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CRYSTALLINE STRUCTURE AND PHASE DEVELOPMENT IN TiO2-ZrO2 
CERAMIC NANOFIBERS FROM ELECTROSPUN PRECURSORS 

 
LINDSEY MOTLOW 

 
PHYSICS 

 
ABSTRACT  

 
 This study focuses on crystallization and phase relations for various molar ratios 

of the free-surface alternating current electrospun nanofibrous composite material, Zirco-

nium Titanate.  Both ZrO2 and TiO2 based ceramic nanomaterials have been of increasing 

interest in recent years for applications in pollutants abatement, water splitting, optical 

and memory devices, humidity sensors, high temperature pigments, and biomaterials.  

The mixed TiO2-ZrO2 system is a semiconducting oxide and photoactive system that has 

shown very promising properties in these applications, depending on structure and phase 

composition.  Molar ratios of TiO2/ZrO2 from 0.1:0.9 to 0.8:0.2 were tested in this study.  

The precursor based fibrous materials were fabricated at a rate that corresponded to a 2.4-

8.4 g/h yield of TiO2/ZrO2 ceramic nanofibers.  All systems crystallized above 600°C and 

formed ceramic nanofibers with 250-350 nm mean fiber diameters and nanocrystalline 

structures which were stable up to 1200°C, depending on the composition.  Stable zirco-

nium titanate (srilankite) single phase nanofibers formed when the TiO2/ZrO2 molar ratio 

was between 0.5:0.5 and 0.6:0.4.  The TiO2/ZrO2 compositions with up to 30 mol% were 

single phase tetragonal zirconia, stable up to 1000°C, whereas mixed srilankite/rutile 

nanofibers formed at 0.8:0.2 TiO2/ZrO2 molar ratio.  

 

Key words: Electrospinning, nanofibers, photocatalysis, phase diagram, crystallization, 

Zirconium Titanate 
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1. INTRODUCTION 

1.1 Transition Metal Oxides: ZrO2 and TiO2 

Inorganic-inorganic nanomaterial composites have been of great interest in recent 

years due to their broad range of applications across the board including, but not limited 

to, the environmental industry, materials science, telecommunications, energy industry, 

and medical field. Arguably the most interesting feature of these structures is their 

effectivity as photocatalysts. The most common inorganic-inorganic structures in modern 

photocatalytic research are Titanium oxide based nanocomposites. (1-7) 

TiO2, “titania,” is a naturally formed oxide of Titanium, common in a good number 

of metamorphic or igneous rocks or even soils. These naturally occurring materials 

containing TiO2 benefit from the weather resistant and dense properties of the material. 

Titania is commonly used for a wide range of applications in the status quo. It can be used 

in photochemical energy conversion processes, water splitting, photocatalysis/organic 

pollution removal, the production of surfactants, white pigments and insecticides, electrical 

ceramics, conductors, telecommunication, microelectronics, and chemical intermediates. 

(8-13) The most abundant phases of TiO2 are rutile, anatase, and brookite (fig. 1). The most 

common crystalline form of TiO2 for photocatalytic applications is anatase, however rutile 

and mixed phase are also of interest for other applications. (14-22)  
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Figure 1. Crystalline states of TiO2.  Large circles are Ti atoms and small circles are O 
atoms 

 

TiO2 has a crystal lattice easily disturbed by lack of purity. Specifically, as a 

photocatalyst, TiO2 is incredibly attractive due to the ease of obtainability, nontoxicity, and 

affordability, but there are some disadvantages.  TiO2 is a high-energy band semiconductor, 

with Eg ≈ 3.2 eV.  This fact means that it would be nearly impossible for sunlight radiation 

to cause photoreaction. TiO2 also has a low quantum yield rate and photo-oxidation rate 

and weak reduction potential of photoexcited electrons. (23-24) Moreover, titanium 

dioxide based photocatalysts have also proven to have incredibly poor mechanical 

properties (25). 

ZrO2, “zirconia,” is often called the “all-purpose construction material” (26-28) due 

to its incredibly high resistance to crack propagation, the ability to conduct oxygen ions, 

high thermal expansion similar to many types of steel, chemical/dimensional stability, 

alkali resistance, non-toxicity, biocompatibility and extraordinary thermal insulation/low 

thermal conductivity. This high-strength material produces components that are more 
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expensive than those made of alumina ceramics, but are widely used in applications such 

as in tools for wire forming, auxiliaries in welding processes, materials in the dental 

industry, insulation, and tools for oxygen measurement. Zirconia based bioceramics are 

incredibly popular as a class of biomaterial due to the abovementioned properties. (29-30) 

Fibrous and nano-scale form of this material has been shown to be potentially useful for 

load-bearing biomedical applications such as bone tissue engineering and dental industry 

materials due to the necessary high surface area and strength.  

 

 

Figure 2.  Crystalline states of ZrO2.  Large circles are Zr atoms and small circles are O 

atoms 

 

1.2 The System TiO2-ZrO2 

There is a standing need for a photoactive solid that can go beyond traditional 

Titanium Dioxide materials while implementing TiO2 positive properties. Thus, research 

has recently moved into the study of composite materials within the ZrO2-TiO2 system with 
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various molar combinations of individual oxides, ranging from ZrO2-doped titania through 

a stoichiometric zirconium titanate (ZrTiO4) to TiO2-doped zirconia. Both zirconia and 

titania are n-type semiconductors and are in the same group of elements. (1). The TiO2-

ZrO2 system, like titania, is a semiconducting oxide and photoactive system and has an 

analogous structure to TiO2 polymorphs but with a wider band gap and other unique 

properties such as enhanced photocatalytic performance, thermal stability, and surface 

properties as well as appreciably stronger mechanical properties (31). There are many ways 

to consider the combination system that open up completely new types of materials with 

novel properties. The four systems of interest in this study are Zr-doped TiO2, Ti-doped 

ZrO2(less than 5% molar), solid solution and mixed-phase non-stoichiometric TiO2-ZrO2 

(with 10%-40% molar ratio of either oxide) and in the middle ground, stoichiometric 

ZrTiO4. Literature has shown that crystalline structure, surface morphology, phase, and 

chemical composition all strongly affect potential performance of these structures in 

applications of interest. (1-6) It is therefore important to understand the crystallization and 

phase development of this composite material for various production methods and 

compositions in order to optimize its use in the applications of interest.  

Experimental studies of the TiO2-ZrO2 system have typically been accomplished 

by production methods such as high temperature (1400°C and above) sintering of 

oxides/carbonates due to slow kinetics of the reaction. Melt quenching is not ideal with this 

combination of materials and prevents any homogeneous mixing. Limitations of producing 

this composite by sintering of oxides can be linked to the incredibly slow diffusion of solid 

state reaction and immiscibility of the two materials of interest. Between ~.3 and ~.45 

molar fraction TiO2 and ~.6 and ~.9 molar fraction TiO2 there are immiscibility gaps upon 
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calcination conditions. Unfortunately, this leads to inhomogeneity in the atomic 

distribution in the final material, making it less than ideal for use in application. (32-34) 

To obtain ordered TiO2-ZrO2, methods have been limited due to the tendency of crack 

development during ordering transition during the slow cooling process.  

The sol-gel method is also known to give an uncertain equilibrium state and result 

in difficulty identifying composition. (35-44) Most sol-gel synthesis studies currently focus 

on producing TiO2-ZrO2 powders with high surface energies. (45-47) In order to obtain a 

consistent and distinct stoichiometry of resultant materials for various compositions, purely 

sol gel methods involve incredibly complex optimization procedures and conditions. They 

do however also tend to be able to produce materials devoid of organics after annealing 

and highly porous microstructures with reasonably small grain sizes. (34) 

The limit of solubility of TiO2 in ZrO2 has not been explored for sol gel produced 

materials or at low temperatures.  

 

1.3 TiO2-ZrO2 Nanofibers 

Seeing as the most prominent application of interest for TiO2 systems is arguably 

photocatalysis, the main interest of modern research in the area is increasing this function 

by any experimental means. In addition to chemical and crystalline modification, the 

method of production plays an incredibly important role in enhancing properties of the 

material.  Traditional wet chemical methods such as co-precipitation, hydrothermal, and 

sol gel have been used to produce Zr-doped TiO2 nanomaterials and vice versa, but they 

are usually found in the form of nanoparticles. (48-49) Materials in this form are not only 

limited by their complex, low-output, inefficient and often unsustainable production 
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methods, but also in their physical nature. Nanoparticles have a major tendency to disperse 

in water, which makes it almost impossible to recycle them, one of the critical issues for a 

photocatalyst in potential applications.  Researchers have attempted to seed these 

photocatalytic nanoparticles onto supporting materials or substrates to avoid aggregation 

and make it possible to reclaim and recycle them, however this process makes the already 

unsustainable, low output and complex means of production even more complex and 

majorly reduces the photocatalytic efficiency of the system as a whole due to rendering the 

seeded nanoparticles inaccessible. (50-53)  

Nanofibers have proven to be a great alternative to reduce many of the problems 

that nanoparticles face. As photocatalysts, Nanofibers have demonstrated a significantly 

higher efficiency than nanoparticles. (54-58) Electrospinning results in a scaffold-like, high 

surface area, highly porous structure that additionally can prevent aggregation and provide 

more contact points for enhanced photocatalytic activity. (59) 

Traditionally nanofibers are produced by direct current (DC) electrospinning from 

polymer-based precursor solutions. Electrospinning is a surprisingly simple method with a 

very complex underlying physics. The general concept developed in the late 1900’s when 

Charles V. Boys experimentally drew fibers from a viscoelastic liquid due to an imposed 

electric potential difference. (60) Traditional DC electrospinning involves a few main 

components: a direct current (DC) high voltage power supply, a syringe pump, a spinneret, 

and a conductive collector (fig. 3). Upon the influence of the static electric field on the 

solution, released as a droplet by the capillary needle, electrostatic repulsion between like-

signed surface charges causes a deformation in the surface topology resulting in a structure 

called a “Taylor cone.” After the Taylor cone is formed, a charged liquid jet eventually 
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shoots out of the end of the cone forming fibers that whip due to bending instabilities, 

causing finer and finer fibers that solidify in air and are deposited on the collector. The 

spinneret or capillary needle functions as an initial electrode and fibers are collected on the 

conductive collector, operating as an oppositely charged electrode.  

 
Figure 3. Schematic of a DC electrospinning device 

 

Unfortunately, capillary needle DC electrospinning results in very low flow rates 

and subsequent low productivity, majorly limiting its use in practical applications or 

industry. Free-surface DC electrospinning, while improving the productivity, suffers from 
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a very high voltage requirement and electrode shape related limitations. Recently, 

Alternating Current (AC) electrospinning has been used without a capillary needle and 

instead a “free surface” resulting in an incredibly high throughput and high-density method 

of fiber production that works without a charged collector due to greatly enhanced ionic 

wind phenomena controlling loft. Fibers resulting from AC electrospinning also contain 

almost no electric charge during propagation (61-62). AC electrospinning typically 

requires a different design and different precursor requirements than DC electrospinning.   

Generally, electrospinning combines the sol gel chemistry of precursor preparation 

from metal salts of interest with the application of an electric field in the fiber production 

process. Once fibers are produced, they are annealed.  The annealed and cooled samples 

are then subject to testing or desired application.  

One particular recent study in Zr-doped TiO2 Nanofibrous membranes produced by 

DC electrospinning (63) found that integration of Zirconium lowered the breaking 

tendency of TiO2 nanofibers, especially at higher temperatures, reduced surface defects, 

and successfully constrained grain growth. TiO2 fibers doped with Zr also showed 

significantly enhanced photocatalytic ability in methylene blue degradation.  

 

1.4 TiO2-ZrO2 Phase Diagram 

There are several different phase diagrams of the TiO2-ZrO2 system that have been 

suggested due to data obtained from various production methods based on coarse-grained 

metal oxide powders. (32, 39, 43, 64-66) Fig. 4 fits data found by initial studies from the 

60’s and 70’s by Noguchi, Ono, and Shevchenko. (65) It has been found in these traditional 

studies that Ti4+ is approximately soluble up to 16 mol% in tetragonal zirconia, and that 
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rutile Titania is able to dissolve a similar amount of Zirconia. Clearly according to figures 

4 and 5, there is a notable difference in the character of the region of intermediate phase as 

well as stability and equilibrium configuration at lower temperatures. Many modern phase 

diagrams for the TiO2-ZrO2 system were obtained by implementing fluxes such as CuO 

and Li2MoO4 to get to equilibrium states in spite of slow kinetics. (40-41)   

 

Figure 4. TiO2-ZrO2 classical phase diagram adapted from Noguchi, Ono, and Shevchenko 

(1967) (63) 

 

In the classical phase diagram, the initial mixture of oxides as monoclinic and rutile 

remains stable to at least 800°C. The formation of ZrTiO4 and a second phase (either rutile 
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TiO2 or monoclinic ZrO2) is observed at 800°C in the entire range of compositions, except 

for a small region with a few mol% of TiO2 doping of ZrO2.  Tetragonal ZrO2 forms above 

900°C.  Between ~.03 and .2 molar fraction TiO2 there is a region where both tetragonal 

and monoclinic Zirconia phases exist. Stoichiometric zirconium titanate and tetragonal 

zirconia phase form for the range of compositions between ~.2 and .5 molar fraction TiO2 

and remains stable until above 1700°C.  At higher temperatures and higher molar fraction 

TiO2 there is a mixture of liquid and precipitated TiO2.  

 

Figure 5. TiO2-ZrO2 phase diagram produced from data taken at atmospheric pressure from 

production methods of high temperature sintering from oxides and high-pressure synthesis 

of ordered phase directly from oxides. (43).  
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1.5 Goals 

This system’s phase diagram is of interest for the many different possible 

crystalline states for varying temperatures and relative concentrations. Traditionally these 

phase diagrams have been established using coarse powders produced by high temperature 

sintering methods, so it is incredibly interesting to see phase evolution for electrospun 

fibers in comparison, especially in a lower temperature range. Equilibrium conditions and 

well-crystallized TiO2-ZrO2 are historically very difficult to obtain below ~1200°C, so it 

has been challenging to illuminate true, stable phase relations in the lower temperature 

regime. Summarizing the material discussed above, current methods of production such as 

high temperature sintering of oxide powders, sol gel, melts, and DC electrospinning all 

come with their fair share of problems including lack of homogeneity, expense or 

complexity of production, low throughput, and immiscibility regimes. The goals of this 

study are to: 

• Develop and explore a process for high throughput production of Titania and 

Zirconia based composite nanofibers by optimizing preparation of an accurate 

set of nanofibrous compositions of ZrxTi(2-x)O4 through sol gel and free surface 

AC electrospinning techniques.  

• Investigate textural properties and chemical composition of obtained materials. 

• Investigate thermal stability and optimize thermal processing procedures of 

obtained materials.  

• Investigate and identify crystalline structure and phase composition of obtained 

materials.  
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2. METHODS 

2.1 Modified Sol Gel Procedure for Precursor Preparation 

Titanium(IV) n-Butoxide (Ti(OBu)4, 99+%), Zirconium propoxide (Zr(OPr)4, 70% 

solution in propanol), polyvinylpyrrolidone (PVP, Mw=1,300,000), hydroxypropyl 

cellulose (HPC, Mw=100,000) and glacial acetic acid (AA, Reagent grade) supplied by 

Alfa Aesar, and ethanol (200 Proof, Decon Labs, Inc) were used to prepare the ZrO2-TiO2 

precursor solutions. In a typical procedure, the Ti(OBu)4 and Zr(OPr)4 were combined with 

ethanol and acetic acid in a dry box (25±5% RH), and this precursor component was added 

to the 10 wt% solution of 1.0/1.0 mass ratio PVP/HPC polymer blend in ethanol. The 

amount of ethanol in each precursor was adjusted to maintain ~5 wt% polymer 

concentration. The ratios for each molar composition of Zr to Ti alkoxides were: 5.9:0.5, 

4.8:1.5, 3.6:2.7, and 1.6:4.8. The Ti(OBu)4 + Zr(OPr)4 to polymer mass ratio ([Ti(OBu)4/ 

Zr(OPr)4]:PVP/HPC) was set as ~1.5 grams of the resulting oxide per one gram of polymer 

carrier. The precursors were stirred for up to 24 h using a magnetic stirrer and kept in sealed 

HDPE bottles at normal laboratory conditions (21±1 °C and 42±5% RH). All precursors 

were stable for at least six months 

 

2.2 Electrospinning of Nanofibers 

Alternating field electrospinning (AFES) of nanofibers was performed on a free 

surface AC electrospinning machine at UAB. (fig 6) This particular apparatus functions at 

voltages up to 40 kV rms at 60 Hz. The diameter of the free surface, shallow “dish” 

electrode was 25mm, and the precursor solution for each composition was dispensed 
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through the base at a flow rate of that corresponded to the rate of the formation of the 

fibrous flow.  Fibers lofted and flowed upward to either a stationary mesh or rotating 

cylindrical collector due to ionic wind phenomena.  

In AFES, a virtual electrode forms in an ionized “plasma region” where momentum 

transfer between moving ions generates “ionic” or “corona” wind. This begins as a 

pulsating action in the layer of liquid when AC field is applied that then becomes a 

mechanical oscillation of the entire top layer of precursor and formation of a pattern of 

protrusions at the liquid surface due to Faraday instabilities. Multiple Taylor cones, 

nonlinear charge induced surface deformities, then form from which nanoscale fibrous jets 

subsequently shoot and dry mid loft. Localized corona discharges can be formed due to 

both DC and AC fields. (67) Corona/ionic wind occurs when the ions produced by corona 

discharge due to a strong electric field are accelerated by a resulting electric force.  This 

acceleration then induces a collisional momentum transfer phenomena that causes the 

surrounding neutral gas to move. (68-69) Drews, et al, experimentally and computationally 

studied Corona wind phenomena from both DC and AC sources and determined that the 

spatial distribution of the driving electrohydrodynamic force, based on ionization, ion 

transport, and recombination, is directly related to frequency, to some limit, so in AC the 

driving electric force stays localized near the electrode.  This is the case in the experimental 

setup used in present experiments. This time-averaged electric force directly depends on 

the field between the electrode and the virtual electrode formed in the region.  In AC as 

opposed to DC, Drews found that corona generated ions move due to the electric field and 

recombine after a distance !.  The force driving electric winds (1) must be entered into the 
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Navier Stokes equations which apply Newton’s second law to fluid motion and describe 

the stress in a fluid as a sum of a pressure term and some diffusing viscous term.		

	 #$ %, ' = )*+ (1)	

Here )e	is mobile charge density of electrons/ions.  There is currently no full computational 

model for AC electrospinning, but the phenomena can be generally described by 

conservation of momentum, conservation of mass and the Navier Stokes equations 

describing fluid motion.  In the case of AC electrospinning one can also have the 

complexity added of variables such as temperature and pressure gradients, evaporation of 

solvent, and mass transfer (70-77).  

 

 

Figure 6.  Schematic of an alternating field electrospinning device 
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Precursor spinnability and optimal electric field magnitude as well as collector 

height were determined by loading initial small samples onto the electrode and testing 

formation of stable fiber flow using a plastic wand as a rough collecting device.  

Fibers were separately collected on a polytetrafluoroethylene (PTFE) plastic mesh 

grid (fig 7) and a rotating sheet-collecting cylinder (fig 8) placed ~44 cm above the 

electrode. Rotations of the sheet collector were directly monitored to assure a rotation rate 

compatible with the fibrous flow speed (~ 1 m/s). Temperature and humidity were 

monitored to be ~20°C and ~35% during all spinning sessions, with a voltage of ~30 kV 

rms.  Fibers collected via rotating sheet collector formed roughly aligned sheets 

approximately 1cm thick while randomly aligned fibers collected on the mesh formed a 4-

8 cm thick layer.  

 

 

Figure 7.  Fibers produced from Alternating Field electrospinning device, collected as a 

sheet on rotating collector.  
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Figure 8.  Fibers produced from Alternating Field electrospinning device, collected in 

random orientation on a mesh collector. 

 

2.3 Thermal Processing and TGA Analysis 

After the AFES process, fibers were removed and samples were placed on a 

hotplate at 60°C for initial drying and removal of residual solvent.  These initially dried 

samples were then placed into ceramic crucibles or on plates and placed in a Fisher 

Scientific programmable furnace, heated at a rate of 2.5°C/min and annealed for two hours 

at temperatures of 600°C, 800°C, 1000°C, or 1200°C.  

Thermogravimetric Analysis (TGA) combined with Secondary Ion Mass 

Spectroscopy (SIMS) analysis system was utilized to optimize the thermal processing 

procesure and understand the decomposition process of precursor fibers. The TGA/SIMS 

analysis included simultaneous recordings of thermogravimetric (TG), differential thermal 
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analysis (DTA) and differential thermogravimetric (DTG) curves, and it was performed 

using TG/DTA-SETSYS-16/18 (SETARAM, France) instrument coupled through a heated 

capillary adapter to a quadrupole mass spectrometer (QMS-422 ThermoStar from Balzers 

Instruments, 100 amu, 70 eV electron impact ionization) to monitor principal volatile 

species produced during the pyrolysis of precursor fibers.  The samples were placed into 

the alumina crucibles and the mass of the samples varied between 7 and 12 mg.  The TGA–

DTA and ion mass spectra were recorded in air (flow rate 50 mL/min) at temperatures 

ranging from 20 to 900 °C with heating rate of 10 °C/min. Ion mass spectroscopy data was 

processed using the Quadstar 422 software. 

 

2.3.1 Thermogravimetric Analysis 

One common method of thermal processing, especially in the study of 

nanomaterials, is thermogravimetry.  This branch of thermal analysis studies the change in 

weight of a material of interest as a function of either time or temperature as the material 

is exposed to a controlled cooling or heating environment.  Thermogravimetry can be used 

to recognize events including oxidation, reduction, absorption, adsorption, desorption, 

vaporization, sublimation, phase transition, and decomposition. (79) 

In a most general sense the TGA device is comprised of a dish supported by a 

precision balance, all within a furnace.  During the experiment, this entire unit is heated or 

cooled and the temperature is monitored.  The mass of the sample is taken throughout the 

entire experiment and data is graphed as a function of time.  Mass loss or gain due to 

heating or cooling can be due to a number of physical phenomena as mentioned above, but 

analysis of specific TGA curves can identify what specifically is happening in the material 
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such as changes in sample composition, thermal stability, and kinetic parameters of 

chemical reactions. First one has to understand all important information about the sample, 

so understanding the physical chemistry of decomposition for all components is very 

important. Understanding this physical chemistry can allow for calculation of important 

information about things such as purity of the original sample.  All reasons for weight 

change in TGA are kinetic processes.  This means that the curves from TGA are not 

“fingerprint” as in XRD. All experimental parameters can affect shape and transition 

temperatures in resultant TGA curves.  Reasons for weight loss in a TGA sample can be 

from decomposition (chemical bond breaking), reduction (sample interaction due to 

reducing atmosphere), desorption, or evaporation (volatile compound loss due to increased 

temperature).  Reasons for weight gain in the sample can be from absorption/adsorption or 

oxidation (sample interaction due to oxidizing atmosphere.) (80) 

 

2.3.2 Differential Thermal Analysis 

In Differential thermal analysis, temperature difference between a material of 

interest and some reference is always measured as a function of temperature. Interestingly, 

change in mass is not required to get interesting information out of the sample material, 

and data is used to determine melting points, transition temperatures, and reaction 

temperatures.  (81-83) 

In DTA the sample material and some inert reference are put through equal thermal 

cycles; temperatures and temperature profiles of each material are measured over time by 

thermocouples over the thermal cycle’s heating and cooling schedule. Symmetric 

arrangement is key. The difference in temperature profiles of each material identifies 
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transition due to energy change associated with some physical or chemical phenomenon.  

This is critical, for example in phase transitions. When a sample undergoes a phase 

transition such as melting, it will show a clear lag in temperature in the DTA curve due to 

energy absorption for that kinetic molecular phenomenon to take place.  Curves can show 

endothermic (heat absorbing) and exothermic (heat releasing) peaks.  The area under any 

DTA peak is actually the change in enthalpy. (81) 

	 ∆. = ∆/	 + 	1∆2 (2)	

This change in enthalpy(ΔH) is equivalent to the change in internal energy of the 

material (ΔU) and the pressure-volume work done by the material on the surroundings 

(pΔV). 

Combining DTA and TGA can be extremely beneficial.  TGA only measures 

changes due to loss in mass in a sample and DTA additionally catalogs changes without 

mass loss such as melting, glass transition, and crystalline structure change.  

 

2.4 Textural Analysis and SEM 

Several textural properties (surface morphology, fiber diameter, size distribution) 

were analyzed using scanning electron microscopy (SEM) in secondary electron mode. 

Elemental chemical composition was obtained using energy dispersive spectroscopy 

(EDS). The SEM model used was an FEI Quanta 650 FEG. Samples were sputter coated 

with a ~3 nm thick layer of Gold-palladium (AuPd) in order to reduce electric charge 

throughout the imaging process. The electron beam spot size used was 3.5 µm.  

Processing of final images to determine fiber diameters and size distribution was 

done using the ImageJ program.  
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2.4.1 Scanning Electron Microscopy 

Scanning Electron Microscopy is an important imaging technique that implements 

a focused high-energy electron beam to induce electron-sample interactions at the atomic 

level that then generate a range of readable signals that can reveal information such as 

crystalline structure, physical orientation, morphology, and chemical composition.  

Imaging can be performed for samples with areas between 5 microns and 1 cm. (84-87) 

The focused electron beam is made up of accelerated electrons that contain a high amount 

of kinetic energy. Upon contact with the sample material, all of this initial kinetic energy 

is dissipated and resultant signals are recorded as velocity of incident electrons lowers in 

the solid sample. There are four different types of signals that can be recorded (and four 

different modes of operation) in SEM; these include backscattered electrons, secondary 

electrons, x-rays, and cathodoluminescence. (88) 

In this study, SEM was done in scanning electron mode.  The basic physics of this 

method is due to the high energy electrons of the incident beam interacting with electrons 

in the atoms of the sample material.  These valence electrons are freed and pass through 

the bulk of the sample. Secondary electrons can also be produced by interaction with 

backscattered electrons.  Secondary electrons (energies less than 50 eV), are detected by a 

device consisting of a photomultiplier and light guide coated in aluminum to which a 

potential electric field is applied that then attracts the released secondary electrons.  These 

attracted electrons then activate an interior layer of phosphor after elevating in energy level 

and data is collected of energy level and direction. (89) 
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2.4.2  Energy Dispersive Spectroscopy 

Energy dispersive spectroscopy (EDS) was used to analyze the chemical 

characterization of the materials.  An x-ray beam is focused onto the material and results 

in electron emission from the elements in the material, each corresponding to a unique set 

of peaks recognizable due to the known atomic structure of certain elements. (90) 

 

2.5 XRD 

Crystalline phase analysis was performed using X-Ray Diffraction to investigate 

phase composition and crystal size for each composition and temperature.  

A Panalytical Empyrean Multipurpose X-ray diffractometer with a copper X-ray 

source (λ=1.54187 Å) was used. Incident beam optics implemented were the Bragg-

BretanoHD (BBHD), used to eliminate the Cu K-beta line, with a ¼° divergence slit and a 

1° anti-scatter slit. The Pixcel 3D detector was used set to linear array mode. Symmetric 

scans were performed with a step size of 0.0131 degrees 2θ and a scan range of 10 to 90 

degrees 2θ.  

 

2.5.1  X-Ray Diffraction 

 The concept of X-ray diffraction (XRD) began in the early 20th century when 

physicists discovered a model to describe the different angles of incidence (θ) that X-ray 

beams are reflected from crystal faces, known as Bragg’s Law. (91) 

	 3 = 256789:;< (3)	

This law led to a study of diffraction due to many other types of beams with wavelengths 

close to atomic/molecular distances with the hopes to identify crystal structure of materials 
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of interest.  XRD can accomplish a number of things in terms of material characterization; 

it can measure size, shape, and stress of small crystal areas, identify unknown material 

crystalline structure, measure spacing between atomic rows or layers, or determine 

crystal/atomic orientation.   

 The general concept is due to X-ray beams interacting with atomic planes in a 

crystal that then interfere which each other upon leaving.  The resultant diffraction pattern 

is then recorded for analysis.  

 

Figure 9.  Basic schematic of X-Ray diffraction 

 

2.5.2  Rietvield Refinement 

 The intensity, height, width, and position of peaks in XRD diffraction patterns are 

determined by crystal structure of the sample material.  The method used in this study to 

analyze crystal structure of the sample materials was Rietvield refinement, which is a 

computational fitting method using a nonlinear least squares approach with resulting XRD 

spectra. (92) 
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The atomic bond distances in the crystalline sample cause the diffraction peak 

positions that are seen in an XRD spectrum.  To begin, one must consider Bragg’s law (2). 

(93) This calculates the angle θ at which constructive X-ray inference occurs due to 

scattering from parallel planes of atoms in the material.  Bragg’s law relies on the 

wavelength of the incident beam (λ) and the d-spacing for each given unit cell.  � is fixed, 

but lattice parameters for unit cells of interest must be used to calculate dhkl, the distance 

between parallel planes of atoms in the crystallographic plane; this unit accounts for peak 

position changes due to any change due to temperature, pressure, or anything else that 

would also alter the bond distances in the material.  The peak intensities of Bragg peaks is 

based upon geometrical information about the unit cell of interest and atomic coordination. 

Bragg peak positions and intensities are described by something known as a peak shape 

function (PSF), including convolution of dispersion, broadening, background, and sample 

material functions which mathematically model beam characteristics, sample shape and 

size, and experimental arrangement.  Rietvield, et al, assumed a Gaussian distribution for 

the convolution of effects and calculated the peak profile at 2θi as:  

	
=> = ?7@A1 	−4 ln 2.7F

2<> − 2<7 F  
(4)	

Here Ik is the intensity of the peak, based on sample material’s scattering parameters and 

reflection multiplicity, Hk is the full-width-half-maximum, and 2θk is the position. For each 

position of interest, it is possible for multiple diffraction peaks to contribute to the data 

profile, so intensity functions must be integrated over the range of each Bragg peak and 

peak width and preferred orientation must also be taken into account. 

 The refinement computational method generally takes the sum of these peak 

profiles for observed data and “background” calculated data and minimizes a function M 
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which analyzes the difference using a nonlinear iterative least squares fitting method. If Wi 

is statistical weight function and =G*H = I=JKL, then:  

	
M =	 N> =>JKL −

1
I =>

G*H
F

>
 

(5)	

In computational software the parameters for calculation are chosen based on 

crystallographic information, background parameters, symmetry, scale factors, and 

temperature. (94)  

 

3. RESULTS AND ANALYSIS 

3.1 Thermal Analysis 

 

 

Figure 10.  TGA, DTG and DTA data for stoichiometric ZrTiO4 sample 
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TGA reveals that the material initially has almost no solvent remaining, purely from 

drying in air and in initial heating on the hotplate.  Even starting at 50°C a regular 

endothermic reaction is not seen; all initial decrease in mass is associated with the removal 

of acetate groups and hydroxides.  Between 50 and 80°C there is about a 20% loss in mass.  

The mass reduction that is seen between 50 and 280°C is primarily due to hydroxide group 

loss and substituting acetate groups. There is then a steep drop at around 280°C where 

almost 50% mass is lost. This can be attributed to loss of residual components, more OH- 

groups and then the decomposition of all polymer matrix components through the 

formation of ions such as CH2(from vinyl groups), CO2, HCO2, N=O, and Carbon ions. 

This ends around 500°C with some amount of residual carbon and some organics remaining 

until about 700°C.  

 

Figure 11.  Ion emission signal as a function of temperature for stoichiometric ZrTiO4 
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There is a clear sharp peak at ~700°C in the DTA curve (Fig. 10) with the 

corresponding increase in the ion emission signal at that temperature (Fig.11). This small 

exothermal peak in the DTA curve designates a clear phase transition with formation of 

crystalline 1:1 Zirconium Titanate. After studying TiO2 and ZrO2 ion emission signals for 

comparison it is clear that they do not have such clear transition peaks. (95-99) 

The TGA, DTG, DTA and Ion Emission signal curves helped guide experimental 

thermal processing regimes. In particular, it was determined that when the fibers were 

annealed below 700°C, it was important to maintain the low heating rate (less that 5°C/min) 

to prevent the destruction of fibers. Due to analysis of data, it was clear that the heating 

procedure could only be accelerated over 700°C without destroying the fibers.  

 

3.2 Precursor and Fiber Flow Characterization 

 

Figure 12. Flow rate and productivity as a function of molar ratio 
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Flow rate and productivity interestingly increase with increasing the content of 

titanium alkoxide in the precursor.  However, there is only some small decrease in viscosity 

of the precursor solution with increasing content of titanium alkoxide, while the surface 

tension of the precursor remains almost constant.  Other possible factors that would affect 

flow rate all change very little with the exception of electrical conductivity. It is perhaps 

true that in this case the electrical conductivity alone (Fig. 13) drives the changes in the 

flow rate. Lower conductivity of solution would result in a larger drop in electric field 

strength across the liquid layer of precursor during the electrospinning process.  This could 

lead to a greater electric field strength in the layer and therefore a greater Coulomb force, 

the main force in the process of jet formation. 

 

 

Figure 13.  Electrical conductivity of ZrxTi(2-x)O4 as a function of molar ratio 
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 Clearly, electrical conductivity drops sharply in the precursors with increasing 

content of titanium alkoxide.  This is possibly due to complex reactions due to the 

chemical nature of both alkoxides and their rates of hydrolysis.  With more zirconium 

alkoxide in the precursor, hydrolysis may occur faster and may cause more water in the 

resulting solution, which increases ion dissociation and should also increase the 

conductivity.   The mechanism for this phenomenon is not fully yet understood but is of 

interest for possible future study.  

 

3.3 Fiber Characterization by SEM/EDS 

SEM analysis of composite fibers annealed at different temperatures have shown  

relatively small variations in fiber diameter. (Fig 14) Fiber diameter stays in the average 

range of about ~250nm to ~360nm for all molar ratios. For each composition, fiber 

diameter tends to decrease as temperature increases and the smallest fiber diameters are 

seen for calcination at 1000°C.  Interestingly fibers calcined at 1200°C have on average a 

larger diameter than those at smaller temperatures.  

Though variations in size are relatively large, there is a trend with fiber diameter.  

The size varies very little as a function of the composition of material which can be 

attributed to the similar viscosity of the precursors or the balance of viscosity and electrical 

conductivity. Since electrical conductivity increases with more zirconium alkoxide in the 

precursor, more electric force and therefore thinner fibers should be seen. However, as 

aforementioned, there is a surprising increase in conductivity for increasing TiO2, which, 

if correctly associated with an increase in field strength due to uniform surface tension in 

the precursors across all compositions, could explain the small variation in diameters due 
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to opposite effects of field due to both phenomena balancing each other out. Compositions 

in the middle of the spectrum shrink substantially more than those on either end. This could 

be attributed to a greater initial microporosity.  For calcination at 600°C the range of fiber 

diameters is between 280 and 340nm. With increased titania content there is only a small 

increase.  As expected, fiber diameter reduces with higher temperatures of calcination and 

sintering due to densification.  Grain size increased noticeably at 1000°C calcination, 

which is where the smallest fiber diameter is seen.  Fibers at this temperature, regardless 

of grain size and composition, remain intact.  Due to gradual grain growth, annealing to 

1200°C led to clear axial shrinkage of the fibers and partial sintering of the fibrous 

structure.  The observed increase in fiber diameter, especially pronounced in TiO2 rich 

compositions, can thusly be explained.  

 

Figure 14.  Fiber diameter of ZrxTi(2-x)O2 as a function of molar ratio 
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SEM images of ZrxTi(2-x)O4 samples with different compositions annealed at 600, 

800, 1000, and 1200°C are shown in Fig. 15.  Figures 15a-15d show all four studied 

compositions from lowest molar fraction titania (15a) to greatest (15d). Overall the trend 

across all temperatures is very similar for all compounds. Fiber morphology is smooth and 

porous at the lower molar fraction titania regime.  Fibers begin to show a bit more 

roughness and possible lack of stability and fragility for the maximum molar fraction 

titania.  The number of apparent surface defects and graininess increases as temperature 

increases. At 600°C, all fibers are smooth and yet clearly highly porous.  At 800°C the 

internal crystalline structure can be seen more easily due to grain growth.  The zirconia 

rich compounds, however, remain denser and uniform and fibers become grainier.  At 

1200°C, there are relatively small variations between compositions but the largest grains 

are observed in titania rich compounds and at stoichiometric composition an interesting 

surface morphology of individual grains becomes apparent. SEM images reveal a clear 

stability of fibers even up to 1200°C calcination, as fibers clearly remain intact with very 

little noticeable fusion between fiber.  

Fig. 16 shows the stoichiometric compound annealed to 600°C.  It is very smooth 

and clearly very porous.  At 800°C (fig. 17) a millet-like surface topology begins to form 

and the porosity becomes clearer.  At 1000 and 1200°C, grain size grows significantly but 

the fibers still appear to be completely stable.  
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a)               b)             c)         d) 

 

e)                                f)                                g)                               h) 

 

i)                                j)                                k)                                l) 

	

m)                               n)                               m)                               o) 

Figure 15.  SEM images at a scale of 2µm for all compositions and temperatures of 

interest. a)-d) are TiO2:ZrO2 compositions of 0.9:0.1, 0.7:0.3, 0.5:0.5 and 0.2:0.8 at 

600°C. e)-f) are at 800°C. i)-l) are at 1000°C. m)-o) are at 1200°C.  
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Figure 16. SEM image at 2µm magnification of 0.5:0.5 molar ratio ZrO2:TiO2 at 600°C  

 

Figure 17. SEM image at 2µm magnification of 0.5:0.5 molar ratio ZrO2:TiO2 at 800°C  
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Figure 18. SEM image at 2µm magnification of 0.5:0.5 molar ratio ZrO2:TiO2 at 1000°C  

 

Figure 19. SEM image at 2µm magnification of 0.5:0.5 molar ratio ZrO2:TiO2 at 1200°C   
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It is clear from EDS data for the targeted molar ratios (fig. 20-23) that the precursor 

preparation, electrospinning, and annealing procedures were highly successful in achieving 

desired compositions.  For the desired 1:1 molar ratio, there was only a 0.83mol% deviation 

from pure stoichiometry with a resultant molar ratio of 1.02:0.98.  For the targeted 9:1 

molar ratio composition exists a 2.67 mol% error with a result of 8.8:1.2 molar ratio.  This 

is slightly more significant but the composition is still of interest.  For the targeted 7:3 

molar ratio there is a .7 mol% error corresponding to a ratio of 7.07:2.93, which is similar 

to the results from the 1:1 ratio, with negligible deviation from desired composition.  

Finally, for the targeted 2:8 molar ratio exists a percent error of 1.1 mol% corresponding 

to an achieved molar ratio of 1.89:8.11.  This is slightly more significant than percent error 

for 1:1 and 7:3 targeted ratios but is still well within negligible means.  The observed 

variations in the material composition are explained only by the precision of mixing of 

rather small quantities of the precursor components which led to the magnitudes of the 

errors.  The EDS data shows that this mixed sol gel and electrospinning method could be 

a great, consistent, and reasonably accurate method to obtain materials of desired molar 

compositions in industrial or larger scale production. 
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Figure 20.  EDS data for targeted 9:1 ZrO2:TiO2 ratio 

 

Figure 21.  EDS data for targeted 7:3 ZrO2:TiO2 ratio 

0 1 2 3 4 5 6

 

 

In
te

ns
ity

, a
.u

.

Energy, keV

C
Ti

O

Zr

ZrSi
Al Au

Ti
Ti

ZrO2:TiO2=87.33:12.67 mol%

0 1 2 3 4 5 6

ZrO2:TiO2=70.7:29.3 mol%
 

 

In
te

ns
ity

, a
.u

.

Energy, keV

C
Ti

O

Zr

Zr
Si

Al Au

Ti

Ti



	 36	

 

Figure 22. EDS data for targeted 1:1 ZrO2:TiO2 ratio 

 

Figure 23.  EDS data for targeted 2:8 ZrO2:TiO2 ratio 
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3.4 Crystallization and Phase Analysis 

 

Figure 24. XRD Spectra for targeted molar ratio ZrO2:TiO2 = 0.9:0.1 

 

 According to XRD data for the targeted ratio of ZrO2:TiO2 = 0.9:0.1 (Fig. 24), the 

material calcined at 600°C is in the form of a solid solution of Titania in tetragonal 

crystalline Zirconia with a minor monoclinic phase and tetragonal ZrO2 phase mean 

crystallite size of 13.5 nm.  At 800°C co-exists 17.1nm tetragonal ZrO2 and 13.7nm 

monoclinic ZrO2.  At 1000°C there are stable 19.8 nm tetragonal ZrO2 and 18nm 

monoclinic ZrO2. Sintering at 1200 °C finally brings full conversion to monoclinic ZrO2 

with a 47.9nm crystallite size. The initial formation of metastable tetragonal phase is 

associated with the spontaneous nucleation of very small zirconia crystallites with high 
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surface energy which is favorable for the formation of tetragonal phase.  This phase is 

stabilized by the small size of crystallites, presence of oxygen vacancies, and carbon 

residue from the decomposing polymer matrix. (102) As temperature increases in the 

present study, development of monoclinic phase is certainly seen, but tetragonal phase is 

still clearly present, particularly due to the still small size of crystallites (less than 30 nm). 

Grain size increases for tetragonal phase and at higher temperatures there is an energy 

(kinetic) associated process forming more favorable conditions for monoclinic nucleation.  

Even at 1200°C there is no trace of formation of a separate unmixed Titania phase.  It is 

possible that Titania moderately stabilizes the tetragonal phase at this mol% as the 

transition is slightly slower than in pure Zirconia.  

 

Figure 25. XRD Spectra for targeted molar ratio ZrO2:TiO2 = 0.7:0.3 
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ZrxTi(2-x)O4 Nanofibers with 0.7:0.3 targeted molar ratio (x=1.0) have an initial 

stable doped tetragonal phase with no trace of monoclinic (Fig 25).  Crystal sizes for 

tetragonal phase, stable up to 1000°C, are 17.8nm at 1000°C, 14.7nm at 800°C and 9.1nm 

at 600°C.  At 1200°C there is a mixture of tetragonal and monoclinic ZrO2 with crystal 

sizes of 21.7nm (tetragonal) and 27.3nm (monoclinic).  For TiO2-ZrO2 composites prepared 

from coarse-grained powder with such molar ratio, only a 13-16% solubility of TiO2 in 

tetragonal ZrO2 has been reported in literature, which is certainly much smaller than the 

apparent ~30+% solubility seen in the study of this AFES produced material. (100) EDS 

confirmed that close to the amount of desired Titania does indeed exist in the samples, but 

no separate phase is seen, just a solid solution.  Tetragonal phase is clearly stable until 

1000°C, and it is still present after sintering at 1200°C.   Similar solubility levels have been 

reported only in a high pressure study. (101) In the present study, no new phases are seen, 

but it is possible that the conditions provided in this study allow for the same kind of 

stabilizing factor as in high pressure studies.  Sol gel transformation is explained by two 

factors: grain size and chemical composition. For Zirconia, it has been seen that, due to 

Gibb’s surface energy levels, crystalline sizes less than ~30nm are metastable, and unless 

they exceed that dimension, no monoclinic phase forms. (95) The chemical composition of 

the precursors is also very important. In coarse-grained powder mixing, researchers are 

mixing pure oxides.  In sol gel, there exist OH- groups, carbon, impurities, and therefore 

many oxygen vacancies. Due to these factors, there seems to be more interatomic mixing 

as Titania is added when stabilized. The small crystalline size and presence of oxygen 

vacancies and defects on an initial chemical level could provide enough surface energy and 

associated hydrodynamic stress (in this case an analog for pressure in the high-pressure 
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studies) to provide conditions for more TiO2 dissolved in ZrO2. These conditions stabilize 

the system much in the same way as in imposed high pressure conditions.  It is a self-

compressed and high energy system.  Both high pressure and high stress conditions limit 

the flow of defects upon mixing.  

 

Figure 26.  XRD spectra for targeted molar ratio ZrO2:TiO2=0.5:0.5 

 

ZrxTi(2-x)O4 Nanofibers with 1:1 targeted molar ratio (x=1.0) show XRD spectra at 

600°C  and 800°C  corresponding to a practically single ZrTiO4 phase with a crystallite 

size of ~17.5 nm (Fig. 26). There is potentially a small amount of TiO2 stabilized t-ZrO2, 

accounting for minor peak shift at ~30° 2θ and minor peak enhancement at ~51° 2θ. This 

is mainly only noticeable with data from fibers annealed to 1200°C.  At 600°C a practically 
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amorphous structure is seen. There is only perhaps a tetragonal Zirconia peak due to a little 

non-stoichiometry (some excess of ZrO2) of the material and the favorable conditions for 

crystallization of this phase at 600°C.  Around 700°C the material quickly crystallizes (as 

confirmed by EDS) and the XRD pattern for 800°C calcined sample shows that the 

amorphous fraction is converted to a single phase ZrTiO4 stoichiometric compound.  

Excess monoclinic ZrO2 is clearly seen as a separate peak at 1200°C.  As mentioned, a very 

small amount of monoclinic ZrO2 mixture appears at 1200°C with crystal sizes of 

tetragonal phase ranging from 12.2nm-15.3nm-17.1nm-33.3nm for 600, 800, 1000, 

1200°C, and monoclinic ZrO2 at 23.1nm.  

 

Figure 27. XRD Spectra for targeted molar ratio ZrO2:TiO2 = 0.2:0.8 
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 In XRD patterns for the sample for targeted molar ratio ZrO2:TiO2 = 0.2:0.8 (Fig. 

27), it is observed that even at 600°C, crystallization of two phases occur. At 30°2θ the 

stoichiometric compound is seen and at 25°2θ a peak appears that corresponds to anatase.  

Zirconium oxide is most probably still fully dissolved and simply forming a solid solution.  

Rutile appears at 800°C and its content increases to where anatase begins to breakdown as 

rutile forms. Between 25 and 30°2θ rutile is seen with a larger grain size.  At 1200°C there 

is no remaining anatase, only rutile phase.  From the powder diffraction database and 

Rietvield analysis, that phase was identified as Zr0.33Ti0.67O2 which is represented by mean 

crystallite size 14nm at 600°C, 13.2nm at 800°C and 11nm at 1000°C. Then exists some 

anatase, 20.1nm at 600°C and 21.8nm at 800°C. Rutile forms at 800°C and finally 

Zr0.45Ti0.55O2 (basically ZrTiO4) forms at 1200°C with a 48.1nm size and rutile with a 

62.3nm crystal size.  

 

3.4.1 Summary  

 After looking at four different compositions of ZrO2-TiO2 at four different 

temperatures within the low temperature regime, this study finds 16 difference reference 

points which can be compared with the results of the classic phase diagram. (Fig 28) 
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Figure 28. Classical phase diagram with current study results  

  

For the molar ratio of ZrO2/TiO2 of 0.9:0.1, the results of this study show an initial 

single phase of tetragonal ZrO2 after calcination at 600°C that gradually converts to 

monoclinic phase ZrO2 after calcination at higher temperatures.  It is possible that it follows 

the general mechanism of traditional zirconia phase transformation, i.e. where it converts 

to tetragonal ZrO2 above 1100°C and becomes fully monoclinic after sintering at 1200°C 

and then cooling to room temperature.  

 For the molar ratio of ZrO2/TiO2 of 0.7:0.3, the results of this study show an initial 

single phase of tetragonal ZrO2 after calcination at 600°C that is stable up to at least 

1000°C.  After sintering at 1200°C and then cooling to room temperature it only partially 

converts to monoclinic phase. No precipitation of TiO2 phases was observed. It seems that 

the material represents a substitutional solid solution of TiO2 in ZrO2.  
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 For the molar ratio of ZrO2/TiO2 of 0.5:0.5, the results of this study show that, due 

to a minor non-stoichiometry, the excess zirconia crystallizes as tetragonal phase while the 

rest of the material remains amorphous after calcination at 600°C.  Around 700°C, 

zirconium titanate (ZrTiO4) phase crystallizes according to TGA data.  This is then the 

main phase in materials calcined at 800°C.  A tegragonal ZrO2 impurity phase is stable 

until at least 1000°C where it then converts to monoclinic ZrO2 after sintering at 1200°C.  

During this transition, ZrTiO4 phase remains stable and nanocrystalline. 

 For the molar ratio of ZrO2/TiO2 of 0.2:0.8, the results of this study show that it is 

composed of the anatase phase of TiO2 and non-stoichiometric nanocrystalline ZrxTi2-xO4 

(may be a mixture of several zirconium titanates) with some amorphous phase after 

calcination at 600°C.  Rutile phase appears after calcination at 800°C and then the system 

gradually converts into a distinct mixture of rutile (54 mol%) and two zirconia titanate 

nanocrystalline phases (one stoichiometric and another with excess TiO2) after sintering at 

1200°C.  

 

4 CONCLUSIONS 

This study successfully developed and explored a process for high throughput 

production of titania and zirconia based fibers in a large range of compositions. It was 

clearly demonstrated that ZrxTi(2-x)O4 nanofibrous materials with various molar ratios of 

zirconia and titania can be effectively fabricated by a high yield, free surface AC 

electrospinning technique from precursors based on metal alkoxides.  

A novel, high-yield free surface alternating field electrospinning (AFES) process 

was used to efficiently produce desired fibrous materials from optimized precursor 
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solutions based on titanium and zirconium alkoxides and the polymer polyvinylpyrrolidone 

(PVP).  

Productivity of the AFES process was clearly affected by the molar ratio of titanium 

and zirconium alkoxides in precursor solution.  Increase in oxide yield from 4.8 to 6.4 g/h 

was seem when ZrO2/TiO2 molar ratio changed from 0.9/0.1 to 0.2/0.8.  

Optimal thermal processing was performed at a slow rate of heating up to 700°C 

due to EDS data.  Processing of the materials in air between 600 and 1200°C resulted in 

ceramic nanofibers with fiber diameters ranging from 100 to 600nm, with averages varying 

between 250 and 420nm, depending on composition and temperature.  

Chemical composition of the fabricated ZrxTi(2-x)O4 nanofibrous materials had only 

a moderate effect on textural properties of the fibers, but was critical to determining phase 

composition after thermal processing.  

The formation of nanocrystalline zirconia fibers composed of single phase 

tetragonal ZrO2 (t-ZrO2) was observed at up to 28 mol% of TiO2. The t-ZrO2 phase was 

stable up to 1000 °C when the content of TiO2 was 28 mol%. This concentration of TiO2 

exceeds the dissolution limit of titania reported in literature. Nevertheless, there was no 

precipitation of TiO2 observed when the material was sintered at 1200 °C and partially 

converted to monoclinic ZrO2.  The small crystalline size and chemistry of sol gel precursor 

mixing of the material produced in this study could provide enough surface energy and 

associated hydrodynamic stress to provide conditions for more TiO2 in ZrO2.  

Single phase ZrTiO4 nanofibers were formed from the ZrO2/TiO2 precursors with 

1.0/1.0 molar ratio. This zirconium titanate phase started to crystallize at 600 °C and was 

stable during sintering at 1200 °C for two hours. During this time, it remained a 



	 46	

nanocrystalline material with the average crystallite size of 33±3 nm. There was a small 

amount of monoclinic zirconia seen to develop in this sample which can be associated with 

some non-stoichiometry of achieved material. 

It has been suggested that the initially formed crystalline phases, their stability and 

transformations are determined by the atomic scale interaction of the precursor 

components, presence of carbonaceous residue during the decomposition of polymer 

components, surface energy and defect states (in particular oxygen vacancies) of initially 

formed crystallites with the dimensions less than 30 nm.  
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