogeneous precursors.  

 

1.3.2 Solvothermal/Hydrothermal Method 

In solvothermal method, the solvent is brought to a temperature well above its boiling 

point by increase in the autogenous pressure through heating in a sealed reaction-

vessel (reactor/ autoclave). When water is used as solvent in the reaction, the method 

is called as hydrothermal method. The solvothermal or hydrothermal method is based 

upon the solubility of almost all inorganic substances in a solvent at elevated 

temperatures and pressures and subsequent crystallization of the dissolved material 

from the fluid (Burda et al., 2005). Although synthesis reaction can be carried out at a 

temperature ranging from 100 ºC to 1000 ºC and under pressure ranging from one 

atmosphere to several thousand atmosphere, most of the hydrothermal experiments 

are conducted below the supercritical temperature of water, i.e. 374 ºC (Cushing et 
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al., 2004; Roy, 1987). The solvothermal synthesis yields crystalline metal oxides at 

temperatures substantially below those required by traditional solid-state reactions. 

Unlike the cases of coprecipitation and sol-gel methods, the products of solvothermal 

reactions are usually crystalline and do not require post annealing treatments. As a 

result, this method can avoid the formation of hard agglomerates unlike in sol-gel or 

coprecipitation method. Therefore, this is the major advantage in the hydrothermal 

process in preparation of nanophase oxides. Among the low temperature methods, the 

hydrothermal method is versatile (Komarneni, 2003). There are few more advantages 

associated with this method (Stambaugh, 1982), namely, easy to control particle size 

and morphology by varying synthesis conditions (Feng et al., 2004), significant 

increase of kinetics of the reaction by a small increase of the reaction temperature, 

formation of new metastable products, obtaining high purity products from impure 

feedstocks. Successful synthesis of materials by the hydrothermal synthesis depends 

on the selection of its precursors. A precursor, which should be both reactive as well 

as cost effective, should additionally posses appropriate process conditions and 

variables such as, temperature, pH, ionic strength and cationic and anionic 

concentrations. 

 

1.3.3 Microemulsion Process  

Microemulsion synthesis is very popular reported method, in recent literature for the 

synthesis of nanocrystalline inorganic oxides, mixed oxides, semiconductors etc 

(Feng et al., 2004). Microemulsions are thermodynamically stable, fluid, and optically 

clear dispersions (10-100 nm subphases) of two immiscible liquids such as water and 

oil. Microemulsions form when a surfactant, or more commonly a mixture of 

surfactants and cosurfactants, lowers the oil/water interfacial tension to ultralow 

values, allowing thermal motions to spontaneously disperse the two immiscible 

phases. In a typical process for nanoparticle synthesis by microemulsion technique, 

the organo metallic and/or metal salt precursors are dissolved inside the water pools 

of the reverse spherical micelles, and are allowed to react via droplet collision and 

rapid intermicellar exchange of their water content (Bourgeat-Lami, 2002). As each 
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droplet acts as an independent reactor, the morphology of the powder product can be 

easily controlled by manipulating the droplet size. The main advantage associated 

with microemulsion synthesis is the synthesis of the metal oxides with the narrow 

particle size distribution. The process is however disadvantaged by low product yield. 

 

1.3.4 Sol-Gel Method 

The sol-gel method is based on inorganic polymerization reactions (Cushing et al., 

2004). The name sol-gel is given to the process because of the distinctive viscosity 

increase that occurs at a particular point in the sequence of steps. A sudden increase in 

viscosity in sol-gel process leads to the gelation (Rao, 1994). The sol-gel process 

includes four steps: hydrolysis, poly-condensation, drying, and thermal 

decomposition. Precursors of the metal or nonmetal alkoxides hydrolyze with water or 

alcohols according to the hydrolysis process (Roy, 1987). The whole process has 

following steps: 

Step I involves the mixing of components together to make a solution. This 

solution is a true ionic or molecular mixture of a multicomponent composition and 

ensures the atomic scale mixing of the components, which is the basis for the ultra 

homogenization in sol-gel technique. The liquid phase in the vast majority of the 

oxide gel is water or short-chain alcohol, and the solutes may be inorganic nitrates, 

inorganic chlorides, or a wide variety of metal organic molecules. 

Step II is the key step of the sol-gel process. It involves the formation of a sol 

and conversion of it to a gel so that it retains a chemical homogeneity of the sample 

during the desiccation. Conversion to a sol is accompanied by adjusting the activity of 

some species, H+ and OH¯ and other ions, which result in the formation of a dispersed 

solid phase.  

Step III involves the gelation of the sol which is in principle controlled by the 

pH, ionic strength and temperature of the precursor mixture. A manipulation of these 

parameters is an empirical procedure and it must be worked out independently for 
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each composition although the general condition of pH and temperature are known for 

simple oxides. The fine-tuning of this step for different starting materials, especially 

new organic precursors and multi component systems has become a major area of 

current research. 

Step IV is drying of gel; in this step water and alcohol are removed at 

moderate temperatures (below 200 ºC), leaving a hydroxylated metal oxide with 

residual organic remnant. To prepare a high surface area aerogel, the solvent is 

removed supercrtically. 

Step V is the last step of the process involving the desiccation and heat 

treatment of the gels to obtain nanocrystalline oxide powders.  

The versatility and general usefulness of modern sol-gel processing in the 

synthesis of nanoparticles are associated with the better homogeneity, high purity, 

lower processing temperature, more uniform phase distribution in multicomponent 

systems, better size and morphological control compared to the traditional ceramic 

method. 

 

1.3.5 The Pechini Method 

In 1967, Pechini (1967) developed a modified sol-gel process which has become one 

of the popular chemical synthesis routes for the preparation of a variety of mixed 

oxide powders at relatively low temperatures. The Pechini method, as it is now 

referred to, relies on the formation of complexes of metal ions with organic chelating 

agents such as α-carboxylic acids (e.g. citric acid). A polyalcohol such as, ethylene 

glycol is added to establish linkages between the chelates by a polyesterification 

reaction, resulting in gelation of the reaction mixture. The technique contains a step 

where the gel is rapidly dehydrated at low temperatures and subsequently pyrolysed to 

result in the of fine oxide powders. The advantage of the Pechini method is the ability 

to synthesize considerably complex oxides with good chemical homogeneity through 

an easy approach.  
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1.3.6 Self-Combustion Method 

The self-combustion method has been widely used in the synthesis of a variety of 

oxides/ceramic particles. This method is also known as the 'self-sustaining 

propagating high-temperature synthesis’ (SHS), the combustion method, and 

autoignition process, or is sometimes more specifically the organometallic polymer 

precursor method. Unlike the Pechini or the amorphous citrate-gel processes, these 

processes are rapid and may approach direct conversion from the molecular mixture 

of the precursor solution to the final oxide product, avoiding formation of 

intermediate crystalline phases that require inter diffusion for complete reaction. The 

process makes use of highly exothermic redox chemical reactions between the 

reactants to produce a flame due to spontaneous combustion, which then yields the 

desired product or its precursor in finely divided form. The method involves a 

molecular mixture of oxidizers (e.g., metal nitrates, ammonium nitrates etc.) and 

reducers (e.g., carbon containing materials such as urea, carbohydrazide, glycine, 

polyvinyl alcohol, sucrose, ethylenediamine tetraacetic acid), which can be ignited at 

relatively low temperatures. This method involves complete evaporation of aqueous 

precursor solutions that are composed of stoichiometric amounts of the desired metal 

ions, mixed with polymers or complexing agent resulting fluffy voluminous 

carbonaceous mass that constitutes the precursor materials. 

In the present thesis, the author reports the preparation of various 

nanocrystalline mixed metal oxide compositions through pyrolysis of metal ion-

ligand complex based precursor solution. Thermal decomposition of aqueous 

precursor solution of metal ion-ligand complex is a bottom-up synthesis strategy, 

which stands out as an alternative and promising approach for the preparation of 

chemically homogeneous nanocrystalline oxide for a variety of compositions. The 

approach is technically simple and versatile and hence has been adopted in the present 

investigation for the preparation of mixed metal oxide gas sensor materials and oxide 

pigments compositions.  
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1.3.7 Metal Ion-Ligand Complex Based Precursor Solution Method 

The synthesis method involves pyrolysis of aqueous based precursor solution that 

comprises of water-soluble, metal ion-ligand complexes of the desired metal ions in 

the requisite molar ratios. The complexing/chelating agents generally used for 

obtaining the water-soluble, metal ion-ligand complexes are triethanolamine (TEA), 

oxalic acid, ethylenediaminetetraacetic acid (EDTA) and tartaric acid. The 

complexing/chelating agents are used to keep the metal ions in homogeneous solution 

throughout the reaction without undergoing precipitation. To ensure this, the moles of 

the complexing/chelating agent per unit mole of the metal ion in the starting solution 

are always kept in excess. The choice of the appropriate organic acid as the 

complexing agent is based on the solubility of the resulting complex in water. The 

synthesis method involves the complete dehydration of the metal ion-ligand complex 

precursor solution followed by decomposition of the metal complexes. The 

decomposition results in a voluminous, organic based, black, fluffy mass. This 

organic mass is easily crushed to fine powders to compose the precursor powders. 

The as-prepared precursor powders are calcined at respective crystallization 

temperatures of the desired oxide compositions. The complexing/chelating agents 

apart from serving as solubilizer for the uniform distribution of the cations in the 

solution also act as fuels during calcinations of the precursor powders. A generalized 

process for the preparation of nanocrystalline mixed metal oxides through the metal 

ion-ligand complex based precursor solution method is shown in Figure 1.2. A 

photograph of a voluminous, organic based, black, fluffy mass, generally obtained 

through the process is depicted in Figure 1.3. 
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In the metal ion-ligand complex based precursor solution TEA is used as a 

competent complexing agent for the generation of nanosized particles at reduced 

external heat treatment temperatures. TEA is a tetradentate chelating ligand that 

readily complexes with a number of metal ions in the aqueous medium and thereby 

ensures their homogeneous dispersion in the precursor solution (Figure 1.4). The 

Figure 1.3: A photograph of black carbonaceous fluffy mass. 

Figure 1.2: Schematic representation of metal ion-ligand complex based precursor 

solution method. 
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chelation of metal ions with TEA in the precursor solution is dependent on the pH of 

the reaction medium, concentrations of TEA to the metal ions, and temperature. In the 

precursor solution, the amount of TEA is always maintained in excess to the required 

stoichiometry and the unchelated, free TEA in the precursor solution probably 

undergoes polymerization during evaporation process and generates a highly 

branched polymeric framework for anchoring the metal ions/metal coordinated 

complexes (Biswas et al., 2008; Pathak et al., 2004). This not only prevents 

segregation/precipitation of the metal ion from the homogeneous precursor solution 

during evaporation but also provides a voluminous, fluffy carbonaceous matrix in 

which metal ions embed on complete evaporation of the precursor solution. Slow 

heat-treatment of the carbonaceous residue through calcination in dynamic air, results 

in the nanosize particles of the respective mixed oxide and the heat generated through 

combustion of the carbonaceous mass facilitates the reduction in the external 

temperatures required for the formation of desired oxide phase. The entire oxidative 

decomposition process develops a large amount of gases (such as: water vapor, oxides 

of carbon and nitrogen), which helps the precursor material to dissipate the heat of 

combustion and thus inhibits sintering of the fine particles during the process. 

 

 

 

 

 

The present investigation would be an attempt to establish the suitability and 

reliability of the proposed chemical synthetic technique through preparation of 

various metal oxide compositions that find application either in gas sensors or in 

pigments. 

 

Figure 1.4: Probable metal-TEA complex. 
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1.4 Gas Sensors 

In our everyday life, the frequently used term “sensor” defines a technological device, 

which responds to an external stimulus and subsequently turns it into a suitable output 

signal, which can be measured or recorded and interpreted. The output signal from a 

sensor is typically electronic in nature, being a current, voltage, or 

impedance/conductance change caused by change in external analyte composition or 

quality. The external stimulus can be a change of physical condition such as, 

temperature, pressure, etc. or a chemical substance such as gas etc. Thus, based on the 

kind of external analytes and the nature of interactions with them, the sensors are 

categorized into two classes: Physical sensors and Chemical sensors. A physical 

sensor measures the physical conditions of a system whereas a chemical sensor 

provides the information of a chemical, ranging from the concentration of a specific 

sample component to total composition analysis. 

Increasing awareness for protecting the environment, public health and the 

private properties from hazardous and poisonous gases, released mostly by motor 

vehicles, industries and power plants in the atmosphere has promoted the need for gas 

sensors. Therefore, in the past decade, research efforts in gas sensors have grown 

extensively worldwide. The prime interest concerning gas sensors is the capable of 

detecting major pollutants such as hydrocarbons, oxides of nitrogen, and oxides of 

carbon in atmosphere. The basic objectives of all such researches and developments 

are to design cheap, small, robust and user-friendly gas sensor materials which 

possess high response, selectivity and stability in harsh environments. Based on 

different sensing principles a variety of gas sensors such as, metal oxide 

semiconductor gas sensors, optical sensors, thermal conductivity sensors, mass 

sensitive devices like quartz microbalance sensors, catalytic sensors, dielectric 

sensors, electrochemical sensors and electrolyte sensors have been developed. 
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1.4.1 Different Parameters Determining the Sensor Characters  

Response 

Response, generally, means a qualification of a sensor for measuring a given 

concentration of an analyte. For a gas sensor, the response is defined as the measure 

of the variation of output signals (current, resistance or voltage) of it under exposure 

of test gas. The test gas interacts or adsorbs onto the surface of the gas sensitive 

materials, thereby bringing about the change of the electrical properties (like 

conductivity) of the sensor material, which represents a measure of the gas 

concentration. The response (S) of a sensor material to a given concentration of a gas 

is generally expressed as:  

 

 

In which, Ra and Rg denote the resistances of the material in air and in gas, 

respectively. Response depends on the sensor operational temperatures; careful 

temperature modulation has been noticed to improve discrimination and 

quantification of sensitivity. Doping of noble metals ions in some cases and use of 

nanoparticles of the sensor materials also play significant role in improving the 

response of the sensor materials.   

Selectivity 

Sensor material may have different responses towards different gases at any operating 

temperature. Selectivity can be defined as the ratio of response (S1) of one gas to that 

(S2) of another gas at a temperature or over a temperature range for equivalent 

concentrations of both gases.  
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Thus from a study of responses, the best operating temperature for the selectivity of a 

sensor can be determined.  

Response Time and Recovery Time 

Response time is considered as the time required for the sensor output to reach 90% 

of its saturation (final change in resistance) after applying or switching off the 

respective gas in a step function and recovery time is taken as the time needed for the 

sensor to attain 10% above the original output value (resistance) in air. 

 

 

1.4.2 Nanocrystalline Metal Oxide Gas Sensors 

The idea of using metal oxide semiconductors as gas responsive devices was 

instigated in 1952, when Brattain et al., (1952) first reported the gas sensitivity of 

Germanium. Seiyama et al. (1962) were the first to observe that metal oxides were 

gas sensitive and they went ahead to demonstrate that ZnO could be used for the 

detection of inflammable and toxic gases. Unrelated but concurrent work carried out 

by Taguchi introduced SnO2 as the first commercially available metal oxide gas 

sensor in 1968 (Taguchi, 1970a, 1970b, 1970c, 1972). Since then, gas sensors using 

simple binary metal oxides, such as SnO2, TiO2, WO3, ZnO, Fe2O3, and In2O3 have 

been extensively investigated (Simon et al., 2001). Amongst them, SnO2 is by far the 

most popular gas sensitive oxide. These metal oxides are n-type semiconductors; they 

possess an electron depleted surface under normal atmospheric conditions and in the 

typical operational temperatures range of 200-400 ºC. The electron depleted surface 

forms due to adsorption of atmospheric oxygen, which gets dissociated into O2⎯ or O⎯ 

species (Morrison, 1978) by accepting electronic carriers from the semiconductor 

oxides. This chemisorbed oxide ion (O2⎯ or O⎯) participates in the reaction with the 

reducing gases (test gases) such as H2 etc and releases electrons in the process. The 

electron produced in the reaction process, goes into the conduction band of the sensor 

material and thus the n-type semiconductor gas sensors exhibit a decrease in the 
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resistance in presence of a reducing gas. A simplified outline of the reactions involved 

in the sensors mechanism is given below.  

 

  

 

 

In this reaction, R denotes the reducing gas. 

Recent researches have however, shown that simple binary metal oxides 

cannot always fulfill the demands of a perfect gas sensing matrix. As an alternative, 

complex, multi-component metal oxides based materials are gaining attention as 

potential contenders for gas sensor applications (Golovanov et al. 2001; Meixner et 

al., 1996; Yamazoe et al., 1992; Zakrzewska, 2001) since in many cases, they have 

been realized to circumvent the limitations like low sensitivity, slow response and 

recovery time etc. posed by the simple metal oxides. The properties of the system 

undergo change when pure components combine to form solid-solutions/mixed oxide 

compositions. For instance, compared to the respective pure oxide systems their solid-

solutions or mixed oxide compositions would undergo modifications in both, the bulk 

electronic structure (Zakrzewska, 2001) as well as in the surface properties. In the 

case of mixed metal oxide systems, concentration of charge carriers, chemical and 

physical properties of the oxide matrix, bulk electronic structure, the band gap, Fermi 

level position, etc., experience important changes. Electronic and physicochemical 

properties of the surface such as, the energy of adsorption and desorption, sticking 

coefficients, surface potential and inter-crystallite barriers, are expected to be 

significantly influenced by new boundaries between grains having different chemical 

compositions. It is thus anticipated that all these phenomenological changes, brought 

about by mixing pure components, would contribute advantageously towards the gas 

sensing mechanism in the system and hence would be favored for technological 

applications.  
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In the last decade, simple binary metal oxides along with a number of ternary, 

quaternary and complex metal oxides, mostly belonging to the titanate, stannate, 

niobate, tantalate, gallate, and ferrite families have been synthesized and they have 

been reported to show good gas sensing behavior.  

A very popular dielectric ceramic oxide, BaTiO3 has also been well known as 

good gas sensor material. Haeusler et al. (1996) have developed BaTiO3 for 

application as an effective carbon dioxide sensor. They have synthesized BaTiO3 

using solid-state reaction. Zhou et al. (2003) have investigated the role of defects in 

La doped BaTiO3 towards sensing an atmosphere of carbon monoxide gas.  

The gas sensitivity of BaSnO3 has been extensively investigated. The 

responses of BaSnO3 with and without modification by doping with different 

additives have been investigated towards carbon monoxide (Lampe et al., 1995), 

hydrogen sulfide (Jayaraman et al., 1996), liquefied petroleum gas (Reddy et al., 

1999). Other stannate systems such as, Bi2Sn2O7 with pyrochlore structure have been 

reported to exhibit the sensitivity towards carbon monoxide (Adamian et al., 1996).  

Among different transition metal niobate compositions, FeNbO4 has been 

investigated for its gas sensing behavior towards chlorine (Dawson et al., 1996), 

carbon monoxide (Henshaw et al., 1996), hydrogen sulfide, liquefied petroleum gas, 

and hydrogen (Gnanasekar et al., 1999). In these studies, FeNbO4 has been prepared 

through conventional solid-state reactions. Gnanasekar et al. (1999) have prepared 

FeNbO4 through mixing the stochiometric amounts of α-Fe2O3 and Nb2O5 followed by 

heat treatment at 1000 ºC in air for about 24 h by repetitions two times. FeNbO4 

comprising of two transition metal ions, having similar ionic radii but different 

valence states, exhibit semiconducting behavior. 

Moseley et al. (1988) have prepared different transition metal tantalate 

compositions such as, FeTaO4 with rutile structure, CoTa2O6 and NiTa2O6 with 

trirutile structures, and CuTa2O6 with perovskite structure by solid-state method and 

studied their gas sensing behaviors towards different gases such as chlorine, nitrogen 

dioxide, sulfur dioxide, hydrogen sulfide, carbon monoxide, methane. The gas sensing 
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characteristics of transition metal tantalates have shown a variety of behavior, which 

may be useful in the preparation of semiconductor gas detectors with improved 

characteristics over tin dioxide devices.  

It has been seen that the reduction of the crystallite size in a sensor material 

brings about substantial improvement in the sensor properties. In the early 1990s 

Yamazoe and coworkers (Tamaki et al., 1994; Xu et al., 1991a; Xu et al., 1991b) 

have presented systematic investigations to realize whether nanocrystalline metal 

oxides increase the sensitivity. They have found a strong correlation between grain 

diameter and sensitivity (Xu et al., 1991b). In case of SnO2, for particle sizes below 

10 nm, the sensitivity has been reported to have increased drastically. Liu and 

coworkers (1997) have observed that nanocrystalline α-Fe2O3 exhibits reasonable 

sensitivity to ethanol whereas large particles of α-Fe2O3 exhibit almost no sensitivity 

to ethanol. Chu et al. (1999a) have reported similar phenomenon using a complex 

oxide, nanocrystalline CdIn2O4, which exhibits good sensitivity towards ethanol, 

while the coarse particles of CdIn2O4, prepared by a solid-state method at high 

temperature, have been found to be insensitive towards ethanol.  

Nanotechnology presents provisions for enhancing the properties and 

performance (such as: high sensitivity, low operating temperature) of gas sensors. The 

sensitivity of metal oxide sensors to the test gases is intimately related to the grain 

size, surface morphology, surface area, and internal porosity of the sensor materials. 

Nanocrystalline mixed oxide based gas sensor materials exhibit improved sensitivity 

owing to their small particle size, high surface to volume ratio, and a high density of 

low-coordinated surface sites compared to their corresponding bulk counterparts. 

Morrison (1987) has pointed out that the gas-sensing phenomenon is a sort of the 

surface catalyzed combustion. Nanocrystalline mixed oxide particles give rise to high 

surface area and thus a large fraction of atoms get accommodated at the surface or the 

interface region compared to the bulk and large volume of analytes or gas molecules 

can come in contact with surface sites/atoms for surface chemical reaction in greater 

extent. Hence, nanocrystalline gas sensor materials show improved sensitivity 

compared to their bulk counterparts.  
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However, the main effect is associated with the width of the surface charge 

depletion region produced around surface of the particles due to gas adsorption, in 

relation to the particle size. Chemisorbed of O2 gas molecules on the oxide surface get 

dissociate to O2⎯ or O⎯ species, taking electrons from the oxide lattice resulting in a 

surface depleted layer, which leads to a decrease in near-surface conductivity.  

The surface depletion layer for an n-type semiconductor gas sensor can be 

expressed in terms of the Debye length (LD), which is defined as (Xu et al., 1991c):   

 

 

Where, εo is the static dielectric constant, no is the total carrier concentration, e is the 

carrier charge, K is the Boltzmann constant, T is the absolute temperature. 

Xu et al. (1991b) have proposed a semiquantitative model to explain the effect 

of grain/particle size on the sensitivity of metal oxide gas sensors. They have shown 

with their model that the maximum sensitivity is achieved whenever the Debye length 

is about half the grain size. Under this condition (when grain size D ≤ 2LD), the 

depletion region extends throughout the whole grain and the crystallites are almost 

fully depleted of mobile charge carriers and as a result the conductivity decreases 

steeply. It is often asserted that gas sensitivity should increase with increasing electric 

resistance in the sensor elements. This is based on the grounds that a change in 

concentration of conduction electrons due to the reaction of the chemisorbed O2⎯ or 

O⎯ species with the analyte gas on the sensor surface would bring about a larger 

resistance change in the sensor material, which has higher resistance compared to the 

sensor material having low resistance (Xu et al., 1991c). In this conduction regime, 

the sensitivity (S) is related to the change in the carrier concentration (∆n) and is 

given by  
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The optimum sensitivity is obtained in a material with small grain sizes, large Debye 

lengths, and relatively low carrier concentration (Cosandey et al., 2000).  

In recent years, a variety of nanocrystalline mixed oxides are being 

synthesized through wet chemical methods for successful application in gas 

detections. Chu et al. (1999b) have developed nanocrystalline powders of CoTiO3 

powders for detecting ethanol gas. The oxide composition, prepared through 

coprecipitation method, exhibited high sensitivity, good selectivity and fast response 

time towards ethanol gas. Siemons et al. (2006) have reported the doping effect of 

various metals (Au, Ce, Ir, Pd, Pt, Rh, Ru) onto the nanocrystalline La containing 

CoTiO3 matrix for fast detection of ethanol, propylene and NO2 gas. The same group 

(Siemons et al., 2007) has also shown that the p-type mixed oxide composition, 

CoTiO3 doped with Gd, Ho, K, La, Li, Na, Pb, Sb, and Sm, synthesized by polyol 

assisted synthesis method are good sensor materials for fast detection of ethanol and 

propylene gases.  

Tao et al. (2000) have prepared the BaSnO3 powder with perovskite structure 

by the coprecipitation technique. The fine powders of BaSnO3 have been found to be 

a promising ethanol-sensing material. The gas sensing mechanism of BaSnO3 has 

been demonstrated as a surface controlled process. Other stannate systems such as 

ZnSnO3 and Bi2Sn2O7 have been prepared and investigated for their sensitivity 

towards different test gases. Nanoparticles of ZnSnO3 synthesized through 

hydrothermal method have shown high sensitivity towards hydrogen sulfide (Xu et 

al., 2006).  Yu-Sheng, et al. (1993) have prepared ultramicro-size particles of ZnSnO3 

by the coprecipitation method and shown that the oxide composition is a good ethanol 

sensor. 

A number of ferrite systems such as NiFe2O4, MgFe2O4, ZnFe2O4, CuFe2O4 

and CdFe2O4 have been developed for gas sensor applications. Baruwati et al. (2007) 

have prepared NiFe2O4 composition with particle size in the range of 10-12 nm 

through the hydrothermal route. They have demonstrated that NiFe2O4 exhibits both 

n-type and p-type conductivity depending on the pH conditions of the reaction 

medium maintained during synthesis. When pH of the reaction medium is maintained 
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between 7 and 8 the material is found to exhibit n-type conductivity while pH of the 

reaction medium is kept between 9 and 11, the materials show p-type conductivity. 

The behavior of the synthesized NiFe2O4 composition has been studied in presence of 

liquefied petroleum gas. Liu et al. (2004) have reported that Au, Pt or Pd, 

impregnated NiFe2O4 with different concentrations show excellent sensor response 

and selectivity to H2S gas. The sensors based on nanocrystalline MgFe2O4 are 

reported to have good sensitivity towards ethanol gas (at operational temperature 335 

ºC) and towards H2S (at operational temperature 160 ºC) at different operational 

temperatures (Liu et al., 2005). The sensors based on nanocrystalline CuFe2O4 are 

reported to show the optimum response towards C2H5OH at 332 ºC with good 

reproducibility and with response time in seconds (Sun et al., 2007). 

For gas sensing studies, nanocrystalline LaFeO3 powders as well as various 

bivalent metal ions (such as: Sr, Pb, Ni, Mg etc) doped nanocrystalline LaFeO3 

powders have been prepared through citrate gel method (Jagtap et al., 2008; Liu et al., 

2007; Suo et al., 1997; Zhang et al., 2005). Wang et. al. (2006) have prepared single 

crystalline LaFeO3 nanotubes through two-step method: co-precipitation followed by 

molten-salt synthesis. The synthesized LaFeO3 nanotubes show good sensing 

properties towards Cl2 gas at room temperature. The substitution of some fraction of 

La in LaFeO3 by different bivalent metal ions (such as: Sr, Pb, Ni, Mg etc.) helps to 

reduce the resistance of the material and improve the response towards ethanol vapor. 

Jagtap et al., (2008) have reported that lanthanum ferrites with the composition, 

La0.7Pb0.3Fe0.4Ni0.6O3 have good response towards hydrogen sulfide.  

Zhang et al. (2006) have carried out the experiments to study the gas sensing 

behavior of MCo2O4 (M = Ni, Cu, Zn) nanotubes. They have observed high 

sensitivity of these materials towards ethanol and sulfur dioxide gases. The mixed 

valences of the cations in these composite oxides assist in reversible adsorption of 

gases by providing donor-acceptor sites for chemisorptions.  

 From the up-to-date literature review, it is observed that transition metal 

niobate and gallate systems have not been extensively investigated for their gas 

sensing properties. Although among the transition metal niobate, the bulk FeNbO4 
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system has been investigated for its gas sensing properties but similar studies using 

nanocrystalline FeNbO4 does not feature in recent literature. Of the transition metal 

gallates, only bulk ZnGa2O4 and Mg doped CdGa2O4 systems have been reported for 

their gas sensing applications. No literature report exist involving gas sensing 

behavior of nanocrystalline transition metal gallates. Scarcity of information on the 

nanocrystalline transition metal niobates and gallates systems has prompted our 

research in the synthesis of these oxides and studies their gas sensing behaviors 

towards different toxic and inflammable gases.   

 

1.5 Pigments 

The word “pigment” originates from the Latin word “pigmentum” and originally 

denoted a color in the sense of a coloring matter, but was later extended to indicate 

colored decoration. The word pigment is also used in biological terminology to mean 

dyestuffs of plant or animal organisms that occur as very small grains inside the cells 

or cell membranes, as deposits in tissues, or suspended in body fluids.  

Today, the word pigment, which originated in the 20th century, means a 

substance consisting of small particles that is practically insoluble in the applied 

medium and is used because of its coloring and protective properties. Pigments are 

characterized by their chemical compositions, and by their optical or technical 

properties.  

Pigments are of two kinds: inorganic and organic. Organic color pigments are 

generally brighter, purer, and richer in color than their corresponding colored 

inorganic counterparts. However, they are also generally more susceptible to 

degrading under the influence of sunlight, weather, chemical attack and heat. 

Furthermore, organic color pigments are usually more expensive. Following table 

(Table 1.2) provides the difference in properties associated with organic and inorganic 

pigments. 
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   Table 1.2: Traditional properties associated with inorganic and organic properties 

Properties/Origin Inorganic Organic 
Derivation Minerals Organic materials 
Color Often dull Bright 
Light fastness Very good Poor to very good 
Solubility Insoluble in solvent May have solubility 
Chemical, thermal and 
photochemical stability 

Good Moderate 

Cost Moderate Can be very expensive 
 

 

Pigments are mostly used in paints, varnishes, plastics, artists’ colors, printing 

inks for paper and textiles, leather decoration, building materials (such as: cement, 

renderings, concrete bricks and tiles), imitation leather, rubber, paper, cosmetics, 

ceramic glazes, and enamels. Iron oxide and chromium oxide pigments have been in 

use for thousands of years. Pigments express color, emotions, thoughts and 

distinctiveness. The paint industry almost exclusively uses high-quality pigments 

every day. Effectiveness, economy and ecology determine the quality of pigments. 

Better effectiveness, which indicates the technical performance of pigments, includes 

improved fineness on grind, easy dispersibility in medium, better tinting strength etc. 

Better economy gives the consumers enhanced value-in-use and better ecology 

involve environmental and toxicological safety.   

 

1.5.1 Inorganic Pigments 

Natural inorganic pigments, derived mainly from mineral sources, have been used as 

colorants since antiquity. In the 20th century, pigments increasingly became the 

subject of scientific investigation. In the past few decades, the colored pigments such 

as cadmium red, manganese blue, molybdenum red and mixed oxides with bismuth 

were synthesized and came onto the market. Titanium dioxide with anatase or rutile 

structures, and acicular zinc oxide were introduced as new synthetic white pigments 

and extenders respectively.  
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With few exceptions, inorganic pigments usually include the oxides, sulfides, 

hydroxides, silicates, sulfates and carbonates of metals and normally consist of single 

component particles (e.g., red iron oxide, Fe2O3) with well-defined crystal structures. 

Notwithstanding that most inorganic pigments are familiar for a very long time, new 

developments appear for the improvement of colors. The so-called “high performance 

pigments” (Smith, 2002) show a lot of modern developments, although a small 

number of really new compounds have been developed in recent decades.  This is 

because of inadequacy in available chemistry for the development of high 

performance inorganic pigments. It is possible the development of new manufacturing 

processes for ‘old’ pigments and enhancement of their properties might well renovate 

these products to join the positions of truly high performance pigments.  

Color in inorganic oxide pigments is somewhat difficult to explain, partly 

because no single theory fully accounts for the color that is observed. The main cause 

of color of such metal oxide pigments is due to charge transfer spectra and/or d-d 

transition spectra, especially of the pigments comprising 3d transition metals. 

However, this is not the explanation for all colored inorganic oxide pigments. The 

crystal structure coupled with particle size is also responsible for the color of such 

pigments.  

 

1.5.2 Metal Oxide Based Pigments 

There is a steadily increasing requirement for more durable pigments to color 

products such as paints, plastics, building materials and ceramics. As a consequence, 

the inorganic pigments are of increasing importance to the paint formulators. Metal 

oxides are the most important members of the inorganic family.  

Metal oxide pigments are those pigments which crystallize in stable oxide 

lattice and the color is imparted by the cations within the lattice. Pigments with rutile, 

spinel and hematite structures represent the most important category of metal oxide 

based inorganic pigments. They all have very good chemical and thermal stability, 
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high refractive indices, insolubility (bleed resistance), easy dispersibility, and 

compatibility with most resins and aqueous systems to give unsurpassed performance.  

 

 

1.5.2.1 Mixed Metal Oxide Based Pigments  

A variety of mixed metal oxide compositions (especially, those containing the 

transition metals ions) are also being pursued for their applications as high 

performance pigments. These mixed metal oxides, composed of two or more different 

metal ions, belong to an important family of pigments, known as the ‘complex 

inorganic color pigments’ (CICPs). Chemically, these pigments are synthetic 

crystalline metal oxides that have structures identical to those of naturally occurring 

minerals such as, rutile, hematite or corundum and spinel. The pigments of this CICPs 

family are called complex because they are mixed oxides composed of two or more 

different metal oxides. These pigments were formerly referred to as mixed metal 

oxide (MMO) pigments, a term that is still widely used even today. The mixed metal 

oxides are calcined pigments (final step of synthesis process involves slow heat 

treatment of the compositions at about 1000 ºC) developed originally for ceramics. 

These pigments have excellent weatherability and heat stability. Among such multi-

component mixed crystal systems, transition metal ions doped titanium dioxide 

compositions with rutile structure have been recognized as promising candidates for 

pigment applications featuring interesting color shades in different color range.  

Colored mixed metal oxide pigments with rutile structure, which are typically 

referred as “rutile mixed oxide” pigments or simply as "Titanate" pigments, are 

characterized by the rutile crystal structure and include at least two different metal 

oxides in their compositions. Typically, titanium dioxide is the major constituent of 

such mixed oxide pigments. The colors of rutile mixed oxide pigments are obtained 

by incorporating a color-producing transition metal ion such as nickel or chromium 

with low oxidation state into the rutile crystal structure of host titanium dioxide. The 

rutile mixed oxide pigments additionally include metal ions (such as niobium or 
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tungsten) that exhibit high oxidation states to achieve electroneutrality in the 

composition. 

 

1.5.3 Nanocrystalline Mixed Metal Oxide Pigments 

The important physical data for inorganic oxide pigments comprise particle size and 

particle size distribution. The specific surface area also represents a mean of the 

pigment particle size distribution. It can be used to calculate the mean diameter of the 

surface distribution. It is a well known fact that the color strength of the product 

increases as it gets subjected to further grinding. From this practical evidence it is 

believed that the color strength of a pigment increases as its particle size is reduced 

(Carr, 1973).   

Because of high surface area, nanocrystalline mixed oxide based pigment 

materials are also commercially potent in the pigment industries (Biswas et al. 2008). 

High surface area of the pigment ensures higher surface coverage, higher number 

reflectance points and hence maximum scattering. Moreover, small sizes of the 

pigment particles facilitate their uniform dispersion and homogenous mixing with the 

binders in paint formulations, which in turn enhance the mechanical strength of the 

coating after drying of the paint. 

  Considerable effort in research is being devoted for finding the best way to 

make pigments with optimum physical properties. The invention of new pigments and 

the improvement of the already existing pigments in this class in the last decade have 

made new color effects available on an industrial scale. Unfortunately, very little 

information is available in this field in the open literature since most of the available 

methodologies are furiously protected by patents laws. The preparation of these 

inorganic oxide pigments have mainly been reported through the conventional solid-

state method (Dondi et al., 2006; Huguenin et al., 1998; Ramos et al., 1991; Sorlí et 

al., 2004; Tavala et al., 1977 ), which require several processing steps such as, initial 

ball milling of the raw materials (usually metal oxides and/or salts) for 

homogenization; repeated heat treatment of the raw materials at high temperature 
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(1100–1200 ºC) to obtain the desired crystalline phases and colors; and finally, wet 

milling to the reduce particle size. The solid-state method usually results in coarse-

grained and agglomerated particles. 

Solution-based chemical methods of preparation of the oxide solid solutions in 

contrast are attractive alternative to the conventional solid-state synthesis technique. 

They not only have the advantage of reduced processing steps but also ensure a 

precise control of composition and stoichiometry in multicomponent formulations, 

phase purity in the final product, and better control of particle size in the final 

powders through molecular level mixing of the starting compounds in solution. They 

also provide uniformly distributed particles (Alfred et al., 2003) with average grain 

sizes in nanometer regime, which are difficult to achieve through the convetional 

solid-state method. In recent years, there have been few publications on the synthesis 

of fine particles of various mixed metal oxide pigment compositions through the 

polymeric precursor routes.  

Oliveira et al. (2008) have prepared wolframite structured ZnxNi1-xWO4 

pigments through the Pechini process, which involved chelation of the cations by a 

hydrocarboxylic acid (normally citric acid) followed by polyesterification using a 

glycol (normally ethylene glycol), which appeared as gel. Calcination of the gel 

resulted in nanocrystalline powders of ZnxNi1-xWO4 with wolframite structure and a 

yellow color.  

A number of different mixed oxide pigments have been prepared by this 

polymeric precursor method developed by Pechini.  As for example, very recent 

literature reviews show that nanocrystals of CoAl2O4 (Chao et al., 1999), Zirconium 

Titanate (Bianco et al., 1998), the praseodymia-doped ceria (Santos et al., 2007), 

MgFe2O4 (Candeia et al., 2006), CaFe2O4 (Candeia et al., 2004), nanosized TiO2 and 

Al2O3 powders (Bernardi et al., 2007), LaFeO3 (Cunha et al., 2005) have also been 

synthesized by the Pechini method or citrate-gel method for pigment applications.  

Aruna et al. (2001) have reported the synthesis of Ce1-xPrxO2-δ (x=0.01–0.5) 

red pigments, with crystallite size in the range of 30-40 nm through thermal 



Chapter1                                                                                                        Introduction 

 

31 
 

decomposition of Ce1-xPrx(N2H3COO)3.3H2O precursor and combustion of aqueous 

solutions containing cerous nitrate and oxalyl dihydrazide/ammonium acetate 

mixture. The preparative method is advantageous for the synthesis of inorganic 

pigment since the process maintains homogeneity, good stoichiometry control, and 

purity in the final products. 

 

1.6 Objectives and Scope of the Present Work 

Since nanocrystalline powders enhance both, the gas sensing as well as the 

pigmentary properties in different metal oxide compositions hence the aim of this 

research is to develop and establish a versatile synthetic methodology that can be used 

for the preparation of nanocrystalline powders of a variety of metal oxide systems. In 

the present research work, a versatile chemical synthesis technique has been proposed 

for the preparation of nanocrystalline powders of a variety of different mixed metal 

oxide compositions (that can be either used as gas sensors or, as pigments) that 

involves thermal decomposition of aqueous precursor solutions of the desired metal 

ion-ligand complexes in appropriate mole ratios. The complexing agents used for 

obtaining the water-soluble, metal ion-ligand complexes are TEA, oxalic acid, EDTA 

and tartaric acid. The as-prepared powders have been calcined at their respective 

crystallization temperatures and studied for their gas sensing or, their pigment 

properties.  

The objective of the present investigation is to establish the proposed chemical 

synthetic technique through preparation of various metal oxide compositions that are 

listed below, followed by characterization of the powders and study of their respective 

properties. The objective may be summarized as follows: 
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Sl.No. Prepared metal oxide 

compositions  

Property studied 

1. Nanocrystalline powders of: 
CuNb2O6; CuGa2O4; FeNbO4 and 
Pt impregnated nanocrystalline 
powders of FeNbO4 

• Gas sensing property through 
Electrical conductivity measurements 
in dry air. 

• Gas sensing property towards 
reducing gases like hydrogen, 
liquefied petroleum gas (LPG), and 
ammonia. 

2. Nanocrystalline powders of 
Ni0.1W0.1Ti0.8O2; NiBaTi7O16; and 
Cr2xWxTi1-3xO2 (x = 0.05, 0.1, 0.15) 

• UV-visible Absorption Spectroscopy  
• Color measurement 

 

 Thermal decomposition behavior of the as-prepared, virgin precursor (i.e., pre-

calcined) powders for all the prepared mixed oxide compositions have been 

carried out through simultaneously recorded thermogravimetric and differential 

thermal analysis (TG/DTA).  

 Structure and morphology of the synthesized mixed oxide compositions of the 

calcined powders have been investigated through X-ray powder diffraction (XRD) 

studies, transmission electron microscopy (high resolution/low resolution) 

(HRTEM/TEM), and scanning electron microscopy (SEM). 

 Chemical compositions of the synthesized mixed oxides have been substantiated 

through energy dispersive X-ray analysis (EDAX).  
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Synthesis of Nanocrystalline Powders of CuNb2O6 and Studies on 

their Gas Sensing Behavior towards Ammonia, Hydrogen and 

Liquefied Petroleum Gas 

 

2.1 Introduction 

There are a number of reports in literature on the synthesis, crystal structure, magnetic 

and microwave dielectric properties of CuNb2O6. The structure of CuNb2O6 comprises 

of zig-zag chains of edge-sharing CuO6 octahedra running along the c-axis (Kodama 

et al., 1999). CuNb2O6 exists in two polymorphs- monoclinic phase and orthorhombic 

phase.  The monoclinic phase is normally present between 700 ºC and 900 ºC (Drew 

et al., 1995; Wahlström, et al., 1977) while the orthorhombic phase normally exists as 

a single phase above 900 ºC. Drew et al. (1993; 1995) and Koo et al. (2001) have 

studied extensively the magnetic properties of CuNb2O6. The magnetic properties of 

CuNb2O6 originate from the Cu2+ (d9) ions since the other two ions, Nb5+ and O2- 

(ionic electronic counting) are diamagnetic (Koo et al., 2001). Comprehensive studies 

on the microwave dielectric properties of CuNb2O6 have been carried out by Pullar et 

al. (2005), which reveal that CuNb2O6 has a relative permittivity (εr) and a 

temperature coefficient of resonant frequency (τf) values of 17.1 and -45.1 ppm 

respectively. CuNb2O6 has also been investigated for lithium intercalation reaction by 

chemical and electrochemical methods (Cruz et al, 1999; Sato et al, 1995). The 

lithium intercalation reactions are important for cathode materials for application in 

secondary lithium batteries.  

However, an extensive literature survey shows that the gas sensing behavior of 

nanocrystalline CuNb2O6 has not yet been documented in literature. CuNb2O6 

comprises of two transition metal ions having similar ionic radii ( +2Cur = 0.72 Å 

and +5Nbr = 0.69 Å) but different valence states and exhibits semiconducting behavior 

similar to other transition metal oxides.  

Chapter 2 
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2.2 Reported Methods for the Preparation of CuNb2O6 

CuNb2O6 has been prepared and investigated by a number of groups where the 

reported phase for the system predominantly is orthorhombic. Preparations of 

CuNb2O6 composition have most commonly been reported through the conventional 

solid-state method, the use of chemical methods are rare and few. Some of the 

reported methods of the preparation of CuNb2O6 are summarized below.  

 

2.2.1 Conventional Solid-State Method 

A common technique for the preparation of CuNb2O6 powders is through the 

conventional solid-state method, which involves mechanical mixing of stoichiometric 

amounts of the raw materials (such as, CuO and Nb2O5) by repeated milling followed 

by heat-treatment in air. Most of the reports describe the formation of orthorhombic 

phase of CuNb2O6, which requires heat-treatment at high temperature (Cruz et al, 

1999; Drew et al. 1993; Felten, 1966). 

Drew et al. (1995) have reported the preparation of monoclinic CuNb2O6 

through the conventional solid-state method which involves heating of an intimate 

mixture of monoclinic H-Nb2O5 and CuO (1: 1.08) at 700 ºC for 48 h followed by 

cooling, and grounding and reheating for 24 h under a flow of oxygen. In prior to the 

synthesis, Nb2O5 is first converted to its high temperature stable monoclinic form by 

heating at 1100 ºC for 4 days. It is then reacted with CuO at 700 ºC for 48 h. Excess 

CuO is removed by washing with HCl and water and the product is then finally heated 

at 500 ºC for 24 h under oxygen atmosphere. Pullar et al. (2005) have described a 

procedure for the synthesis of CuNb2O6 in which CuO and Nb2O5 are mixed through 

ball milling in presence of deionized water for 2 days. Then the mixture is dried on a 

rotary evaporator and heated at 900 ºC. The final product is reported to be a mixture 

of mostly monoclinic with a small amount of orthorhombic phase. 

This conventional solid-state synthesis method often results in chemically 

inhomogeneous product with coarse particle size.  
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2.2.2 Chemical Method 

Chemical methods are known to be convenient for the synthesis of chemically 

homogeneous, nanocrystalline powders; however, only few literature reports are 

available for the preparation of CuNb2O6 powders through the chemical method. The 

wet chemical methods which are available for the synthesis of CuNb2O6 are as 

follows: 

Langbein et al. (1995) have reported the preparation of CuNb2O6 powders 

using freeze-dried complex oxalate precursors of copper and niobium, mixed together 

with Cu: Nb mole ratio of 1:2. The thermal decomposition of the amorphous oxalate 

precursor at 600 °C for 3 h leads to the formation of CuNb2O6.   

From literature survey, it is clear that reports on the chemical methods for the 

preparation of CuNb2O6 powders are limited. The major hindrance in the use of 

chemical methods for their preparation is the scarcity of appropriate niobium source. 

The use of commonly available niobium sources such as, niobium alkoxides and 

NbCl5 gets complicated by their moisture sensitivity and easy hydrolysis during the 

reaction process. Therefore, the preparation of CuNb2O6 through chemical method 

necessitates development of a suitable niobium source that would be stable in aqueous 

medium in course of the reaction process. In the present investigation, an aqueous 

based chemical synthesis process has been developed for the preparation of 

nanocrystalline CuNb2O6 powders based on simple metalo-organic complex chemistry 

where niobium tartrate has been used as the niobium source. The use of niobium 

tartrate circumvents the problems of moisture sensitivity since the coordinate complex 

is soluble in water and does not undergo hydrolysis on storage or, during the reaction 

process (Das et al., 2000a; 2000b). 

 

2.3 Scope of the Present Investigation 

The present study describes the aqueous based chemical synthesis of nanocrystalline 

powders of CuNb2O6 through a metal ion-ligand complex based precursor route, using 
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water soluble niobium tartrate as the source of the nobium ion. In the developed 

process, the aqueous based metal ion-ligand complex precursor solution is obtained 

by mixing aqueous solution of copper nitrate and niobium tartrate with 

triethanolamine (TEA) in the required amounts. The precursor solution is then 

pyrolyzed to voluminous carbonaceous mass through oxidative decomposition of the 

metalo-organic complexes. This solid precursor is calcined at 700 °C for 2 h to obtain 

the nanocrystalline powders of CuNb2O6.   

In the present study, the sensing characteristics of the prepared nanocrystalline 

CuNb2O6 composition towards different reducing gases (such as, H2, liquefied 

petroleum gas (LPG), and NH3) have also been investigated. The response of a sensor 

material towards test gases is intimately related to their grain size, surface 

morphology, and internal porosity. The nanocrystalline sensor materials are thus 

expected to exhibit increased sensitivity towards the test gases compared to their bulk 

counter parts due to high specific surface area and reduced size of their grains.  

 

2.4 Synthesis of Nanocrystalline CuNb2O6 Powders 

2.4.1 The Raw Materials Used in the Developed Synthesis Method 

i) Copper nitrate, ii) Niobium pentoxide, iii) Triethanolamine (TEA), iv) Tartaric acid, 

vi) Ammonia (25%), vii) Hydrofluoric acid (40%), viii) Ammonium oxalate, and ix) 

Nitric acid (70%). All the materials were procured from M/S Aldrich (U.S.A). 

 In this study, aqueous solution of niobium tartrate was prepared in the 

laboratory and stocked for use as a source of niobium in the process.  

 

2.4.1.1 Preparation of Aqueous Solution of Niobium Tartrate  

Aqueous solution of niobium tartrate was prepared starting from its hydrous oxide 

[Nb2O5.nH2O]. To begin with, niobium oxide (Nb2O5) was dissolved in hydrofluoric 

acid (>7 M) by heating the mixture over a water bath for 28-30 h to obtain a clear 
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Figure 2.1: Schematic representation of the preparation of the aqueous solution of 

niobium tartrate. 

Niobium-fluoro complex 

Hydrous niobium oxide 

Fluoride-free hydrous 
niobium oxide

Aqueous solution of niobium 
tartrate 

Dissolved in HF (>7 M) by heating 
over a water bath for 28-30 h  

Addition of ammonium oxalate 
followed by Drop wise addition 
of diluted ammonia 

Washing with 5% ammonia

Dissolved in aqueous 
solution of tartaric acid 

Nb2O5 

solution of the niobium-fluoride complex (i.e., NbOF5
2- or NbF7

2-). Freshly prepared 

aqueous solution of ammonium oxalate (>4 M) was then added to this clear solution 

of niobium-fluoride complex. Hydrous niobium oxide (Nb2O5.nH2O) was then 

precipitated out from this clear solution of niobium-fluoride complex by drop wise 

addition of diluted ammonia (ammonia to water ratio was maintained as 1:1). The 

precipitate was finally washed with 5% ammonia to make it free from fluoride ions. 

This hydrous oxide was then slowly dissolved in an aqueous solution of tartaric acid 

(two moles per mole of the niobium ion) with constant stirring to obtain the aqueous 

solution of niobium tartrate. The niobium content in the solution was estimated by the 

gravimetric assay. The schematic representation of the preparative method of aqueous 

solution of niobium tartrate is shown in Figure 2.1.  
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The hydrated oxide precipitates when obtained by adding only diluted 

ammonia in absence of ammonium oxalate tends to form long polymeric chains of the 

poly-nuclear hydrous niobium oxides during the precipitation and washing process, 

which suppresses the dissolution of the precipitate in tartaric acid. Addition of 

ammonium oxalate into the solution of niobium-fluoro complex before the 

precipitation helps to truncating the polymeric chains of the poly-nuclear of the 

hydrous niobium oxide by occupying the coordinating sites of niobium ions during 

the precipitation process. Therefore, the addition of aqueous solution of ammonium 

oxalate into the solution of niobium fluoro complex serves to facilitate the dissolution 

of hydrous niobium oxide precipitates, obtained by diluted ammonia, in tartaric acid. 

 

2.4.2 Synthesis Procedure of Nanocrystalline CuNb2O6 Powders  

100 ml of aqueous solution of copper nitrate (0.1 M) was mixed with 200 ml of 

aqueous solution of niobium tartrate (0.1 M), maintaining the molar ratio of Cu2+: 

Nb5+ at 1:2 in the solution mixture. TEA (4 moles per mole of cations present in the 

solution mixture) was then added into the solution mixture under constant stirring. To 

avoid any undesired precipitation, the final solution mixture was maintained at almost 

neutral pH by the addition of nitric acid. This solution was then heated at about 200 

ºC until complete dehydration occurred and metalo-organic complexes underwent 

oxidative-decomposition with the evolution of dense fumes to generate a voluminous 

fluffy carbonaceous mass. The black fluffy mass was then crushed into powders. 

Calcination of this carbonaceous precursor powders at 700 ºC for 2 h produced 

carbon-free yellow colored nanocrystalline powders of CuNb2O6 in the monoclinic 

phase. The method for the preparation of nanocrystalline CuNb2O6 powders is 

schematically depicted in Figure 2.2.  

 

 

 



Chapter 2                                           Synthesis of Nanocrystalline Powders of CuNb2O6… 

 

 
 

47

Figure 2.2: Schematic representation of the preparation of the nanocrystalline CuNb2O6. 

 

 

2.5 Techniques for Characterization of the Prepared Nanocrystalline CuNb2O6 

Powders 

Carbonaceous precursor of CuNb2O6 was characterized with simultaneously recorded 

thermogravimetric and differential thermal analysis (TG and DTA) in air at a heating 

rate of 5 °C/min using Perkin Elmer instruments (Pyris Diamond TG/DTA). The 

CuNb2O6 powders, calcined at 700 ºC for 2 h, were characterized by X-ray powder 

diffraction (XRD) using an X’Pert-pro diffractometer operated at 40 kV and 25 mA 

with CuKα radiation and a Ni filter. Measurement was performed at room temperature 

under vacuum to minimize air scatter. The data were collected over the 2θ angle range 

of 10º ≤ 2θ ≤ 70º with a step size of 0.05º. The step time was 2 s. For phase 

identification, the obtained XRD pattern was analyzed by comparing with 

PCPDFWIN (Copyright 1999 JCPDS-ICDD) data file. Rietveld refinement of the 

observed data was carried out using the X’pert high score plus software package to 

obtain information on its crystal structure. The crystallite size (D) of the compositions 

was calculated using Scherrers equation to the full widths at half maximum (FWHM) 

of the diffraction peaks after introducing the correction for instrumental broadening 
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with respect to standard silicon. The actual FWHMs were calculated by the following 

equations considering the peaks to be of the Gaussian type: 

  

                                                                          and  

where βo = FWHM considering the particle size effect, βm  = integral of FWHM, βs  = 

FWHM due to instrumental effect for the standard Si, θ = half incident angle of the X-

ray for the chosen diffraction peaks, and λ = wavelength of the target material (λ = 

1.5406 Å). The transmission electron microscopy (TEM) studies were carried out with 

200 keV electron beams using JEOL 2010 (ultrahigh-resolution model) for studying 

the morphological details of prepared powders. For the TEM experiment, the samples 

were prepared by suspending the heat-treated powder in ethyl alcohol by sonication 

and taking a drop of the suspension on a 200-mesh carbon coated copper grid. The 

morphology of the synthesized nanocrystalline powders and the morphology of the 

surface of the pellets, derived from nanocrystalline powders were studied using a 

JEOL-JSM6500 field-emission scanning electron microscope (FESEM) equipped 

with an energy dispersive X-ray (EDX) analyzer (Oxford). The BET (Brunauer-

Emmett-Teller) specific surface areas of the calcined powders (after out-gassing the 

powders at 200 oC for 4 h) were determined through N2 adsorption isotherms at 77 K 

using a Beckman Coulter SA3100 surface area analyzer.  

 

2.6 Results and Discussion 

2.6.1 Thermal Studies of the Nanocrystalline CuNb2O6 Precursors 

Thermogravimetric (TG) and differential thermal analysis (DTA) of the carbonaceous 

precursor powders of CuNb2O6 were carried out in aerial atmosphere. The TG and 

DTA curve of the precursor powders for CuNb2O6 are shown in Figure 2.3. The DTA 

curve for the carbonaceous precursor mass showed a broad exothermic peak extended 

from 270 °C to ~530 °C. This is because of oxidation of organic matters present in the 

carbonaceous precursor generated from the decomposition of the metalo-organic 

( ) ( ) ( )222 sm βββ −=o θβ
λ

ο cos
9.0

=D
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complexes and TEA. Evolution of large amounts of gases (such as, water vapor, 

oxides of carbon, oxides of nitrogen etc.) during the oxidation of the carbonaceous 

matter was manifested by a single step weight loss in the TG curve (around 60%). No 

further weight loss after ~530 °C ensured complete removal of carbon residue from 

the powders calcined above this temperature.  

 

 

 

 

 

 

 

2.6.2 Composition, Phase and Structural Analysis of the Nanocrystalline CuNb2O6 

Powders 

Phase analysis and structural characterization of the prepared CuNb2O6 powders were 

carried out through room temperature X-ray powder diffraction (XRD) studies. Figure 

2.4a shows the XRD pattern of the CuNb2O6 powders obtained on calcination of the 

carbonaceous precursor at 700 ºC for 2 h. The diffraction lines in the XRD of these 

greenish yellow powders confirmed the monoclinic phase of CuNb2O6 as per the 

standard data in JCPDS file (card no. 830-369). This observation is in agreement with 

the available literature, which states that the monoclinic phase is the predominant and 

stable polymorph of CuNb2O6 at temperature between 700 ºC and 900 ºC. Rietveld 

refinements of the X-ray data (figure 2.4b) were carried out for detail characterization 

of the monoclinic phase of CuNb2O6. The lattice parameters obtained through 

Rietveld refinement of the X-ray data [a = 5.002(1) Å, b = 14.157(4) Å, c = 5.752(1) 

Å, and β = 91.52 (1)] matched closely with the standard lattice parameter values 

Figure 2.3: Simultaneously recorded TGA/DTA plots of the carbonaceous precursors of 

CuNb2O6. 
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reported in the JCPDS file. Few other data on the monoclinic phase of CuNb2O6 have 

been summarized in Appendix A. The average crystallite size of CuNb2O6 (obtained 

on calcination of precursors at 700 ºC for 2 h) was calculated using Scherrers equation 

and the value was found to be 25 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: (a) X-Ray diffractogram (using CuKα radiation) of the CuNb2O6 precursors after 

calcination at 700 ºC for 2 h. (b) Rietveld refinement of monoclinic CuNb2O6 calcined at 700 

ºC for 2 h. Vertical bars show the positions of Bragg reflections. 

a b

Figure 2.5: EDX analysis of the CuNb2O6 after 

calcination at 700 ºC for 2 h. 

The chemical composition of the 

calcined powders at 700 °C was 

analyzed using Energy dispersive X-ray 

spectroscopy (EDX). Spot EDX 

analysis (Figure 2.5) at various 

locations on the micrograph confirmed 

the homogeneous composition of 

powders and the expected chemical 

composition of CuNb2O6 with the 

observed stoichiometric ratio of Cu: Nb 

in the compound of 1:2. 
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2.6.3 Morphology and Microstructural Studies of the Nanocrystalline CuNb2O6 

Powders  

The microstructural information of the calcined powders of CuNb2O6 was obtained 

through transmission electron microscopy (TEM) studies. Figure 2.6a shows the 

bright field electron micrograph of synthesized CuNb2O6. The smallest particles 

visible in the micrograph can be identified as single crystallites and/or their 

aggregates with particle size in the range of 20-38 nm. The characteristic selected-area 

electron diffraction (SAED) pattern of the powders (Figure 2.6b) showed distinct rings 

corresponding to the )011( , )031( , )311(
−

 and )200(   planes in a monoclinic lattice of 

CuNb2O6. The ring pattern also indicated the powders to be polycrystalline in nature. 

 

 

 

 

 

 

 

 

Field-emission scanning electron microscopy (FESEM) studies were carried 

out using both, the calcined powders of CuNb2O6 and porous pellet of the calcined 

CuNb2O6 powders. FESEM micrograph, depicting the particle morphology of the 

calcined CuNb2O6 powders, is shown in Figure 2.7. The micrograph revealed that 

powders were composed of particles with distinct grain boundaries and they were 

uniformly distributed with the size in the range of 20-40 nm.    

 

Figure 2.6: (a) Bright field TEM micrograph of the calcined (at 700 ºC for 2h) CuNb2O6.  (b) 

SAED pattern of the calcined (at 700ºC for 2h) CuNb2O6. 

a
b 
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Figure 2.8: FESEM image of pellet surface 

derived from nanosized CuNb2O6 powders. 

Figure 2.7: FESEM image of nanocrystalline 

CuNb2O6 powders. 

 

 

 

 

 

 

 

 

FESEM micrograph of the pellets of calcined CuNb2O6 powders (shown in 

Figure 2.8) provided information of the microstructure and topology of the pellet 

surface. The micrograph clearly showed the presence of large porous aggregates 

composed of smaller individual particles on the surface of the pellets which were 

obtained by compressing the nanocrystalline powders of CuNb2O6. Porous 

morphology of the pellet surfaces is desirable for gas sensor applications since it 

offers higher surface area for adsorption of the test gases onto the pellet surface. The 

figure 2.8 shows large number of individual particles or weakly bound agglomerates 

with the particle sizes in the nanometer range, lying atop one another thereby creating 

the porous surface. Flattening of the agglomerated structures in some portion of the 

micrograph may be attributed to the flattening of the surface due to the compression 

of the powder on pelletization. 

The interaction of porous and compact surfaces of the sensor materials with 

surrounding gases is quite different (Figure 2.9). In compact surfaces, the interaction 

with gases takes place only at their geometric surfaces whereas in porous surfaces, the 

whole volume of the surface layer is accessible to the gases. The gas-active surface in 

porous layers is therefore much larger than that of compact layers. The gas sensor 

behavior being a kind of surface catalyzed reaction would be expected to improve 
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Figure 2.9: Schematic representation of (a) porous and (b) compact sensing layer with 

geometry and energy band. xg grain size, LD Debye length, eVs band bending, zo thickness of 

the depleted surface layer and zg layer thickness. Reproduced after Simon et al., 2001. 

with high gas-active surfaces and thus for the porous layers. Porous and compact 

surfaces also differ in the way how gas-induced changes in the gas-active surfaces get 

transduced in a sensor output signal such as, sensor resistance. The conduction 

mechanism of the sensors in porous and compact surfaces has been shown 

schematically in the Figure 2.9. For compact layers, the current can be considered to 

flow through two parallel resistances, one being equivalent to the electron depleted 

geometric surface which is affected by reactions between analyte gas and 

chemisorbed oxide species, and the other corresponds to the gas-unaffected bulk. In 

case of porous layers the situation is different, since each grain possesses an electron 

depleted surface and current has to pass through the intergranular contacts, thus, the 

resistances of gas-unaffected bulk and electron depleted surface in series.  

 

 

 

 

 

 

 

 

The BET surface area of the calcined powders of CuNb2O6 was found to be 55 

m2g-1. Gas sensing phenomenon being a kind of the surface catalyzed reaction, 

samples with higher surface area are anticipated to enhance the rate of the reaction 

and hence the sensing behavior. 



Chapter 2                                           Synthesis of Nanocrystalline Powders of CuNb2O6… 

 

 
 

54

2.6.4 Electrical Measurements and Gas Sensing Studies of the Nanocrystalline 

CuNb2O6 System 

Electrical resistances as well as gas sensing properties of the synthesized material 

were studied by two probes dc conductivity measurements. For the experiment, the 

nanocrystalline powders were compressed into pellets under pressing in presence of 1 

or, 2 drops of poly vinyl alcohol (PVA) (2%). The pellets were then heat-treated at 

450 ºC for 4 h to remove any residual polymer making the pellet surface porous solid. 

Electrical resistances and gas sensing properties of compressed pellets were measured 

using an experimental setup which was designed, fabricated and standardized for the 

present study (in house). The photograph of the experimental setup is displayed in 

Figure 2.10. The diagram of the setup is also presented in Figure 2.11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Photograph of the setup equipment for resistance measurements and the 

cylindrical test-chamber with steel made sample holder (Inset). 
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For carrying out the electrical and gas sensing measurements, the porous pellet 

with two thin platinum electrodes was housed inside a cylindrical shaped quartz test-

chamber. A stainless steel sample holder was used for holding the pellet sample inside 

the quartz test-chamber. The cylindrical quartz test-chamber was permanently closed 

at one end while the other end was closed using a flung system. The flung system had 

provisions for inserting a thermocouple inside the test chamber (in close proximity of 

the sample pellet) and an outlet for connecting the two thin platinum electrodes from 

the sample pellet, placed inside the test chamber, to the multimeter, placed outside of 

the system. The flung system of the test chamber also had parts for gas inlet, gas 

outlet and for test gas injection. The entire test-chamber was made leak proof and 

inserted inside a resistance furnace which used a coil of nichrome wire as the heating 

element. The furnace was connected to power supply (through a Variac) and the 

temperature inside the quartz test-chamber was monitored using a PID temperature 

controller. The sensor operational temperature was measured with a type-K 

Figure 2.11: Setup equipment for in-situ resistance measurements: 1) Pellet sample; 2) Two 

probe sample holder; 3) Quartz test chamber; 4) Furnace; 5) Gas inlet; 6) Gas outlet; 7) Gas 

injection port; 8) Thermocouple; 9) Platinum wires; 10) Flung; 11) Digital multimeter; 12) 

Personal computer; 13) Temperature controller (PID controller).
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thermocouple, installed in proximity to the sensor material (i.e. the sample pellet, 

placed inside the test chamber) while the furnace temperature was monitored using a 

separate independent thermocouple that was located close to the heating elements of 

the furnace. The thermocouple located inside the furnace supplied the feedback signal 

to the PID controller. Application of two thermocouples helped to obtain an accurate 

sensor operational temperature inside the test chamber without any significant 

temperature fluctuation. The sensor response was measured up to the maximum 

temperature of 400 ºC, the typical working temperature range of a gas sensor. The 

resistance behavior of the heating elements was monitored and stabilized by heating 

from room temperature up to 400 ºC, at a heating rate of 1 ºC/min.  

The resistance of the sensor was measured by two probe dc conductivity 

measurements using the data acquisition units such as, autoranging microvolt DMM 

(Model 197A, M/s Keithley Instruments, USA) for low temperatures (when the 

resistance is higher than 100 MΩ) and Agilent Data Acquisition/Switch Unit (model 

no. 34970A) with a multichannel data input facility for higher temperatures. The 

sensor operational temperature inside the test-chamber was recorded using the same 

Agilent Data Acquisition/Switch Unit (model no. 34970A) via a type-K 

thermocouple. The data were collected in a time interval of 5 s. Agilent Data 

Acquisition/Switch Unit was connected to a computer via interface (RS-232 

connector). All scanned data/readings stored in memory of Data Acquisition/Switch 

Unit were displayed on a computer monitor through graphs/script charts. At each 

sensor operating temperature, the test gas was injected into the chamber through the 

gas injection port after a steady base line resistance in air was established. The 

corresponding change of electrical resistance of the material was measured as a 

function of time till a constant resistance value was achieved. Next, the chamber was 

purged with dry air for 4-5 min and the changes in the electrical resistance was 

measured only after a steady base line value of resistance was attained. The response 

of the material to the test gases was calculated using the following equation: 

 

 
Response (%) = 

Ra 
Ra Rg × 100
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In the above equation, Ra denotes the resistance in air and Rg the resistance in the 

presence of a test gas. The response of the material was examined towards H2, 

liquefied petroleum gas (LPG), and NH3 in the temperature range of 200-400 ºC. 

There were three tests made for each gas at each operating temperature to confirm the 

results. The reproducibility of the experiments was checked by repeating the same 

experiment with two more pellets of the composition. Prior to carrying out the sensor 

experiments, the sample pellets were thermally conditioned by annealing in dry air at 

300 ºC, to remove any adsorbed water and to allow the samples to equilibrate with 

oxygen under the flow of  air. The response value, response time and recovery time of 

the sensors were determined from the decrease of resistance in presence of a reducing 

gas (i.e. response process) and the regain of the initial value of resistance in air 

(recovery process) through air purging in the test-chamber with change of time. 

Response time is defined as the time required for achieving 90% of final change in 

conductance after the test gas is injected and recovery time is taken as the time needed 

for the sensor to attain a conductance 10% above the original value in air. 

 

2.6.4.1 Electrical Measurements of the Nanocrystalline CuNb2O6 System 

Electrical conduction in metal oxides is a thermally activated process. The variation of 

electrical conductivity of CuNb2O6 pellets was studied as a function of temperature, in 

the range of 200-400 °C. Figure 2.12 shows temperature dependence of the dc 

electrical conductivity of the pellet of CuNb2O6 in the temperature range of 200–400 

°C. The dc electrical conductivity (σ) followed the Arrhenius law, 

 

 

 

where σo is a pre-exponential factor and Ea, k, and T are, respectively, the activation 

energy for conduction, Boltzmann’s constant, and absolute temperature. From the 

Arrhenius plot (Figure 2.12) it could be seen that the logarithm of conductivities (Ln 

σ) of the sample had a linear relationship with reciprocal of temperature (1/T), as is 

expected for a typical semiconducting material, with no hysteresis during heating and 
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Figure 2.12: Arrhenius plot for electrical conductivity of CuNb2O6 in air. 

cooling cycles. The activation energy (Ea), determined from the slope of the Arrhenius 

plot, was found to be 0.55 eV (correlation factor of the linear least-squares fit R > 

0.9996). Conductivity in the sample at lower temperature region arose due to changes 

in the surface conduction (Chambon et al., 1995). The sample showed typical n-type 

conductivity behavior, which was indicated by decrease in the electrical resistance in 

presence of reducing gases and increase when exposed to O2.  

 

 

 

 

 

 

 

 

 

 

2.6.4.2 Gas Sensing Studies of the Nanocrystalline CuNb2O6 System 

Figures 2.13-16 show the typical temperature dependence of response of compressed 

powder of CuNb2O6 towards 500 ppm of H2, LPG, and NH3 respectively. For 500 

ppm H2, the response was around 68% at 200 ºC. It increased to 73% at 250 ºC. The 

maximum response of 84% was observed at 300 ºC. The response was found to 

decrease to 74% at 350 ºC and then to 68% at 400 ºC. For 500 ppm LPG, responses 

observed at 200 ºC and 250 ºC were 65 and 74%, respectively. For LPG, the 

maximum response was found to be around 80% at 300 ºC. The response (to LPG) 

was observed to decrease to 71% at 350 ºC and then to 66% at 400 ºC. Responses 

towards 500 ppm NH3 observed at 200 ºC, 250 ºC, 300 ºC, 350 ºC and 400 ºC were 

10%, 15%, 26%, 48%, and 56%, respectively. Due to high responses of the sample 
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pellets towards H2 and LPG at 300 ºC, this temperature was selected for calibration 

experiments at different concentrations of test gases.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13: Sensing characteristics of 
porous pellets of nanocrystalline CuNb2O6 

towards 500 ppm each of H2, LPG, and NH3 
in air as a function of temperature. 
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Figure 2.15: Responses of porous pellets of 
nanocrystalline CuNb2O6 towards 500 ppm 
of LPG in air at different temperatures.

Figure 2.16: Responses of porous pellets of 
nanocrystalline CuNb2O6 towards 500 ppm 
of NH3 in air at different temperatures. 

Figure 2.14: Responses of porous pellets of 
nanocrystalline CuNb2O6 towards 500 ppm 
of H2 in air at different temperatures. 
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There were three tests were made for each gas at each operating temperature to 

confirm the results. Figures 2.17 represents three cycles of response-recovery 

characteristics of the material exposed to 500 ppm H2, LPG at 300 ºC and NH3 at 400 

ºC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18 shows the response of the sample pellets of CuNb2O6 towards 

different concentrations (100, 300 and 500 ppm) of H2 and LPG at 300 ºC. The 

responses to both the gases were found to increase almost linearly with concentration. 

Typical response and recovery characteristics of the sample pellets (operating at 

different temperatures towards) towards 500 ppm of the gases are shown in Figure 
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Figure 2.17: Electrical resistance of porous pellets of CuNb2O6 in alternating environments 

of air and (a) 500 ppm H2 (b) 500 ppm LPG at 300 ºC and (c) 500 ppm NH3 at 400 ºC. 
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2.19. The response and recovery time (at the temperature when maximum response 

was achieved) for the sample pellets of CuNb2O6 towards H2 were observed to be 

around 100 s and 270 s respectively (at 300 ºC), and towards LPG, the responses and 

recovery times were 144 s and 430 s respectively (at 300 ºC) while towards NH3, the 

respective values were 46 s and 95 s (at 400 ºC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

The response was found to decrease at higher operating temperatures as can be 

seen in figure 2.12. This behavior can be explained by considering the temperature 

dependence of the surface coverage of chemisorbed species. Chemisorptions of the 

gas molecules on the sensor surface takes place at high temperature while 

physisorption process is predominant only at low temperature and decreases with rise 

in temperature. At high temperature region, the surface coverage by chemisorbed 

species decreases with increasing temperature, because at high temperature region, the 

desorption rate is greater than the adsorption rate. This competition between the rates 

of adsorption and that of desorption at different temperatures can be shown through 

the Lennard–Jones equation which is stated below (Madou et al., 1989).  
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Figure 2.18: Variation of response of 

porous pellet of CuNb2O6 with 

concentration of H2 and LPG at 300 ºC. 
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where θ is the fraction of available surface sites covered, kads and kdes are respectively 

the rate constants for adsorption and desorption reactions, ∆EA the activate energy of 

chemisorptions and ∆Hchem the heat of chemisorption. In our case, chemisorption was 

the dominant process in the operating temperature range 200 to 400 ºC and the 

maximum of sensitivity under the reducing gases at any concentration was generally 

observed at around 300 ºC. At this temperature the rate of desorption can be 

considered as negligible and the rate of adsorption predominates. Beyond 300 ºC 

when the temperature rises, the surface coverage can be considered to decrease, so 

that the sensitivity decreases also.  

Additionally, the physical properties of the semiconducting sensor material 

such as, charge carrier concentration, the Debye length are influenced by temperature. 

At higher temperature, the charge carrier concentration increases and the Debye 

length for an n-type semiconductor decreases. This may also be one of the possible 

reasons for the decrease in the response at higher temperatures (Mizsei, 1995; Wagh 

et al., 2007). Therefore, it can be interpreted that at high temperatures, as the Debye 

length decreases the grains become incompletely depleted (Kiss et al., 2001) and as a 

consequence, the response decreases (Schierbaum et al., 1991; Xu et al., 1999). The 

decrease of response with shrinking the Debye length at high temperatures can be 

comprehended from the following two relations (Cosandey et al., 2000):  

  

                                                            and 

 

where εo is the static dielectric constant, no is the total carrier concentration, e is the 

carrier charge, K is the Boltzmann constant, T is the absolute temperature, S is the 

response, Δn is the change in the carrier concentration.  

The gas sensing phenomenon involves the change of electrical resistance of 

the sensor material in the presence of gases due to the oxidation of the reducing gases 

by the surface chemisorbed oxygen species (like O¯, O2¯, O2¯, etc.), which releases the 

electrons and thus increases the charge in the conduction band of the n-type oxide and 
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hence the conductivity gets increased (i.e. decrease of the potential barrier). The 

response characteristics to different reducing gases are guided by the trend of 

reactivity towards the surface chemisorbed oxygen ions. The extent of adsorbed 

oxygen ions and existence of their different chemical forms (O¯, O2¯, O2¯, etc.) on the 

sensor surface are controlled by the sensor operating temperature. 

 

)(22 )( adsOegO −− →+  

 

 

The oxidation reactions of H2 and LPG could be represented as follows (Meixner et 

al., 1995):    

−−
+ ++++→++ epgOHppCOOpHC adspp )13()()1()13( 22)(22  

 (LPG is a mixture of hydrocarbons like n-propane and n-butane, so p = 3 or 4. This 

equation is valid for H2 when p = 0). 

The oxidation reactions of NH3 could be represented as follows (Rout et al., 2007):  

−− ++→+ eOHNONH ads 3332 22)(3  

 

2.7 Major Findings in the present Investigation 

• Nanocrystalline CuNb2O6 powders have been synthesized by aqueous based 

metal ion-ligand complex based precursor route.  

• The preparative method established the use of niobium tartrate which is a 

stable water-soluble source of niobium.  

• The orthorhombic phase of CuNb2O6 formed only at 700 ºC. The low 

processing temperature involved in this method prevented grain growth in the 

powders.  

−−− →+ )()(2 2 adsads OeO
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• The crystallite sizes, average particle sizes and specific surface areas 

determined from XRD, TEM and BET surface area measurement were found 

to be 25 nm, 25-40 nm and 55 m2g-1 respectively.  

• Nanocrystalline CuNb2O6 was n-type semiconductor. 

• In present study, nanocrystalline CuNb2O6 in the temperatures range of 200-

400 ºC showed the sensitivities to H2, LPG and NH3. Sensitivity of CuNb2O6 

has not been documented in the previous reports. 

• The maximum responses towards H2 and LPG are found to be around 84%, 

and 80% respectively, at 300 ºC, while a response 56% is observed to NH3 at 

400 ºC. 
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Synthesis of Nanocrystalline Powders of FeNbO4 (with and without 

Pt Impregnation) and Studies on their Gas Sensing Behavior towards 

Ammonia, Hydrogen, and Liquefied Petroleum Gas 

 

3.1 Introduction  

ABO4 type oxides containing transition metal ions have significant contribution in 

many areas of applications such as, in gas sensors, catalysis, and in various 

semiconductors and photodetector technologies. Iron niobate (FeNbO4), a well known 

compound of the ABO4 family has in particular gained considerable attention for the 

potential applications in gas sensors, catalysis, photodetectors and as magnetic 

materials (Harrison et al., 1989; Koenitzer et al., 1980; Pourroy et al., 1990a, 1990b; 

Roth et al., 1964; Schmidbauer et al., 1997; Tena et al., 1996). FeNbO4 exhibits 

semiconducting (Leiva et al., 1982; Tena et al., 1996) as well as magnetic behavior 

(Harrison et al., 1989; Noda et al., 1979; Pourroy et al., 1990) consistent with the 

coexistence of Fe2+ and Fe3+ ions. Electrical studies reveal that FeNbO4 behaves as an 

extrinsic semiconductor and its total conduction can be attributed to mixed valence 

semiconduction (Tena et al., 1996). Additionally, FeNbO4 is being realized as a 

possible photoanode material for photoelectrochemical application (Koenitzer et al., 

1980). FeNbO4 is also an important precursor for the preparation of single-phase 

perovskite Pb(Fe1/2Nb1/2)O3 (PFN), which is an important material for multilayer 

ceramic capacitor (MLCC) applications. Synthesis of such lead-based complex oxides 

through the conventional solid-state method often introduces secondary phases, 

chiefly the pyrochlore phase, which are undesirable and severely degrades the 

dielectric properties of the final products (Kim et al., 2003; Shrout et al., 1987). The 

use of FeNbO4 as a precursor has been found to be an effective way of producing PFN 

powders in the pure perovskite phase. 

FeNbO4 comprises of two transition metal ions with similar ionic radii but 

different valence states and exhibits semiconducting behavior similar to other 

transition metal oxides. In recent years, FeNbO4 has been investigated for its gas 
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sensing behavior for the detection of toxic and inflammable gases such as, Cl2 gas 

(Dawson, et al., 1996), CO (Henshaw et al., 1996), H2S, H2, and liquefied petroleum 

gas (LPG) (Gnanasekar et al., 1999). In most cases, the sensitivities of FeNbO4 

towards trace amount of these gases (in air) have been investigated using compressed 

powders (Gnanasekar et al., 1999; Henshaw et al., 1996) or a thick film (Dawson, et 

al., 1996) at various operating temperatures. 

 

3.2 Reported Methods for the Synthesis of FeNbO4

The preparation of FeNbO4 has most commonly been reported through the 

conventional solid-state method and very limited literature is available on the use of 

chemical methods for this purpose. Some of the reported methods of the synthesis of 

FeNbO4 composition are summarized below.  

  

3.2.1 Conventional Solid-State Method for the Synthesis of FeNbO4

The conventional solid-state method is a frequently used process for the 

preparation of bulk FeNbO4 powders, where stoichiometric amounts of the raw 

materials (such as: α-Fe2O3 and Nb2O5) are thoroughly mixed and heated (usually) in 

air and at temperatures higher than 1000 ºC for a period of about 24 to 48 h to produce 

the desired phase (Dawson, et al., 1996; Gnanasekar et al., 1999; Henshaw et al., 

1996; Koenitzer et al., 1980; Schmidbauer et al., 1997). In 1999, Ananta et al. 

reported a modified solid-state route for the synthesis of FeNbO4 powders using the 

rapid vibro-milling technique. The reported technique involves mixing, drying, 

grinding, sieving of the raw materials (such as, Fe2O3 and Nb2O5) and calcinations at 

1150 °C for 4 h followed by further sieving of the product. 

The high temperature solid-state method is however disadvantaged by the 

formation of chemical inhomogeneous final product, a finding, which has been 

collaborated by investigations carried out by Pourroy et al. (1990a). Their studies 

reveal that the major drawback of the solid-state method in the preparation of FeNbO4 
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powders arise due to reduction of α-Fe2O3 into Fe3O4 which leads to an incomplete 

reaction between the raw materials (i.e. α-Fe2O3 and Nb2O5) and hence  chemically in 

a  chemically inhomogeneous product. Similar observations of chemical homogeneity 

in the final product have been reported by Koenitzer et al. (1980) on heating α-Fe2O3 

and Nb2O5 at 1330 °C for 25 h. They identified a small amount of α-Fe2O3 in FeNbO4 

which supports the formation of FeNb2O6 as secondary phases. Roth et al. (1964) on 

the other hand have noticed an increase in the unit cell dimensions of FeNbO4 

powders when prepared through a solid-state method by heating the raw materials at 

increasingly higher temperatures (1085 °C < T < 1380 °C) followed by quenching to 

room temperatures. 

   

3.2.2 Chemical Method for the Synthesis of FeNbO4

Although the high temperature solid-state method is a simple and inexpensive 

processing technique for synthesizing FeNbO4, it cannot afford to control the grain 

size and chemical homogeneity in the final product. The process generally requires 

high processing temperatures, which result in products that have chemically 

inhomogeneous and large agglomerated particles with low specific surface area.  In 

contrast, solution based chemical methods are convenient for the synthesis of 

chemically homogeneous, nanocrystalline powders. In a wet chemical synthesis route 

better control of homogeneity as well as stoichiometry can be achieved through 

atomic level mixing of the starting materials in solution and hence can be processed at 

lower temperatures. Despite the advantages of the solution based chemical methods 

only few literature reports are available for the preparation of FeNbO4 powders 

through such processes. 

Pourroy et al. (1990a) have reported the wet chemical synthesis of FeNbO4 

powders through a coprecipitation method using iron oxalate and niobium oxalate as 

precursors and a large volume of ammonium hydroxide as precipitant. Crystalline 

powders of FeNbO4 with orthorhombic structure are obtained on heat-treatment of the 

hydroxide coprecipitates at 800 °C for 72 h.  
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Tana et al. (1996) demonstrated the synthesis of FeNbO4 powders through two 

types of gel processing such as, the colloidal gel processing and the polymeric gel 

processing. In the colloidal gel method, gelation takes place when ammonium 

hydroxide is added into the suspension of NbCl5 and FeCl3, 6H2O in water, with pH 

of the medium being 5 to 6. Subsequently, the gel is dried with an infrared lamp and 

heat treated at 1000 °C to obtain FeNbO4 with orthorhombic structure. Conversely, in 

the polymeric gel method, the gel is obtained by refluxing a solution of NbCl5 in 

ethanol at 70 °C for 15 h, followed by addition of Fe(III) acetylacetone and again 

refluxing the solution mixture at 70 °C for 24 h, and acidified with 3M HNO3. The 

resulting gel is dried and heat-treated at 1000 °C to obtain FeNbO4 with orthorhombic 

structure.  

Literature survey shows that only few chemical methods exist for the synthesis 

of powders of FeNbO4. As has been stated in previous chapter (Chapter 2, Section 

2.2), the major complication associated with the chemical synthesis of any niobium 

based oxide systems is the scarcity of appropriate niobium source. The common 

niobium precursors such as, niobium alkoxides and NbCl5 are not only expensive but 

are also inhibited by easy hydrolysis due to their moisture susceptibility. In the 

present investigation, an aqueous based chemical synthesis process has been 

developed for the preparation of nanocrystalline FeNbO4 powders based on simple 

metalo-organic complex chemistry where niobium tartrate has been used as the 

niobium source. The developed synthetic method is less cumbersome, versatile for the 

preparation of a large variety of multicomponent niobium oxide based systems at 

relatively low temperatures. The developed method is also proficient in large scale 

synthesis of nanocrystalline powders of FeNbO4. 

 

3.3 Scope of the Present Investigation 

The present study describes the aqueous based chemical synthesis of nanocrystalline 

powders of FeNbO4 through metal ion-ligand complex based precursor route using 

water soluble niobium tartrate complex. In the developed process, the aqueous based 

metal ion-ligand complex precursor solution is obtained by mixing aqueous solution 
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of iron nitrate and niobium tartrate with triethanolamine (TEA) in the required 

amounts. The precursor solution is then pyrolyzed to voluminous carbonaceous mass 

through oxidative decomposition of the metalo-organic complexes. This solid 

precursor is calcined at 850 °C for 3 h to obtain the nanocrystalline powders of 

FeNbO4.   

In all the gas sensitivity studies reported in literature for FeNbO4, the powders 

have been prepared through the conventional solid-state method, which produces 

chemically inhomogeneous composition with large agglomerated particles having low 

specific surface area. In the present study, the response of the prepared 

nanocrystalline powders of FeNbO4 has also been investigated towards H2, liquefied 

petroleum gas (LPG) and NH3. Since the response of a sensor towards the analyte 

gases is intimately related to the grain size, surface morphology, and internal porosity 

of the sensor material, therefore, the sensor material based on the nanocrystalline 

powders of FeNbO4 are expected to exhibit increased sensitivity to the test gases 

compared to that reported so far. 

In the present study, a batch of the prepared nanocrystalline powders of 

FeNbO4 was further impregnated with 1 wt% of platinum and their response towards 

the mentioned reducing gases were investigated and compared with the non-

impregnated sample. 

 

3.4 Synthesis of Nanocrystalline FeNbO4 Powders 

3.4.1 The Raw Materials Used in the Developed Synthesis Method 

i) Ferric nitrate, ii) Niobium pentoxide, iii) Triethanolamine (TEA), iv) Platinum 

nitrate, v) Tartaric acid, vi) Ammonia (25%), vii) Hydrofluoric acid (40%), viii) 

Ammonium oxalate and ix) Nitric acid (70%). All the materials were procured from 

M/S Aldrich (U.S.A). 
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 In this study, nanocrystalline powders of FeNbO4 were synthesized using 

niobium tartrate complex solution as a source of niobium which was prepared in the 

laboratory and stocked for use. 

 

3.4.1.1 Preparation of Aqueous Solution of Niobium Tartrate Complex 

In the synthesis of nanocrystalline powders of FeNbO4, the aqueous solution of 

niobium tartrate complex was prepared following the procedure described in Chapter 

2 (Section 2.4.1.11; Figure 2.1).  

 

3.4.2 Procedure for the Synthesis of Nanocrystalline FeNbO4 Powders 

100 ml of 0.1 M aqueous solution of iron nitrate was mixed with 100 ml of 0.1 M 

aqueous solution of niobium tartrate maintaining the equal mole ratio of Fe3+: Nb5+ in 

the solution mixture. TEA (4 moles per mole of cations present in the solution 

mixture) was then added into the solution mixture under constant stirring. To avoid 

any undesired precipitation, the pH of the final solution mixture was always 

maintained at 4 with the help of nitric acid. This solution was then heated at about 200 

ºC until complete dehydration occurred and metalo-organic complexes underwent 

oxidative-decomposition with the evolution of dense fumes to generate a voluminous 

fluffy carbonaceous mass. The resultant black mass was calcined at various 

temperatures (ranging between 500-850 ºC) for 3 h to obtain the carbon-free 

nanocrystalline powders of FeNbO4 in the orthorhombic phase. The method of 

preparation is schematically depicted in Figure 3.1.  
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Figure 3.1:  Schematic representation of the preparation of the nanocrystalline 

powders of FeNbO4. 

 

 

 

 

 

 

 

 

 

 

3.4.3 Procedure for the Synthesis of Platinum (1 wt%) Incorporated 

Nanocrystalline FeNbO4 (Pt-FeNbO4) Powders 

The nanocrystalline Pt-FeNbO4 powders were synthesized by impregnation method, 

which involved well mixing of nanocrystalline powders of FeNbO4 with required 

amount of platinum nitrate solution followed by drying of the powder at 200 ºC and 

heat-treatment at 850 ºC for 1 h.  

 

3.5 Techniques for Characterization of the Prepared Nanocrystalline FeNbO4 and 

Pt-FeNbO4 Powders 

Thermal studies of the carbonaceous precursor of FeNbO4 were carried out using 

simultaneously recorded thermo-gravimetric and differential thermal analysis (TG and 

DTA) in air. The phase identification in both powder samples (FeNbO4 and Pt-

FeNbO4) was performed using room temperature X-ray powder diffraction (XRD) 

with CuKα radiation and Ni filter. In the XRD studies, the powders obtained at 

different heat-treatment temperatures were recorded in the 2θ range from 15º to 60º. 

The average crystallite size of the compositions was calculated using the Scherrers 
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equation. The microstructural information of the synthesized powders was obtained 

through transmission electron microscopy (TEM) studies. An energy dispersive x-ray 

(EDX) analyzer (Oxford) equipped with TEM instrument was used for chemical 

compositional analysis of the synthesized powders. The specific surface areas of the 

calcined powders were determined using the BET technique. The instruments, used 

for the characterization remained same as is mentioned in Chapter 2 (Section 2.5).  

 

3.6 Results and Discussion 

3.6.1 Thermal Studies of the Nanocrystalline FeNbO4 Precursors 

 

 

 

 

 

 

 

 
Figure 3.2: Simultaneously recorded TGA/DTA plots of the carbonaceous precursors of 

FeNbO4. 

 

Figure 3.2 shows the simultaneously recorded thermogravimetry (TG) and differential 

thermal analysis (DTA) plots of the carbonaceous precursor of FeNbO4, produced 

after complete dehydration of the precursor solution and subsequent decomposition of 

the metalo-organic complex at around 200 ºC. DTA plot showed a broad exothermic 

peak extended between 250 °C and 470 °C. This exothermic peak can be attributed to 

the oxidation of organic substances present in the black carbonaceous precursor. TG 
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plot showed a sharp and single step weight loss (around 65%) in the corresponding 

temperature range (i.e., between 250 °C and 470 °C) can be assigned to the evolution 

of various gases (such as: water vapor, oxides of carbon and nitrogen) during 

oxidation of the precursor, that was manifested by exothermic thermal effect in the 

DTA curve. Constant TG curve, observed beyond 470 °C, reflected the constant 

weight of the sample and ensured complete removal of carbon residue from the 

powder above 470 °C. The thermal effect associated with the crystallization of the 

oxide phase was not distinctly visible from the DTA curve, probably due to much 

higher scale for the oxidative reaction of the organic matter.   

 

3.6.2 Composition, Phase and Structural Analysis of the Nanocrystalline FeNbO4 

and Pt-FeNbO4 Powders  

Phase analysis and structural characterization of the prepared FeNbO4 powders were 

carried out through room temperature X-ray powder diffraction (XRD) studies. Figure 

3.3a shows the XRD patterns of the carbonaceous precursor of FeNbO4 calcined at 

different temperatures ranging from 550 ºC to 850 ºC for 3 h. The carbonaceous 

a
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Figure 3.3: (a) X-ray diffractograms (using CuKα radiation) of the FeNbO4 precursor on 

calcination at various temperatures. (b) Rietveld refinement of orthorhombic FeNbO4 obtained 

on calcination of the precursor at 850 ºC for 3 h. Vertical bars show the positions of Bragg 

reflections.   
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precursor mass of FeNbO4, when calcined below 550 ºC was amorphous to XRD. The 

amorphous precursors started to crystallize when calcined at 550 ºC for 3 h. The 

orthorhombic phase of FeNbO4 was completely realized after calcination of the 

precursors at 850 ºC for 3 h. Absence of any additional diffraction lines in the XRD of 

the sample (calcined at 850 oC for 3 h), confirmed a pure orthorhombic phase of 

FeNbO4 as per the standard data reported in JCPDS file (card no. 84-1981) and the 

diffraction lines were indexed accordingly. The peak at around 2θ = 27º which was 

present in XRD patterns of the precursors calcined at low temperatures (at 550 and 

650 ºC) and disappeared at calcination temperatures higher than 750 ºC could indicate 

the formation of monoclinic phase (with AlNbO4 crystal structure and C/2m 

symmetry) of FeNbO4 at temperatures below 750 ºC. Rietveld refinements of the X-

ray data (Figure 3.3b) were carried out for detail characterization of the orthorhombic 

phase of FeNbO4. The lattice parameters obtained through Rietveld refinement of the 

X-ray data [a = 5.002 Å, b = 5.609 Å and c = 4.635 Å] for the sample matched closely 

with the standard lattice parameter values. The average crystallite size of FeNbO4, 
obtained on calcination of the precursors at 850 ºC for 3 h, were calculated using the 

Scherrers equation and was found to be 20 nm.  

It may be noted that for the nanocrystalline powders, prepared through the 

developed chemical route the orthorhombic phase of FeNbO4 has been realized at low 

temperature condition and short heat-treatment duration compared to those reported in 

literature. For example, the existing literature reports state that the monoclinic phase 

of FeNbO4 can be obtained by heating the raw materials at 1000 ºC for 16 h (Pourroy 

et al., 1990b), 1000 ºC for 48 h (Gnanasekar et al., 1999), 1000 ºC for 192 h 

(Schmidbauer et al., 1997) while the  orthorhombic phase can be obtained by heating 

the respective raw materials at 1000 ºC for 12 h (Tana et al., 1996), 1000 ºC for 24 h 

(Noda et al., 1979), 1150 ºC for 4 h (Ananta et al., 1999),  1150 ºC for 48 h 

(Koenitzer et al. 1980), and 1200 ºC for 24 h (Harrison et al., 1989). 

Figure 3.4 shows the XRD pattern of the Pt-FeNbO4 after heat-treatment at 

850 ºC for 1 h, which identifies the orthorhombic crystal structure of Pt-FeNbO4. No 

characteristics diffraction lines corresponding to Pt were observed in the XRD pattern, 

possibly due to high dispersion of Pt particles in the oxide matrix. EDX analysis 
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(Figure 3.5) of the powders calcined at 850 ºC confirmed the expected chemical 

composition of the Pt-FeNbO4 sample with the stoichiometric ratio of Fe: Nb in the 

composition being 1:1. 

15 20 25 30 35 40 45 50 55 60
0 

0 
2

Pt-FeNbO4

1 
2 

2
2 

0 
2

0 
3 

1
0 

2 
2

2 
2 

0

2 
1 

1
1 

2 
1

1 
2 

0
2 

0 
0

0 
2 

0

1 
1 

1

0 
1 

1In
te

ns
ity

 (a
.u

.)

2θ (degree)

 

 

 

 

 

 

 

 

 
Figure 3.4: X-ray diffractogram (using CuKα radiation) of the platinum incorporated 

FeNbO4 after calcination at 850 ºC for 1 h.  

 

 

 

 

Figure 3.5: EDX pattern of (1 wt%) platinum incorporated FeNbO4 after calcinations at 

850 ºC for 1 h.
 

 

 

3.6.3 Morphology and Microstructural Studies of the Nanocrystalline FeNbO4 and 

Pt-FeNbO4 Powders  

The microstructural information of the synthesized FeNbO4 and Pt-FeNbO4 powders 

was obtained through transmission electron microscopy (TEM) studies. Figure 3.6 

and 3.7 show the bright field electron micrographs of the synthesized FeNbO4 and Pt-
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FeNbO4 powders respectively. The smallest particles visible in the micrograph can be 

identified as single crystallites and/or their aggregates with particle size in the range 

of 35-60 nm. Introduction of platinum in FeNbO4 matrix did not reveal any significant 

change in the particle size of nanocrystalline powders as can be seen from the TEM 

micrographs. The selected-area electron diffraction (SAED) pattern of the heat-treated 

(850 ºC for 1 h) Pt-FeNbO4 powders (inset Figure 3.7) showed spotty ring pattern, a 

characteristics of an assembly of polycrystallites diffracting coherently. 

Figure 3.7: Bright field TEM micrograph of 

Pt-FeNbO4 after calcination (at 850 ºC for 1 

h). (Inset) SAED pattern of Pt-FeNbO4. 

Figure 3.6: Bright field TEM micrograph 

of the calcined (at 850 ºC for 3 h) FeNbO4. 

 

Field-emission scanning electron microscopy (FESEM) studies were carried 

out using porous pellets which were obtained by compression of the prepared 

nanocrystalline powders of FeNbO4 and Pt-FeNbO4. Figure 3.8 and 3.9 illustrate the 

FESEM micrographs of the pellets surface, obtained from FeNbO4 and Pt-FeNbO4 

respectively. Surfaces of both the pellets showed sufficient porosity as well as 

microstructural irregularities resulting from grain growth during the pellet fabrication. 

The large porous aggregates were observed to be composed of weekly bound smaller 

individual particles on the surface of the pellets of both, FeNbO4 and Pt-FeNbO4. 

Porous surface of the pellets is desirable for a gas sensor, since in the porous surface 



Chapter 3                                           Synthesis of nanocrystalline powders of FeNbO4… 

 

 79

0.00 0.05 0.10 0.15 0.20 0.25

0

2

4

6

8

10

12

14

16

the volume of the surface layer is also accessible to the gases and thus, the active-
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Figure 3.8: FESEM micrograph of pellet 

derived from the calcined (at 850 ºC for 2

h) powders of the nanocrystalline FeNbO4. 

Figure 3.9: FESEM micrograph of pellet 

derived from the calcined (at 850 ºC for 1

h) powders of the nanocrystalline Pt-

FeNbO4.  
 

 

Figure 3.10 depicts BET isotherms for the nanocrystalline powders of FeNbO4 and 

platinum (1 wt%) incorporated FeNbO4. It has been found that the sensor materials 

having larger surface areas would be more sensitive to analyte gases. The surface 

areas measurements through BET technique showed that both, FeNbO4 and Pt-
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Figure 3.10: BET isotherms of nanocrystalline FeNbO4 and platinum (1 wt%) 

incorporated FeNbO4.
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FeNbO4 had almost similar specific surface areas and they were found to be 51 (±2) 

m2g-1 and 48 (±2) m2g-1 respectively. BET surface area measurements inferred that 

incorporation of platinum in the nanocrystalline FeNbO4 matrix did not alter their 

particle size and specific surface area significantly.  

 

3.6.4 Electrical Measurements and Gas Sensing Studies of the Nanocrystalline 

FeNbO4 and Pt-FeNbO4  

Electrical resistances as well as gas sensing properties of the synthesized material 

were studied by two probes dc conductivity measurements. The electrical and gas 

sensing measurement procedures followed for the study have been detailed in the 

previous chapter (Chapter 2, Section 2.6.4). The setup used and the methodology 

followed for the electrical and gas sensing studies for the synthesized nanocrystalline 

powders of FeNbO4 and Pt-FeNbO4 remained the same. Resistances of the sensors 

were measured using an electrometer (Model 616, M/s Keithley Instruments, USA). 

The responses of the material were examined towards H2, LPG and NH3 in the 

temperature range of 150-400 ºC. 

 

3.6.4.1 Electrical Measurements of the Nanocrystalline FeNbO4 and Pt-FeNbO4  

The electrical conductivities for the FeNbO4 as well as the Pt-FeNbO4 pellets were 

measured in dry air at different temperatures (150-400 ºC). The effect of the 

temperature on the dc electrical conductivity (σ) for both the sample pellets has been 

illustrated in Figure 3.11. The plots of logarithms of conductivities of the sample 

pellets (of both the compositions) versus reciprocal temperatures (1/T) (Figure 3.11) 

showed that the electrical conductivities (σ) of both the materials increased with the 

temperature. This could be attributed to the increase in mobility of electric charge 

carriers, which are thermally activated upon increase in temperature. The observed 

increase in conductivities (σ) with the temperature is a normal behavior for all 

semiconductors, which follows the Arrhenius relation, 
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where σo is a pre-exponential factor while Ea, k, and T are the activation energy for 

conduction, Boltzmann’s constant, and absolute temperature, respectively. The 

logarithms of conductivities of both the sample pellets were found to be varied 

linearly with reciprocal temperature (1/T) with no hysteresis during heating and 

cooling cycles.  
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Figure 3.11: Arrhenius plot for electrical conductivity for the FeNbO4 and platinum (1 

wt %) incorporated FeNbO4 pellets in air. 

  

 The semiconductor behavior of FeNbO4 and Pt-FeNbO4 can be attributed to 

oxygen deficiency (Gnanasekar et al., 1999) which leads to the generation of small 

fraction of Fe2+ ions (Schmidbauer et al., 1997). The activation energies for FeNbO4 

and Pt-FeNbO4, as estimated from the plots, were found to be 0.698 eV and 1.03 eV 

respectively. In the low temperature range, the activation energy for FeNbO4 with 

orthorhombic structure may be due to the extrinsic conduction for oxygen vacancies 

(Schmidbauer et al., 1997). Since the particle/crystallite sizes of FeNbO4 and Pt-

FeNbO4 were found to be comparable (from TEM and XRD studies), thus the 

contribution of particle size (Neri et al., 2006) towards higher activation energy of Pt-

FeNbO4 can then be ruled out. The higher value of activation energy of the Pt-FeNbO4 

system can therefore, be attributed to the alteration of the oxygen stoichiometry on the 

oxide surface due to incorporation of platinum (Safonova et al., 2001). In presence of 
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platinum, the adsorption and dissociation of molecular oxygen is enhanced and the 

dissociated oxygen can spill over on to the FeNbO4 surface and trap the electrons from 

metal oxide conduction band. This increases the Schottky electron barrier height and 

consequently the resistance of Pt-FeNbO4. Both the materials showed typical n-type 

conductivity behavior since a reducing gas reduces their electrical resistance and their 

resistance increases when exposed to O2. 

 

3.6.4.2 Gas Sensing Studies of the Nanocrystalline FeNbO4 and Pt-FeNbO4  

The gas sensing characteristics of the pellet sensors made from nanocrystalline 

powders of FeNbO4 and Pt-FeNbO4 were investigated towards LPG, H2 and NH3 at 

various temperatures in the range of 150-400 ºC. Figure 3.12 shows the response 

characteristics of the pellets of FeNbO4 and Pt-FeNbO4 towards 500 ppm of LPG, H2 

and NH3 at various operating temperatures ranging from 150-400 ºC. FeNbO4 pellets 

exhibited the maximum sensitivity towards H2 (93%) at 250 ºC, and towards LPG 

(92%), and NH3 (52%) at 300 ºC. Incorporation of Pt in the nanocrystalline FeNbO4 

was observed to reduce the sensor operating temperatures. Pt-FeNbO4 pellets showed 

the maximum response towards H2 (94%) at 175 ºC, towards LPG (94.5%) at 200 ºC, 

and towards NH3 (61.5%) at 250 ºC. However, the response was found to decrease 

with increase in the operating temperatures. Incorporation of platinum in the 

nanocrystalline powders of FeNbO4 thus improved the sensor quality of the material 

by reducing the response time and the sensor recovery time, as can be seen from the 

Figure 3.13, which compares the response characteristics of FeNbO4 and platinum (1 

wt%) incorporated FeNbO4 towards 500 ppm of LPG at 200 ºC. The response and 

recovery time (at the temperature when maximum response was achieved) for the Pt-

FeNbO4 pellets were observed to be around 55 seconds and 90 seconds respectively 

for H2 (at 175 ºC) and for NH3, the respective values were 100 seconds and 150 

seconds (at 250 ºC).  The basic signal quality (of three such cycles) for the Pt-FeNbO4 

pellet is shown in Figure 3.14, which represents the reproducibility and durability of 

the sensor material. The gas sensing phenomenon is intimately related to the surface 

catalyzed reaction; therefore the high surface areas of the sensors are expected to 
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increase the rate of the reaction and hence the sensing behavior. Since both the 

samples showed almost equal surface areas, improvement in the sensing properties of 

Pt-FeNbO4 pellets compared to that of the FeNbO4 pellets could be attributed to the 

incorporation of platinum. The typical responses of Pt-FeNbO4 pellets towards LPG 

of different concentration (100, 300, 500 ppm) at 200 ºC were found to increase 

almost linearly with concentrations. 
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 Figure 3.13: Response characteristics of 

FeNbO4 and platinum (1 wt %) incorporated 

FeNbO4 for 500 ppm of LPG at 200 ºC. 
 

 

 

Figure 3.12: Response characteristics of 

nanocrystalline FeNbO4 and Pt-FeNbO4 in 

porous pellet forms towards 500 ppm each 

of H2, LPG, and NH3 in air as a function of 

temperature. 
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    Figure 3.14: Electrical resistance of Pt-FeNbO4 in alternating environments of air 

and LPG (500 ppm) at 200 ºC.
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 The observed decrease in response at higher operating temperatures for FeNbO4 and 

Pt-FeNbO4 samples, as can be seen in Figure 3.12 might be due to the increase of 

desorption kinetics on the surface of the sensor materials at higher temperature.  The 

physical properties of the semiconducting sensor material such as, concentration of 

charge carriers, Debye length are also influenced by temperature. At higher 

temperature the carrier concentration of the oxide sensors increases and the Debye 

length decreases. This may be one of the possible reasons for the decrease in the 

response of the sensor material towards test gases at higher temperatures. The possible 

causes of the decrease of responses at higher operating temperatures have been 

elaborately discussed in Chapter 2, Section 2.6.4.2 of this thesis  

In gas sensing phenomenon, the reducing gas e.g. H2, LPG etc. gets oxidized 

by the surface chemisorbed oxygen ions (like O¯, O2¯, O2¯, etc.), releasing the 

electrons, which enhance the charge in the conduction band of the n-type oxide and 

hence increase the conductivity (decrease the potential barrier). The probable 

reactions taking place on the oxide sensor surface have been discussed in Chapter 2, 

Section 2.6.4.2.   

 

3.7 Major Findings in the present Investigation 

• Nanocrystalline powders of FeNbO4 have been synthesized by aqueous based 

metal ion-ligand complex based precursor route.  

• The preparative method established the use of niobium tartrate which is a 

stable water-soluble source of niobium.  

• The orthorhombic phase of FeNbO4 was realized at 850 ºC, which is the 

lowest temperature reported in the literature so far, and thus large 

agglomeration in the powders were prevented.  

• Platinum incorporated FeNbO4 was prepared by impregnation method. 

• The average crystallite sizes, average particle sizes and specific surface areas 

for both FeNbO4 and Pt-FeNbO4 systems (determined from XRD, TEM and 
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BET surface area measurements) were found to be comparable and their 

values were 20 nm, 35-60 nm and 48-51 m2g-1 respectively.  

• Both nanocrystalline FeNbO4 and platinum incorporated nanocrystalline 

FeNbO4 showed n-type semiconductor behavior. 

• In present study, nanocrystalline FeNbO4 and platinum incorporated 

nanocrystalline FeNbO4 in the temperatures range of 150-400 ºC showed the 

higher sensitivities to H2, LPG and NH3 compared to all previous reports. 

• Compressed pellets of both, nanocrystalline powders of FeNbO4 and Pt-

FeNbO4, showed almost similar sensitivities towards H2, LPG and NH3 in the 

temperatures range of 150-400 ºC, but the platinum incorporation improved 

the sensor quality of FeNbO4 by reducing the sensor operating temperature 

along with a decrease in the response time and sensor recovery time. 
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Synthesis of Nanocrystalline Powders of CuGa2O4 and Studies on 

their Gas Sensing Behavior towards Ammonia, Hydrogen and 

Liquefied Petroleum Gas 

 

4.1 Introduction  

Metal oxide based semiconductors materials are recognized for their gas sensing 

properties but the search for innovative metal oxide compositions/properties for 

superior detection of inflammable and toxic gases in air continue to be one of the 

major fields of sensor research till date. Importance of the semiconductor metal oxide 

based solid state gas sensors (usually operating at temperatures higher than ambient) 

can be attributed to their high sensitivity, fast response, high chemical & thermal 

stability, high reliability, low cost, and to their compact size.  

Of the various oxide materials, the transition metal based composite/ complex 

oxide compositions have attracted great attention in recent years for their enhanced 

response towards different reducing/oxidizing or inflammable & toxic gases in air 

(Mohammadi et al., 2007). Titanates (Gerblinger et al., 1994; Chu et al., 1999), 

stannates (Fergus, 2007; Jayaraman et al., 1996; Tao et al., 2000), niobates (Dawson 

et al., 1996; Gnanasekar et al., 1999), ferrites (Baruwati et al., 2007; Lee et al., 2006; 

Liu et al., 2005; Sun et al., 2007) and tantalates (Moseley et al., 1988) are among the 

significant transition metal based complex oxide compositions that have been 

prepared and extensively investigated for their gas sensing behaviors towards 

different gases. A number of spinel ferrite systems, with a general formula of AB2O4, 

have also been reported for their gas-sensing characteristics (Lou et al., 2007).  

Review of the available literature on gas sensors material reveals that 

transition metal gallates are among the least investigated oxide systems so far. 

ZnGa2O4 (Satyanarayana et al., 1998) and Cd1−xMgxGa2O4 (Jihua et al., 2006) with 

spinel structures, are the only two transition metal gallate systems that have been 

Chapter 4 
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studied for their gas sensing behavior till date. The present study embarks up on the 

preparation of the spinel structured copper gallate (CuGa2O4) and investigates their 

sensing property towards various inflammable and toxic reducing gases for the very 

time.  

CuGa2O4 has a magnetic spinel with tetrahedral and octahedral lattice sites, in 

which approximately 84% of the Cu2+ ions occupy the octahedral sublattice sites, 

while the Ga3+ ions fill the rest. Thus, the structure of the CuGa2O4 can be represented 

by the formula: (Cu1−δGaδ)tet[CuδGa2−δ]octO4, where δ is the inversion coefficient 

(0.84) (Stone et al., 1985). High degree of inversion in the spinel is due to tetrahedral 

preference of the Ga3+ ions. Such a preference is a common among d 10 ions in spinel 

structures, due to the strong covalent contribution, which can be developed in the 

bond between a four coordinated cation and an anion. Although there are a number of 

examples of spinel-type oxides that demonstrate good gas sensing properties, 

information on the gas sensing characteristics of nanocrystalline spinel CuGa2O4 

system is conspicuously absent in the literature so far. The present chapter on targets 

this inadequacy and thus, focuses on the synthesis of nanocrystalline CuGa2O4 

powders through the developed chemical process, and studies of their sensing 

response towards different reducing gases such as, H2, liquefied petroleum gas (LPG), 

and NH3. 

 

4.2 Reported Methods for the Preparation of CuGa2O4 

CuGa2O4 has been prepared and studied by a number of groups for determining its 

crystal structure. Preparation of spinel CuGa2O4 has usually been reported through the 

conventional solid-state method, the chemical synthesis of CuGa2O4 is rare in 

literature. Some of the existing reports for the synthesis of CuGa2O4 are summarized 

below.  
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4.2.1 Conventional Solid-State Method 

Similar to the CuNb2O6 and FeNbO4 compositions, the common technique for the 

preparation of CuGa2O4 powders is also found to be the conventional solid-state 

reaction, which requires mechanical mixing of stoichiometric amounts of the raw 

materials (such as, CuO and Ga2O3) followed by repeated milling and calcination. 

Stone et al. (1985) have reported the preparation of polycrystalline CuGa2O4 powders 

through the solid-state method by mixing Ga2O3 and CuO in an appropriate proportion 

and annealing at around 950 ºC for 24 h. González et al. (1985) have also prepared 

polycrystalline CuGa2O4 powders by solid-state method and have reported the 

distributions ions in the spinel structure.  

 

4.2.2 Chemical Method 

Despite the advantages of better chemical homogeneity offered through the chemical 

synthesis process in comparison to solid-state method, there is no report on the 

preparation of CuGa2O4 through wet chemical method in literature. In the present 

investigation, an aqueous based chemical synthesis process has been developed for 

the preparation of nanocrystalline CuGa2O4 powders using simple metalo-organic 

complex chemistry.  

 

4.3 Scope of the Present Investigation 

The present study describes the aqueous based chemical synthesis of nanocrystalline 

powders of CuGa2O4 through metal ion-ligand complex based precursor route. In the 

developed process, the aqueous based metal ion-ligand complex precursor solution is 

obtained by mixing aqueous solution of copper nitrate and gallium nitrate with 

triethanolamine (TEA) in the required amounts. The precursor solution is then 

pyrolyzed to voluminous carbonaceous mass through oxidative decomposition of the 

metalo-organic complexes. This solid precursor is calcined at 750 °C for 2 h to obtain 

the nanocrystalline powders of CuGa2O4.   
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In the present study, the sensing characteristics of the prepared nanocrystalline 

CuGa2O4 powders towards different reducing gases (such as, H2, liquefied petroleum 

gas (LPG), and NH3) have also been investigated. The nanocrystalline sensor 

materials are expected to exhibit increased sensitivity towards the test gases compared 

to their bulk counter parts due to high specific surface area and reduced size of their 

grains.  

 

4.4 Synthesis of Nanocrystalline CuGa2O4 Powders 

4.4.1 The Raw Materials Used in the Developed Synthesis Method 

i) Copper nitrate, ii) Gallium metal, iii) Triethanolamine (TEA), iii) Ammonia (25%), 

and iv) Nitric acid (70%). All the materials were procured from M/S Aldrich (U.S.A). 

In this study, aqueous solution gallium nitrate was prepared in the laboratory from 

gallium metal and stocked for use as a source of gallium in the synthesis of 

nanocrystalline powders of CuGa2O4.  

 

4.4.1.1 Preparation of Aqueous Solution of Gallium Nitrate 

An aqueous solution of gallium nitrate was prepared by dissolving weighed amount of 

metallic gallium in minimum quantity of concentrated nitric acid under control 

heating followed by addition of required amount of deionized water to make a 0.1M 

aqueous solution of gallium nitrate.  

 

4.4.2 Synthesis of Nanocrystalline Powders of CuGa2O4  

100 ml of aqueous solution of copper nitrate (0.1 M) was mixed with 200 ml of 

aqueous solution of gallium nitrate (0.1 M), maintaining the molar ratio of Cu2+: Ga3+ 

at 1:2 in the solution mixture. TEA (4 moles per mole of cations present in the 

solution mixture) was then added into the solution mixture under constant stirring. 
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The pH of the final solution mixture was maintained at almost 6 with the help of 

ammonia to avoid any undesired precipitation. This solution was then heated at about 

200 ºC until complete dehydration occured and metalo-organic complexes underwent 

oxidative-decomposition with the evolution of dense fumes to generate a voluminous 

fluffy carbonaceous mass. The black fluffy mass was then crushed into powders. 

Calcination of this carbonaceous precursor powders at 750 ºC for 2 h produced 

carbon-free nanocrystalline powders of CuGa2O4 in the spinel structure. The method 

for the preparation is schematically depicted in Figure 4.1.  

 

 

 

 

 

 

 

 

 

 

 

4.5 Techniques for Characterization of the Prepared Nanocrystalline CuGa2O4 

Powder 

The carbonaceous precursor powders of CuGa2O4 calcined at different temperatures 

were characterized by X-ray powder diffraction (XRD). The data were collected over 

the 2θ angle range 20º ≤ 2θ ≤ 80º with a step size of 0.05º. For the structural 

Figure 4.1: Schematic representation of the preparation of the nanocrystalline powders of 

CuGa2O4. 
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characterization, the Rietveld refinement of XRD data was carried out. The average 

crystallite size of the compositions was calculated using Scherrers equation. For 

morphological analysis, TEM and FESEM studies of the synthesized nanocrystalline 

powders of CuGa2O4 were carried out. The specific surface areas of the calcined 

powders were determined using the BET technique. The instruments, used for the 

characterization remained the same as is mentioned in Chapter 2, Section 2.5.  

 

4.6 Results and Discussion 

4.6.1 Composition, Phase and Structural Analysis of the Nanocrystalline CuGa2O4 

Powders 

Phase analysis and structural characterization of the prepared CuGa2O4 powders were 

carried out through room temperature X-ray powder diffraction (XRD) studies. Figure 

4.2a shows the XRD patterns of the carbonaceous powders of CuGa2O4 calcined at 

different temperatures (ranging from 550 °C to 750 °C) for 2 h. The onset of 

crystallization process in the precursor powder sample was noticeable through the 

Figure 4.2: (a) X-Ray diffractogram (using CoKα radiation) of the CuGa2O4 calcined at 750 ºC 

for 2 h. (b) Rietveld refinement of monoclinic CuGa2O4 calcined at 750 ºC for 2 h. Vertical bars 

show the positions of Bragg reflections.
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incipient peaks in the XRD pattern when the carbonaceous precursor of CuGa2O4 was 

calcined at 550 °C for 2 h. Calcination at this low temperature could not completely 

crystallize the material; the low intensity diffraction lines in the XRD pattern 

indicated a poor crystallinity in the sample on calcination at 550 °C for 2 h. To obtain 

crystalline powders of CuGa2O4 sample, the carbonaceous precursor powders of the 

sample were calcined at 750 °C for 2 h and a single phase CuGa2O4 was realized after 

calcination at 750 °C for 2 h. The absence of any additional diffraction lines in XRD 

of the powders calcined at 750 oC for 2 h confirmed the formation of a pure spinel 

phase of CuGa2O4 as per the standard data reported in JCPDS file (card no. 044-0183) 

and the diffraction lines were indexed accordingly. In order to further characterize this 

system, Reitveld refinements from the X-ray data (Figure 4.2b) was performed. 

Reitveld refinement did provide precise lattice parameters. The lattice parameters [a = 

b = c = 8.2919(6) Å and α = β = γ = 90] of the sample matched closely with the 

standard lattice parameter values. A few more data for spinel CuGa2O4 have been 

summarized in Appendix C. The average crystallite size of the synthesized powders 

evaluated from line broadening analysis using a Scherrers formula was found to be 30 

nm. 

The chemical composition of the calcined powders at 750 °C was analyzed 

using Energy dispersive X-ray spectroscopy (EDX). EDX analysis (Figure 4.3) of the 

calcined powders at 750 ºC confirmed the expected chemical composition of 

CuGa2O4 with the observed stoichiometric ratio of Cu: Ga in the compound of 1:2.  

 

 

 

 

 

 Figure 4.3: EDX analysis of the CuGa2O4 after calcination at 750 ºC for 2 h. 
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Table 4.1: EDX analysis of the CuGa2O4 after calcination at 750 ºC for 2 h.  

 

 

 

 

 

 

4.6.2 Morphology and Microstructural Studies of the Nanocrystalline CuGa2O4 

Powders  

The microstructure of the calcined powders of CuGa2O4 was observed by transmission 

electron microscopy (TEM) studies. Figure 4.4 shows the bright field electron 

micrograph of the synthesized CuGa2O4. The smallest particles visible in the 

micrograph can be identified as nanoparticles with size in the range of 30-60 nm. The 

micrographs showed that the particles were nearly monodisperse and the particle sizes 

are comparable with the average crystallite size calculated from XRD data using 

Scherrers equation. 

 

  

 

 

 

 

 

 

Element Atomic% 

Cu K 32.6 

Ga L 67.4 

Total 100 

Figure 4.4: Bright field TEM micrograph of the calcined (at 750 ºC for 2 h) CuGa2O4.   
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Field-emission scanning electron microscopy (FESEM) studies were carried 

out using both, the calcined powders of CuGa2O4 and porous pellet of the calcined 

CuGa2O4 powders. Figure 4.5 is a FESEM image of the calcined powders of CuGa2O4 

showing a view of morphology of the nanocrystalline particles. The low processing 

temperature involved in this method prevented hard agglomerations in the powder as 

seen from the FESEM image. The micrograph revealed that powders were dominated 

by the approximately spherical particles with distinct grain boundaries that were 

uniformly distributed with the size in the range of 30-60 nm.    

  

 

 

 

 

 

 

 

 

 

 

The morphological information of the surface of the porous pellets derived 

from nanocrystalline CuGa2O4 was obtained from FESEM micrographs. FESEM 

micrograph of the pellets of calcined CuGa2O4 powders (Figure 4.6) provided 

information of the microstructure and topology of the pellet surface. The micrograph 

clearly showed the presence of large porous aggregates composed of smaller 

individual particles on the surface of the pellets. It also showed the compression of the 

powder on pelletization resulted in agglomerations in some portion of the surface of 

the pellets.  

 

Figure 4.5: FESEM image of the calcined (at 750 ºC for 2 h) CuGa2O4 powders. 
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The BET surface area of nanocrystalline powders of CuGa2O4 was found to be 45 

m2g-1.  

 

4.6.3 Electrical Measurements and Gas Sensing Studies of the Nanocrystalline 

CuGa2O4 System 

Electrical resistances as well as gas sensing properties of the synthesized 

Nanocrystalline CuGa2O4 were studied by two probes dc conductivity measurements. 

The electrical and gas sensing measurement procedures followed for this study have 

been described in detail in the previous chapter (Chapter 2, Section 2.6.4). The setup 

used and the methodology followed for the electrical and gas sensing studies for the 

synthesized nanocrystalline powders of CuGa2O4 remained the same. Resistances of 

the sensors were measured using DMM (Model 197A, M/s Keithley Instruments, 

USA) and Agilent Data Acquisition/Switch Unit (model no. 34970A). The responses 

of the material were examined towards H2, LPG and NH3 in the temperature range of 

200-400 ºC. 

 

 

    Figure 4.6: FESEM image of pellet surface derived from nanocrystalline CuGa2O4 powder. 
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4.6.3.1 Electrical Measurements of the Nanocrystalline CuGa2O4 System 

Electrical conduction in metal oxides is thermally activated process. The variation of 

electrical conductivity of CuGa2O4 pellets was measured as a function of temperature 

in air, and in argon atmosphere in the temperature range of 200-400 °C. Figure 4.7 

depicts the dc electrical conductivity–temperature behavior of the pellet of CuGa2O4 

in air and in argon which corresponded to Arrhenius-type plots. In the whole 

temperature range of 200-400 ºC, the conductivity of the material increased almost 

linearly with temperature with no hysteresis during heating and cooling cycles which 

indicated the intrinsic characteristic of semiconductor. The activation energies (Ea) 

determined in terms of the slope of the Arrhenius plots was found to be 0.465 eV in 

air and 0.488 eV in argon atmosphere (correlation factor of the linear least-squares fit 

R > 0.9995). The material showed typical n-type conductivity behavior since its 

electrical resistance decreased in the presence of reducing gases and the resistance 

increased when exposed to O2. The conductivity of CuGa2O4 pellets in argon was 

found to be slightly higher than that in air. Due to the absence of oxygen in argon 

ambience, the adsorbed oxygen on the surface of CuGa2O4 pellets might be desorbed. 

This led to a comparatively higher conductivity of the material in argon atmosphere 

than in air. 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Arrhenius plot for electrical conductivity of CuGa2O4 in air and argon. 
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4.6.3.2 Gas Sensing Studies of the Nanocrystalline CuGa2O4 System 

Figure 4.8-11 demonstrate the typical temperature dependence of response of 

compressed powder of CuGa2O4 (sintered at 450 °C for 4 h) towards 500 ppm of H2, 

LPG, and NH3 respectively. Synthesized nanocrystalline CuGa2O4 showed the 

maximum responses towards H2, LPG, and NH3 at 350 °C. For 500 ppm H2, the 

response was found to be around 14% at 200 ºC. It increased to 21% at 250 ºC and 

then to 35% at 300 ºC. The maximum response of 82% was observed at 350 ºC for the 

pellets of CuGa2O4. The response was found to decrease to 66% at 400 ºC. For 500 

ppm LPG, observed response of CuGa2O4 pellets was around 19% at 200 ºC. It 

increased to 40% at 250 ºC and then to 50% at 300 ºC. For LPG, the maximum 

response was found to be around 75% at 350 ºC. The response (towards LPG) was 

observed to decrease to 61% at 400 ºC. Responses towards 500 ppm NH3 observed at 

200 ºC, 250 ºC, 300 ºC, 350 ºC and 400 ºC were 12%, 23%, 25%, 37%, and 36% 

respectively.  
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Figure 4.9: Responses of porous pellet of 

nanocrystalline CuGa2O4 towards 500 ppm 

of H2 in air at different temperatures. 

Figure 4.8: Response characteristics of 

nanocrystalline CuGa2O4 in the form of 

porous pellet towards 500 ppm each of H2, 

LPG, and NH3 in air as a function of 

temperature. 
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There were three tests were made for each gas at each operating temperature to 

confirm the results (Chapter 2, Section 2.6.4). Figure 4.12 represents three cycles of 

response-recovery characteristics of the material exposed to 500 ppm LPG at 350 ºC.  

 

 

 

 

 

 

 

 

 

For high responses towards H2 and LPG at 350 ºC, this temperature was selected for 

calibration experiments at different concentrations of test gases. Figure 4.13 shows 

the responses towards H2 and LPG of different concentrations (100, 300 and 500 

0 1000 2000 3000 4000 5000 6000 7000 8000
6.0x105

8.0x105

1.0x106

1.2x106

1.4x106

1.6x106

1.8x106

2.0x106

2.2x106

2.4x106

air inair inair in

LPG inLPG inLPG in

Re
si

st
an

ce
 (Ω

)

Time (S)

Figure 4.12: Electrical resistance of porous pellet of CuGa2O4 in alternating 

environments of air and 500 ppm LPG at 350 ºC.

Figure 4.10: Responses of porous pellet of 

nanocrystalline CuGa2O4 towards 500 ppm 

of LPG in air at different temperatures. 

Figure 4.11: Responses of porous pellet of 

nanocrystalline CuGa2O4 towards 500 ppm 

of NH3 in air at different temperatures. 
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ppm) at 350 ºC which were found to be increased almost linearly with gas 

concentrations.  

 

 

 

 

 

 

 

Typical response and recovery characteristics of CuGa2O4 pellets operating at 

different temperatures towards 500 ppm of gases are shown in figure 4.14. The 

response and recovery time (at the temperature when maximum response was 

achieved) for the pellets of CuGa2O4 towards H2 were found to be around 120 s and 

460 s respectively (at 350 ºC), and towards LPG, they are 285 s and 1110 s 

respectively (at 350 ºC), while towards NH3 the respective values were 105 s and 140 

s (at 350 ºC).  

 

 

 

 

 

 

 

 

 

 

Figure 4.14: Temperature variation of response time and recovery time for 

CuGa2O4 for 500 ppm H2, LPG and NH3. 
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In gas sensing phenomenon, the reducing gas e.g. H2, LPG etc. gets oxidized 

by the surface chemisorbed oxygen ions (like O¯, O2¯, O2¯, etc.), releasing the 

electrons, which enhance the charge in the conduction band of the n-type oxide and 

hence increase the conductivity (decrease the potential barrier). The probable 

reactions taking place on the oxide sensor surface have been discussed in the previous 

chapter (Chapter 2, Section 2.6.4.2). 

 

4.7 Major Findings in the present Investigation 

•   Nanocrystalline CuGa2O4 powders have been synthesized by aqueous based 

metal ion-ligand complex precursor route. 

•   The spinel structure of CuGa2O4 was realized at 750 ºC. The low processing 

temperature in this method prevented grain growth in the powder.  

•   TEM images showed the average particle sizes in the range of 30-60 nm.  

•   Nanocrystalline CuGa2O4 composition showed n-type semiconducting 

behavior. 

• Nanocrystalline CuGa2O4 showed the sensitivities towards H2, LPG and NH3. 

•  The maximum responses of CuGa2O4 towards H2, LPG and NH3 were found 

to be around 82%, 75%, and 37% at 350 ºC respectively. 
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Synthesis of Nanocrystalline Powders of Ni0.1W0.1Ti0.8O2 and BaNiTi7O16 
for Pigment Applications 

 

 

 

 

 



 

 

 

Synthesis of Nanocrystalline Powders of Ni0.1W0.1Ti0.8O2 and 

BaNiTi7O16 for Pigment Applications 

 
5.1 Introduction 

The most known yellow inorganic pigments are praseodymium-zircon yellow; 

vanadium–zirconia yellow; tin–vanadium yellow; chromates of alkaline earth metal 

ions (e.g. calcium, strontium, barium), lead and zinc, litharge (lead oxide); naples 

yellow (lead antimonate); cadmium yellow; iron oxide yellow (α and γ-FeOOH); and 

nickel-antimony doped rutile phase TiO2. Among these inorganic yellow pigments, 

the application of iron oxide yellow gets constrained due to thermal stability only up 

to 220 ˚C (Cornell et al., 1996), while the toxicity (Badenes et al., 2002) of chromium 

(VI), cadmium and lead based yellow pigments restricts their commercial usage. 

Praseodymium-zircon yellow, tin–vanadium yellow, and vanadium–zirconia yellow 

though popular in the market of yellow inorganic pigments, have limitations in bulk 

coloration of porcelainized stoneware at high temperatures (Sorlí et al., 2004a, b). 

Nickel-doped TiO2, with rutile as well as priderite structures are well known 

intense and brilliant yellow ceramic pigments (Maloney, 2002). They are non-toxic, 

chemically inert, thermally stable, photochemically inactive, and have tinting strength 

for the outdoor application and hence satisfy most of the characteristics requisite for 

pigment application. Despite their partial solubility in transparent glazes above 1000 

ºC (Dondi et al., 2006), they have gained considerable attention in recent years as 

potential alternatives to praseodymium zircon yellow pigment because of their high 

thermal stability (Bondioli et al., 1999).  

Sorlí et al. (2004a) have reported the structure and color of nickel doped rutile 

phase yellow pigment with compositions: NixA1-3xB2xO2 [A = Ti(IV), Sn(IV); B = 

Sb(V), Nb(V)]. The same group has also studied the role of different nickel precursors 

on the color of the prepared pigments (Sorlí et al., 2004b).  Matteucci et al. (2006;  

Dondi et al., 2006) have studied the role of counter ions (Mo, Nb, Sb, W) in doped 

Chapter 5 
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rutile ceramic pigments with compositions NixA1-3xB2xO2 and NixA1-2xBxO2 [A = 

Ti(IV), Sn(IV); B = W (VI), Mo(VI)] and found tungsten to be the most suitable 

counter ions for  the best titanate pigments formulation in glaze applications.  

For the formation of TiO2 based yellow pigments, chromophorous ions, Ni2+ 

having ionic radii (ionic radius = 0.69 Å) slightly higher than Ti4+ (0.605 Å) are 

incorporated into the host rutile (TiO2) lattice to generate oxide solid solutions with 

stable colorimetric properties. In formulations such as: TiIV(WVINiII)O2, the coloring 

effect is produced when the Ti (IV), which is surrounded by six neighboring oxygen 

atoms at the corners of a regular (but slightly distorted) octahedron in the rutile lattice, 

is substituted by transition metal ions of lower valency Ni2+ (ionic radius = 0.69 Å) 

while the higher valency ions in the lattice (e.g., A = W6+; ionic radius = 0.60 Å) 

compensate for the charge off set such that their molar ratios ensure an overall 

electroneutrality in the oxide solid solutions. In the present investigation, nickel doped 

rutile phase titanate pigment with composition: TiIV(WVINiII)O2 has been reported as a 

prototype. In this composition, molybdenum can play the same role of tungsten 

producing different yellow color. 

BaNiTi7O16 composition is also a recognized yellow pigment having a 

priderite structure. Priderite is a member of hollandite family and may have tetragonal 

or monoclinic structure depending on the rB/rA ratio. The rB/rA ratio of 0.48 

corresponds to (approximately) the tetragonal/ monoclinic boundary (at room 

temperature) where, rB is the average of the radius of the Ni2+ and the Ti4+ ions and rA 

is the radius of Ba2+ ion (Carter et al., 2004). For Bax(NixTi8-x)O16 (with x = 1) 

composition, since the rB/rA value is less than 0.48 therefore, the greenish-yellow 

compound can be inferred to have a tetragonal structure.  

As far as toxicity is concerned, both TiIV(WVINiII)O2 and BaNiTi7O16 are safe 

for the environment, as they are not composed of toxic elements and also because of 

their low solubility in water and dilute mineral acids. 

The ceramic pigments with grain sizes in nanoscale are commercially potent in 

pigment industries, because of their high surface area which assures higher surface 
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coverage; higher number reflectance points and hence maximum scattering; and small 

particle size for uniform dispersion by homogenous mixing with the binders in paint 

formations, which enhances the mechanical strength of the paint after drying. When 

properly dispersed, the nanosized pigments exhibit superior effectiveness in critical 

abrasive and polishing applications also. 

 

5.2 Reported Methods for the Preparation of Ni0.1W0.1Ti0.8O2 and BaNiTi7O16 

The common routes for the preparation of Ni0.1W0.1Ti0.8O2 and BaNiTi7O16 colored 

titanates are through conventional solid-state method, which require high 

temperatures and repeated mixing/grinding of raw materials (such as, NiO, WO3 And 

TiO2; alternatively, species that yield metal oxides upon heat treatment, such as metal 

carbonates) and produces coarse particles. Some of the reported method for the 

preparation of Ni0.1W0.1Ti0.8O2 and BaNiTi7O16 are summarized below.  

 

5.2.1 Conventional Solid-State Methods 

Matteucci et al. (2006) have reported a procedure for the synthesis of NixWxTi1-2xO2 

with rutile phase by conventional solid-state method, which involves wet mixing of 

raw materials (such as, anatase (Degussa DT51), NiO and WO3) in porcelain jar by 

grinding in alumina media, drying in oven at 105 ºC followed by calcination in 

alumina crucibles in an electric kiln at 1100 ºC, with heating rate of 200 ºC/h, soaking 

time of 1 h and cooling to room temperature.  

 Maloney (2002) has given a general synthesis procedure for the preparation of 

BaNiTi7O16 using raw materials such as, BaCO3, basic nickel carbonate, and TiO2 

thorugh a high temperature solid-state reaction. Sometimes the final product is 

observed to be contaminated by the formation of secondary phases such as, BaTiO3, 

BaTi2O5, BaTi4O9. These are the very common disadvantages associated with solid-

state reactions.   
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5.2.2 Chemical Method 

Reports on the chemical synthesis of NixTi1-2xWxO2 and BaNiTi7O16 have not been 

found in literature so far. Therefore, the chemical methods for the syntheses of NixTi1-

2xWxO2 and BaNiTi7O16 powders can be established, which is a less cumbersome and 

low temperature method for the large scale preparations. The advantages associated 

with the chemical methods are the better control of homogeneity and stoichiometry in 

the final product at the molecular level. 

 

5.3 Scope of the Present Investigation 

The present study describes the aqueous based chemical synthesis of nanocrystalline 

powders of NixTi1-2xWxO2 and BaNiTi7O16 through metal ion-ligand complex based 

precursor route using dimethyl ammonium tungstate and titanium oxalate as 

innovative and stable water-soluble sources of tungsten and titanium respectively. In 

the developed process, the aqueous based metal ion-ligand complex precursor 

solutions are obtained by mixing aqueous solution of nickel nitrate, dimethyl 

ammonium tungstate and titanium oxalate with triethanolamine (TEA) in the required 

amounts. The precursor solutions are then pyrolyzed to voluminous carbonaceous 

mass through oxidative decomposition of the metalo-organic complexes. These solid 

precursors are calcined at respective calcination temperature to obtain the 

nanocrystalline powders of NixTi1-2xWxO2 and BaNiTi7O16.  

In the present study, the structural and colorimetric properties of the prepared 

nanocrystalline powders of NixTi1-2xWxO2 and BaNiTi7O16 have been investigated.  
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5.4 Synthesis of Nanocrystalline Powders of Ni0.1W0.1Ti0.8O2 and BaNiTi7O16  

5.4.1 The Raw Materials Used in the Preparation of Nanocrystalline Powders of 

Ni0.1W0.1Ti0.8O2 and BaNiTi7O16  

5.4.1.1 The Raw Materials Used in the Preparation of Nanocrystalline Powders of 

Ni0.1W0.1Ti0.8O2  

i) Nickel nitrate hexahydrate (Merck India Lt), ii) Sodium tungstate (Merck India Lt), 

iii) Titanium (IV) oxide (Merck India Lt), iv) Oxalic acid dihydrate (Merck India Lt), 

v) Triethanolamine (TEA) (Merck India Lt), vi) di-Ammonium oxalate monohydrate 

(Merck India Lt), vii) HCl (35%) (Merck India Lt), viii) HNO3 (70%) (Merck India 

Lt.), ix) Ammonia (25%) (Merck India Lt.), ix) Dimethyl amine (40%) (Merck India 

Lt.), x) HF (40%) (Merck India Lt.). 

 

5.4.1.2 The Raw Materials Used in the Preparation of Nanocrystalline Powders of 

BaNiTi7O16  

i) Nickel nitrate hexahydrate (Merck India Lt), ii) Barium nitrate (Merck India Lt), iii) 

Titanium (IV) oxide (Merck India Lt), iv) Oxalic acid dihydrate (Merck India Lt), v) 

Triethanolamine (TEA) (Merck India Lt), vi) di-Ammonium oxalate monohydrate 

(Merck India Lt), vii) HNO3 (70%) (Merck India Lt.), viii) Ammonia (25%) (Merck 

India Lt.). ix) HF (40%) (Merck India Lt.). 

 In this study, aqueous solution of dimethylammonium tungstate and titanium 

oxalate were prepared in the laboratory and stocked for use as source of tungsten and 

titanium in the synthesis process.  

 

5.4.1.3 Preparation of Aqueous Solution Dimethylammonium Tungstate 

Weighed amount of sodium tungstate was dissolved in deionized water and then 

acidified by drop wise addition of dilute hydrochloric acid (>5 N) to obtain a yellow 

precipitate of insoluble tungstic acid. The precipitate was filtered and after washing 
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with deionized water to remove the chloride ions it was dissolved in minimum 

volumes of dimethylamine (40% solution) and finally the resultant solution was 

diluted to required volume with deionized water to obtain the stock of solution of 

dimethylammonium tungstate. The tungsten-content in the solution was confirmed by 

assay process. The schematic representation of the preparative method is shown in 

Figure 5.1. 

 

 

 

 

 

 

 

 

 

 

 

5.4.1.4 Preparation of Aqueous Solution of Titanium oxalate  

Aqueous solution of titanium oxalate was prepared starting from its hydrous oxide 

[TiO2. nH2O]. To begin with, weighed amounts of titanium oxide (TiO2) (1 M >99%) 

was dissolved in HF (>7 M) by heating the mixture over a water bath for 28-30 h to 

obtain a clear solution of the titanium-fluoride complex [TiF6
2-]. Hydrous titanium 

oxide was then precipitated out from this clear solution by drop wise addition of dilute 

ammonia, and washed with 5% ammonia to make it free from fluoride ions. The 

Figure 5.1: Schematic representation of the preparation of the aqueous solution of 

dimethylammonium tungstate. 
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Na2WO4. 2H2O 

Solution of dimethylammonium 
tungstate 

Addition of dilute HCl to 
make the medium acidic 

Drop wise addition of 
dimethyl amine to 
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Washing with 
deionized water 

Chloride ion free yellow 
precipitate of WO3. H2O 

Yellow precipitate 
of WO3. H2O 
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precipitate was then slowly dissolved in an aqueous mixture of oxalic acid (0.1 M) 

and ammonium oxalate (0.1 M) with constant stirring to obtain a clear solution, which 

was diluted to required volume with deionized water to get the stock solution of 

titanium oxalate. The aqueous mixture of oxalic acid and di-ammonium oxalate (3:1 

mole ratio) used for the dissolution was freshly prepared and always used in excess to 

stoichiometric requirement of two moles per mole of Ti(IV) ion. The titanium content 

in the solution was estimated by the assay method. The synthetic method has been 

schematically given in Figure 5.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.2.1 Synthesis Procedure of Nanocrystalline Ni0.1W0.1Ti0.8O2 Powders  

For the preparation of Ni0.1W0.1Ti0.8O2 solid solution, stoichiometric amount of 

aqueous solution of nickel nitrate (0.1 M) was taken from a freshly prepared stock, 

Figure 5.2: Schematic representation of the preparation of the aqueous solution of 

titanium oxalate. 
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oxalic acid and di-ammonium 
oxalate solutions 

TiO2 
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added into the mixture of stoichiometric amount of aqueous solutions of titanium 

oxalate and dimethylammonium tungstate taken from their respective stocks and 

mixed up with constant stirring. TEA was then added into the solution mixture to keep 

the metal ions in solution through complexation and the pH of the solution was 

adjusted to ~5 with the help of nitric acid to avoid precipitation. The amount of TEA 

was always added in excess to the total cations present in the solution mixture (i.e., ~4 

moles with respect to the total moles of the metal ions). The resultant precursor 

solution was homogenized by constant stirring and finally set to dehydrate by heating 

at ~200 °C. On complete evaporation of the precursor solution, the TEA and the 

metal-complexes decomposed with the evolution of dense fumes and resulted in a 

voluminous, fluffy, black organic-based mass. The fluffy carbonaceous mass was 

crushed to obtain the fine precursor powders, which were calcined for 2 h in alumina 

crucible (at a heating rate of 5 oC/min) in ambient atmosphere with temperatures 

varying from 450-800 oC to obtain pure rutile phased solid solution. The synthetic 

method has been schematically shown in Figure 5.3. 
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oxalate complex 

Homogeneous Precursor Solution 
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Calcined at 800 ºC 
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Figure 5.3: Schematic representation of the preparation of the nanocrystalline 

powders of Ni0.1W0.1Ti0.8O2 
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5.4.2.2 Synthesis Procedure of Nanocrystalline Powders of BaNiTi7O16 

For the preparation of BaNiTi7O16 composition, stoichiometric amount of aqueous 

solution of nickel nitrate (0.1 M) was taken from a freshly prepared stock and added 

into the mixture of stoichiometric amount of aqueous solutions of titanium oxalate 

taken from stock. Stoichiometric amount of barium nitrate was complexed with equal 

mole of ethylene diamine tetra-acetic acid (EDTA) separately with the help of few 

drops of ammonia. The EDTA-complexed solution was then added to the mixture of 

nickel nitrate and titanium oxalate solution. The TEA (~4 moles with respect to the 

total moles of the metal ions) was added in the solution mixture. The resultant 

precursor solution was homogenized by constant stirring and finally evaporated by 

heating at ~200 °C. On complete evaporation of the precursor solution, the TEA and 

the metal-complexes decomposed with the evolution of dense fumes and resulted in a 

voluminous, black, fluffy, mass. The fluffy carbonaceous mass was crushed to obtain 

the fine precursor powder, which was calcined for 2 h in alumina crucible (at a 

heating rate of 5 oC/min) in air with temperatures varying from 450-850 oC to obtain 

the priderite phased oxide. The synthetic method has been schematically shown in 

Figure 5.4. 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.4: Schematic representation of the synthesis of the nanocrystalline 

powders of BaNiTi7O16. 
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5.5 Techniques for Characterization of the Prepared Nanocrystalline 

Ni0.1W0.1Ti0.8O2 and BaNiTi7O16 Powders 

The phase identification in the synthesized Ni0.1W0.1Ti0.8O2 and BaNiTi7O16 powders 

was performed using room temperature XRD with CuKα radiation and Ni filter. In the 

XRD studies, the powders obtained at different heat treatment temperatures were 

recorded in the 2θ range from 20˚ to 70˚ for rutile phase and from 15˚ to 70˚ for 

priderite phase.  The crystallite size of both the compositions was calculated using 

Scherrers equation. The fraction of rutile phase was calculated from the relative 

intensities of the XRD peaks corresponding to the anatase and the rutile phases in the 

Ni0.1W0.1Ti0.8O2 composition at various heat-treated temperatures using the Spurr 

equation (Spurr et al., 1957): 

 

                                 

                      

where, FR is the mass fraction of rutile phase in the samples and IA (101) and IR (110) 

are the intensities of d101 and d110 lines of the anatase and rutile phase respectively. 

Simultaneously recorded thermogravimetric and differential thermal analysis (TG/ 

DTA) of the precursor powders were carried out in air at a heating rate of 5 °C/min. 

UV-visible-NIR spectroscopy studies for the calcined powders were carried out in 

Ocean Optics SD 2000. The high-resolution transmission electron microscopy 

(HRTEM) measurements were carried out. Particle size distributions of both the 

samples were determined by using the UTHSCSA Image Tool program (version 3.00) 

using three TEM images each containing ~50 particles. The BET specific surface 

areas of the calcined powders were determined. The color of the pigments was 

assessed from CIEL*a*b* color parameter measurements, calculated from the diffuse 

reflectance spectra taken with a Perkin-Elmer colorimeter using a standard illuminant 

D. According to the method the parameter L* represents the brightness of a sample; 

L* is a lightness axis [black (0) to white (100)]; a* represents the green (−) → red (+) 

axis and b* the blue (−) → yellow (+) axis. For XRD, TEM, thermal studies and BET 
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surface area measurements of the synthesized nanocrystalline Ni0.1W0.1Ti0.8O2 and 

BaNiTi7O16 powders, the instruments which have been specified in the chapter 2, 

Section 2.5 were used.  

 

5.6 Results and Discussion 

5.6.1 Thermal Studies of the Nanocrystalline Ni0.1W0.1Ti0.8O2 and BaNiTi7O16 

Precursors 

Thermogravimetric (TG) and differential thermal analysis (DTA) of the carbonaceous 

precursor powders for the composition Ni0.1W0.1Ti0.8O2 were carried out in aerial 

atmosphere. Figure 5.5a shows the TGA and DTA curves for the carbonaceous 

precursor powders of the Ni0.1W0.1Ti0.8O2 composition. The TGA curve clearly 

showed 8% weight loss of up to 200 °C, and a rapid weight loss of ~ 90% between 

200 °C and 570 °C. Beyond 570 °C the TGA curve remained constant and showed no 

further weight loss up to 950 °C. The first weight loss step up to 200 °C in TGA 

possibly corresponded to the vaporization of absorbed water. The second sharp weight 

loss between 200 °C and 570 °C in TGA was manifested by four exothermic peaks in 

the DTA curve in the corresponding temperature range. This exothermic thermal 

effect could be assigned to the oxidation of the carbonaceous precursors that probably 

retained some un-decomposed fraction of metal-complexes, nitrates and TEA even 

after the dehydration process. The accompanying weight loss in the TGA curve could 

be attributed to the evolution of gases (such as, water vapor, and oxides of carbon and 

nitrogen) due to decomposition/oxidation of the un-decompose fractions along with 

that of the carbon retained in the precursor. Emergence of a broad exothermic peak 

beyond 600 °C in the DTA curve, with no weight loss manifestation in the TG curve 

in the corresponding region, could be attributed to the gradual transformation of the 

anatase phase to the rutile form in the oxide solid solution.  
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Thermogravimetric (TG) and differential thermal analysis (DTA) of the carbonaceous 

precursor powders for the composition BaNiTi7O16 were also carried out in aerial 

atmosphere. It can be seen from Figure 5.5b that TGA and DTA curves for the 

BaNiTi7O16 precursors were found to be similar to that of the Ni0.1W0.1Ti0.8O2 

precursors and no significant difference was observed in the thermal behavior of the 

two precursors. The thermal decomposition of the BaNiTi7O16 precursors also 

reflected weight loss in the TG curve with simultaneous exothermic thermal effect in 

the DTA curve up to the ~600 ºC due to oxidation of the un-burnt carbonaceous mass 

and un-decomposed metal-complexes, nitrates and TEA retained in the precursors 

after complete evaporation of precursor solution of Ba(NO3)2, Ni(NO3)2, titanium 

oxalate and TEA. There was no exothermic effect or, weight loss observed beyond 

600 °C signifying that the heat generated during the oxidation of the carbonaceous 

precursor between 350 and 600 ºC was sufficient for direct crystallization of the pure 

priderite phase from the amorphous precursors.  

Figure 5.5: Simultaneously recorded TGA and DTA plots of the carbonaceous precursors 

of solid solution composition: (a) Ni0.1W0.1Ti0.8O2, (b) BaNiTi7O16. 
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Figure 5.6: X-ray diffractograms (using CuKα radiation) of Ni0.1W0.1Ti0.8O2 

precursor on calcination at various temperatures. 

5.6.2 Composition, Phase and Structural Analysis of the Nanocrystalline 

Ni0.1W0.1Ti0.8O2 and BaNiTi7O16 Powders 

Phase analysis and structural characterization of the prepared Ni0.1W0.1Ti0.8O2 

powders were carried out through room temperature X-ray powder diffraction (XRD) 

studies. Figure 5.6 shows the characteristic XRD patterns for the Ni0.1W0.1Ti0.8O2 

precursor powder, when heat-treated at various temperatures between 450 oC to 800 
oC for 2 h. The virgin precursors were amorphous to X-ray and the crystallization of 

the oxide phase began at temperatures higher than 450 °C, which was reflected by the 

emergence of broad, low-intensity diffraction lines. Up to 550 °C the precursor 

powder contained gray tint indicating the presence of residual carbon. When heat-

treated at 600 °C and above, the powder appeared yellow in color, which indicated the 

complete burnout of residual carbon from the precursor powders. Increase in the heat-

treatment temperatures up to 650 °C resulted only anatase phase in the solid solution 

indicated by the appearance of d101 diffraction line. Beyond 650 °C, the d110 plane of 

rutile began to appear and at 800 °C pure rutile phase was formed.  
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Thermodynamically rutile phase of titanium dioxide is stable over anatase 

phase.  Therefore, the rutile phase is desirable for pigment formation. In addition to 

this the photocatalytic efficiency of rutile phase is also diminished. Gradual increase 

of calcination temperature resulted the crystal growth and increase in the rutile 

fraction in the samples, which was evident by gradual sharpening of the d110 

diffraction line of rutile phase with gradual increase its intensity and simultaneous 

diminishing of the d101 diffraction line of anatase phase from X-ray diffractogram. On 

heat-treatment of the precursors at 750 °C for 2 h, the percentage of the rutile phase in 

Ni0.1W0.1Ti0.8O2 was found to be around 95%, and the pure rutile phase was obtained 

at 800 oC for 2 h (Table 5.1). The XRD peaks for the solid solution composition were 

indexed using the standard data available for the rutile phase (JCPDS card no. 

781510). The lattice parameters (i.e., a and c) for the rutile phase Ni0.1W0.1Ti0.8O2 

solid solution, heat-treated at (800 oC for 2 h) were calculated following the reflection 

planes (200) and (002) and their values: a = b = 4.602 Å and c = 2.962 Å; the cell 

volume 62.74 Å3. The calculated values of a and c were found to be in close 

agreement with those reported for the standard rutile phased TiO2 (JCPDS data card 

no.781510). As there was no evidence of any additional phase in the samples at heat–

treatment temperature 800 oC for 2 h, and also because the unit-cell parameters fairly 

matched with the chemical composition, therefore the structure of Ni0.1W0.1Ti0.8O2 

solid solution (at heat treatment temperature 800 oC) was confirmed to be of purely 

rutile type.  
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 Table 5.1: Percentage of rutile phase, and tap densities of the Ni0.1W0.1Ti0.8O2 composition at  

different calcinations temperatures 

* Relative XRD Intensities of the Anatase (A) and Rutile (R) Phases; s = strong, w = weak, 

mw = medium weak, vw= very weak 

 

Phase analysis and structural characterization of the prepared BaNiTi7O16 powders 

were carried out through room temperature XRD studies. Figure 5.7 shows the 

characteristic XRD patterns for the BaNiTi7O16 precursor powder at various heat-

treatment temperatures between 600 oC to 850 oC for 2 h. The virgin precursors were 

amorphous to X-ray below 600 °C and initiation of phase formation of this titanate 

was found from XRD of the powder at 600 °C. The greenish yellow colored, pure 

priderite phase with the tetragonal structure of the compound was realized at 850 °C. 

The XRD peaks for this solid solution were indexed using the standard data available 

for the priderite phase (JCPDS card no. 741452). The calculated lattice parameters 
                                                 
1 For the measurement of tap densities of the prepared powders, known amounts of the powders were taken and 
packed in a graduated cylindrical glass tube under gravity by tapping over a rubber pad for a fixed interval of time 
until the level of the powder in the tube became almost a constant. The volumes of the compacted powders were 
then measured and the densities were calculated thereby.  

The tap densities were observed to increase with increasing calcination temperature probably because of decrease 
in the porosity in the material and gradual sintering of the particles. Moreover, trace amounts of free carbon might 
have been retained in the samples at lower heat-treatment temperatures which would contribute to a lower mass to 
volume ratios for the samples and hence to lower densities.  

 

 
Calcination 
temperature 

 
Rutile phase (%) 
for compositions 

 
XRD intensities of the 

A and R phases for 
compositions* 

 
Tap1 

densities 
(g/cc) 

600 ºC for 2 h 4.0 A (s), R(w) 0.1367 

650 ºC for 2 h 12.0 A(s), R(w) 0.1732 

750 ºC for 2 h 95.0 R(s), A(vw) 0.1855 

800 ºC for 2 h 100.0 R (s) 0.2387 



Chapter 5                                Synthesis of Nanocrystalline Powders of Ni0.1W0.1Ti0.8O2 … 

 

 
 

122

(i.e., a and c) for the BaNiTi7O16 composition, heat-treated at (850 oC for 2 h) 

following the reflection planes (200) and (002) were a = b = 10.074 Å and c = 2.958 

Å, the cell volume 300.19 Å3. The values of a and c were found to be in close 

agreement with those reported for the standard priderite structure (JCPDS data card 

no. 741452). At heat treatment temperature 850 oC for 2 h, BaNiTi7O16 was therefore 

confirmed to be of purely priderite type because of no evidence of any additional 

phase in the samples, and also the unit-cell parameters matched with the reported data 

for priderite structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The calculated crystallite size obtained from XRD studies for both the oxides 

were found to be in the range of 25-30 nm. The EDX analysis of both samples also 

showed an acceptable chemical homogeneity, which in these cases were very close to 

the theoretical compositions formulated.  

 

 

15 20 25 30 35 40 45 50 55 60 65 70

(5
 3

 0
)

(4
 4

 0
)

(0
 0

 2
)

(1
 6

 1
)

(4
 5

 1
)

(5
 2

 1
)

(6
 0

 0
)

(1
 4

 1
)

(1
 5

 0
)

(2
 3

 1
)

(3
 0

 1
)

(4
 2

 0
)

(2
 1

 1
)

(1
 0

 1
)

(3
 1

 0
)

(2
 2

 0
)

(2
 0

 0
)

600 oC

750 oC

850 oC

In
te

ns
ity

 (a
.u

)

2θ (degree)

 

Figure 5.7: X-ray diffractograms (using CuKα radiation) of BaNiTi7O16 precursor on 

calcination at various temperatures. 
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5.6.3 Morphology and Microstructural Studies of the Nanocrystalline 

Ni0.1W0.1Ti0.8O2 and BaNiTi7O16 Powders  

Finer microstructural information of the calcined powders of Ni0.1W0.1Ti0.8O2 was 

obtained through transmission electron microscopy (TEM) study. Figure 5.8 shows a 

TEM image of Ni0.1W0.1Ti0.8O2 composition heat treated at 800 °C for 2 h. The 

smallest visible particles in the bright field electron micrograph can be identified as 

single crystallites and/or their aggregates in the figure. The average diameters of the 

smallest visible isolated particle/crystallite agglomerate were found to range between 

30 and 60 nm. The bright field micrographs represented in Figure 5.8b and 5.8c depict 

two sections of Figure 5.8a taken at higher resolutions (at 40k and 100k respectively). 

Figure 5.8d represents a typical HRTEM image (with a resolution 800k) of the 

Figure-5.8(a), (b), and (c): Bright field TEM micrograph of the calcined (800 ºC for 2 h) 

Ni0.1W0.1Ti0.8O2 solid solution. Figure-5.8(d): HRTEM image of the calcined (800ºC for 2 h) 

Ni0.1W0.1Ti0.8O2 solid solution. 
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sample, depicting the lattice fringes in their crystal structure. From Figure 5.8d, the 

lattice spacing was found to be ~ 1.98 Å, which corresponded to the (200) plane in the 

rutile lattice when the crystals were oriented along the (200) plane. The selected-area 

electron diffraction (SAED) pattern of the samples is shown in Figure 5.9. The 

characteristics SAED pattern of the heat-treated (800 °C for 2 h) powder showed 

distinct rings corresponding to the (101), (200), (220) planes in a rutile lattice, thus 

inferring the powders to be rutile structured nanosized polycrystalline.   

 

 

 

 

 

 

 

 

 

 

 

For obtaining microstructural information of the calcined powders of 

BaNiTi7O16, TEM study was carried out. Figure 5.10 shows a bright field TEM image 

of BaNiTi7O16 composition heat-treated of the respective precursors at 850 °C for 2 h. 

The particles were mostly spherical with average particle diameters ranging between 

of 25-45 nm with narrow particle size distribution. Characteristics selected-area 

electron diffraction (SAED) pattern of BaNiTi7O16 powder (heat-treated 850 ºC for 2 

h) (Figure 5.11) showed the powders to be polycrystalline. 

 

 

Figure-5.9: SAED pattern of the calcined (800 ºC for 2 h) Ni0.1W0.1Ti0.8O2 showing distinct 

rings corresponding to the (1 0 1), (2 0 0), (2 2 0) planes in a rutile lattice. 
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The BET surface area of both the compositions has been found to be high and 

they are in the range of 100-120 m2g-1. The tap densities of the Ni0.1W0.1Ti0.8O2 

composition were found to increases with the increase in heat treatment temperatures 

of the precursor powders and the corresponding values are summarized in Table 5.1.  

 

5.6.4 UV-visible Spectroscopy Studies and Color Measurements of the 

Nanocrystalline Ni0.1W0.1Ti0.8O2 and BaNiTi7O16 Powders  

The UV-visible-NIR absorption spectra for the calcined Ni0.1W0.1Ti0.8O2 (at 800 ºC for 

2 h) and BaNiTi7O16 (at 850 ºC for 2 h) compositions are shown in Figure 5.12 and 

Figure 5.13 respectively. Both the samples showed three distinct absorption bands 

between 250 and 1200 nm corresponding to the three spin allowed d-d transitions 

from the Ni2+ ions in octahedral environment. For the Ni0.1W0.1Ti0.8O2 composition, 

the three distinct humps are positioned in the ranges: 350–570 nm, 600–950 nm, and 

970-1100 nm. These bands were assigned as: 3A2g(F) → 3T1g(P) (350–570 nm), 
3A2g(F) → 3T1g(F) (600–950 nm) and 3A2g(F) → 3T2g(F) (970-1100 nm) (Lever, 1968). 

Similarly, the three spin allowed d-d transitions for the BaNiTi7O16 composition are 

Figure 5.10: Bright field TEM micrograph of the 

calcined (850 ºC for 2 h) BaNiTi7O16 composition. 

Figure 5.11: SAED pattern of the 

calcined (850 ºC for 2 h) BaNiTi7O16 

with a priderite structure. 
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assigned as: 3A2g(F) → 3T1g(P) (275–550 nm), 3A2g(F) → 3T1g(F) (570–950 nm) and 

3A2g(F) → 3T2g(F) (950--1100 nm) (Lever, 1968). For both the compositions the 

energies of the last two electronic spin allowed transitions exist in the visible light 

energy range and hence they contribute towards the color of the samples while the first 

transition lies is in the ultraviolet range and therefore does not affect the color of the 

samples. Besides these three spin allowed d-d transitions from the Ni(II) ion in 

octahedral environment there may be additional absorption bands in both the 

compositions (i.e., Ni0.1W0.1Ti0.8O2 and BaNiTi7O16) owing to charge transfers 

between the constituent metal ions [Ni(II), Ti(IV), W(VI)], and between ligand and 

metal ions. The absorption bands due to Ti4+ ↔ O2- charge transfer in undoped rutile 

are very close to the absorption bands corresponding to 3A2g(F) → 3T1g(P) transitions 

in the solid solution compositions. The absorption bands corresponding to metal-metal 

and metal-ligand charge transfers are therefore difficult to distinguish in either of the 

solid solution compositions as they are expected to overlap with the spin allowed d-d 

transitions of the Ni2+ in the UV-visible spectral range. The color of the rutile phased 

titanate pigments are generally attributed to crystal field transitions (Eppler, 1987) 

along with some contribution from the Ti–O metal–ligand charge transfer (MLCT), 

the band gap (Maloney, 2002) or, defects in crystals created by the varying sizes of 

the constituent metal ions (e.g. chromophores and counterions) (Dondi et al., 2006) 

 

 

 

 

 

 

 

 

 

Figure 5.12: UV-visible-NIR absorption 

spectra for calcined (at 800 ºC for 2 h) 

powder of the Ni0.1W0.1Ti0.8O2 solid solution. 

Figure 5.13: UV-visible-NIR absorption 

spectra for calcined (at 850 ºC for 2 h) 

powder of the BaNiTi7O16. 



Chapter 5                                Synthesis of Nanocrystalline Powders of Ni0.1W0.1Ti0.8O2 … 

 

 
 

127

The CIE-L*a*b* measurements of Ni0.1W0.1Ti0.8O2 and BaNiTi7O16 

compositions heat treated at their calcination temperatures summarized in Table 5.2 

represent a yellow color of both the samples (i.e. high b* and low a* parameters) and 

a light color (L* by ~83-91) in agreement to the UV-Visible-NIR spectra of the 

samples. The BaNiTi7O16 composition showed higher b* but lower a* parameter 

(more yellow intensity but with greenish shades) and lightness while Ni0.1W0.1Ti0.8O2 

had some reddish shade. CIE-L*a*b* colorimetric parameters for both the samples 

after heat treatment at 1250 ºC for 1 h are also given in Table 5.2. Both the samples 

exhibited slight decrease in L* values indicating the decrease in lightness at 1250 ºC 

for 1 h. On the other hand increase in b* values of two compositions represented the 

enhancement of yellow amount and decrease in a* value indicated the development of 

slight green amount in the solid oxides. 

 

Table 5.2: The colour parameters (CIE L*a*b*) for Ni0.1W0.1Ti0.8O2 and BaNiTi7O16 

compositions at different temperatures. 

 

For studying the thermal stabilities of the compositions at high temperatures, 

the final powders were annealed at 1250 ºC for 1 h. The XRD studies of the powders 

revealed that the phases of the synthesized compositions remained unaltered even 

when subjected to heat treatment at the temperatures of 1250 ºC for 1 h, thereby 

establishing the thermal stabilities of the respective oxide compositions at high 

 

Pigment Composition 

 

Temperature/ duration 

 

L* 

 

a* 

 

b* 

 

Ni0.1W0.1Ti0.8O2 

800 ºC for 2 h (phase 

formation temperature) 
87 -5 58 

1250 ºC for 1 h 83 -6 62 

 

BaNiTi7O16 

850 ºC for 2 h (phase 

formation temperature) 

91 -11 67 

1250 ºC for 1 h 89 -13 71 
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temperatures. Furthermore, XRD phase analysis and color parameter measurements of 

the powders after being subjected to treatment with dilute HCl, dilute HNO3 and dilute 

NaOH were found to remain unchanged reflecting the retention of their chemical 

composition and color even on post treatment thereby validating their chemical 

inertness under acidic and alkaline conditions.  

 

5.7 Major Findings in the present Investigation 

• Nanocrystalline rutile structured Ni0.1W0.1Ti0.8O2 and priderite structured 

BaNiTi7O16 yellow pigments have been prepared through pyrolysis of Metal 

ion-ligand complex based precursor solution.  

• The preparation method established the use of dimethyl ammonium tungstate 

and titanium oxalate as respective stable water-soluble sources of tungsten and 

titanium. 

• Pure rutile phase and priderite phase titanates were realized through heat-

treatment of the precursor powders at 800 oC and 850 oC respectively.  

• The UV-visible-NIR spectra for both oxides exhibited three absorption bands 

due to d-d transitions of d-electrons of Ni2+ ions. 

• The measurement of the color parameters (CIE L* a* b*) reflected an intense 

yellow color with greenish shades for the BaNiTi7O16 composition, while the 

Ni0.1W0.1Ti0.8O2 samples exhibited yellow coloration with reddish shades.  
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 Chapter 6

 

Synthesis of Nanocrystalline Powders of Cr2xWxTi1-3xO2 (x = 0.05, 0.1, 

0.15) for Pigment Applications 

 

6.1 Introduction 

Incorporation of chromophorous transition metal ions, having ionic radii similar to 

Ti4+ (0.605 Å), into the host rutile (TiO2) lattice normally generates oxide solid 

solutions with stable colorimetric properties. In formulations such as: 

TiIV(AV(VI)BII(III))O2 (Huguenin et al., 1998; Ramos et al., 1991; Sorlí et al., 2004a, 

2004b; Tavala  et al., 1977; Tena et al., 1994), the coloring effect is produced when 

the Ti (IV) ion, which is surrounded by six neighboring oxygen atoms at the corners 

of a regular (but slightly distorted) octahedron in the rutile lattice, is substituted by 

transition metal ions of lower valency at the ‘B’ site (e.g., B = Cr3+; ionic radius = 

0.615 Å) while the higher valency ions at the ‘A’ site (e.g., A = W6+; ionic radius = 

0.60 Å) compensate for the charge off set, such that their molar ratios ensure an 

overall electroneutrality in the oxide solid solutions.  

The patent literature review shows that the development of such doped rutile 

pigments started at least 1934 only for their application in coloration of ceramic ware. 

Hund (1962), in his patent, has demonstrated three fundamental rules for the 

formulation of doped rutile solid solutions with many such compounds. These three 

fundamental rules are: 

1. Substitutional atoms must have ionic sizes similar to Ti4+ . 

2. Charge balance (electroneutrality) in the compounds should be maintained, 

and 

3. The cation: anion ratio should remain at 1:2, as in TiO2. 

In recent years, chromium (III) doped rutile phased titanium dioxide solid 

solutions have gained considerable recognition (Malati et al., 1984; Swiler et al., 
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1993) as durable, chemical resistant inorganic pigments with stability (Maloney, 

2002) beyond 1000 oC. Doping titanium dioxide with Cr3+ ions greatly reduces its 

tendency to act as a photocatalyst (Herrmann et al., 1984) making the oxides 

extremely resistant to chalking. Alfred et al. (2003) have studied the electronic 

properties of TiO2 catalysts doped with different amounts of Cr2O3 and WO3 and 

discussed the structural defects therein.  

The ceramic pigments with grain sizes in nanoscale can serve as potent 

pigments, because of their high surface area which assures higher surface coverage. 

Moreover, small sizes of the pigment particles facilitate their uniform dispersion and 

homogenous mixing with the binders in paint formulations, which in turn enhance the 

mechanical strength of the coating after drying of the paint.  

 

6.2 Reported Methods for the Preparation of Cr2xWxTi1-3xO2  

The preparation of rutile structured solid solutions doped with Cr3+ along with a 

counterion such as, Nb5+, Sb5+, or W6+ have mainly been reported through solid-state 

reactions, which require several processing steps such as, initial ball milling of the 

raw materials (usually metal oxides and/or carbonates) for homogenization; 

calcinations of these mixtures at high temperature (1100-1200 ºC) to obtain the 

desired crystalline phases and colors; and finally, wet milling to the reduce particle 

size. The solid-state method usually results in coarse-grained and agglomerated 

particles which are detrimental for the quality of the colored pigments. The 

preparations of such rutile structured titanium dioxide based solid solutions are 

summarized below.   

 

6.2.1 Conventional Solid-State Methods 

Tavala et al. (1977) have reported the preparation of the oxide systems such as, 

Cr2O3-TiO2-WO3 through solid-state method which involves mixing of raw materials 

such as Cr2O3, TiO2 and WO3 in required amount followed by calcination at 1100 ºC.  



Chapter 6                                Synthesis of Nanocrystalline Powders of Cr2xWxTi1-3xO2 … 

  

 
 

133

 Recently, Matteucci et al. (2006) have also reported the preparation of rutile 

pigments doped with chromium and tungsten through solid-state reaction using the 

oxides raw materials such as, anatase (Degussa DT51), Cr2O3, and WO3. The 

synthesis method involves wet mixing of raw materials in porcelain jar with alumina 

grinding media, drying in oven at 105 ºC followed by calcination in alumina crucibles 

in an electric kiln at 1100 ºC, with thermal rate of 200 ºC/h, soaking time of 1 h and 

then cooling to room temperature.  

 

6.2.2 Chemical Method  

Chemical synthesis of such doped rutile pigments has rarely been found to be 

reported in literature. Coprecipitation techniques are reported that they are not suitable 

for the synthesis of such doped rutile complex solid solutions (such as: Cr2xWxTi1-

3xO2), because they often require high processing temperature and fail to maintain the 

desired stoichiometry in the products. In the most coprecipitation reactions, the metal 

ions are precipitated sequentially, not simultaneously and thus an inhomogeneous mix 

is generated. Additionally, the coprecipitated batches seldom lower the reaction 

temperature by more than 100 ºC.   

 

6.3 Scope of the Present Investigation 

Solution based chemical methods of preparation of the oxide solid solutions in 

contrast, are attractive alternative to the conventional solid-state synthesis technique. 

They not only have the advantage of reduced processing steps but also ensure a 

precise control of composition and stoichiometry in multicomponent formulations, 

phase purity in the final product, and better control of particle size in the final 

powders through molecular level mixing of the starting compounds in a solution. 

Uniformly distributed particles (Richards, 1973) with average grain sizes less than 

100 nm obtained through the solution-based methods. In spite of the said advantages, 

there have been only a few literature reports on the preparation of Cr(III) and W(VI) 

doped rutile based oxide solid solutions through aqueous solution based chemical 
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methods so far, because of the diverse solubilities of the constituent ions and also due 

to scarcity of water-soluble salts of titanium and easy hydrolysis of the available ones, 

which are costly also. In this paper we report the preparation of Cr(III) doped rutile 

based oxide solid solutions with compositions – Cr2xWxTi1-3xO2 (where x = 0.05, 0.10, 

0.15) through low temperature thermolysis of precursors obtained through 

evaporation of aqueous based precursor solutions comprising of soluble complexes of 

the constituent metal ions and optimum amounts of triethanolamine (TEA). The use of 

a water-soluble complex of tungstate (i.e., dimethylammonium tungstate) as the 

source of tungstate ions, and the formation of water-soluble complexes of Ti(IV) and 

Cr(III) with TEA in solution helps to retain the constituent metal ions in the precursor 

solution and prevents their hydrolysis and segregation/precipitation during the 

processing. The method is simple, the processing temperature required is much lower 

than those reported in literature, and the final product consists of nanosized particles 

with relatively narrow distribution in sizes. The present method is better than a 

coprecipitation method because, the synthesis of multi-component complex-systems 

like Cr and W doped titanium oxides by simple coprecipitation method does not 

produce nanosized materials maintaining the stoichiometry in the products.  

The present study describes the aqueous based chemical synthesis of 

nanocrystalline powders of Cr2xWxTi1-3xO2 (where x = 0.05, 0.10, 0.15) through metal 

ion-ligand complex based precursor route using dimethyl ammonium tungstate and 

titanium oxalate as innovative and stable water-soluble sources of tungsten and 

titanium respectively. Solution based this method produces pure and single phased 

nanocrystalline pigments maintaining the required stoichiometry at temperature lower 

compared to the conventional solid-state method (Maloney, 2002; Matteucci et al., 

2006; Sorlí et al., 2004a). This chapter also describes the structural and colorimetric 

properties of these mixed metal oxide solid solutions.  
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6.4 Synthesis of Nanocrystalline Powders of Cr2xWxTi1-3xO2 (x = 0.05, 0.1, 0.15) 

6.4.1 The Raw Materials Used In the Developed Synthesis Method 

i) Ammonium dichromate (Merck India Ltd), ii) Sodium tungstate (Merck India Ltd), 

iii) Titanium (IV) oxide (Merck India Ltd), iv) Oxalic acid dihydrate (Merck India 

Ltd), v) Triethanolamine (Merck India Ltd), vi) Diammonium oxalate monohydrate 

(Merck India Ltd), vii) HCl (35%) (Merck India Ltd), viii) HNO3 (70%) (Merck India 

Ltd), ix) Ammonia (25%) (Merck India Ltd), x) HF (48%) (Merck India Ltd). 

 In this study, dimethylammonium tungstate and titanium oxalate complex 

solutions were prepared as precursors of tungsten and titanium respectively in the 

laboratory and stored for the use in the synthesis.  

 

6.4.1.1 Preparation of Aqueous Solution Dimethylammonium Tungstate 

In the synthesis of nanocrystalline powders of Cr2xWxTi1-3xO2 (x = 0.05, 0.1, 0.15), 

the aqueous solution of dimethylammonium tungstate was prepared following the 

procedure described in the Chapter 5, Section 5.4.1.3.  

 

6.4.1.2 Preparation of Aqueous Solution of Titanium Oxalate Complex 

In the synthesis of nanocrystalline powders of Cr2xWxTi1-3xO2 (x = 0.05, 0.1, 0.15), 

the aqueous solution of titanium oxalate complex was prepared following the 

procedure described in the Chapter 5, Section 5.4.1.4.  

 

6.4.2 Synthesis Procedure of Nanocrystalline Powders of Cr2xWxTi1-3xO2 (x = 0.05, 

0.1, 0.15) 

Cr(III) doped rutile based oxide solid solutions with compositions – Cr2xWxTi1-3xO2 

(where x = 0.05, 0.1, 0.15) were prepared using freshly prepared aqueous stock 
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solutions of ammonium dichromate, dimethylammonium tungstate, titanium oxalate 

and triethanolamine (TEA). Required volume of the aqueous solution of ammonium 

dichromate (0.1 M) was first taken from a freshly prepared stock and heated in 

presence of ethanol and few drops of concentrated nitric acid to have the color of the 

solution changed from orange to bluish green, as Cr(VI) got reduced to Cr(III). 

Appropriate volumes of the aqueous solutions of titanium oxalate and 

dimethylammonium tungstate were then taken from their respective stocks as per the 

required stoichiometries and added to the bluish green solution of Cr(III) under 

constant stirring. Finally, optimum amount of TEA was added into the solution 

mixture to keep the metal ions in solution through complexation and the pH of the 

solution was adjusted to ~5 with the help of nitric acid to avoid precipitation. The 

amount of TEA was always kept in excess to the total cations present in the solution 

mixture (i.e., ~4 moles with respect to the total moles of the metal ions). The resultant 

precursor solution was homogenized by constant stirring and eventually set to 

evaporate by heating at ~200°C. On complete dehydration of the precursor solution, 

the TEA and the metal-complexes decomposed with the evolution of dense fumes and 

resulted in a voluminous, fluffy, black organic-based mass. The fluffy carbonaceous 

mass was crushed to obtain the fine precursor powders; the rutile structured solid 

solutions were eventually obtained through calcination of the fine powders for 2 h at 

temperatures ranging between 450 and 800oC using alumina crucible, maintaining a 

heating rate of 10oC/min in ambient atmosphere. Flow-chart of the process is depicted 

in Figure 6.1. 
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 Aqua. Sol. (NH4)2Cr2O7 + 

C2H5OH + HNO3 + ∆ 

TEA (4 moles per mole 
metal ion) 

Dimethylammonium tungsate 
+ Aqua. Sol. Titanium oxalate  

Homogeneous precursor solution 

Fluffy carbonaceous Precursor Mass 

Nanocrystalline Cr2xWxTi1-3xO2 

Evaporated to dryness (at ~ 200 ºC)  

Calcined 

 
 

 

 

 

 

 

 

 

 

 

Figure 6.1:  Process for the preparation of the nanocrystalline solid solution compositions of 

Cr2xWxTi1- 3xO2.

 

6.5 Techniques for Characterization of the Prepared Nanocrystalline Powders of 

Cr2xWxTi1-3xO2 (x = 0.05, 0.1, 0.15) 

The phase identification in the oxide solid solutions was performed using room 

temperature XRD with CuKα radiation and Ni filter. In the XRD studies, the powders 

obtained at different heat treatment temperatures were recorded in the 2θ range from 

20˚ to 70˚ for rutile phase.  The crystallite size (D) and the effective strain (η) in the 

solid solution compositions were calculated from the full widths at half maximum 

(FWHM) of the diffraction peaks (2θ range = 15°-65°; step = 0.025°) after 

introducing the correction for instrumental broadening using standard silicon. The 

FWHM were expressed by the following equations (Qadri et al., 1999) considering 

the peaks to be of the Gaussian type: 

                                                       (βo)2 = (βm)2 - (βs) 2 ;  
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and                                              
λ
θη
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θβ sin1cos

+=
D
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In the above equation the meaning of the terms such as βo, βm, βs, θ, and λ have been 

described in the previous chapter of this thesis (Chapter 2, Section 2.5). The crystallite 

sizes (D) and the effective strains (η) in the powder samples were respectively 

obtained from the intercept at x = 0 and the slope of the best-fit line plot of (β°cosθ/λ) 

versus (sinθ/λ). The fraction of rutile phase was calculated in the compositions at 

various heat-treated temperatures using the Spurr equation (Spurr et al., 1957). The 

Spurr equation has been stated earlier (Chapter 5, Section 5.5). Simultaneously 

recorded thermogravimetric and differential thermal analysis (TG/DTA) of the 

precursor powders were carried out in air at a heating rate of 5 °C/min. UV-visible-

NIR spectroscopy studies for the calcined powders were carried out in Ocean Optics 

SD 2000. The high-resolution transmission electron microscopy (HRTEM) 

measurements were carried out for the prepared powders. Particle size distributions of 

both the samples were determined by using the UTHSCSA Image Tool program 

(version 3.00) using three TEM images each containing ~50 particles. The BET 

specific surface areas of the calcined powders were determined. The color of the 

pigments was assessed from CIEL*a*b* color parameter measurements. The 

instruments, used for the characterization remained the same as is mentioned in 

Chapter 2 and Section 2.5.  

 

6.6 Results and Discussion 

6.6.1 Thermal Analysis of the Nanocrystalline Cr2xWxTi1-3xO2 (x = 0.05, 0.10, 0.15) 

Precursor 

The thermal studies of the carbonaceous precursors for the composition- Cr2xWxTi1-

3xO2 (x = 0.05) are depicted in Figure 6.2. The differential thermal analysis (DTA) 

curves for all the precursor compositions revealed a broad exothermic thermal affect 

between 250 °C and 470 °C with their respective peak positioned around 445±10 °C. 
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This exothermic affect may be attributed to the oxidation of the organic remnants 

from the decomposed metal-complexes and TEA present in the carbonaceous 

precursors. The entire thermal affect was accompanied by evolution of large amounts 

of gases such as, water vapor, and oxides of carbon and nitrogen etc., which was 

manifested by a sharp, single step weight loss in the thermogravimetric (TG) curve 

(around 70%) and a single peak in the differential thermogravimetric (DTG) curve. 

The TG curves in Figure 6.2 shows that the weight loss from the amorphous precursor 

powders continued beyond the peak temperatures of the exothermic affect revealing 

that samples were not completely carbon free at around 445±10 °C. Crystallization of 

the oxide phase (i.e., formation of the oxide solid solution) was not very clearly 

visible from the DTA curve however, a small kink in the curve at around 500°C, 

without any visible weight loss in the TG/DTG curves, may be attributed to it. The 

phase transformation from anatase to rutile form was not detectable from DTA curves 

because of the small and gradual changes involved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temp Cel
700.0 600.0500.0400.0300.0200.0100.0 

D
TA

 u
V 

140.0 

120.0 

100.0 

80.0 

60.0 

40.0 

20.0 

0.0 

-20.0 

TG
 %

 

100.0 

90.0 

80.0 

70.0 

60.0 

50.0 

40.0 

30.0 

D
TG

 u
g/

m
in
 

300.0 

200.0 

100.0 

0.0

-100.0 

-200.0 

-300.0 

-400.0 

-500.0 

TG  

DTA  

DTG  

Figure 6.2: Simultaneously recorded TG/ DTG/ DTA plots of the carbonaceous precursors 

of Cr2xWxTi1-3xO2 (x = 0.05) solid solution compositions. 
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6.6.2 Composition, Phase and Structural Analysis of the Nanocrystalline Cr2xWxTi1-

3xO2 (x = 0.05, 0.10, 0.15) 

Phase analysis and structural characterization of the prepared Cr2xWxTi1-3xO2 (x = 

0.05, 0.10, 0.15) were carried out through room temperature X-ray powder diffraction 

(XRD) studies. Figure 6.3 shows the characteristic XRD patterns for the Cr2xWxTi1-

3xO2 (x = 0.05) precursor powders, when heat-treated at various temperatures between 

450 oC to 800 oC for 2 h. The virgin precursors were amorphous to X-ray and 

crystallization of the oxide phase began at calcination temperatures higher than 450 

°C, which was reflected by the emergence of broad, low-intensity diffraction lines 

corresponding to the anatase (d101) and rutile (d110) phases. At calcination temperature 

of 550 °C for 2 h, the intensities of the d101 and d110 lines, corresponding to the 

anatase and the rutile phase respectively, were comparable. Increase in the heat-

treatment temperatures to 600 °C (and beyond) resulted in crystal growth and increase 

in the rutile fraction in the samples, which was evident by gradual sharpening of the 

diffraction lines, and increase in the intensity of the d110 lines corresponding to the 

rutile phase and diminishing of the d101 corresponding to the anatase phase.  
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 Figure 6.3:  X-ray diffractograms (using CuKα radiation) of the Cr2xWxTi1-3xO2 (x = 

0.05) precursors on calcination at various temperatures. 
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The percentages of the rutile phase, determined from the relative intensities of 

the XRD peaks corresponding to the anatase and the rutile phases in the Cr2xWxTi1-

3xO2 (x = 0.05, 0.1, and 0.15) compositions at various heat-treated temperatures are 

tabulated in Table 6.1 along with the tap densities (discussed in Chapter 5, Section 

5.6.2) for x = 0.05 composition. On calcination of the precursors at 750 °C for 2 h, the 

percentage of the rutile phase in Cr2xWxTi1-3xO2 (x = 0.05) was found to be around 

96%, and the pure rutile phase was obtained at the calcination temperatures of 800 oC 

for 2 h. The XRD peaks for the various solid solution compositions were indexed 

using the standard data available for the rutile phase (JCPDS card no. 781510) and the 

same have been shown in Figure 6.4. It was observed that the precursors of the oxide 

solid solution with x ≥ 0.2, the formation of the rutile phase was accompanied by the 

phase of Cr2O3 when the heat-treatment of the compositions were carried out between 

650 °C-900 °C. Prolonging the heat-treatment period (for 20-30 h) at higher 

temperatures (1300-1400 oC) eventually resulted in the pure rutile phase in these 

precursors (i.e. for x ≥ 0.2) however. This was accomplished at the expense of loss of 

the nanocrystallinity in the sample.   

 

Table 6.1: Percentage of rutile Phase, relative XRD intensities of the anatase and rutile 

phases and tap densities of the various Cr2xWxTi1-3xO2 compositions at different calcination 

temperatures 

 

 
Rutile Phase (%) for 

Compositions 

 
XRD Intensities of the A and R phases for 

Compositions* 

 
Tap 
densities
(gm/cc) 

 
Calcination 
Temperature 

 
x=0.05 

 
x=0.10 

 
x=0.15 

 
x=0.05 

 
x=0.10 

 
x=0.15 

 
x=0.05 

 
550 ºC for 2h 

 
41.0 

 
72.4 

 
75.2 

 
A (s), R (w) 

 
A (mw), R(s) 

 
A (mw), R(s) 

 
0.1325 

 
650 ºC for 2h 

 
85.8 

 
90.2 

 
92.8 

 
A(mw), R(s) 

 
A (w), R(s) 

 
A (w), R(s) 

 
0.1633 

 
750 ºC for 2h 

 
96.1 

 
98.3 

 
98.0 

 
R(s), A (vw) 

 
R(s), A (vw) 

 
R (s), A (vw) 

 
0.1758 

 
800 ºC for 2h 

 
100.0 

 
100.0 

 
100.0 

 
R (s) 

 
R (s) 

 
R (s) 

 
0.2345 

* Relative XRD Intensities of the Anatase (A) and Rutile (R) Phases; s= strong, w = weak, mw = medium 
weak, vw= very week 
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Figure 6.4: X-ray diffractograms (using CuKα radiation) of the various Cr2xWxTi1-3xO2 solid 

solution compositions after calcination at 800 ºC for 2 h. 

 

It can be thus inferred that the metastable anatase phase (typically preserves a 

large surface area) underwent transformation to the rutile phase on calcination 

between 550 °C-800 °C. At 

calcination temperatures above 

550 °C, a more rapid phase 

transformation from anatase to 

rutile was observed for x = 0.10 

and 0.15 compositions. The 

crystallite sizes and the surface 

areas for the calcined (800 °C 

for 2 h) Cr2xWxTi1-3xO2 (x = 

0.05, 0.10, 0.15) compositions 

are shown in Table 6.2. Figure 

6.5 shows the plot of (βocosθ/λ) 

versus (sinθ/λ) for the typical 

Figure 6.5: Plot of (βocosθ/λ) versus (sinθ/λ) for 

Cr2xWxTi1-3xO2 (with x = 0.05) solid solution 

composition. 



Chapter 6                                Synthesis of Nanocrystalline Powders of Cr2xWxTi1-3xO2 … 

  

 
 

143

solid solution composition with x = 0.05, the effective strain (η), obtained from the 

slope of the plot, was found to be 0.00243.  

 

Table 6.2: Variation in crystallite size, surface area and particle size for calcined (at 800 ºC for 

2 h) Cr2xWxTi1-3xO2 solid solution with change in dopant concentration 

Composition of 
Cr2xWxTi1-3xO2

Crystallite size§  (nm) 
(± 2 nm) 

BET surface area 
(m2g-1)  

TEM particle size*

(nm) (± 5nm) 
 

X= 0.05 
 

30 
 

60 
 

40.0 
 

X= 0.10 
 

32 
 

56 
 

45.0 
 

X= 0.15 
 

35 
 

58 
 

38.0 
§: Crystallite size calculated from FWHM of the X-ray diffraction peaks  
*: Average of the smallest visible isolated particle/crystallite agglomerate as observed from TEM studies 

for the respective compositions  
 
 
 
 
 

The lattice parameters (i.e., a and c) for the calcined (800 oC for 2 h) rutile 

phase Cr2xWxTi1-3xO2 solid solutions, which were calculated following the reflection 

planes (200) and (002), have been tabulated in Table 6.3. These calculated values of a 

and c were found to be in close agreement with those reported for the standard rutile 

phased TiO2 (JCPDS data card no.781510). As there was no evidence of any 

additional phase in the samples, which were calcined at 800 ºC, and also because the 

unit-cell parameters fairly matched with the standard values of the rutile phase, 

therefore the structure of Cr2xWxTi1-3xO2 solid solutions (calcined at 800 oC) was 

confirmed to be of purely rutile type. Increase in the lattice parameters a and c, with 

increasing fraction of Cr(III) [i.e., from x = 0.05 to x = 0.15] in the solid solution 

Cr2xWxTi1-3xO2, caused by substitution of the Ti4+ ions (r = 0.605 Å) by Cr3+ and W6+ 

ions followed the Vegard’s law (West, 1984). 
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Table 6.3: Variation in lattice parameters (a, c) and volume (at 800 ºC for 2 h) Cr2xWxTi1-

3xO2 solid solution with change in dopant concentrations 

Composition of 
Cr2xWxTi1-3xO2

Lattice 
parameter (a) 

(Å) 

Lattice 
parameter (c) 

(Å) 

 
Volume (Å3) 

 
c/a 

 

X= 0.05 

 

4.583 ± 0.004 

 

2.955 ± 0.003 

 

62.05 ± 0.02  

 

0.6447 

 

X= 0.10 

 

4.586 ± 0.002 

 

2.956 ± 0.002 

 

62.15 ± 0.01 

 

0.6445 

 

X= 0.15 

 

4.589 ± 0.003 

 

2.956 ± 0.005 

 

62.26 ± 0.02 

 

0.6441 

 

6.6.3 Morphology and Microstructural Studies of the Nanocrystalline Cr2xWxTi1-

3xO2 (x = 0.05, 0.1, 0.15) Powders  

The finer morphological details of the calcined (800 ºC for 2 h) solid solution samples 

and their size-distributions were studied using Transmission Electron Microscopy 

(TEM). The smallest visible particles in the bright field electron micrograph can be 

identified as single crystallites and/or their aggregates. Figure 6.6 and 6.8 depict the 

TEM micrographs for the calcined (800 ºC for 2 h) Cr2xWxTi1-3xO2 (x = 0.05 and 

0.10) solid solution compositions respectively. It was observed that the particles were 

almost spherical with average particle diameters ranging between of 30-60 nm. The 

distribution in particle sizes for the Cr2xWxTi1-3xO2 (x = 0.05 and 0.10) solid solution 

compositions, evaluated from TEM studies, are shown through bar charts in Figure 

6.7 and 6.9 respectively. Selected-area electron diffraction (SAED) pattern of the 

calcined (800 ºC for 2 h) Cr2xWxTi1-3xO2 (x = 0.05) composition (Figure 6.10) showed 

distinct rings corresponding to the (110), (101), (111), (211) planes in a rutile lattice, 

thus inferring the powders to be small agglomerates of nanosized polycrystallites 

having the rutile structure. High resolution TEM (HRTEM) image for the same 

sample in Figure 6.11 depicted the finer details in their crystal structure. Lattice 

spacing of about 3.22 Å between the adjacent lattice planes, as examined from the 
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HRTEM image, corresponded to the distance between (110) crystal planes in the 

rutile structure, as the crystals were oriented along the (110) plane.  

 

 

 

 

 

 

 

 

Figure 6.6: Bright field TEM micrograph of the calcined (800 ºC for 2 h) Cr2xWxTi1-3xO2 (x = 0.

05) solid solution composition. 
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Figure 6.7: Distribution of particle sizes, evaluated from TEM studies, for the calcined (800 ºC 

for 2 h) Cr2xWxTi1-3xO2 (x = 0. 05) solid solution composition.  

 

 

 

 

 

 

 

 
Figure 6.8: Bright field TEM micrograph of the calcined (800 ºC for 2 h) Cr2xWxTi1-3xO2 (x = 

0.10) solid solution composition. 
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Figure 6.9: Distribution of particle sizes, evaluated from TEM studies, for the calcined (800 ºC 

for 2 h) Cr2xWxTi1-3xO2 (x = 0. 10) solid solution composition.  
 

 

 

Figure 6.10: SAED pattern of the calcined (800 ºC for 2 h) Cr2xWxTi1-3xO2 (x = 0.05) 

composition showing distinct rings corresponding to the (110), (101), (111), (211) planes in a 

rutile lattice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Figure 6.11: HRTEM image of the calcined (800 ºC for 2 h) Cr2xWxTi1-3xO2 (x 

= 0.05) composition. 
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The external morphology of the prepared solid solutions was visualized 

through Field-emission scanning electron microscopy studies. FESEM micrograph 

(Fig 6.12) for the calcined (800 º C for 2 h) Cr2xWxTi1-3xO2 (x = 0.05) solid solution 

composition shows the aggregates of small particles. The individual particles showed 

the size below 100 nm.   

 

 

 

 

 

 
Figure 6.12: FESEM micrograph of the calcined (800 ºC for 2 h) Cr2xWxTi1-3xO2 (x = 0.05) 

solid solution composition. 

 

6.6.4 UV-visible Spectroscopy Studies and Color Measurements of the 

Nanocrystalline Cr2xWxTi1-3xO2 (x = 0.05, 0.1, 0.15) Powders  

The UV-visible absorption spectra for the calcined (at 800 ºC for 2 h) Cr2xWxTi1-3xO2 

solid solutions, shown in Figure 6.12 revealed a wide absorption band ranging from 

250 to 850 nm in all the samples, with three distinct humps positioned at 330-340 nm, 

425-470 nm, and 590-640 nm, corresponding to the three respective spin allowed d-d 

transitions from the Cr3+ ions in octahedral environment. Ti4+ ion in titanium dioxide, 

being a 3d0 system, has no 3d-electrons for d-d electronic transition and hence appears 

as a white powder with no absorption in the visible range (Figure 6.12). According to 

crystal field theory (Marfunin, 1979), bulk Cr2O3 samples with Cr3+ ion (3d3 

electronic configuration) in an octahedral environment is predicted to have three 

absorption bands assigned to three electronic spin allowed transitions of [4A2g(F) 

→4T2g (F)] at 600 nm; [4A2g(F) →4T1g (F)] at 455 nm; and [4A2g(F) →4T1g (P)] in the 
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UV region (Figure 6.13). The energies of the first two electronic spin allowed 

transitions exist in the visible light energy range (Lever, 1968) while the third 

transition lies is in the ultraviolet range and therefore does not affect the color of the 

samples. Observed shifts in the absorption bands of the Cr3+ ions in Cr2xWxTi1-3xO2 

solid solutions to that of the bulk Cr2O3 samples may be due to deformation of the 

octahedral environment of the Cr3+ ions to lesser symmetry in the former. The Ti4+ 

ions in the oxygen octahedra in the rutile lattice is already slightly distorted and their 

substitution by slightly larger sized Cr3+ ions, for the formation of the solid solutions, 

may cause further deformation of the octahedra and may attribute to the shifts in the 

absorption bands of the Cr3+ ions in the solid solutions compared to those observed in 

the bulk Cr2O3 samples, where the Cr3+ ions exists in a symmetric octahedral 

environment. The broadness in the absorption spectra for the Cr2xWxTi1-3xO2 solid 

solutions may be due to existence of additional absorption bands corresponding to 

charge transfers between the constituent metal ions [Cr(III), Ti(IV), W(VI)], and 

between ligand and metal ions besides the spin allowed d-d transitions in Cr(III) ion 

in octahedral environment. Thus, the allowed d-d transitions of the Cr(III) get masked 

by the existence of absorption bands corresponding to metal-metal and metal-ligand 

charge transfers and their overlap in the UV-visible spectral range. Additionally, the 

substitution of the Cr3+ ions in the distorted rutile environment is also likely to 

contribute towards the broadness of the bands.  
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Figure 6.13: UV-visible absorption spectra for calcined (at 800 ºC for 2 h) powders of the 

Cr2xWxTi1 3xO2 solid solution compositions.  
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The particle sizes, in the three solid solution compositions, were almost in the 

same range (30-60 nm), thus the scattering due to the particle size can be assumed 

same for all the compositions. In this respect, the relation between reflectivity of the 

powder at λ = 700 nm and dopant concentrations x (in mole %) can be examined by 

plotting K/S (at λ = 700 nm) versus x, K/S for the solid powders, calculated applying 

the Kumelka-Munk equation (Johnston, 1973) that can be expressed as: 

                                                           
( )

R
R

S
K

2
1 2−

=

 

where, K is the absorption coefficient and S is the scattering coefficient, R is the 

decimal fractional reflectance. Since the sample powders of all compositions had 

almost same particle sizes, thus S can also be assumed to be invariable for all the 

sample powders. The plot of K/S (at λ = 700 nm) versus x in Figure 6.14 shows the 

linearity confirming the intrusion of the dopants into the TiO2 matrix to form the solid 

solutions (Huguenin et al., 1998). 
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Figure 6.14: Plot of K/S versus dopant amount (x) for the various Cr2xWxTi1-3xO2 solid 

solution compositions. 
 

 

The CIE-L*a*b* measurements of Cr2xWxTi1-3xO2 (x = 0.05) solid solution 

heat treated at its calcination temperature has been done as a prototype. The CIE-
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L*a*b* measurements represent a reddish brown colour of the sample (i.e. high b* 

(54.3) and low a* (18.6) parameters) and a light colour (L* by 67.8).  

The BET surface areas for all compositions of Cr2xWxTi1-3xO2 solid solutions 

were found to lie between 56-68 m2g-1. The surface areas for the various compositions 

of the calcined (800 ºC for 2 h) Cr2xWxTi1-3xO2 solid solution are summarized in Table 

6.2. The tap densities, which correspond the fluffiness of the powder, were observed 

to increase with increase in calcination temperatures for all the compositions of the 

solid solution (Table 6.1). This may be due to decrease in the volume of the samples 

brought about by the reduction of porosity on sintering of the particles at increased 

heat-treatment temperatures.  

For studying the thermal stabilities of the solid solution compositions at high 

temperatures, the final powders were annealed at 1200 ºC for 1 h. XRD phase analysis 

(Figure 6.15) of the annealed powders showed no phase change thereby establishing 

that the thermal stabilities of the solid solution compositions were stable even when 

subjected to heat treatment at the temperatures of 1200 ºC for 1 h. Furthermore, XRD 

phase analysis of the powders after being subjected to treatment with dilute HCl, 

dilute HNO3 and dilute NaOH were found to remain unchanged reflecting the 

retention of their chemical composition and colour even on post treatment thereby 

validating their chemical inertness under acidic and alkaline conditions. 

 

 

 

 

 

 

 

 
Figure 6.15: XRD phase analysis of Cr2xWxTi1-3xO2 (x =0.05) solid solution composition 

after annealing at 1200 ºC for 1 h.   
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5.7 Major Findings in the present Investigation 

 Nanocrystalline rutile structured Cr2xWxTi1-3xO2 (x= 0.05, 0.10, 0.15) powders 

have been prepared through pyrolysis of metal ion-ligand complex based 

precursor solution.  

  The preparation method established the use of dimethyl ammonium tungstate 

and titanium oxalate as respective stable water-soluble sources of tungsten and 

titanium. 

  Pure rutile phase was formed through heat-treatment of the precursor powders 

at 800 oC.  

  TEM study showed average diameters ranging between of 30 and 60 nm for 

all three compositions.  

 The UV-visible-NIR spectra for all solid solutions exhibited three absorption 

bands due to d-d transitions of d-electrons of Cr3+ ions. 
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Conclusions and Scope of Future Studies 
 

The present research effort establishes a versatile and technically simple chemical 

synthesis methodology through successful preparation of nanocrystalline powders of a 

variety of mixed metal oxide compositions (as is summarized below). The synthesis 

method involves pyrolysis of aqueous-based precursor solutions that comprises of 

water-soluble, metal ion-ligand complexes of the desired metal ions and 

triethanolamine (TEA), in the requisite molar ratios. The chelating agents used for 

obtaining the water-soluble, metal ion-ligand complexes are: TEA, oxalic acid, EDTA 

and tartaric acid. The as-prepared powders as well as the powders calcined at their 

respective crystallization temperatures have been characterized with respect to their 

crystal structure and phase, particle morphology and composition along with 

investigation of their respective gas sensing and pigmentary properties. The work 

carried out in the present investigation can be summarized as follows: 

Prepared Metal Oxide Compositions  Properties Studied 

Nanocrystalline powders of:  CuNb2O6; 
CuGa2O4; FeNbO4 and Pt impregnated 
FeNbO4

 

 

 

Nanocrystalline powders of Ni0.1W0.1Ti0.8O2; 
NiBaTi7O16; and Cr2xWxTi1-3xO2 (x = 0.05, 0.1, 
0.15)  

• Gas sensing property through Electrical 
conductivity measurements in dry air. 

• Gas sensing property towards 500 ppm of 
reducing gases such as, hydrogen, liquefied 
petroleum gas (LPG), and ammonia. 
 
 

• UV-visible Absorption Spectroscopy  
• Color measurement 

 

The major conclusion drawn from the present investigation can be summarized 

as follows:  

 The synthesis method developed in this present study is versatile and can be 

extended to the preparation of nanocrystalline powders of a variety of metal oxide 
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compositions particularly, the niobium/ tantalum/ titanium based systems, which 

are difficult to process otherwise. 

 The developed method result is polycrystalline and single phase final powders of 

the desired metal oxide compositions at processing temperatures (i.e., ≤ 850 ºC) 

that are comparatively lower than those reported in literature so far, with grain 

sizes in the nano-metric range (i.e., < 60 nm) and the specific surface from 40-120 

m2/g.  

 The present investigation establishes the gas-sensing behavior of nanocrystalline 

CuGa2O4, FeNbO4, and Pt-FeNbO4 systems for the very first time in literature. 

The synthesized nanocrystalline powders of CuNb2O6, CuGa2O4, FeNbO4, and Pt-

FeNbO4 exhibit n-type semiconducting behaviors and gas sensing characteristics 

towards H2, LPG, and NH3.  

 The compressed pellets of the prepared nanocrystalline oxides in pellet show 

response towards H2, LPG and NH3 at operating temperatures ranging between 

250 ºC and 400 ºC. Incorporation of platinum into FeNbO4 (i.e., Pt-FeNbO4 

system) is found to improve the system’s gas sensing properties through reduction 

in the sensor operating temperature, sensor response time and recovery time. The 

details of the oxide systems and their observed gas sensing behaviors towards 

reducing gases such as, hydrogen, LPG and ammonia are summarized as follows: 

 

Nanocrystalline Mixed Metal Oxide Powders for Sensor Applications 

% of Response (working temperature) System Phase 
formation 
temperature 

Structure Particle 
size  

(TEM) 
H2

(500 ppm) 

NH3

(500 ppm) 

LPG 

(500 ppm) 

FeNbO4 850 ºC Orthorhombic 35-60 nm 93 (250 ºC) 52.0 (300 ºC) 92 (300 ºC) 

Pt-
FeNbO4

850 ºC Orthorhombic 35-60 nm 94 (175 ºC) 61.5 (250 ºC) 94 (200 ºC) 

CuNb2O6 700 ºC Monoclinic 20-38 nm 84 (300 ºC) 56  (400 ºC) 80 (300 ºC) 

CuGa2O4 750 ºC Spinel 30-60 nm 80 (350 ºC) 38  (350 ºC) 72 (350 ºC) 
 



Chapter 7                                                                                                Conclusions and …  

 

 
 

157

Non-toxic, chemically inert, thermally stable, nanocrystalline powders of 

titanates with compositions of Ni0.1W0.1Ti0.8O2, and BaNiTi7O16 along with and 

Cr2xWxTi1-3xO2 (x = 0.05, 0.1, 0.15) have been prepared, characterized and tested for 

their pigmentary properties. Ni2+or Cr3+ doped nanocrystalline titanate powders show 

interesting color shades in different color range due to d-d transition of the d-electrons 

of Ni2+or Cr3+ ions. The measurement of the color parameters (CIE L* a* b*) reflect 

an intense yellow color with greenish shades for the BaNiTi7O16 composition, while 

the Ni0.1W0.1Ti0.8O2 solid solution exhibit yellow coloration with reddish shades. 

Doping of Cr3+ ion in the rutile lattice on the other hand, impart buff coloration to the 

Cr2xWxTi1-3xO2 (x = 0.05, 0.1, 0.15)] solid solution. The oxide systems and their 

structural, morphological and optical properties can be summarized as follows: 

 

Nanocrystalline Mixed Metal Oxide Powders for Application in Pigments 

Pigment 
Compositions 

Phase 
formation 
temp. 

Structure Particle 
size (nm) 

Absorption band for the d-d 
transitions (nm) 

Yellow Color  3A2g(F)→ 
3T1g(P) 

3A2g(F)→ 
3T1g(F) 

3A2g(F)→ 
3T2g(F) 

Ni0.1W0.1Ti0.8O2 800 ºC Rutile 25-60  350–570 600–950 970-1100  

BaNiTi7O16 850 ºC Priderite 25-60  275–550 570–950 950-1100  

       

Reddish Brown Color  4A2g(F)→ 
4T1g(P) 

4A2g(F)→ 
4T1g(F) 

4A2g(F)→ 
4T2g(F) 

Cr2xWxTi1-3xO2 (x = 
0.05, 0.10, 0.15) 

800 ºC Rutile 30-60  UV region 455  600  
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Scope of Future Work 

♦ Further studies on the sensitivity of all the synthesized nanocrystalline 

mixed metal oxides can be carried out using their thick films.  

♦ The effect of doping of the different noble metals and transition metals 

in the prepared oxides sensors can be studied for improving the 

sensitivity of these materials.  

♦ The developed synthesis method can be applied for the preparation of 

different niobium and tantalum based nanocrystalline metal oxide 

sensor materials.  

♦ The advantages of the prepared oxide pigments can be further 

investigated after paint formulations through dispersing the prepared 

nanopowders in suitable dispersing medium.  
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nanocrystalline powders of FeNbO4 composition. 
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Figure 3.2: Simultaneously recorded TGA/DTA plots of the carbonaceous 
precursors of FeNbO4. 
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Figure 3.3: (a) X-ray diffractograms (using CuKα radiation) of the 
FeNbO4 precursor on calcination at various temperatures. (b) 
Rietveld refinement of orthorhombic FeNbO4 calcined at 850 
ºC for 3 h. Vertical bars show the positions of Bragg 
reflections.   
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Figure 3.4: X-ray diffractogram (using CuKα radiation) of the platinum 
incorporated FeNbO4 after calcination at 850 ºC for 1 h. 
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Figure 3.5: EDX pattern of (1 wt %) platinum impregnated FeNbO4 after 
calcination at 850 ºC for1 h. 
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Figure 3.6: Bright field TEM micrograph of the calcined (at 850 ºC for 3 
h) FeNbO4. 
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Figure 3.7: Bright field TEM micrograph of Pt-FeNbO4 after calcined (at 
850 ºC for 1 h). (Inset) SAED pattern of Pt-FeNbO4. 
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Figure 3.8: FESEM micrograph of pellet derived from the calcined (at 
850 ºC for 2 h) powders of the nanocrystalline FeNbO4
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Figure 3.9: FESEM micrograph of pellet derived from the calcined (at 
850 ºC for 1 h) powders of the nanocrystalline Pt-FeNbO4. 
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Figure 3.10: BET isotherms of nanocrystalline FeNbO4 and platinum (1 wt 
%) incorporated FeNbO4.
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Figure 3.11: Arrhenius plot for electrical conductivity of FeNbO4 and 
platinum (1 wt %) incorporated FeNbO4 in air. 
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Figure 3.12: Response characteristics of nanocrystalline FeNbO4 and Pt-
FeNbO4 in porous pellet forms towards 500 ppm each of H2, 
LPG, and NH3 in air as a function of temperature. 
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Figure 3.13: Response characteristics of FeNbO4 and platinum (1 wt %) 
incorporated FeNbO4 for 500 ppm of LPG at 200 ºC. 
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Figure 3.14: Electrical resistance of Pt-FeNbO4 in alternating environments 
of air and LPG (500 ppm) at 200 ºC. 
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Figure 4.1: Schematic representation of the preparation of the 
nanocrystalline CuGa2O4. 
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Figure 4.2: (a) X-Ray diffractogram (using CoKα radiation) of the 
CuGa2O4 calcined at 750 ºC for 2 h. (b) Rietveld refinement of 
monoclinic CuGa2O4 calcined at 750 ºC for 2 h. Vertical bars 
show the positions of Bragg reflections. 
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Figure 4.3: EDX analysis of the CuGa2O4 after calcination at 750 ºC for 2 
h. 
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Figure 4.4: Bright field TEM micrograph of the calcined (at 750 ºC for 2 
h) CuGa2O4.   
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Figure 4.5: FESEM image of nanocrystalline CuGa2O4 powders. 97

Figure 4.6:  FESEM image of pellet surface derived from   nanocrystalline 
CuGa2O4 powder. 
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Figure 4.7:    Arrhenius plot for electrical conductivity of CuGa2O4 in air 
and argon. 
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Figure 4.8: Sensing characteristics of nanocrystalline CuGa2O4 in the 
form of porous pellet towards 500 ppm each of H2, LPG, and 
NH3 in air as a function of temperature. 

100

  



Figure 4.9: Responses of porous pellet of nanocrystalline CuGa2O4 
towards 500 ppm of H2 in air at different temperatures. 
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Figure 4.10: Responses of porous pellet of nanocrystalline CuGa2O4 
towards 500 ppm of LPG in air at different temperatures. 
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Figure 4.11: Responses of porous pellet of nanocrystalline CuGa2O4 
towards 500 ppm of NH3 in air at different temperatures. 
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Figure 4.12: Electrical resistance of porous pellet of CuGa2O4 in 
alternating environments of air and 500 ppm LPG at 350 ºC. 
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Figure 4.13: Variation of response of porous pellet of nanocrystalline 
CuNb2O6 with concentration of H2 and LPG at 350 ºC. 
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Figure 4.14: Temperature variation of response time and recovery time for 
CuGa2O4 for 500 ppm H2, LPG and NH3. 

102 

Figure 5.1: Schematic representation of the preparation of the aqueous 
solution of dimethylammonium tungstate. 
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Figure 5.2: Schematic representation of the preparation of the aqueous 
solution of titanium oxalate. 
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Figure 5.3: Schematic representation of the preparation of the 
nanocrystalline powders of Ni0.1W0.1Ti0.8O2
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Figure 5.4: Schematic representation of the synthesis of the 
nanocrystalline powders of BaNiTi7O16. 
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Figure 5.5: Simultaneously recorded TGA and DTA plots of the 
carbonaceous precursors of solid solution composition: (a) 
Ni0.1W0.1Ti0.8O2, (b) BaNiTi7O16. 
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Figure 5.6: X-ray diffractograms (using CuKα radiation) of 
Ni0.1W0.1Ti0.8O2 precursor on calcination at various 
temperatures. 
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Figure 5.7: X-ray diffractograms (using CuKα radiation) of BaNiTi7O16 
precursor on calcination at various temperatures. 
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Figure 5.8: (a), (b), and (3): Bright field TEM micrograph of the calcined 
(800 ºC for 2 h) Ni0.1W0.1Ti0.8O2 solid solution. Figure-5.8(d): 
HRTEM image of the calcined (800 ºC for 2 h) 
Ni0.1W0.1Ti0.8O2 solid solution. 
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Figure 5.9: SAED pattern of the calcined (800 ºC for 2 h) Ni0.1W0.1Ti0.8O2 
showing distinct rings corresponding to the (1 0 1), (2 0 0), (2 
2 0) planes in a rutile lattice. 
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Figure 5.10: Bright field TEM micrograph of the calcined (850 ºC for 2 h) 
BaNiTi7O16 composition. 

125

Figure 5.11: SAED pattern of the calcined (850 ºC for 2 h) BaNiTi7O16 
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Figure 5.12: UV-visible-NIR absorption spectra for calcined (at 800 ºC for 
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Figure 6.1: Process for the preparation of the nanocrystalline solid 
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Figure 6.2: Simultaneously recorded TGA/ DTG/ DTA plots of the 
carbonaceous precursors of Cr2xWxTi1-3xO2 (x = 0.05) solid 
solution composition. 
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Figure 6.3: X-ray diffractograms (using CuKα radiation) of the Cr2xWxTi1-

3xO2 (x = 0.05) precursors on calcination at various 
temperatures. 
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Figure 6.4: X-ray diffractograms (using CuKα radiation) of the various 
Cr2xWxTi1-3xO2 solid solution compositions after calcination at 
800 ºC for 2 h. 
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Figure 6.5: Plot of (βocosθ/λ) versus (sinθ/λ) for Cr2xWxTi1-3xO2 (with x = 
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Figure 6.6: Bright field TEM micrograph of the calcined (800 ºC for 2 h) 
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Figure 6.7: Distribution of particle sizes, evaluated from TEM studies, for 
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