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Summary

The main focus o f this work was to develop novel industrially viable procedures, 

based on sol gel technology, for the preparation o f nano-size doped ZnO materials 

for varistor appHcations.

Initially three well-established synthetic routes for the preparation o f nanocrystalline 

ZnO were selected. Further doping and sintering of these materials showed that 

none of these methods could be used to produce a varistor material The poor 

electrical characteristics are attributed to the presence o f impurity ions such as 

lithium and sodium. Thus it was decided to develop new processing routes to make 

nano-size ZnO and doped ZnO varistor materials.

A novel synthetic procedure based on a non-hydrolytic sol gel condensation 

reaction was conducted and subsequent calcination at 500°C was used to make ZnO 

nano materials. ZnO precursor gels were prepared by the reaction of ethanolic 

solutions o f zinc acetate and oxalic acid. Further drying and calcination produced 

ZnO nanoparticles o f size ca. 30 nm. In a similar experiment chemical modifiers 

(diethanolamine and ethylene glycol) were added to the ethanolic solution o f zinc 

acetate before the addition o f oxalic acid. The gel formed was dried, calcined and 

characterised by electron microscopy and X-ray powder diffraction. Scanning 

Electron Microscopy studies revealed that these materials were composed of 

nanowires o f 2 to 4 |im in length. Further investigations by Transmission Electron 

Microscopy showed that these wires consisted o f approximately spherical 

nanoparticles o f average diameter 21 ± 3 nm. The morphology o f the wires was 

found to be similar to that previously reported for gold, silver, palladium and CdSe 

nanoparticle arrays. The precursor morphologies and formation mechanism o f these 

wires were studied in detail by various techniques. Conventional solid-state mixing 

and core shell type doped varistors were fabricated from these materials. Core shell 

type material showed considerably higher breakdown voltage values compared to 

that o f the other materials. Even though the electrical properties were superior, 

nearly fiill density was not achieved even at 1050°C. Studies were directed to make 

a better material with good densification and better electrical properties.



A new procedure based on a mixed precursor route was performed to make nano

size doped ZnO materials. The synthesised powder had a particle size o f 15 ± 3 run 

and a surface area as high as 45 m^/g. Dry ball milling for up to 30 minutes made 

less agglomerated nano powders. The milled powder was pelletised and sintered at 

various temperatures ranging from 700°C to 1050°C. 100% densification with a 

breakdown voltage o f 941 ± 3 0  V/mm and a reasonably good a  of 33 ± 3 were 

obtained for these materials conventionally sintered at 1050°C. A novel step 

sintering procedure was also tried for sintering these materials at lower temperature. 

Electrical measurements were carried out at various temperatures and a higher 

breakdown voltage (906 ± 30 V/mm) with considerably higher non-linear 

characteristics (a=  36 ± 3) compared to the commercial sample was obtained for 

step-sintered samples prepared from nano-size varistors. Phase analysis o f the 

sintered samples was studied by powder X-ray Diffraction (XRD) and Energy 

Dispersive X-ray (EDX) analysis. Industrial pilot plant operations were successfully 

carried out in Littelfiise Ltd., Dundalk.
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Chapter 1 

Introduction

What I want to talk about is the problem o f manipulating and controlling 
things on a small scale. What I have demonstrated is that there is room - that you 
can decrease the size o f things in a practical way. I  now want to show that there 
is plenty o f room. ”

Richard Feynman

December 29**' 1959 at the annual meeting of the American Physical Society at 

the California Institute of Technology.
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1.1 Nanostructured materials

Albert Einstein calculated the size of a single sugar molecule as about a 

nanometer (a billionth of a meter) in diameter and nearly 100 years after 

Einstein’s predictions, the nanometer size, looms large in scientific research.' 

The term ‘nano’ came into frequent use in early 1990 in scientific and industrial 

research Until then the more general terms ‘submicron’ and ‘ultrafine’ were 

used to define the smaller particles.^ Nanoparticles are materials possessing 

microstructural dimensions less than 100 nm. The increased importance of 

nanomaterials is a result of the unique properties that can be obtained and the 

applications that result fi'om such nanostructuring.

The small size of nanoparticles, which is responsible for different properties 

(optical, magnetic, structural, electrical and electronic), with respect to the bulk 

materials makes them suitable for new appUcations. They manifest fascinating 

and useful properties which can be exploited for a variety of applications such as 

electronic devices (sensors, varistors and next generation computer chips) and 

hard ceramics (SiC and zirconia).'"^’'^ '^ In a nanophase material with an average 

size of 5 ran, about 50% of the atoms lie in the two nearest planes of a grain 

boundary. In such a spatial environment significant atomic displacement fi'om 

normal lattice positions is exhibited. Therefore the properties are dominated by 

their ultra fine grain size, high surface area and the larger number of interfaces 

associated with their smaller grains.*^ Since the grain size is reduced to a few 

nanometers there is a change in the average bulk density and the formation of 

more grain boundaries. These will lead to differences in the mechanical and 

electrical properties from those of a single crystal.'^

Nanomaterials research literally exploded during the early 1980’s in the US and 

Japan. Currently 50 US companies are active in the research and development of 

various nanostructured materials and out of these more than 10 industries are 

involved in the production of nanomaterials on a commercial scale. According to 

BCC (Business Communication Co Inc) the world market for nano materials in 

electronic, magnetic and optoelectronic applications reached $333 million in 

2000. BCC also estimates that the world market for nano materials will reach
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$667 million, which corresponding to an average growth rate of 14.9% from 

2000 to 2005.

1.2 Properties of nanomaterials compared to bulk materials

The properties of nanocrystalline materials are strongly related to their unique 

structures As discussed above, the physical and chemical properties of 

nanomaterials are different from the bulk materials of the same molecular 

structure. One of the basic concepts of the science of solids is the insight that 

most properties of solids depend on the microstructure i.e. chemical composition, 

the arrangement of atoms and the size of the solid. If there is change in one or 

any of these parameters, the properties of the solid vary.^’"* Nanoparticles can be 

considered as a state of matter in the transition region between bulk solids and 

molecular structures.** Their physical and chemical properties gradually change 

from molecular to bulk with increasing particle size. The band structure (Fig. 1.1) 

of the bulk solids gradually develops with increasing particle size {i.e. molecular 

orbitals convert into delocalised band states). This transition is seen in the 

absorption spectra of semiconductor nanoparticles.

I LUMO 

HOMO

molecutes

Fig. 1.1 Transition from molecules to bulk semiconductor. Discrete molecular
1 selectronic levels convert into the energy bands with increasing particle size.

Sharp and discrete molecular (excitonic) absorption bands of the small particles 

(nanoclusters) gradually convert into the typical edge-like absorption of bulk 

materials with increasing particle size, whereby the onset of the absorption is 

shifted from short wavelengths towards the band edge.^’*’̂  '*

nanopafticles butk soUds
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1.2.1 Mechanical properties

Because of the large number of interfaces the mechanical properties of 

nanomaterials such as their strength and toughness are significantly modified?’̂® 

The hardness and strength of sintered nanophase ceramics are considerably 

higher than those observed in coarser grained materials/*’*̂ '̂ ' Interfaces in 

crystalline solids play a role in high temperature creep since one of the 

predominant mechanisms of creep (grain boundary sliding) results fi'om 

migration of grains along the grain boundary/^ A material which is largely made 

up of grain boundaries will exhibit a greater creep rate leading to superplasticity. 

Ceramic nanostructures are found to be superplastic.

1.2.2 Optical properties

When a quantum of light is absorbed m CdS or ZnO an electron is transferred 

fi-om the valence band into the conduction band, leaving a net positive charge in 

the valence band. In small particles, the wave fiinctions of the electron and the 

hole are confined to the particle volume. Hence if the particle size become 

comparable or smaller than the de-Broglie wavelength of the charge carriers, the 

confinement increases the energy required for creating an electron/hole pair. This 

increase shifts the absorption spectra towards shorter wavelengths.^ *’’ Quantum 

dots can be used to provide light emitters of various colours by ‘band gap tuning’ 

using particle size effects. Another important advantage of nanoparticles is the 

long life time of electrons in the excited states which is an important requirement 

in laser optical applications.^ Ali\dsatos“  reported light emitting diodes wdth 

high conversion eflBciencies (10%) by using quantum dots embedded in a 

polymer matrix.

1.2.3 Magnetic properties
In the area of magnetic storage media future progress will rely on the ability to 

control the microstructure at smaller size scales so as to impact on storage 

densities. The approach that will use magnetic nanoparticles of the size of a 

single magnetic domam is very important for development of high density
* 23magnetic recording materials. IBM researchers in New York and California 

have made a new class of magnetic particles o f iron and platinum each uniformly
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containing only a few hundreds o f atoms self-assembled into ordered arrays. This 

scientific discovery could lead to new solutions for storing a huge volume o f data
23in much smaller devices.

1.2.4 Electrical properties

Trapping of charge at the grain boundaries has a decisive influence on the 

electrical transport properties in polycrystalline semiconductors and the electrical 

properties can be altered by varying the microstructure at the grain boundary 

regions.^"* It is reported that the charge at the grain boundaries is related to the 

presence of impurity or dopant a t o m s . A s  the nanostructured material contains 

numerous grain boundaries, more additive atoms can be accommodated at the 

boundary regions in order to tailor the material’s properties. (More details on 

nanomaterials for varistor applications will be discussed in section 1.5)
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1.3 Synthesis of nanostuctured materials

In order to obtain nanomaterials in a specific predefined size and morphology, 

much attention has to be paid to the processing route. There are many known 

methods to produce nanomaterials^’̂  some of them include high energy milling, 

reactive electrode submerged arc (RESA) method, emulsion synthesis 

hydrothermal synthesis, gas condensation method and sol gel synthesis. 

Important issues facing nanopowder processing includes cost, broad grain size
2 17distribution and agglomeration. ’

1.3.1 High energy milling

By high-energy ball milling the grain size of powder particles can be reduced to 

the nanometer scale.^  ̂ For longer duration of ballmilling extremely fine-grained 

microstructure with randomly oriented grains (5-13 nm.) are formed. The basic 

process can be represented as (Fig. 1.2);

pow d e r

hard  s tee l

W C  b a l ls

• 25Fig. 1.2 Process of Mechanical attrition.

Agglomeration of primary particles, high cost of production and a wide range of 

particle size distribution are the main disadvantages of this process.
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1.3.2 Hydrothermal Synthesis

Hydrothermal synthesis involve heating reactants often metal salts, hydroxide or

metal powders as a solution or suspension in a liquid usually water at elevated

temperature and pressure. Nucleation and particle growth that occurs under these
26conditions can result in particles with well defined shape and size.

Hirano and Kato^^ recently produced nanocrystalline Ce02 powders by heating 

cerium (IV) salts in the presence o f urea under controlled conditions at 120°C to 

180°C. The synthesised particles were cubic in structure and 10 to 20 nm in size. 

The particle size o f the synthesised ceria decreased with an increase in urea 

concentration.^^

1.3.3 Reactive electrode submerged arc (RESA) method

This method utilises two metal or conducting electrodes, which are subjected to 

an arc submerged in a suitable dielectric fluid, typically water, that reacts with 

the metal.

The spark provides an extremely high temperature for a short duration resulting 

in vaporisation o f the electrode and the surrounding dielectric fluid and reaction 

within the bubble which forms. The reaction between various vapour species or 

between solids and vapour occurs and the reaction products in the form of a fine 

smoke are quenched in the surrounding liquid phase dielectric yielding a 

colloidal sol o f spherically shaped particles. This method has been used to
27produce metal oxides, metal carbides and metal nitrides.

1.3.4 Gas condensation method

This was the first attempt to generate nanomaterials in large scale.^ The apparatus 

used in this technique is shown in Fig. 1.3. The reaction involves a two step 

process. A solid compound with high vapour pressure (1-5 GPa) is evaporated by 

high temperature heating in a crucible. The evaporated atoms transfer their 

thermal energy to the inert gas and condense in the form of small crystals. There 

is a connective flow o f the inert gas between the warm region near the vapour 

source and the cold surface where they are collected. Then the inert gas is

7



removed and the particles are scraped from the cold finger and funnelled into a 

piston and anvil like device where they are compacted. Composite materials can 

also be produced by mixing two or more evaporation sources.

ROTATI NG C O L D  F i N G f R

t t i q u i d  n i t r o g e n  )

S C R A P E R

INFHT GAS

r V A PO RA T ION
S O U H C E S

VALVE

VACUUM P U M P S

. B E L L O W S
F I X E D  P J S T O N

ANVIL

S L E E V E

UHV VACUUM 

C H A M B E R

LOW P R t S S U R F  
C O M PA C U O N  UNIT

HIGH P RES SU R E 

C O M PA CT IO N UNIT

Fig. 1.3 Schematic drawing of a gas condensation chamber ^

1.3.5 Emulsion synthesis

This is an effective method for the synthesis of nanopowders by using a liquid 

core of water or alcohol encapsulated in a microemulsion as nanoreactors for the 

synthesis of precursor particles. Microemulsions are transparent dispersions 

containing two immiscible liquids (e.g. oil and water) stabilised by a surfactant. 

The aqueous core of microemulsions containing soluble metal salts is used as 

nanoreactors for the synthesis of finely divided ZnO particles. This solution was 

mixed with another microemulsion containing the precipitating agent as the 

aqueous phase. The microemulsions of reactant molecules continuously collide, 

coalesce and break again. During this process inter-droplet exchange and nuclei 

aggregation takes place and consequently the product precursor is formed. This 

method has been successfully used to prepare ZnO varistor nanoparticles and 

which will be discussed in section 1.7.4.5.
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1^,6 Sol gel synthesis

Several chemical routes have been reported for the synthesis of nanoparticles.^’'^’ 

Sol gel processing is one way of producing nanoparticles and is also a way 

of manipulating precursors to form bulk oxide materials. Controlled 

hydrolysis and condensation reaction of metal alkoxides or acetates will give a 

sol and the particles will join together to give a gel, which is a highly viscous 

network of metal oxide bonds containing trapped solvent molecules. The gel can 

then be heated to remove the solvent and other organic groups to produce the 

crystalline oxide powder or dense ceramic (Scheme 1.1).

Precursor

i
Sol I

i
Gel 

I  Drying 

Xerogel

^  Calcination 

Metal Oxide

^ Sintering

Dense Ceramic

Scheme 1.1 Schematic representation of sol gel process

The sol gel process can generally be divided into two classes depending on the 

nature of the precursors; inorganic precursors (acetates, nitrates and chlorides) 

and alkoxide precursors. The latter is very expensive compared to the former.
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The hydrolysis and condensation processes are chemical reactions, which depend 

on various parameters such as pH, temperature, and concentration of metal ions 

and solvents. It is interesting to note that although the gel formed has the 

appearance o f an amorphous solid, its pores contain a gelation medium and 

hydrolysis and condensation continue to occur until the solid is perfectly dried. 

Thus the aging, drying and calcination conditions such as the rate of heating, 

temperature and the atmosphere inside the furnace also affect the extent of 

branching and crosslinking and thereby influence the final properties of the 

oxides produced. If the gel contains extensive polymeric chains with significant 

branching and crosslinking, it will be structurally rigid and the resulting oxide 

after calcination will possess a high surface area. In other words the gel with 

weaker crosslinking is structurally weak and thus collapses rapidly on calcination 

to give a powder with lower surface area.^" ’̂̂ ’
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1.3.7 Advantages and disadvantages of different procedures

A critical analysis o f the advantages and disadvantages o f various procedures for 

the production o f nanomaterials are listed in Table 1.1

Table 1.1 Advantages and disadvantages different procedures for the production

of nanomaterials

Method Advantages Disadvantages

High energy 

milling

Simple, bulk production is possible 

and particle size can be controlled by 

changing milling time

High cost of production 

and wide range of particle 

size distribution

Hydrothermal Simple to reproduce, particle growth 

can be controlled by changing 

experimental conditions

Agglomeration during 

synthesis

RESA Colloid particles o f metal and metal 

oxides can be easily produced

Expensive and special set 

up required to perform the 

process

Gas condensation Bulk production is possible and 

composite materials can be produced

Wide range of particle 

distribution and 

agglomeration

Emulsion Simple to reproduce and composite 

nanoparticles can be produced

Large volume o f solvents 

required and 

comparatively expensive

Sol gel Synthesis o f mixed oxide systems 

possible, offer low tmperature 

sintering, produce large quantities o f 

materials and control the 

microstructure of the final product

High purity chemicals are 

relatively expensive raw 

materials and multi step 

processing adds time and 

expenses
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1.4. Nano ZnO -  previous studies

Nanocrystalline ZnO has achieved considerable significance recently because of 

its wide technological applications as solar cells,^  ̂ photovoltic devices,”*̂ 

varistors/* and sensors/*^ Various preparation techniques (Scheme 1.2) have 

been attempted to synthesise nanosize

Nano ZnO

Solution '̂®^ Emulsion^*'^"

Chemical Synthesis Mechanical
M illing '^^ ’

Electrochemical
.5,6,43-45Synthesis

Scheme 1.2 Different synthetic procedures reported to produce nanosize ZnO.

ZnO nanowire arrays were fabricated by generating alumina templates with 

nanochannels or Au-coated silicon substrates by electrodepositing Zn in them 

and then oxidising the Zn particles.^’̂ ’"*̂"̂  ̂ Alamdari'*  ̂ synthesised ZnO 

nanoparticles by high energy milling for different times ranging fi'om 0.5 to 20 h. 

The crystalline size obtained was below 100 nm. Recently mechanochemical 

processing has been applied to the synthesis of ZnO nanopartic les.M illing  

of precursor powders leads to the formation of a nanoscale composite structure of 

the starting material which react during milling or subsequent heat treatment to 

form separated nanocrystals. The particle size produced by such methods was 

found to be 15-30 nm. Shah and co-workers^*'^“ reported the micro-emulsion 

mediated synthesis of ZnO nanoparticles in the range of 10-20 nm. ZnO 

nanoparticles with different particle sizes have been reported^* '̂^  ̂ by controlling 

different parameters of the precipitation process such as solution concentration.
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pH and washing medium. The ZnO nanoparticles (—50 nm) obtained are 

agglomerated into spherical structures of 1 [im. ZnO nanoparticles of size of 15 

nm and ZnO fibre length/diameter = 16:1 were prepared fi'om zinc acetate 

solution under hydrothermal conditions.Spherical well defined particles were 

obtained in the range of 2 to 7 nm either by the reaction of zinc salt with alkali 

metal hydroxides or alkoxide based sol gel synthesis. Advantages and

disadvantages of electrochemical, chemical and mechanical milling procedures 

are given in Table 1.2

Table 1.2 Advantages and disadvantages of various procedures for the synthesis

of ZnO nanoparticles

Method Advantages Disadvantages

Electrochemical Different morphologies 

like rods and wires can 

be produced

Expensive. A template 

(e.g. alumina) is usually 

required for the uni

directional organisation 

of these materials.

Chemical Narrow particle size 

distribution and 

composite materials can 

be produced

Multi step processing 

required and a large 

amount of agglomeration 

occurred during synthesis

Mechanical milling Bulk production is 

possible and simple to 

reproduce

Wide range of particle 

size distribution

1.5 Varistors

Varistors are electronic ceramic devices whose primary function is to sense and 

limit transient voltage surges and to do so without being d e s t r o y e d . T h e  ZnO 

varistor was initially developed by Matsuoka in Japan̂ "* and has been available 

on the market since 1972. Zinc oxide varistors are known by various names such 

as voltage arresters, non-linear resistors, surge suppressors and voltage regulators 

(Fig. 1.4). They are electroceramic devices, which have voltage dependent
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switching capabilities. In other words varistors are ceramic based semiconductors 

with highly non-linear current voltage characteristics. This device can be 

regarded as insulating up to a certain field, (the breakdown field Vc). Above that 

it becomes highly conducting.

24/7/2001

Fig. 1.4 Various types of ZnO varistors fabricated for different uses a) varistors 

used in electronic circuits for overvoltage protection b) varistors used in conunon 

electronic equipments c) surge arrester ^  for electric power distribution

applications.

The varistor is usually connected across the power line in parallel vwth the 

instrument to be protected. The resistivity of a ZnO varistor is very high (more 

than 10*“ Q. cm) below a threshold voltage and is very low (less than several Q. 

cm) above the threshold voltage. When the voltage exceeds the switch 

vohage, the varistor becomes conducting and draws the current through it and 

when the voltage returns normal the varistor returns to its highly resistive state 

and pass only leakage current. The relationship between current and voltage in 

a varistor device is often described as

I=C(V)“ [1.1]

where I = current; V = voltage ; a  = coefficient of nonlinearity, C = material 

constant

If a=  1 we would have an ohmic device i.e. current is proportional to the applied 

voltage. As the a  approaches oo we have a perfect varistor i.e. the current varies
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infinitely for a small changes in the applied field ( a  can be calculated as the 

inverse o f  the slope in the non-linear region o f  the I-V curve). Typical a  values 

for ZnO varistors are fi'om 30 to 100. Previously varistors were made fi'om SiC 

and TiOi and did not show a  values above lo.^^’*'' In contrast, a ZnO varistor has 

a high value o f  a  which make it a highly effective transient voltage protection 

devices. Today ZnO varistors are used in all areas o f  electronics and 

communication technology. Varistor behaviour can be illustrated as shown in 

Fig. 1.5.

(Y e-su ilch  N oiiiinciir H igh currcni
region  region region

S
S

I OC (V )

o> R eciprocal slop e ^ <x

Log cu rren t (A/cm^)

Fig. 1.5 Diagrammatic representation o f  a varistor material.

In regions I (pre-switch region) and III (high current region) the electrical 

behaviour is ohmic and a  is approximately 1. In region II (nonlinear region) after 

the voltage reaches a critical value, the material becomes highly conducting and 

a  reaches maximum value.

The most desirable device should have a high value o f  nonlinear coefficient, an 

acceptable rating o f  nonlinear voltage (breakdown field), a low value o f  leakage 

current, a long varistor life and a high-energy absorption capability.
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1 Nonlinear Coefficient (a)

Nonlinear Coefficient (a ) is the reciprocal o f the slope o f the I-V curve (Fig. 1.5) 

in the nonlinear region. The higher the value o f a , the better the device The 

nonlinear coefficient a  is a very important parameter for instrument protection.

2. Nonlinear voltage/ break down field

ZnO varistors are characterised by the threshold voltage (nonlinear voltage), 

which marks the transition from linear to nonlinear mode. The voltage at the 

onset o f this nonlinearity, just above the knee of the I-V curve, is the nonlinear 

voltage. Because o f the lack o f sharpness o f the transition in the I-V curve the 

exact location o f this voltage is difficult to determine in most varistors, the 

varistor voltage in the literature has often been described as the voltage 

(nonlinear vohage) observed at 1 mA.^^

3. Leakage current

Leakage current determines the amount o f watt loss (as heat ~I^R) that a varistor 

is expected to generate upon application o f a steady state operating voltage. 

For an AC application, the total leakage current (II) in the pre-breakdown region 

is composed o f a resistive current (Ir) and a capacitive current (Ic). In the design 

o f a surge suppressor fi-om a ZnO varistor, it is the resistive current (Ir) , which is 

of importance since this is responsible for joule heating within the elements. The 

parameters, which are known to influence the leakage current, are (a) 

formulation o f the ZnO varistor, (b) applied voltage and (c) time duration o f the 

applied voltage.

1.5.1 Mechanism of varistor action

ZnO without any additives is a nonstoichiometric n-type semiconductor with a 

linear I-V behaviour. To make it nonlinear various metal oxides have to be 

incorporated in the ZnO. Chief among these oxides is Bi2 0 3 , which can

be considered as a varistor former, without which it is difficult to make a 

varistor. The first highly nonlinear composition with a  = 50 was reported by 

Matsuoka.^'* In addition to 97 mol % ZnO he added 0.5 mol % each o f Bi2 0 3 , 

CoO, MnO, CrjOs and 1 mol% Sb2 0 3 . Inada in 1980^^ reported the formation o f
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chemical phases during the heat treatment in the range 950-1050°C. The ZnO- 

Bi2 0 3 -Sb203  system forms a pyrochlore phase Zn2Bi3Sb3 0 i4 above 650°C. 

Together with ZnO, pyrochlore further reacts to form spinel (Zn7Sb20i2).

950-1050 °C
2 Zn2Bi3Sb3 0 ,4  + 17 Z n O ________________^  3 Zn7Sb20i2 + 3 Bi2 0 3  [L] [1.2]

(Pyrochlore) (Spinel)

Thus the basic components can be seen in a typical varistor microstructure are 

ZnO, Spinel, pyrochlore and several bismuth rich phases (Fig 1.6). Spinel and 

pyrochlore are found in intergranular phases and Bi-rich phases are seen at the 

triple points.^^’̂ *'̂ '

[!□
P y ro c h lo re  

l . \x - j  Spinel

B is m u th  oxide

Fig. 1.6 Schematic diagram o f  the microstructure o f  a sintered ZnO varistor

m aterial.^
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During sintering various phases are distributed in such a way that the grain 

boundary region becomes highly resistive and (pgb ~ 10 cm) and the grain 

interior becomes highly conductive (pgb 1 — 10 0  cm) (Fig. 1. 7).

-----
N

o>o

-Gr.Tin 

P q 1- 10 n  -cm

Grain Boundary

10 °
500-1000 AGB

D istance From GB

Fig. 1.7 Diagrammatic representation of the mechanism of electrical 

characteristics at the grain and grain boundary and the formation of a depletion

layer at the grain boundaries 56

A sharp drop in resistivity (Fig. 1.7) from grain boundary to grain occurs within a 

distance of — 50 to 100 nm. This is known as the depletion layer. Thus at each 

grain boundary there exists a depletion layer extending into the adjacent grains. 

The varistor action arises as a result of the presence of this depletion layer. The 

conduction mechanism in varistors can further be explained by Fig. 1.8. Path (1) 

through the region of closest grain-grain contact represents conduction over the 

Schottky barrier and path (2) is through the grain boundaries and inter-granular 

materials.
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Fig. 1,8 Conduction mechanism o f varistors. '̂*

1.6 Synthesis of metal oxide varistor powders -  a review of recent advances 

1.6.1 Historical developments

ZnO varistors were first developed by Matsuoka at Matsushita Electric, Japan, in 

1968 and commercialised under the trade name Commercial

varistors are usually fabricated fi'om ZnO particles with small amount o f dopant 

oxides such as BijOs, Sb203 , CoO, MnO, NiO and Cr2 0 3 .̂ '*‘̂  ̂The mixed powder 

is then pressed to desired shapes and sintered at higher temperatures. The final 

grain size after sintering is on the order of 8 |j.m and the corresponding 

breakdown voltage is around 2-4 kV/cm which is equivalent to a voltage drop of 

~1.5-3.0 volts per intergranular barrier.^ Thus the breakdown voltage o f the 

sintered body is proportional to the number o f grain boundaries.

1. 6.2 Conventional synthesis

ZnO varistors are conventionally prepared by weighing, mixing, plastification 

and sintering. The powders are usually mixed using an agate mortar in dry form 

or a ball mill in wet form. After adding organic binders the above mixture is 

pressed into discs o f desired dimensions. The pressed discs are sintered at 1200- 

1400°C. The sintered pellets are further electroded, leads are attached and finally 

it may be encapsulated in a polymeric material and electrically tested. A 

simplified flow diagram is given in Scheme 1.3.
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Electrical testing

ZnO

Mixing

Electroding

Sintering

Pelletising

Oxide additives

Organic additivesAqueous
suspension

Scheme 1.3 Different steps in conventional industrial processing of varistor

ceramics.

The conventional varistor processing route is the preferred method in the 

industry at present. The ease by which the powder methods can be utilised on an 

industrial scale and the low cost associated with the use of inexpensive oxide 

powders are the two main attractions of this route.
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1.6.3 Need for new processing routes
Micro structural homogeneity is a key parameter to control the ohmic and non- 

ohmic behaviour of varistors. An ideal varistor has a crystalline microstructure of 

uniform grain size, shape and composition. Compositional homogeneity is 

difficult to achieve by conventional ceramic routes. By wet chemical methods 

homogeneity of the dopant ions among the ZnO grains can be achieved at the 

molecular level. The temperature required for sintering also depends on the 

particle size and homogeneous distribution of dopants among the individual 

grains.

There are a few disadvantages of the solution processing route; these include a) 

large processing time b) comparatively higher cost of precursors c) large amount 

of solvents required for synthesis and d) the shrinkage in volume during 

processing.

1.6.4 DifTerent chemical procedures used to prepare varistors
1.6.4.1 Amine processing
Hishita et developed a powder preparation method involving amines as 

precipitants. The mixed acidic solution of ZnO, BijOa, SbCb, C0 CI2 was added 
to diethylamine solution to coprecipitate all components. The resulting mixture 

was washed, dried and calcined to produce active and uniform composition 

powders (200 imi). High nonlinearity coefficients (a  = 50) were achieved in 

varistors tabricated from these powders by sintering in the range 1100°C to 

1250°C. Large breakdown voltage (711 V/mm) was also achieved with lower 

sintering temperature compared to the conventional methods(1200-1300°C).

1.6.4.2 Aqueous precipitation
Haile et a t^  used the aqueous precipitation technique for the synthesis of 

spherical ZnO particles (Scheme 1. 4).

ZnS0 4  7H2O + NH4OH ----------------► xZnS0 4 .yZn(0 H)2. 2HjO
H20/pH=9/ heat 55°C

________ ^  Zn(0 H)2 + (NH4)2 SO4 + NHj _______^  ZnO

Scheme 1.4 Aqueous precipitation technique to synthesise ZnO particles.^
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Chemical coating of these powders has been achieved by precipitation, which 

allowed the fabrication o f varistors with improved properties over the 

conventionally fabricated varistors. They reported a high coefficient of 

nonlinearity of 44 and a breakdown voltage o f 180 V/mm.

1.6.4.3 Citrate gel synthesis

The citrate gel process has been employed successfijlly to prepare varistors.

The process consists o f the production o f solid amorphous precursors by the 

dehydration o f gels, which are produced by the addition o f citric acid to a nitrate 

solution containing salts o f zinc and dopant metals. The solid precursors are 

subsequently decomposed and oxidised in air to yield the oxide materials. The 

technical advantage o f this method is high chemical homogeneity in the resulting 

powder and the simplicity o f the procedure. Therefore it is potentially a 

promising method for the preparation o f ZnO varistor powder.^^"^^

Fan and Sale^^ prepared ZnO varistors through a citrate gel route. The dried 

precursor has been thermally decomposed to give an oxide powder o f submicron 

particle size. They reported a high breakdown voltage o f 400 V/mm and 

nonlinear exponent a  o f 20. The differences in electrical properties has been 

explained by the chemically more homogeneous microstructures obtained in the 

gel processed material.

Sinha and Sharma^* presented a modified citrate gel technique for preparation of 

ZnO varistors, which involved the preparation o f mixed oxides by adding citric 

acid to a nitrate solution. The powder (37 nm) sinters to a high density (98%) in 

one hour at 1150°C. These pellets also exhibited a reasonably high non-linear 

coefficient (35) low leakage current (11.1 (lA) and a reasonably high breakdown 

field o f 515 V/mm.

Recently Duran et successfiilly synthesised nano-sized (-28 nm) ZnO based 

ceramic powders by citric acid route. A dense ceramic was fabricated by normal 

liquid phase sintering at 850°C and 940°C for 1 to 5 hours. Electrical studies
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showed a high non-linear coefficient (70) and a high breakdown voltage (1500 

V/mm)

1.6.4.4 Combustion synthesis

The basis o f  the combustion synthesis technique comes from the thermochemical 

concepts used in the field o f  propellants and explosives.™ The combustion 

synthesis technique begins with the reactants that oxidise easily (such as nitrates) 

and a stable organic fiiel (e.g. urea, CO(NH2 )2 ) that acts as a reducing agent. The 

mixture is brought to boil until it ignites and a self-sustaining and rather fast 

combustion reaction takes off, resulting in a dry unagglomerated fine oxide 

powder. Sousa et af^  synthesised pure and doped ZnO powders from mixtures o f  

relevant water soluble metal nitrates as cation precursors and urea as fiiel. The 

mixtures were ignited at 500°C resulting in the varistor precursor with particle 

sizes ranging from 52 to 158 nm. No electrical results were reported.

1.6.4.5 Micro-emuision synthesis

A micro-emulsion is generally defined as a thermodynamically stable dispersion 

o f two immisible liquids (usually water and a hydrocarbon). The aqueous cores 

o f micro-emulsion containing soluble zinc salt are used for the synthesis o f  

nanoparticles by adding ethanol and a precipitating agent.

Shah and co-workers^*"^® reported the micro-emulsion mediated synthesis o f  ZnO 

nanoparticles for varistor studies. The optimised micro-emulsion system 

consisted o f  surfactant CTAB, 1-butanol as co-surfactant, «-butane as continuous 

oil phase and aqueous solution as the dispersed phase. They have obtained a 

value o f  nonlinear exponent a , as high as 83, with a breakdown voltage o f  450 

V/mm.
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1.6.4.6 Plasma synthesis

Plasma pyrolysis technology was used to synthesise nanometer size precursor 

powders of ZnO/*  ̂ The ZnO and additive composite powders are composed of 

spherical particles whose size is about 10-50 run. Varistors were fabricated by 

sintering the material at 1050°C. The combination of the powder’s nanoparticle 

effect, high reactivity and narrow grain size distribution were the reasons found 

to decrease the sintering temperature. Electrical results revealed a breakdown 

voltage of 500 V/mm, nonlinear coefficient of 54 and a leakage current of 1 ii.A.

1.6.4.7 Precipitation reaction

Viswanath ei al prepared varistors from ultra fine zinc oxide powders with the 

crystallites in the range between 3 and 10 nm. Synthesis of nanosize ZnO 

mvolved chemical reaction between zinc perchlorate (Zn(C104)2) and sodium 

hydroxide in methanol medium under nitrogen atmosphere. Precipitation and 

centrifugation methods were used to collect the resultant powders. The nano 

powder thus obtained was doped with Bi, Sb, Co, B, Sn and Cu oxides. The 

material produced has an extremely high breakdown voltage of 3000 V/mm with 

a nonlinear exponent a  of 50. Suguwara et produced ZnO varistors by a 

precipitation method using zinc acetate as a starting material with praseodymium 

oxide and cobalt chloride as additives. The additives were dissolved in ethanol 

by evaporation and drying after being dissolved in hydrochloric acid solution. 

Precipitation has been conducted by adding oxalic acid dihydrates. No systematic 

electrical studies were reported on these materials.
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1.6.4.8 Sol gel processing

Varying the microstructure at the grain boundary regions can alter varistor 

properties. Sol gel processing provides a method for homogeneous doping at the 

molecular leveP’’̂  ̂ which is very important in the varistor since inhomogeneous 

distribution of dopants in a varistor results in the formation of hot spots as the 

current follows the path of least resistance. This causes the failure of the varistor 

at a lower current density than the expected value. There are a few reports 

available in the literature where ZnO prepared through sol gel technique have 

been used for varistor applications.

Westin et reported the sol gel preparation of varistor powders. They have

tried different sol gel methods to obtain the varistor precursors. The 

microstructural and electrical properties have been determined. Higher 

breakdown voltages (249 V/mm) are obtained for the ZnO coated with additive 

oxides. In 1998 Ya et reported the fabrication of varistors by doped ZnO 

powders (20 nm). This materials displayed superior electrical properties with a 

high value of the nonlinear coefficient (a  = 45) and lower leakage current (Il<1 

(J.A). Puyane et a f^ '^  reported the production of ZnO varistor by various solution 

routes and studied their sintering behaviour. The aqueous solution route has 

given a ZnO powder, which sinters at higher temperatures than those observed in 

conventional mixed oxide powders, whereas the metal organic route produces 

ZnO powders, which sinter at lower temperatures than conventional mixed oxide 

powders. Hohenberger and Tomandl*' adopted a new sol gel based technique for 

the synthesis of ZnO varistor powders. They showed that the varistor ceramics 

made from the sol gel powders can be sintered at lower temperatures and show 

improved electrical behaviour (a= 55, leakage current 0.9 |o,A, breakdown 375 

V/mm).

Kong and co-workers*^ presented a novel method to prepare ZnO varistors. ZnO 

powders were prepared by chemical precipitation and a B-Si-Pb coating 

synthesised following a sol gel process. The phases crystallised from the glass 

formed a layer with higher resistivity at the grain boundaries of ZnO, which 

acted as a potential barrier in the varistors. Lauf and Bond** fabricated varistor
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precursor powders by sol gel processing and further hot pressing the powders 

below 800°C in a reducing environment achieved a high green density (pre

sintered density). Subsequently they were heat treated in air up to 1000°C, which 

developed the non-ohmic electrical properties (a= 30). Espinola et a f’"' prepared 

ZnO varistors by a colloidal gel route using water soluble salts. Sintering at 

1100°C produced a varistor with a  of 26-40 and breakdown voltage 800- 1000 

V/mm.

Recently Chu et reported a novel sol gel processing method for the 

preparation of ZnO varistor powder using zinc acetate dihydrate, ethylene glycol, 

«-propyl alcohol and glycerol. The varistor material thus obtained could be 

sintered at 1000°C

The electrical properties and sintering temperatures are discussed in Table 1.1
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Table 1.3 Various chemical synthesis procedures for ZnO varistors and 

comparison of the electrical characteristics.

Synthetic route Reference Sintering
temperature

(°C)

Electrical results

Vc a  
(V/mm)

Amine Processing Hishita^^ 1050 711 50

1200 339 52

1300 256 36

Aqueous
Precipitation

1200 180 44

Citrate gel
F a yf 1200 400 20

Sinha^ 1150 515 35

Duran^^ 850 1500 70

Combustion Sousa™ - - -

Micro-emulsion
Shah^^-^° 1200 105 76

1200 450 83

Plasma pyrolysis Lifi’' 1050 500 54

Precipitation Viswanath^‘ 750 3000 50

Suguwara^^'^^ 1200
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Table 13 Continued

Synthetic route Reference Sintering
temperature

(°C)

Electrical results

Vc a  
(V/mm)

Sol gel

1100 249 37

Puyane^^ 1100 12

Puyane^^ - 259

Tomandf 1100 375 60

y ^ 7 7 ,7 « 950 1000 45

Kong^^ - -

iM uf- 1000 980 30

Espinola^^ 1100 800-1000 26-40

Chu^ 1000 50
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1.7 Objective of the thesis

Controlling a material’s properties at the molecular level is one of the challenges 

of advanced materials science, Sol gel processing is one way of producing 

nanoparticles and also is a way of manipulating precursors to form bulk oxide 

materials. The advantages of sol gel processing are primarily the higher purity 

and homogeneity and the lower processing temperature. Multi-component dopant 

oxides can also be developed by mixing relevant salt solutions of metal salts by 

these methods.

Recently the production of personal computers, mobile phones and electronic 

devices has been experiencing phenomenal growth with rapidly increasing 

performance and miniaturisation. As a result there has been an increase in 

demand for miniaturisation of protective devices such as zinc oxide based 

varistors which find their use as voltage surge absorbers. The aim of this project 

is to study the varistor properties o f materials prepared fi'om doped 

nanoparticular ZnO.

The breakdown voltage of the sintered body is proportional to the number of 

grain boundaries between the electrodes. The breakdown voltage per grain 

boundary is calculated as This indicates that the breakdown voltage is

proportional to the inverse of the ZnO grain size. As the nanocrystalline material 

contains large grain boundary volumes, more varistor active grain boundaries per 

unit volume can be produced in order to develop a better device in a smaller 

dimension. The threshold voltage is about 4 kV/cm for a conventional highly (5- 

6%) doped ZnO varistor material.*^ It is reported that pure nanophase ZnO can 

also exhibit varistor behaviour with a small but usable threshold voltage of 

lOOV/mm of material for a 60 nm diameter grain size prepared through gas 

condensation technique.*^ Work on doped nanophase ZnO with 3-10 nm grains 

show a varistor behaviour for voltages up to 3000 V/mm.^* Therefore it is 

possible through nanostructuring to produce ZnO varistors with threshold voltage 

up to 30 kV/cm by controlling the grain size and hence the number of grain 

boundaries in the material.
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Sintering temperature can also be reduced by nanostructuring. The smaller the 

particle size the lower the temperature required because the increased surface 

force cause the particles to flow together at lower temperatures. This has been 

one of the driving forces behind the formation of nanoscale particles in which the 

sintering temperature is greatly reduced.*’ It is also important that the dopant 

distribution in the microstructure is highly homogeneous, which can be achieved 

through sol gel processing. Chemical homogeneity is nearly impossible to 

guarantee by mechanical milling or grinding processes. Two approaches are tried 

here. In one way by nanostructuring of the precursors, much smaller grain sizes 

will be produced compared to the conventional processing and secondly by sol 

gel processing a molecular level mixing of dopants can be achieved in order to 

get a homogeneous microstructure.

The objectives of this project can be summarised as follows.

1. To synthesise nanoparticulate ZnO based on reported procedures and 

investigate methods to characterise these particles including Transmission 

Electron Microscopy (TEM), X-ray powder diffraction (XRD), UVA' îsible 

spectroscopy, thermal analysis and FESEM.

2. To compare the electrical properties of nanoparticulate ZnO prepared through 

previously reported procedures.

3. To develop novel procedures based on sol gel technology for preparation of 

nanocrystalline ZnO suitable for varistor applications.

4. To develop suitable methods to add dopants to ZnO nanoparticles at the 

molecular level for a better homogeneity.

5. To develop inexpensive routes for the synthesis of more efficient varistors by 

nanostructuring and study the varistor properties in collaboration with 

Littelfiise, Ireland Ltd.

6. To develop new mixed oxide varistor materials with higher breakdown 

voltage, low leakage and reasonably higher a  for a better varistor by 

optimising the processing and sintering conditions.
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1.8 An overview of the experiments performed

Three types of synthetic procedures were tried to make varistor discs;

a) Nano-size ZnO prepared from well established synthetic procedures 

(Spanhel and Anderson,* Meulenkamp^ and Weller*’’) were mixed with 

additives,

b) Nanosize ZnO prepared from a novel sol gel route was mixed with 

additives

c) Varistor precursor nano-powders were prepared by a novel mixed 

precursor oxide method.

The methods** ’̂̂ ’ used for the preparation of well defined nanoparticular ZnO 

are based on the reaction of zinc salts with alkali metal hydroxides under 

controlled conditions. A novel and simple procedure to fabricate ZnO 

nanoparticles and ZnO nanowire arrays using a non-hydrolytic sol gel 

condensation reaction and subsequent calcinations was also tried. The nano 

ZnO materials produced as described above were treated with additives, 

pressed into discs and sintered to get a varistor material. A mixed precursor 

method using inexpensive inorganic salts was employed to fabricate better 

varistors with considerably higher breakdown voltage and nonlinear 

coefficient. The varistor properties o f the sintered samples were compared 

with the commercial samples (Littelfiise Ireland Ltd.) sintered under similar 

experimental conditions.
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Chapter 2 

Experimental, materials and methods
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2.1 Introduction

Investigation required for the characterisation o f the fresh gels and the xerogels 

(fresh gel dried at 80°C) by various techniques including Transmission Electron 

Microscopy (TEM), Differential Scanning Calorimetry (DSC), Thermo- 

Gravimetric Analysis (TGA) and Powder X-ray Diffraction (XRD) techniques 

The xerogel was further calcined to 500°C and analysed by FESEM or TEM and 

surface area measurements. The calcined powder was plastified, pelletised and 

sintered at various temperatures to study the varistor properties. The sintered 

samples were subjected to density measurements and electrical characterisation. 

The microstructural and phase analysis were carried out using Scatming Electron 

Microscopy (SEM) and Energy Dispersive X-ray Analysis (EDX).

2.2 Materials Used*

Table 2.1 Chemicals used for the preparation o f ZnO and varistor materials

Chemical Manufacturer Purity (%)

Zinc acetate dihydrate Riedel-de Haen 99.5

Lithium hydroxide monohydrate Sigma 99

Bismuth (III) nitrate pentahydrate Aldrich 98

Antimony (III) acetate Alfa 97

Cobalt (II) acetate tetrahydrate Aldrich 98

Bismuth (III) chloride Aldrich 98

Antimony (ITT) chloride Aldrich 99

Cobalt (III) chloride hexahydrate Aldrich 98

Manganese (TI) acetate tetrahydrate Aldrich 99

Nickel (II) acetate tetrahydrate Aldrich 98

Chromium (HI) nitrate nonahydrate Aldrich 99
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Aluminium nitrate nonahydrate Aldrich 98

Sodium hexametaphosphate Aldrich 96

Zinc perchlorate hexahydrate Aldrich -

Oxalic acid Aldrich 99

Diethanolamine Aldrich 99

Ethylene glycol Aldrich 99

* ZnO, additive oxides and commercial varistor powder (Control, 26 E) were 

supplied by Littelilise Ltd., Dundalk. All chemicals were reagent grade. ZnO 

(Grillo) BijOs (Ferro corporation), SbjOs (Cookson), CoO (Outokumpu), 

MnO (Campbell Chemicals), NiO(Campbell Chemicals), Cr2 0 3 (Merck) 

AI2O3 (Merck).

2.3 Synthesis
Five different experimental procedures for the production of nanocrystalline 

ZnO have been investigated.

2.3.1 Synthesis of well defined ZnO nanoparticles
2.3.1.1 ZnO prepared using Spanhel’s method *
Zinc acetate dihydrate (C4H604Zn. 2HzO) and absolute ethanol were used as 

received. An ethanolic (0.1 M, 0.5 L) solution of zinc acetate (10.98g, SOmmol) 

was prepared in a 1 L round bottom flask, and rotary evaporation (65-70°C) was 

carried out over a period of about 3 hours. The condensate was collected 

continuously. At the end of this procedure about 300 mL o f condensate and 200 

mL of reaction mixture were obtained. The reaction mixture was again diluted 

with ethanol to 500 mL. Next, Li0 H.H2 0  (2.93g, 70mmol) was added directly 

to the ethanol solution to produce a 0.14M LiOH solution. The suspension was 

then placed into an ultrasonic bath in order to dissolve the weakly soluble LiOH. 

At the end o f this procedure a transparent ZnO sol was obtained. UV/Vis and
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TEM measurements have been recorded for this sample. The sample was dried in 

an oven set at 70°C and the dried powder was calcined at 500°C.

2.3.1.2 Meuleakamp Method ^

Zinc acetate dihydrate and absolute ethanol were used without further 

purification. Zinc acetate (0.1 M) solution was prepared by dissolving zinc 

acetate (10.98g, 50 mmol) in 500 mL ethanol in 1 L round bottom flask. The 

ethanol solution was boiled in order to dissolve the zinc acetate, the solution was 

then directly cooled to 0°C. A white powder precipitated after a period o f 30 

minutes. LiOH. H2O (2.9 g, VOmmol) was dissolved in ethanol (500 mL) and was 

added dropwise to the ethanol solution, with vigorous stirring at 0°C. At the end 

o f  the procedure a transparent sol was obtained. A UVA^is spectrum was 

recorded.

The following procedure was used to remove the reaction product, lithium 

acetate. A sol, which had been prepared one week previously was condensed to 

50-100 mL by rotary evaporation and to this solution hexane (500 mL) was 

added. The resultant solution was allowed to stand in an ice bath for a week to 

ensure fiill precipitation. The supernatant liquid was decanted and the precipitate 

was again dispersed in ethanol (500 mL) and the same washing procedure 

repeated 5 times. This powder was dispersed in ethanol and Transmission 

Electron Microscopy was recorded. The washed sol was dried in an oven set at 

70°C and the dried powder was calcined at 500°C.

2.3.1.3 ZnO nano powder synthesis^

Zinc perchlorate (Zn(C104)2) and methanol were used without further 

purification. Zn(C104)2 (0 .8  g 2.2 mmol) was dissolved in methanol (1.2 L) and 

was bubbled with nitrogen gas for 10 minutes. Sodium hexametaphosphate 

((NaP0 3 )6, 0.2 mL o f  O.IM) was added to obtain an opalescent solution. On 

further bubbling for another 10 min the opalescence became weaker. NaOH (3 

niL o f  10 M) was added to this solution, which was left for another 30 minutes. It 

was then concentrated to 150 mL in a rotary evaporator and the solid was 

separated by centrifugation. Washing was carried out successively with a mixture
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of a) 70% methanol + 30% water; b) methanol; c) acetone; d) diethyl ether. The 

washing was carried out twice with each solvent and the solid was dried in an 

evaporating dish in an oven set at 70°C. The dried powder was calcined at

500°C.

2.3.2 Novel synthesis of ZnO nanoparticies and nanowire arrays of ZnO

2.3.2.1 Synthesis of nanoparticular ZnO without chemical modifiers

In a typical experiment, zinc acetate (10.98g, 50 mmol) was treated with ethanol 

(300 mL) in a rotary evaporator at 60°C. The salt was completely dissolved in 20 

- 40 minutes. Oxalic acid (12.6g, 100 mmol) in ethanol (200 mL) was 

simultaneously prepared by stirring for 10 minutes at 50°C. The oxalic acid 

solution was slowly added with stirring to the warm ethanolic solution containing 

Zn^*. The thick white gel obtained was dried in an oven set at 80°C for 20 hours. 

Samples were collected at each step for analysis. Tnis xerogel was calcined at 

500°C for 2 hours in a chamber fiimace at a constant heating rate o f 3°C/ min.

2.3.2.2 Synthesis of nanoparticular ZnO with chemical modifiers (Nanowire 

formation)

Ethanolic solutions containing Zn^^ and oxalic acid were prepared separately in a 

similar way as explained previously (section 2.3.2.1). This time ethylene glycol 

(5.57 mL, 100 mmol) and diethanolamine (0.5mL, 5 mmol) were added to the 

ethanolic solution containing Zn^^ and stirring was carried out for 10 minutes. 

Oxalic acid solution was fiirther added with stirring. The thick white gel obtained 

was dried in an oven set at 80°C for 20 hours. Samples were collected at each 

step for microstructure analysis. This xerogel was calcined at 250, 500 or lOOO'̂ C 

for 2 hours at a rate o f 3°C/min.

2.4 Varistor preparations

2.4.1 Varistor preparation from ZnO nanomaterials

ZnO nanomaterials prepared by the above routes were mixed with commercial 

oxide additives by a ‘solid-state mixing technique’ with the following mole 

percentages. ZnO 94.2, BijOs 0.5, Sb2 0 } 1.2, CoO 1.0, MnOj 1.0, NiO 0 .6, 

CrjOs 0.5 AI2O3 0.018 % and two other Littelfiise proprietary materials in small
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amounts These dopants were selected according to the Littelfuse Ltd varistor 

formulation. In a typical experiment ZnO nanomaterial (2g, 24.5 mmol) calcined 

at 500°C was added to bismuth trioxide (0.06 g, 0.13 mmol), antimony trioxide 

(0.094 g, 0.32 mmol), manganese dioxide (0.022 g, 0.25 mmol), nickel oxide 

(0.012 g, 0.16 mmol), chromium oxide (0.0196 g, 0.13 mmol), aluminium oxide 

(0.00048 g, 0.0047 mmol) and two other Littelfuse (Littelfuse Ireland Ltd, Co. 

Louth, Dundalk) proprietary materials in small amounts. The above powders 

were mixed by ‘solid-state mixing technique’. In a typical experiment about 2g 

of ZnO powder and other dopant oxides were mixed in an agate mortar for 5 

minutes. This mixture was then plastified with 1 drop each of 10% aqueous 

solution of poly(vinyl alcohol) and poly(ethylene glycol) and 0.015 gram of gum 

arabic. This was further dried in an oven for 5 minutes and pelletised into 7mm 

(d) X 0.7 mm (t) discs for further sintering and electrical studies. The pellets were 

sintered at 950, 1000 and 1050°C for 2 hours in a furnace.

2.4.2 Core shell synthesis of ZnO varistor materials

The nanoparticular ZnO (2 g, 4.5 mmol) prepared by the method, described in 

the section 2.3.2.1, was dispersed in ethanol (200mL) in a conical flask and 

ultrasonicated for 40 minutes. Antimony chloride (0.1471 g, 0.64 mmol) and 

cobalt chloride (0.066 g, 0.27 mmol) were dissolved in ethanol (20mL) in beaker. 

Bismuth chloride (0.081 g, 0.25mmol) was dissolved in acetone (10 mL). 

Solutions of the above antimony, cobalt and bismuth chlorides were added to the 

ethanolic suspension of zinc oxide and stirred for 5 minutes. Ammonium 

carbonate (4mL, 0.1 M) was added to the above solution and stirred for 10 

minutes. Samples were collected for TEM. Nickel acetate (0.042g, 0.17mmol), 

manganese acetate (0.062 g, 0.25 mmol), chromium nitrate (0.1032g, 0.25 mmol) 

and aluminium nitrate (0.0017g, 0.0046 mmol) were dissolved in ethanol (20 

mL). The above two solutions with two other Littelfuse proprietary materials in 

small amounts, were mixed and stirred for 20 minutes. The material thus 

obtained was dried in an oven set at 80°C and further calcined at 300°C. The 

calcined powder was plastified (using poly(vinyl alcohol), poly(ethylene glycol) 

and gum arabic as before and pressed into pellets for electrical measurements.
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2.5 Bulk synthesis of varistor materials by sol gel mixed precursor route

Zinc acetate (274.50g, 1.25 mol), cobalt acetate (3.60g, 14 mmol), manganese 

acetate (3.20 g, 13 mmol) nickel acetate (1.85g, 7.4 mmol), aluminium nitrate 

(0.090 g, 0.24 mmol) and two other Littelfuse (Littelfuse Ireland Ltd, Co. Louth, 

Dundalk) proprietary materials in small amounts were mixed with ethanol (2.5 L) 

and diethanolamine (60.5 mL, 625 mmol) and dissolved by boiling in a 5 L flask. 

A pink solution was obtained after 20 minutes. Simultaneously the second 

solution containing bismuth nitrate (6.30g, 13.9 mmol), antimony acetate (9.80 g, 

32 mmol) chromium nitrate (5.25g, 13 mmol) in ethylene glycol (250 mL, 4.55 

mmol) was prepared in a 500 mL conical flask by warming (60°C) and stirring. 

A homogeneous green solution was obtained after 20 minutes. The first solution 

was allowed to cool for 15 minutes and then transferred to a 5 L beaker. The 

second solution was added to the first and stirred for 15 minutes with an 

overhead stirrer. To this solution oxalic acid (315 g, 2.50 mmol) dissolved in 

ethanol (IL) was added with vigorous stirring. A thick gel was obtained. Stirring 

was continued for another 15 minutes. The gel was poured into an evaporating 

dish and put it into an oven set at 80°C for 12 hours. The dried powder was 

calcined at 500°C. In order to reduce the amount of strong agglomerates, the 

nanopowder was milled for a maximum of 30 minutes in a conventional ball mill 

using zirconia balls in a sealed air atmosphere. The weight ratio of ball to powder 

was 30:1. 2g of the above material was plastified with 1 drop each of 10% 

aqueous solution of poly(vinyl alcohol) and poIy(ethylene glycol) and 0.015 

gram of gum arabic. This was fiirther dried in an oven for 5 minutes and 

pelletised into 7mm x 0.7 mm discs for further sintering and electrical studies. 

The pellets were sintered at various temperatures fi-om 700 tol050°C.

2.6. Methods 

2.6.1 UVA îs analysis

Optical absorption spectra were recorded using 1cm quartz cell on a UNICAM 

5625 UVA'^is spectrometer with deuterium and tungsten lamps as light sources. 

Spectra were recorded in the range 250 to 400 nm.
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2.6.2 Infrared absorption Spectroscopy
Infrared spectra were recorded on a Genesis II FTIR Spectrometer. Samples were 

prepared as gel or powder dispersed in KBr. Measurements were carried out in 

the wavenumber range 400- 4000 cm

2.6.3 Thermal analysis
DiJBferential Scanning Calorimetric (DSC) measurements were performed with a 

Rheometric Scientific DSC QC. A small amount of sample (less than 3mg) was 

heated from room temperature to 500°C at a constant heating rate of 

10°C/minute under nitrogen atmosphere. Thermo-Gravimetric Analysis (TGA) 

was carried out using a Thom Scientific TG-750 instrument operated at a 

constant heat flow of l°C/tnin. Dr. M. Venkatesan from the Magnetic Materials 

Laboratory in the Physics Department kindly obtained the thermo-gravimetric 

analysis curves of the xerogel. Dilatometric measurements were carried out with 

Netzsch 402 PC at a constant heat flow of 5°C/min. To study the sintering 

behaviour of varistor pellets made from nano-size samples, measurements were 

made in a high temperature, horizontal, single push rod dilatometer having a 
transducer with 5 mm linear range and a temperature range of 25-1100°C. The 

sample holder system used for these measurements was dense sintered alumina 

of high purity.

2.6.4 X-ray powder diffraction (XRD)"*̂
The sample for analysis was prepared by making a thin film of the powder with 

acetone on a glass plate and the measurement has been performed with a 

Siemens D 500 or Philips PW 1540 X-ray diflfractometer. The particle sizes were 

calculated by the Debye - Scherrer equation.'*

Crystalline size = [2.1]BcosG

where A,= X-ray wavelength, 0 = Bragg angle B= Line broadening. The line 

broadening B is measured from the increased peak width at half the peak height 

and is obtained from Warren formula B  ̂= Bm̂  - Bs  ̂where Bm is the measured
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peak width and Bs is the corresponding width of a peak of a standard matenal 

(commercial ZnO) whose particle size is greater than 200 nm.

2.6.5 Transmission Electron Microscopy

Transmission electron microscopy was performed with a Hitachi 7000 TEM or 

Philips CM 20 HRTEM (High Resolution Transmission Electron Microscopy). 

HRTEM measurements were carried out at Manchester Materials Science Centre, 

UMIST, Manchester. 400 mesh copper grids coated with formvar were used lo 

prepare the samples. Fig. 2.1 illustrates the principle of a transmission electron 

microscope.

Bectnon sckvx«

 TEM sirriplQ -------

O bf«ccN « lens 
Focal plane c f  objeccrvc

„ l&L Incermedacje ^  
Im ^ e

SeJeccor a p e r tu re

Fig. 2.1 Ray diagram for the generation of a) images and b) diffraction patterns 

in a transmission electron microscope.^

Using a high magnification instrument, it is possible to select individual 

crystallites fi’om a powder sample and produce single crystal diffraction 

p a t t e r n s . T h i s  technique is known as selected area electron diffraction 

(SAED). Knowing the camera length L [mm] and the incident wavelength X  

[nm] and by measuring R [mm] fi’om the diffraction pattern, it is possible to
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calculate the lattice spacing Ahki^ A schematic representation of the set up is 

given in Fig. 2.2

20

P f ^ o t o q f a p h i c  
—  P l . 3 t «

R

Fig. 2.2 Schematic representation o f the electron dif&action set up.

According to Bragg’s law

X- 2d sin0 [2.2]

Assuming the absence o f lenses, then

R -  L tan20 [2.3]

And since the 0, incident angle is very small (< 3°)

tan 20 = 2 sin 0 [2.4]

Therefore,

[2.5]

On rearrangement

d = ^  [2.6]
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where d= distance between the adjacent crystalline planes, X-ray wavelength, 

0 = Bragg angle, L = camera length, R = radius o f the diffraction pattern.

2.6.6 Scanniag Electron Microscopy (SEM)

Scanning Electron Microscopic studies were carried out by FESEM (Hitachi S- 

4300), which was operated at 5,0 kV or 20 kV. Samples for analysis were 

mounted on aluminium stubs and coated with graphite. A scanning electron 

microscope functions by scanning a focused beam of high energy electrons 

across the surface of a sample.'^ As the beam scans the sample electrons are 

ejected out and are collected by the collecting anode. The beam sample 

interaction produces many signals including back scattered electrons (BE), 

secondary electrons (SE) and X-rays. When an electron from the beam 

encounters a nucleus in the sample, the resultant coulombic attraction results in 

the deflection o f electron’s path. A few o f these electrons will be completely 

backscattered from the incident surface of the sample. The high-energy back 

scattered electrons provide an image with good atomic number contrast (since 

the scattering angle is strongly dependent on the atomic number o f nucleus 

involved) The beam of electrons interact with the loosely bound conduction 

band electrons in the sample. These low energy electrons are collected to yield 

SEM images wdth high resolution.

When the electron beam interacts with an atom, ionisation occurs in the inner 

shell and the energy is emitted by X-ray. These X-rays produced are 

characteristic o f the elements in the sample and they may be separated out into an 

energy spectrum to allow the identification o f the elemental composition of the 

sample. These X-rays can be detected by an additional detector attached to SEM. 

By scanning the energy of the emitted X-rays, it is possible to identify the 

elements present. This method is called Energy Dispersive X-ray analysis 

(EDX).

46



2.6.7 BET Surface area analysis

The BET Surface area analysis were carried out at Enterprise Ireland using a 

Micromeritics Gemini 2370 instrument under the supervision of Dr. Tim Prescott 

and Dr. Paul P. Lyons. The measurements were carried out at liquid nitrogen 

temperature after degassing for 2 hours at 200°C. The BET method developed by 

Brunauer, Emmett and Teller in 1938 is widely used for the surface area 

determination of solid powders. The basis of the BET procedure is gas 

adsorption (physisorption). The powdered sample is evacuated of all gases and 

cooled to the temperature of liquid nitrogen (77K). At this temperature inert 

gases such as nitrogen or argon v^ll adsorb on the surface of the sample. The two 

gas reservoirs are filled with the inert gas (Fig. 2.3). From these reservoirs, gas is 

dosed into the sample and balance tubes. A transducer on the sample side 

monitors the target pressure. As the sample adsorbs gas the pressure would tend 

to decrease and it is detected by the transducer located between the sample and 

balance tube. A third transducer monitors the pressure between the two reservoirs 

to determine the amount of gas adsorbed on the sample. An adsorption isotherm 

is usually recorded as volume of gas adsorbed versus relative pressure. The BET 

equation is used to give the specific surface area fi'om this data. BET equation 

gives the volume of gas needed to form a monolayer on the surface of the 

sample.

—  P — =  (C-l)(P-Po) p.7]
V^(P.-P) vx vx

where, P the pressure, Po the saturation pressure at measurement temperature, 

Vads the volume of gas adsorbed at pressure P, Vm the monolayer volume and the 

parameter C is related to the heat of adsorption. The BET surface area of the 

sample is expressed in mVg.
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Fig. 2.3 Diagrammatic representation of a surface area analyser

2.6.8 Density Determinations

Density determinations of the sintered samples were performed using the 

Archimedes principle. This principle states that every solid body immersed in a 

fluid loses weight by an amount equal to that of the fluid it displaces. The density 

of the sintered samples usually determined with the aid of a liquid whose density 

is known (usually water). If the sample does not have any open porosity it can 

just be weighed in air (Wi) and water (W2) to calculate the density (D) according 

to the equation.

Wi.dD [2.8]
W1 -W 2 

where d= density of water 

The measurements were carried out using Ohaus P/N 470007-010 (Fig. 2.4)
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■►Weighing pan 1

'► Water

Fig. 2.4 Experimental set up for the determination of density by Archimedes

principle.

2.7. Sintering studies

Sintering is a process of densification, which reduces the solid-vapour interfacial 

area and porosity. '̂*® This is the preferred manufacturing method for industrial 

ceramics. ZnO varistors are normally sintered at 950-1400°C.**'*^ Two different 

types of sintering procedures were tried for varistors to study the densification 

and electrical characteristics.

2.7.1 Conventional sintering

The conventional sintering was performed in a chamber fiimace (Nabertherm-S 

27) with the following rate of heating (Scheme 1).

1.5°C/min 3°C/min
Room Temperature -----------^  300°C/lhr  ^  Final Temperature

Scheme 1 Sintering schedule used for conventional sintering

ZnO varistor discs were sintered in air at various temperatures ranging fi-om 700- 

1050°C for 2hrs and then lefl: cool under room temperature. Fig. 2.5 show a 

typical sintering profile used for the sintering at 1050°C for 2 hours.

49



1050°C /2 hr

4 hr

8hr

3hr

RTRT

Fig. 2.5 Example o f a profile used for conventional sintering 

2.7.2 Novel sintering procedures

A novel sintering technique was also tried for varistors based on a similar report 

on the sintering o f Y2 O3 ceramics.’  ̂ The method is based on a two step sintering 

schedule. The material is first heated to a higher temperature to achieve an 

intermediate density, then cooled down and held at a lower temperature to g«5t 

full sintered density. The sintering experiments were performed in a chamber 

furnace (Nabertherm-S 27). A typical sintering profile based on this method is 

given in Fig. 2.6

1100°C/0hr

75 minutes

4 hr
900°C/ 6 hr

300°C/lhr

6 hr3hr

RT
RT

Fig. 2.6 Example of a sintering profile used for novel sintering
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2.8 Electrical characterisation

I-V characteristics from 0.1|j,A to 0.01 A was measured by using Keithley 

Instrument (Model 2410) and 0.1 A to lOOA were measured by Keytek Model 

711 surge generator. I-V plot obtained from the Keithley Instrument will be used  

in the following chapters. The nonlinear constant a  was calculated from the I-V  

measurements between current densities 0.1 A and 1 mA using the relationship.

a =  [2 9]
log V ,- lo g  V,

where V 2 and Vi are the electric fields at current densities I2 and Ii respectively. 

The breakdown voltage, Vc was measured as the voltage at a current density o f  1 

mA
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Chapter 3

Synthesis of nanometer size ZnO by three different 

procedures and the study of the varistor properties of

these materials
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3.1 Introduction

As described in chapter 1, several techniques have been reported for the 

synthesis of varistor materials by chemical routes.''^ Here we report the synthesis 

of varistor materials from nanocrystalline ZnO prepared by three different 

techniques and subsequently doped with metal oxides by the conventional solid 

state mixing technique. The methods used for the preparation of nanoparticular 

ZnO was based on the reaction of zinc salt with alkali metal hydroxide under 

controlled conditions.

The following procedures were attempted to produce nano-size ZnO

a) Spanhel and Anderson procedure (section 3.2.1)

b) Meulenkamp^ procedure (section 3.2.2) and

c) Weller^ procedure (section 3.3).

Experimental details of these methods are given in section 2.3.1.

The aim of this study was to find a suitable procedure to make varistor materials 

and to compare the electrical properties and grain growth of nanocrystalline ZnO 

prepared through these methods.

3.2 Results and discussions on ZnO nanoparticles

3.2.1 Nanocrystalline ZnO through Spanhel and Anderson procedure^

This procedure (scheme 3.1) affords nanocrystalline ZnO colloids within a few
7  ohours. The organometallic zinc oxide precursor ’ was made by refluxing an 

ethanolic solution of zinc acetate. This solution was further diluted and LiOH 

powder added. Finally, the suspension was placed into an ultrasonic bath in order 

to dissolve the weakly soluble LiOH powder. Ultrasonication accelerates the 

release of hydroxide ions, resulting in an immediate reaction to form a stable 

ZnO sol.
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Zinc acetate (lOg) + ethanol (500mL)

Rotary evaporation

200mL Condensate

Diluted with EtOH

500ml Organometallic ZnO 
Precursor^’*

LiOH.HzO 
T Ultrasonication

ZnO Sol uVA^is, TEM

Evaporation of solvent
r

ZnO Gel

70 °C
r

ZnO powder XRD

Scheme 3.1 Flowchart for the synthesis of ZnO through Spanhel and Anderson

Procedure.

3.2.I.I. UVA îs absorption spectra of ZnO sol

Fig. 3.1 shows the UVA^is absorption spectrum observed just after the synthesis 

of the ethanolic sol of ZnO nanoparticles. The spectrum shows a main peak at 

330 nm and a shoulder at 280 nm attributed to the exciton transition in small

55



7 8ZnO clusters. ’ X y, (wavelength at which the absorption is 50% o f the excitonic 

peak) is found to be 347 ± 5 nm.

1.4 
1.2 -  

1 -

§  0.8 -

I 0.6 -
</>

0.2 -  

0 -

- 0.2
250 300 350 400

Wavelength

Fig. 3.1 UVA^is absorption spectra o f fresh ZnO sol (-0.001 M) prepared by 

Spanhel and Anderson procedure.

The blue shift observed for the quantum size ZnO (Eg= 3 .57 ev) compared to the 

bulk material (Eg = 3.44 ev) can be explained by a molecular orbital model (e.g. 

see Fig. 1.1 in Chapter 1). It is clear from the figure how the splitting o f energy 

levels into a filled and an empty region proceeds as the number o f contributing 

MO’s increases. As the HOMO-LUMO gap increases, more energy is required 

for creating an electron/hole pair. This increase shifts the absorption spectra to 

shorter wavelengths.

Meulenkamp^ has established a simple relationship between the particle 

diameter (D) in A and X ^ (wavelength at which the absorption is 50% o f the 

excitonic peak) similar to Brus equation (Appendix 1).

799.9 22.64 
D ' ~ D

[3,1]
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The spectrum (Fig.3.1) indicated a at 347 ± 5 nm giving a particle size of 

3.4± 0.5 nm.

3.2.1.2 X-ray DifTraction

The XRD pattern (2 0 from 5°-60°) for ZnO produced by the Spanhel and 

Anderson route is given in Fig.3 .2. The X-ray powder diffraction pattern of the 

powder dried in an oven set 70°C shows d spacing values and relative intensities 

of the peaks coincident with JCPDS data of Zincite.

500
400

300
I  200 

100
0

555 15 35 4525
2 0

Fig. 3.2 X-ray powder diffraction plot of ZnO powder produced by Spanhel

and Anderson route

The particle sizes were calculated by the Debye -Scherrer equation. The particle 

size was found to be 4.5 ± 0.5 nm for a sample prepared through Spanhel and 

Anderson procedure which is higher than that obtained in either TEM or UVA^is 

spectroscopy. This may be due to the fact that XRD pattern is recorded after 

drying the sample (sol) in an oven at 70°C for two days.

3.2.1.3 Transmission Electron Micrographs

Transmission Electron Micrograph (TEM) provides comparatively good 

measurement of particle sizes for colloids and powders. The TEM pictures 

obtained for a 5 days aged ZnO is given in Fig.3.3. Particle sizes were 

determined by plotting a histogram from the TEM figures and indicated an 

average size of 3.3 ± 0,5 nm (Fig.3.4).
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so  nm

Fig. 3,3 TEM picture o f ZnO nanoparticles Spanhel and Anderson route

25

>Nuc0)
3
O "
S!u.

ir> to inCM ro in o (O

CM

Particle diam eter (nm)

Fig. 3.4 Size histogram (TEM) o f the ZnO particles prepared through 

Spanhel and Anderson route.’

3.2.2 ZnO nanocrystals prepared through Meulenkamp’s method

The procedure employed was slightly different from Spanhel’s’ procedure. In 

this case the ethanolic solution is only refluxed for 30 minutes and then directly 

cooled to 0°C. Zn̂ *̂  ions are reacted with LiOH in alcohol solution making use of
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the dehydrating properties of the solvent to prevent the formation of zinc 

hydroxide.

Ethanol/- H2O LiOH
Zn(C2H3 0 2 ) 2 2 H2O ---------------► Znio0 4 (Ac)i2 —----------  ► ZnO

Scheme 3.2 Synthesis of ZnO through Meulenkamp’s Procedure.^

A detailed experimental flowchart is given in Scheme 3.3

Zinc acetate + ethanol LiOH + ethanol

Refluxed 

30 min

Ultrasonication

Ethanol solution of Zinc Acetate
(0°C) Ethanol solution of LiOH

Mixing

ZnO Sol UVA^is

Evaporation of solvent/ Washing

ZnO gel TEM

i 70 °C

ZnO Powder XRD

Scheme 3.3 Flowchart for the synthesis of ZnO through Meulenkamp’s

Procedure.*

The mechanism of ZnO formation is rather complex and poorly understood, 

although Meulenkamp* provides a possible explanation involving the formation 

of anhydrous zinc acetate and its reaction with LiOH to produce ZnO.
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3.2.2.1 UVA^is absorption spectra of ZnO sol

The UV/Vis spectnim (Fig. 3.5) obtained is that for a typical ZnO nanocolloid 

and similar to the earlier presented one (Fig. 3.1). The spectrum indicated a peak 

at 320 nm with a X\a value o f 334 nm giving a particle size o f 2.9 nm (Fig. 3.5).

- 0.1
250 300 350 400

Wavelength (nm)

Fig, 3,5 UVA^is absorption spectra o f fresh ZnO sol (0 .001 M)

3.2.2.2 X-ray DifTraction

Fig. 3.6 & 3.7 are the XRD patterns recorded for the ZnO sample before and 

after washing. The X-ray powder diffraction pattern (20 from 5°-60°) showed d 

spacing value and relative intensities o f the peaks coincident with JCPDS data 

for zincite. However it is observed that there are also a lot o f impurity peaks with 

20 values below 30°. The peaks were identified as a complex o f zinc -lithium- 

acetate.* The intensity o f the peaks are reduced on washing and after washing 

several times impurity free ZnO is obtained.
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These are obvious in the Figs. 3.6 & 3.7. The particle sizes were calculated by 

the Scherrer method.'” The particle size was found to be 6.2 ±0,5 nm for sample 

prepared through Meulenkamp’s procedure.

1200

1000

800

5 600

400

200

5545

Fig. 3.6 X-ray powder diffraction plot o f ZnO powder, prepared by

Meulenkamp’s* procedure, before washing (* = impurity peaks)

1200

1000

800  -

600  -

400  -

200  -

554525 35
20

Fig. 3.7 X -ray powder diffraction plot of ZnO powder, prepared through 

Meulenkamp’s* procedure, after washing
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3.2.1.3 Transmission Electron Micrographs

The TEM obtained for a five days aged ZnO is given in Fig. 3 .8. The particle size 

histogram of the TEM indicated an average size of 4. 40 + 0.5nm. (Fig.3.9)

50 n m

Fig. 3,8 TEM picture of ZnO nanoparticles

Partic le d iam ete r (nm )

Fig. 3.9 Size histogram (TEM) of the ZnO particles prepared by Meulenkamp’s
route.
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7 83.2.3 Comparison of the Spanhel and Anderson and Meulenkamp’s 

procedures

ZnO synthesised by two different routes (ie Spanhel and Anderson^ and 

Meulenlcamp’s*) have resulted in formation of ZnO nanoparticles of a similar 

particle size. However, the synthesis of ZnO by the Meulenkamp route is found 

to be easier to reproduce. For example, in the case of Spanhel and Anderson’s 

route, it was found that a precipitate sometimes formed during refluxing. On 

these occasions, ZnO wzis not formed. It was always very difficult to set the 

reaction conditions in such a way to get 0.3 L condensate within three hours (if 

reaction times were less than three hours a precipitate was noted. On the other 

hand a turbid reaction product was produced for reaction times longer than four 

hours!). A transparent and stable precursor was only obtained after three hours 

reaction time. In our hands, out o f seven experiments only four were successful. 

The total time taken for the complete reaction was five hours. On the other hand 

the Meulenkamp procedure is very simple, experiments were successful each and 

every time, and the complete reaction occurs in one hour thirty minutes.

3 3  Synthesis of Nanocrystalline Solid ZnO by Weller method^

When zinc ions are precipitated by using hydroxide ions in an aqueous medium, 

the formation of Zn(OH)a is favoured over ZnO.^ Weller has shown that the 

precipitation can also be carried out in methanolic solution and by making use of 

the dehydrating properties of alcohols, ZnO nanoparticles can be obtained. 

Particle stabilisation is achieved by the addition of a small amount of 

polyphosphate.^ A detailed experimental flowchart is given in Scheme 3.4
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Zn(C104)2 (0.8 g)+ methanol (1.2 L )

N2
0 . IM sodium
hexametaphosphate (0.2mL)

Opalescent solution

NaOH(10 M, 3mL)

ZnO Sol

1 Washing/ 
Diying (70°C)

Nano ZnO Powder XRD

Scheme 3.4 Flowchart for the synthesis of ZnO through Weller’s procedure.

The UVA^is spectrum obtained is typical o f that for a ZnO nano colloid and is 

similar to those recorded earlier. The spectrum indicates a value of Xm of 350 

nm, which corresponds to a particle size of 3.6 ±0.5nm. The X-ray powder 

difiraction pattern (Fig. 3.10) (20 from 5°-60°) shows d spacing value and 

relative intensities of the peaks coincident with JCPDS data of Zincite.

^  300
= 250
E 200

45 55

Fig. 3.10 X-ray powder diffraction plot of ZnO powder after washing (Weller

method^)
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The particle size histogram o f TEM (Fig. 3 .11) indicated an average size o f 3 .58 

+0.5nm.

25

20
>> . _  ̂ 15 
0 )
3
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lO T- iq CNJ m CO IT) IT) m lO CO
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o o CN CN CO CO uS ur>

Particle diam eter (nm)

Fig. 3.11 Size histogram (TEM) obtained for ZnO nanopowder (Weller method^) 

3.4 Comparison of the three procedures.’’*’’

• ZnO synthesised by three different routes^’*̂’̂  produce similar particle sizes 

(Table 3.2). However, the synthesis o f ZnO by the Weller route is found to be 

easier to reproduce, as the other two methods depend strongly on the reaction 

conditions such as temperature, concentration and time.

• The Weller procedure is very simple to carry out as unlike the other two 

methods does not involve various steps like rotary evaporation and
7 8ultrasonication. ’ The total time taken by the Weller method was around 3 

hours including washing while the other two methods took around 24 hours 

for the synthesis and washing.
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• After washing the solid ZnO obtained by the Weller method is in very high 

yield (80%).

• As far as varistors and other electronic materials are concerned the Weller 

method is more suitable as it does not require any Li^ based reactants. A 

small amount o f  Li^ can destroy the varistor properties o f ZnO.’  ̂ A 

comparison o f the various methods for the synthesis o f nanocrystalline ZnO 

is given in Table 3 .1.
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Table 3.1 Comparison of the three different procedures used in the synthesis of

Nanocrystalline ZnO

Procedure Chemicals
Used

Method % of 
success rate

Advantages Limitations

Spanhel 
and Anderson^

Zn(C2H302 )2.2 H2 0  
LiOH. H2O, 
Ethanol

Condensation,
Dilution,
LiOH addition 
Ultra sonication and 
Dr\ing

Out of 
seven, only 
four were 
successful 
(yield 70%)

Transparent 
thin films 
can be prepared 
from the sol

Some precipitation 
occurred during 
condensation and in 
this case no ZnO is 
formed.
A transparent and 
stable precursor was 
only obtained after 3h 
reaction time. Out of 
seven experiments only 
four were successful. 
Total time taken for the 
complete reaction was 
5 hrs. Li can affect 
varistor properties. ,

Meulenkamp*
Zn (C2H30 2 )2.2 H2 0  
LiOH. H2O 
Ethanol

Cooling, 
Precipitation 
LiOH addition 
Stirring and drying

Experiments
were
successful 
each and 
every time 
(yield 45%)

A method for 
washing the bi
products is 
described in the 
paper. More 
simple and 
reproducible 
compared to 
Spanhef. Only 
90 min taken to 
complete the 
reaction

Washing will take 
several hours, and a 
large amount of hexane 
is needed to precipitate 
the ZnO from the sol. 
Time taken for washing 
is several days (12 
days)

Weller ^
Zn(C104)2
NaOH
(Na(PO)3)6
Methanol

N2 Bubbling 
(Na(P0 3 » 6  
addition 
NaOH addition 

Washing

Experiments
were
successful 
each and 
every time 
(yield 80%)

Simple and 
reproducible 
compared to the 
above two 
procedures.^’® 
Pure ZnO is 
obtained after 
Washing. Time 
required for 
washing is 60 
min

Dilute solutions need 
for the synthesis and 
large volume of solvent 
required for the 
synthesis compared to 
the above^’® two 
methods.
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Table 3.2 Particle sizes obtained for ZnO prepared through various procedures

Procedure Particle size (nm, ±0.5)

employed
UVA^is TEM XRD

Fresh Aged 
(2 days)

Spanhel and Anderson 3.4 3.7 3.3 4. 5

Meulenkamp* 2.9 3.2 4.4 6.2

Weller‘S 3.6 - 3.6 5.7

Particle sizes of the ZnO nanopartcles obtained by various techniques (UV/Vis, 

XRD and TEM) are given in Table 3.2. The difference in particle size may be 

due to the fact that XRD pattern is recorded after drying the sample (sol) in an 

oven at 70°C for two days. It is also noted that the Debye-Scherrer equation is 

unreliable for particles of different size distributions since the mean given by this 

method depends strongly on the shape of the crystal size distribution.”  Generally 

for the Debye-Scherrer method, it is assumed that all of the crystals have the 

same size, which is not true in this case. If there is a difference in distribution of 

sizes, then the Scherrer constant (K=0.9) changes.”

3.5 Aging studies

Aging studies have been carried out using UV/Vis spectroscopy. As discussed
^  c

earlier ZnO shows a quantum size effect for very small particles ’ (<7nm) so 

UVA^is absorption spectra provides a method to investigate the particle growth. 

It is seen that ZnO particles continue to grow after synthesis even at low 

temperature (0°C). In this way it is possible to obtain particle sizes of various

range. The results of aging of a 0.001 M ZnO sol for periods up to 10 and 100 

days at room temperature are given in Figs. 3.12 and 3.13. The absorption

68



spectra recorded for fresh ZnO colloid (0.001 M) is shown in the Fig, 3.5. Aftei 

aging for one day at room temperature the absorption edge progressively red- 

shifted to 340nm. It is obvious from the spectral plots that the particle growth is 

time dependent and the rate o f spectral shift is retarded towards the end of aginj 

(Figs. 3.12 & 3.13) as observed by Wong et

Aging 10 days

Fresh sol
1 day

2 days
3 days 

5 days 

10 days

0.9
0.8

0.7
0.6co 0.5 

S 0.4
S I

0.3
0.2

250 300 350 400
Wavelength (nm)

Fig. 3.12 UV/ Vis spectra showing the aging of the ZnO sol (prepared by 

Meulenkamp method) in ethanol up to 10 days

0 .8  1

0.7

0.6

 Fresh sol
 10 days

20 days
 40 days
 80 days

0.5 -

0.3 -

0.2 -

390250 270 290 310 330
Wavelength(nm)

350 370

Fig. 3.13 UV/Vis spectra showing the aging of ZnO sol (prepared by

Meulenkamp method) in ethanol up to 80 days.
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Aging 10 days aging 100 days

350 355

350345

345
340

340

335 I
335

330330
10 10050

No of daysNo of days

Fig. 3.14 Evolution o f  X1/2 as a result o f  aging o f  the Meulenkamp ZnO sol in 

ethanol a) 10 days o f  aging b)100 days o f  aging

60 100
No of days

Fig. 3.15 Evolution o f particle size as a result o f  aging o f  the Meulenkamp ZnO 

sol in ethanol for 100 days o f  aging

Possible explanations for the particle growth in colloidal systems are Ostwald 

ripening (Fig. 3.16) and aggregation,^’* If  the particles are slightly soluble in the 

dispersion medium then, by the phenomenon o f surface tension, the solubility o f  

the very small particles is greater than that o f  the larger particles. Consequently if 

particles o f  different sizes are present, there will be a tendency for molecules to
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dissolve from smaller particles and to precipitate on to larger ones. Smaller 

particles tend to be eliminated and the average particle size increases.''’ In an 

aggregation process, when the smallest stable clusters are formed, they rapidly 

combine together to give the next most stable aggregate.^ In a simple way large 

particles are growing further making use o f  small particles as “seeds” . After a 

particular time a stage is reached where particles will not grow further and this is 

obvious as the spectral shifts retard at the end o f aging process (Fig 3 .12 ).

"  ®  @  %
/  \  /  \  /  \ ̂ Q o   .

\  
sols

3*DIMCNSIONAL GEL NETWORKS

W u rl/i le  Crystals

Fig. 3.16 Ostwald ripening and aggregation.^
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3.6 Calcination of Nano-size ZnO prepared by the above methods

Nano-size ZnO powders prepared by the above three different routes were 

calcined at 500°C (3°C/min) and characterised by TEM and X-ray powder 

diffraction methods.

i
\

/  \  
J.

200 nm

Fig 3.17 TEM image of the nano ZnO calcined at 500°C (Spanhel and Anderson

route)
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Fig. 3.18 X-ray powder diffraction pattern of the nano ZnO calcined at 500°C 

(Spanhel and Anderson route )̂ * = impurity peaks due to Li complexes
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TEM images of the nano-size ZnO prepared through Spanhel and Anderson 

route showed a needle like morphology with particles of 80-150 nm in length and 

15 to 50 imi in width. X-ray powder diffraction studies of these material showed 

an average particle size of 74 ± 5 nm. The difference in particle size may be due 

to the morphological effect. In the Debye-Scherrer equat ion, i t  is assumed that 

the particles are spherical and in the above case they are rod shaped.

Spherical particles of average diameter 128 ± 15 nm were obtained for ZnO 

particles prepared by Meulenkamp’s method,* X-ray powder diffraction showed 

a wurtzite type ZnO with a particle size of 147 ± 10 nm. It is important to notice 

that the particles were grown much larger compared to the initial particle size 

before calcination.

200 nm
Fig. 3.19 TEM image of the nano ZnO calcined at 500°C (prepared by

Meulenkamp’s route)
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Fig. 3.20 X-ray powder diffraction pattern of the nano ZnO calcined at 500°C 

(prepared by Meulenkamp’s route)

The particles prepared by the Weller method showed an average particle size of 

15 ± 2 nm. X-ray powder diffraction studies of these material showed an average 

particle size of 16 ± 3 nm. Therefore the particles are only 3-4 times larger than 

the initially prepared (section 3.3).

O ^ ljn

200 nm

Fig. 3.21 TEM image of the nano ZnO calcined at 500°C (Weller route®)
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Fig. 3.22 X-ray powder diffraction pattern o f the nano ZnO calcined at 500°C

(prepared by Weller route®)

Larger grain growth of 500'^C calcined ZnO materials prepared from the Spanhel 

and Anderson^ and the Meulenkamp^ procedures may be due to the presence of 

Li ions. Meulenkamp’ studied the effect o f addition o f 9.6 millimolar solution of 

lithium acetate to a 50 millimolar solution o f ZnO at room temperature for 12 

days. ZnO particles grew from 3.0 nm to 4.1 nm while the particles grew only 

3 .7 nm under similar experimental conditions without the use o f lithium acetate. 

These results show that the Li ions have a great influence on the particle growth 

of ZnO. There are no reports available in the literature o f the effect o f Li ions on 

the ZnO particle growth at 500°C.

3.7 Sintering and electrical properties of varistors prepared by the above 

three methods

Varistor discs prepared from doped nano ZnO materials were sintered at 1050°C 

for 2 hours. The samples prepared by Spanhel and Anderson^ route were melted 

fully and could not be removed from the ceramic tile (used as the sample holder). 

The average % densification values o f the sintered samples are shown in table 

3.3. It is important to notice that more than 90% densification has been achieved 

in the Meulenkamp* and the commercial samples. The varistors made from 

Weller^ samples were found to have less densification (80%) than the other two 

samples.
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Table 3.3 Densification o f the varistor samples during sintering

Sample Density % Densification*

(g/cm^)

Meulenkamp 5.12 91.49

Weller 4.50 80.27

Commercial 5.24 93.50

* Theoretical density of ZnO is 5 .60 (g/cm )

From I-V characteristics o f the sintered nano varistors prepared by Meulenkamp 

and Weller methods it can be seen that there is conducting behaviour up to 10"  ̂

A followed by a linear behaviour. This is very' different from the commercial 

sample where there is a linear region first (10^ A) and then a non-linear region. 

From the above studies it could be concluded that these materials would not be 

useful as a varistor material. This is probably due to the impurities (Li^ and Na^) 

present in the preparation step.'^
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3.8 Conclusions

1. Three methods have been used successfully to prepare nanocrystalline ZnO. 

The materials have been characterised by TEM, XRD and UVA^is. Among 

the reported procedures tried, the Weller method is found to be most simple 

to reproduce. However this method requires very dilute solutions and is not 

suitable for the large-scale production o f nano ZnO.

2. Aging studies show that ZnO nanoparticles are growing in alcoholic solutions 

and it is seen from the spectral plots that the particle growth is time 

dependent.

3. Calcination studies showed that ZnO nanomaterials synthesised from the 

Weller method grew to a smaller size compared to the other two routes. The 

reason for a larger grain growth of ZnO nanoparticles prepared by the 

Spanhel and Anderson and the Meulenkamp method was due to the presence 

o f Li^ ions.
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4 Electrical studies show that these ZnO materials cannot be used as a varistor 

material.

5 In order to get better varistor materials studies were directed towards novel 

processing routes to get pure materials, which will be described in chapters 4 

and 5,
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Chapter 4

Synthesis of novel ZnO nanoparticles and self assembled

nanowire arrays
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4.1 Introduction

A number o f  preparative techniques, many based on the reaction o f a zinc salt 

with alkali metal hydroxides or alkoxide based sol gel synthesis, have been 

shown to yield spherical well-defined particles in the range o f 2 to 7 nm.’"̂  

However only very recently have ZnO nanowires been reported. This has been 

achieved using anodic alumina membranes,^’̂  physical vapour deposition 

method,^ and by a vapour-liquid-solid growth using gold as catalyst.* In this 

chapter we report a novel and simple procedure to fabricate ZnO nanoparticles 

and ZnO nanowire arrays using a non-hydrolytic sol gel condensation reaction 

and subsequent calcination. These methods, unlike most o f  the previous methods, 

allow the production o f the template free ZnO nanowires and nanoparticles in 

large quantities without using any templates.

Since the discovery o f  carbon nanotubes,^ numerous nanofabrication techniques 

have been reported for the production o f  nanowires, n a n o r o d s , a n d  

nanofibres.E lectrochem ical synthesis using a template is one o f  the efiBcient 

methods for the fabrication o f assembled nanomaterials in a desired shape 

because the growth occurs in the direction o f  the template.*^ Metal oxide 

nanostructures o f  Ti02, Mn02, C0 3 O 4 , ZnO, WO3 , and Si02 have been 

synthesised by the sol gel technique using porous alumina and polymeric filler as 

templates. Fibres and tubules o f  the oxide material are formed within each pore 

o f the template membrane.*^ The fabrication o f  metal oxide nanofibres/nanorods 

o f V2O5, M 0 O 2 , R u02, Ir02, and G e02  using the carbon nanotubes as removable 

templates have been reported.^’ The formation o f  a palladium nanowire on a 

DNA template was reported recently.'* CdSe nanowire arrays w ere also 

fabricated by direct current electrodeposition in porous anodic aluminium oxide 

templates from a dimethyl sulfoxide solution containing CdCU and elemental 

Se.'^ M g(0H)2 nanorods were prepared from Mg powder and w ater with 

ethylenediamine at 180°C under pressure in an autoclave.^'’ Fitzmaurice et 

achieved the synthesis o f  silver nanocrystals without a template into two 

dimensional nano wire arrays using dodecanethiol as a chelating (capping) ligand.
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Varistors have been fabricated from these materials by doping with metal oxides 

and by a core shell type synthesis, using ZnO nanoparticles as core materials and 

Sb, Bi and Co metal as shells, has also been achieved.

Core shell materials: These are materials with solid spherical particles covered 

with an organic or inorganic layer by chemical technology. This typically 

involves tailoring the surface properties of particles often accomplished by 

coating or encapsulating them within a shell of preferred material. 

Preparation of TiOj-BaCOs particles as precursor of BaTiOs has been achieved 

by a two step procedure by first coating the Ti02 core by Ba(0H)2 shell followed 

by conversion of the shell region with CO2 gas by the formation of BaCOa.’” 

Recently the photoluminescence properties of ZnO particles with BN capsules 

(ZnO as core and BN as shell) have been reported.^*

With improved chemical and physical properties over their single counterparts, 

core shell materials are potentially useful in a broader range of applications. The 

shell alters the charge, fiinctionality and dispersibility of the colloidal core. 

Encasing colloids in a shell o f different composition may also protect the core 

from extraneous chemical and physical changes. Core shell materials have been 

Utilised in the areas of opto-electronics, ’ coatings, and catalysis. Hollow 

spheres of magnetic nanoparticles were prepared by a sequential layering 

approach for the application of diagnostics. '̂*

By homogeneous coating of each spherical particle, more grain boundaries will 

be formed by dopants compared to the conventional techniques. Thereby it is 

possible to produce more varistor-active grain boundaries per unit area. Grain 

grov^h is expected to be much less, as each grain is homogeneously covered 

with dopants (grain growth inhibitors). Furthermore the sintering temperature 

could be decreased with the homogeneous addition of sintering aids.
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4.2 Synthesis of ZnO nanoparticles

Reaction of an ethanolic solution of zinc acetate with an ethanolic solution of 

oxalic acid produced a thick semi-gel. Subsequent drying at 80°C and calcination 

of this gel at 500°C produced ZnO (Scheme 4.1) as identified by its powder X- 

ray diffraction pattern (Fig. 4.1).

Zinc acetate (10.98g) + Ethanol (300mL)

Oxalic acid

ZnO Precursor Gel

Drying 80°C

Xerogel

1

Calcination at 500°C

r

Nano-size ZnO

Scheme 4.1 Flowchart for the synthesis of ZnO nanoparticles through a non- 

hydrolytic condensation reaction.

The X-ray powder diflfraction pattern shows 20 values and relative intensities 

(except 002 plane) of the peaks coincident with JCPDS data of zincite (Table 

4.1).
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Fig. 4.1 X-ray powder diffraction plot ofZnO material calcined at 500°C

Table 4.1 X-ray powder diffraction data of ZnO material calcined at 500°C

Literature JCPDS (36-1451) Experimental

hkl 20 d(A) Intensity 20 d(A) Intensity

100 31.76 2.81 57 31.85 2.81 50

002 34.42 2.60 44 34.50 2.59 84

101 36.25 2.48 100 36.42 2.46 100

102 47.53 1.91 23 47.55 1.91 23

110 56.60 1.62 32 56.60 1.62 36

Broadening of the X-ray bands allowed an estimate of the average particle size as
3327 ± 5 nm using the Debye-Scherrer equation (refer section 2.5.4). This was 

confirmed using transmission electron microscopy (Fig. 4.2) which revealed that 

the material consisted of agglomerates of spherical particles with a diameter of

83



34 + 5 nm. BET surface area for material calcined at 500°C was found to be 17 

mVg.

500 nm 200 nm

Fig. 4. 2 TEM image of ZnO powder calcined at 500°C
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Fig. 4.3 Size histogram (TEM) o f the ZnO nanoparticles
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4.3. Synthesis of nanowire arrays of ZnO

In this experiment the procedure was similar to section 4.2, expect that chemical 

modifiers [diethanolamine (DEA) and ethyleneglycol (EG), Zn;EG:DEA molar 

ratio used was 1 .0:2.0:0.1] were added to the ethanolic solution o f zinc acetate 

ten minutes before the addition of the ethanolic solution of oxalic acid

Zinc acetate (10.98g) + Ethanol (300mL)

Diethanolamine 
Ethylene Glycol 

, ̂ Oxalic acid

Modified ZnO Precursor Gel

Drying 80°C

Xerogel

Calcination at 500°C

r

ZnO Nano wires

Scheme 4.2 Flowchart for the synthesis o f ZnO nano wires

The thick white gel was dried at 80°C and subsequently calcined at 500°C. BET 

surface area for the powder calcined at 500° C was found to be 21 m /g.

The X-ray powder diffraction pattern shows 20 values and relative intensities o f 

the peaks coincident with JCPDS data o f zincite (Table 4.2). Small difi'erence in 

intensities may be due to the broadening o f the lines. The broadening o f these
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lines in the XRD pattern (Fig 4.4) o f zincite ZnO showed the presence o f 

nanoparticles but this time with an average size o f 19 ± 4 nm.

2000 

1500w
I  1000
o
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0
0 10 20 30 40 50 60

2Theta

Fig. 4.4 X-ray powder diffraction plot o f ZnO calcined at 500°C. 

Table 4.2 X-ray powder diffraction data of ZnO calcined at 500°C

Literature JCPDS (36-1451) Experimental

hkl 20 d(A) Intensity 20 d(A) Intensity

100 31.76 2.81 57 31.80 2.81 65

002 34.42 2.60 44 34.45 2.63 50

101 36.25 2.48 100 36.36 2.48 100

102 47.53 1.91 23 47.52 1.91 14

110 56.60 1.62 32 56.57 1.62 30
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However, as shown in Fig. 4.5, field emission scanning electron microscopy 

(FESEM) revealed a fibrous material containing elongated bundles of nanowires 

of 100 nm width and 2-4 |im in length.

10 urn 1 Jim
Fig. 4.5 FESEM picture of the ZnO material calcined at 500° C (40 minutes)

This material was subsequently suspended in ethanol and ultrasonicated for 

periods of up to 40 minutes. TEM studies showed that this treatment separates 

the individual wires fi’om the bundle (e.g. Figure 4.6).

200 nm

Fig.4.6 TEM picture of a single wire (calcined at 500 °C) separated by dispersing 

in ethanol and further ultrasonication (40 minutes)
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Fig.4.7 Size histogram (TEM) of the ZnO nanoparticles in the nanowires

These wires are composed o f approximately spherical nanoparticles o f average 

diameter 21 ± 3  nm (Fig. 4.7), self assembled to form one-dimensional arrays 

covering a length o f 2-4 (j.m without a break (Fig. 4.6). The morphology is 

therefore similar to that previously reported for the gold, "̂* silver,^' palladium*^ 

and CdSe*^ nanoparticle arrays. There is not much appreciable effect o f 

surfactants in separating the individual wires. However sodium dodecyl sulphate 

(SDS) an anionic surfactant was found to be better in separating the bundles 

compared to the cationic surfactant cetyl trimethyl ammonium bromide (CTAB).

The 500°C calcined nanowires were further annealed to 1000°C and the 

morphology was studied by FESEM (Fig. 4.8.). It is also interesting to notice 

that at this higher temperature the individual particles have sintered together to 

form continuous wires of width 0.3 to 0.4 |j,m and 10- 20 |im in length.
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Fig. 4.8 FESEM picture ofZnO nanowires calcined at 1000°C

This is more obvious in the sample calcined at 1000°C (Fig 4.8). During 

sintering ions first diffuse along grain boundaries o f the surface to the points of 

contact between particles,^^ providing bridging and connection o f the grains 

results in the fusion of individual wires (Fig 4.9).

900

<5̂ qi?oooo 
no

ParlU
s in ie red
product

( o in p a c ie d
produtM

35Fig. 4.9 Diagrammatic representation of a sintering process.
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4.4 A detailed microstructural studies of the two precursors

In order to understand the formation mechanism of nanowires the precursor 

morphology was studied by TEM at various stages of the preparation

4.4.1 Gel Structure of the precursor of ZnO nanoparticles prepared without 

using modiflers

The thick white gel dried at room temperature, 80°C and calcined at 250°C 

resulted in elongated or spherical morphologies (Fig. 4.10 & 4.11).

1 fi.m 200 nm
Fig. 4.10 TEM image of the fresh gel dried at room temperature in two different

magnifications a) X 20000 b) X 50000

200 nm 200 nm

Fig, 4.11 TEM of the gel treated at different temperatures a) fresh gel dried at 

80°C b) dried gel calcined at 250°C
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4.4.2. FTIR analysis of the dried and calcined powder prepared without 

chemical modifiers

FTIR spectaim of the xerogel (80°C) is typical o f an acetate salt?^ Two principal 

peaks are observed at 1627 cm ' and 1364 cm'' corresponding to the asymmetric 

and symmetric stretching o f the carboxyl group respectively (Fig 4.12). The 

bands at 3398 cm’’ and 2900 cm ' are due to OH stretching and CH (acetate) 

stretching respectively (Table 4.3). The 250°C sample also showed a similar 

pattern but less intense peaks observed. The ZnO stretching mode at 495 cm ' 

appears in this case. The 500°C calcined sample showed a very strong band at 

450 cm'' due to the Z n-0 stretching (Fig. 4.12). The small signal at 3411 cm ' is 

observed probably due to the contact o f the ZnO sample with air resulting in 

adsorption o f small amount o f water vapour.^’

Table 4.3 FTIR analysis o f the ZnO precursor gel dried at 80°C (xerogel) and 

the xerogel calcined at 250 and 500°C

Assignment (80°C) 250°C 500°C

VasCOO-

VsCOO-

5coo-

1627 vs 
1364s 
740s

1621s
1364s
750w

v o H  (HjO) 3398s 3402w 341Ivw

VcH (CH3) 2900vw

Vzn-o(ZnO) 495vw
450vs
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Fig. 4.12 FTER spectra of the Xerogel (dried at 80°C)
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Fig. 4.13 FTEEl spectra of the ZnO material (calcined at 500°C)
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4.4.3 Thermal analysis of the xerogel

The thermo gravimetric analysis curve of the xerogel is shown in Fig. 4.14. A 

total weight loss of 59% is obtained which is lower than expected weight loss 

(calculated from the amount of zinc acetate dihydrate and oxalic acid) of 79%. 

This is probably due to the removal of water and small amounts of unbound 

organics during the oven drying at 80°C for 20 hours. Two stages of weight loss 

are observed at 176°C and 435°C. The first stage of the weight loss (80-176°C) is 

regarded as the removal of the water of dehydration (17%) and the second stage 

(176-435°C) of weight loss (42%) can be explained as the formation of ZnO 

from the decomposition of the precursors. (XRD results showed that the ZnO 

formation occurred after 250°C). DSC analysis (Fig. 4.15) also showed two well- 

defined endothermic peaks at 170 and 440°C.

0 100 200 300 400 500 600 700
Temperature ( °C)

Fig. 4.14 TGA curve of ZnO xerogel (80°C)
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Fig. 4.15 DSC plot of the xerogel (80°C) a) First scan b) Second scan

4.4.4 Gei Structure of the precursor of ZnO nanowires

Electron microscopy studies were carried out at various stages in the synthetic 

process. Fig. 4.16 shows the FESEM images of the fresh gel dried at room 

temperature on alumina stubs. The gel dried as an elongated fibrous network of 

several millimetres (Fig. 4.16 a) and each fibre is made up of rods < 1 [im in 

length (Fig. 4.16 d)
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Fig. 4.16 FESEM of the fresh gel dried in air at different magnifications 

a) 50 b) 700 c) 10000 d) 20000

The morphology was further confirmed by TEM studies (Fig. 4.17). The fresh gel 

was dried in air on a formvar coated copper grids and the images were taken at 

different magnification.
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200nm

Fig. 4.17 TEM images of the nanowire precursor fresh gel dried in air at room

temperature

Fresh Gel
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Fig. 4.18 TEM Histogram of the rods (fresh gel dried in air)

It may be observed that even in the fresh gel elongated crystals are formed (rods 

0.6 (im in length, Fig. 4.17), while at SOX longer particles are produced (Fig. 

4.19), probably by aggregation.
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l^jm 200nm

Fig. 4.19 TEM images of the nano wire precursor gel dried in an oven set at 80°C

Heating the xerogel further to 250“C in a chamber furnace causes a change to the 

internal morphology of the rods. TEM images show (Fig. 4.21) that the rods 

grew further to 2 to 3 nm in length and 100 nm in width. The XRD of samples 

taken after heating to 80°C or 250°C showed no evidence for ZnO. X-ray 

diffraction pattern of the xerogel heat treated at 80°C (20 of 10.5, 14.7, 17.8, 

20.5, 23.9, 34.2, 45.0 and 49.4) and 250°C (20 of 24.4, 33.2, 35.26 and 49.86) of

20

Oc
0)

0 .11
0 . 4 - 0.6  0 .6 - 0.8  0 . 8 -  1 . 00 -  1 . 20 -

1.00  1.20  1.40

Size -Micro Meter

Fig. 4.20 TEM Histogram of the rods (fresh gel dried in air)
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were showed crystalline peaks but these did not correlate with JCPDS data for 

Zn compounds.

/
2|jm 20Chm

Fig. 4.21 TEM images of the nanowire xerogel calcined at 250°C

4.4.5 FTTR Analysis of the fresh gel, xerogel and nanowire

FTIR spectra of the xerogel (80°C) shows the presence of acetate groups as 

evident from the V a s c o o -  and V s c o o -  stretching frequencies^*'̂ ® at 1632 cm ' and 

1471 cm '\ Bands at 2920 cm“* and 817 cm ' are assigned for the stretching 

vibrations of NH (Fig. 4.22). The band at 3264 cm"' is a consequence of V o h  

vibration. There is no Zn-O vibration observed in this case.

Fig. 4. 22 FTIR spectra of the xerogel (dried at 80°C)
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A similar spectrum is obtained for 250°C calcined material a Zn-0 vibration 

(460cm'*) is observed in this case. The spectrum of 500°C (Fig. 4.23) calcined 

material has a strong band at 452cm“* (Zn-0 stretching) that is similar to the 

spectra of ZnO prepared without the modifiers. The additional peaks at 842cm“' 

and 1143 cm * are due to the presence of very small amount of diethylamine 

present in the sample. This result also implies the chelating ability of 

ethanolamines even at high temperatures.

Ic

Fig. 4. 23 FTIR spectra o f the ZnO material (calcined at 500°C)
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Table 4.4 FTIR analysis of the ZnO precursor gel dried at 80°C (xerogel) and the

xerogel calcined at 250 and 500°C

Assignment 80°C 250°C 500°C

VasCOO-

VsCOO-

5coo-

1 6 3 2 vs 
1471s 
750s

1644s

VOH (H2O) 3264s 3453w 3457w

VnH (NH2) 
6 n h  (NH2)

2920w
817s

2920w
817s 842vw

VCH (CH3) 
6 c h  (CH3)

2900w
1192w

2864vw 
1328vw 1143vw

Vzn-o (ZnO) 460vw 452vs

4.4.6 Thermal analysis of the nanowire xerogel

The thermo-gravimetric analysis curve of the nanowire xerogel is shown in 

Fig. 4.24. Two well-defined stages o f weight losses are observed at 270°C and 

443°C respectively. A total weight loss o f 67% is obtained (expected value is 

84%; calculated fi'om the amount o f zinc acetate dihydrate, oxalic acid, 

diethanolamine and ethylene glycol). The weight loss (35%) between 100 and 

270°C is due to the removal o f water o f hydration and ethylene glycol (expected 

weight loss for ethylene glycol and water o f  hydration are 23% and 20% 

respectively).
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Fig. 4.24 TGA curve of ZnO xerogel (80°C)

More information on the bonding nature of the capping agents could be obtained 

from the DSC analysis of the dried gel (Fig. 4.25), In the DSC plot a broad 

endothermic peak seen at 120°C possibly due to the removal of solvated alcohol 

and small amount of w a t e r . T h e  broad endothermic below around 200°C is 

due to the removal of acetate and peaks at 210°C and 240°C are due to the 

removal of ethylene glycol and diethanolamine r e s p e c t i v e l y . T h i s  was 

confirmed by comparing the DSC of pure ethylene glycol and DEA sample. The 

main transition observed at 440°C suggested that the formation of ZnO from the 

precursors. Calcination temperature used was 500°C since the decomposition 

finished at this temperature and XRD results showed that it was pure ZnO.
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Fig. 4.25 DSC plot of the nanowire xerogel (80°C) a) First scan b) Second scan

Ethylene glycol and DEA were used to modify the condensation reaction in the 

precursor gel. It is clear that these species have a determining role in controlling 

the morphology of the ZnO, which is formed at temperature above 250°C. 

Several chemical modifiers like dodecanethiole,^* and ethylenediamine'^’"'̂  were 
also earlier reported in order to obtain well defined morphologies. These capping 

agents seem to be functioning like a small sheath and align the particle in a 
regular manner (Fig. 4.16 & 4.18). It is particularly noted that DEA has a major 

influence even though it is present in a lower molar ratio. During the drying 

process solvent trqjped in the pores of the gel is removed and the morphology is 

retained even at higher temperatures (Fig. 4.5, 4.6 & 4.8). This study has shown 

the strong dependence of precursor morphology on the formation of nanowires. 

It may also be noted that decomposition of zinc oxalate in the range 330 - 650°C 

has previously been reported to yield spherical particles of ZnO, but not in the 

form of nano-wires.^’'*̂

The effect of chelating ligands was further confirmed from the folloA^g 

reactioa The nanowire xerogel (80°C) was dispersed in ethanol by 

uhrasonication (10 min) and the microstructure studied by TEM. It was
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interesting to notice that the rod Uke morphology was destroyed (Fig. 4,26) and 

the structure was similar to the precursor gel without the modifiers (Fig. 4.11). 

This is probably due to the removal of capping ligands during alcohol treatment 

and ultrasonication.

a)
\

\ imn

Dispersed in ethanol and 
ultrasonicated (10 min)

w

200 nm

Fig. 4,26 Dispersion of the nanowire xerogel rods with ethanol a) TEM image 

before washing b) TEM image after washing. It can be seen from the figure that 

the rod like morphology is destroyed and spherical aggregates are formed.
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4.5 Variation in modifier concentration

Oxalic acid in the presence of chemical modifiers (ethylene glycol and 

diethanolamine) is believed to align the particles together and facilitate 

condensation as a fibrous semi-gel form. The synthesis of nano wire was 

optimised as 0.1 molar ratio diethanolamine (DEA) and 2 molar ratio ethylene 

glycol (EG) with respect to zinc acetate (Section 2.3.2.2). To understand the 

effect of capping ligands on the wire formation the following synthetic procedure 

were tried exactly as earlier with different amounts of DEA and EG (Table 4,5). 

The morphology was studied by TEM (Fig. 4.27, 4.28, 4.29 and 4.30). The 

structure of the xerogel and the calcined materials are discussed in detail sections 

4.2 and 4.4.1. Wires are not formed without the use of any of the chemical 

modifiers. There is an increase in size of the xerogel morphology as the amount 

of diethanolamine increases (Fig 4.31) and a sheet like morphology was formed 

when 0.4 molar ratio diethanolamine was used (Fig. 4.31c). The size of wire 

dimensions was also subsequently increased by calcination at higher temperature 

500°C (Fig. 4.32).
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Table 4. 5 Morphology of the material formed with different concentrations of

chemical modifiers.

Chemical modifiers 

(Molar ratio with respect to Zn)

Morphology o f the material

Ethylene Glycol Diethanolamine SOX 500°C

0 0 Spherical balls 

(Fig. 4.11 a)

Agglomerates o f sheet like 

structure (Fig. 4.2)

0 0.1 Sheet like 

structure 

(Fig. 4.28b)

Agglomerates o f sheet like 

structure (Fig. 4.30a)

1 0.1 Rods ( 1-2 |im) 

(Fig. 4.29b)

Nanowires (Fig. 30c)

2 0.05 Rods (l|am ) 

(Fig. 4.31a)

Nanowires (Fig. 4.32a)

2 0.1 Rods (1 nm) 

(Fig. 4.18)

Nanowires (Fig. 4.6)

2 0.2 Rods (l-3iim) 

(Fig. 4.31b)

Nanowires (Fig. 4.32b)

2 0.4 Elongated sheet 

like morphology 

(Fig. 4.31c)

Spherical particles arranged 

to form a sheet like 

morphology (Fig. 4,32c)

Molar ratio o f Zn to oxalic acid was remained same in all compositions and only 

EG and DEA concentrations were changed.
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200 nm

Fig.4. 27 Nanowire precursor with 2 molar ratio of EG and without DEA
a) Fresh gel b) Xerogel

^  200 nm 200 nm

Fig. 4.28 Nanowire precursor with 0.1 molar ratio of DEA and without EG
a) Fresh gel b) Xerogel.

200 nm200 nm

Fig. 4.29 Nanowire precursor with molar ratios of EG (1) and DEA (0.1)
a) Fresh gel b) Xerogel
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t
(bar 200 nm)

Fig. 4.30 TEM of 500 °C calcined samples of nanowires prepared with different 

concentrations of EG and DEA a) No EG with 0.1 molar ratio DEA b) No DEA 

and 2 molar ratio of EG c) 1 molar ratio of EG and 0.1 molar ratio of DEA

F -

- \ r '

M
(bar Ifxm)

Fig. 4.31 Nano wire precursor xerogel with 2 molar ratio of EG and different 

molar ratios of DEA a) 0.05 b) 0.2 c) 0.4

(bar 200 nm)

Fig. 4.32 TEM of 500° C calcined samples of nanowires prepared with with 2 

molar ratio EG and different molar ratios of DEA a) 0.05 b) 0.2 c) 0.4.
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4.6 Coating of dopants on ZnO materials

Scheme 4.6 illustrates the detailed procedure used to prepare varistor discs using 

the nano-size core shell type ZnO. The aim o f this procedure was to get a 

homogeneous coating o f (Sb, Bi, and Co) oxides around the ZnO particle. The 

ammonium carbonate precipitates the metal chlorides o f Sb, Bi and Co on the 

spherical ZnO particles. The other dopants such as Ni, Cr, Mn, Mg, A1 and Si 

were dispersed as a homogeneous solution among the ZnO particles.

Antimony chloride, 
bismuth chloride and 
cobalt chloride dissolved 
in ethanoiy acetone

ZnO nanoparticles (prepared 
as in section 2.3.2.1) 
dispersed in ethanol

0.1 M Ammonimn 
carbonate solution/ Stirring

Coated ZnO particles

Acetate/nitrat salts of
Vanstor precursor powder

•4---------- Ni, Mg, Mn, Cr, A1 and
TEOS in ethanol

Calcination at 500 °Cn

Varistor powders

Plastification, Pelletisation 
 ̂r and sintering (1050°C)

Varistor discs

Scheme 4.6 Procedure o f coating o f dopant ions on ZnO nanoparticles
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HRTEM studies were carried out at Manchester Materials Science Centre, 

UMIST, Manchester. HRTEM diagram shows that the precipitation of the 

dopants ions did occur on the ZnO particles (Fig. 4.33). 2 to 10 nm thick layer of 

dopants is formed. The presence of Sb, Bi and Co were further confirmed by 

EDX analysis (Fig.4.35).

Fig. 4,33 HRTEM of ZnO nanoparticles coated with (Sb, Bi and Co) oxides

Z n

Cu

Z n

Si

2.00 4.00 6.00 B.OOi  ̂ 10.00Kev 12.00 14.00 16.00 18.00

Fig. 4.34 EDX spectrum of ZnO nanoparticles before coating (Cu and Si 

signals are from the Cu grid)
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Cu

Zn
Ci i

CuSb
Sb

Sb
Sb

Zn

Sb Co

8.00 10.00 12.00 14.00 16.00 18.002.00 4.00 6.00

Kev
Fig. 4,35 EDX spectrum of ZnO nanoparticles coated with (Sb, Bi and Co)

oxides

All other dopant ions (Ni, Cr, Mn, Mg, A1 and Si) were dispersed as a 

homogeneous solution among the coated particles. Further drying of the solution 

produced a varistor powder. EDX analysis shows (Fig. 4.37) the presence of 

different dopant ions such as Bi, Sb, Co, Cr and Mn in the microstructure of the 

varistor powder.

Fig. 4.36 HRTEM picture of core-shell varistor powder at different 

magnifications a) 88 K b) 390 K
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Ci i Zn

C j

Cu

Sb
SI)

Mn
Sb ZnMn

Sb

Co

2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00

Kev

Fig. 4.37 EDX analysis of the dried varistor powder.

4.7 Varistor properties of the doped ZnO materials

Three types of varistors were prepared (c./ section 2.4 for experimental details) 

and compared with the commercial varistor material; a) ZnO nanowire (500°C 

calcined) materials were mixed with metal oxide dopants; b) ZnO nanoparticles 

prepared without using chemical modifiers (500°C calcined) were mixed with 

metal oxide dopants and c) core shell type varistor materials (In core shell 

procedure all dopant metal ions were dissolved either in ethanol or ethylene 

glycol for varistor preparations, while all other procedures used commercial 

metal oxide dopants).

The above materials were plastified pelletised and sintered at 1050°C to study 

the varistor properties. Table 4.6 provides the average geometrical density 

values of the green (pre-sintered) samples prepared by the above routes.
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Table 4.6 Geometrical density values of the green (pre-sintered) samples.

Sample Geometrical density 

(g/cm^)

% Green density*

Nanowire varistor 3.28 58.56

Nano ZnO Varistor 3.32 59.20

Core shell varistor 3.35 59.88

Commercial varistor 3.78 65.40

* Theoretical density ofZnO = 5.606 g/cm^

Nano varistor samples were found to have lesser compaction than the micron size 

samples. This may be due to the fact that the commercial varistors were pre

calcined at 900°C during the industrial processing.

The 1050°C samples were subjected to density and electrical measurements. The 

percentage densification and electrical characteristics at 1050°C is given in Table 

4.7. From the table it is clear that the varistors prepared from core shell samples 

have achieved a higher densification compared to the commercial samples and 

other nano samples. The better sinterability can be explained by the 

homogeneous addition of dopant ions among the grains.

112



I-V characteristics o f the nano samples and commercial samples are given in Fig. 

4.38. Vohage was plotted against log current. The average thickness o f the 

pellets was 0.65 mm. Breakdown voltage (V/mm) and a values were calculated 

from 1 mA to 0.1 A (see section 2.8).

Table 4.7 Densification o f samples sintered at 1050°C/ 2 h.

Sample Sintered

density

(g/cm^)

% Final Density a

(+3)

Breakdown 

Voltage 

V/mm ± 30

Nanowire varistor 5.38 95.96 24 786

Nano ZnO Varistor 5.17 92.28 25 683

Core shell varistor 5.45 97.21 17 850

Commercial varistor 5.40 96.44 28 507

800

600

 ̂ 400 
>

200

1.00E-07 1.00E-05 1.00E-03 1.00E-01 1.00E+01
Log I (Amps)

Fig. 4.38 I V curve o f varistor samples sintered at 1050°C/2hr. A = Varistors 

prepared from nano wire samples B = Varistors prepared from nano ZnO samples 

C= Varistors prepared from core shell samples D = Varistors prepared from 

commercial mixed oxide powder.
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Breakdown voltages (Vc) were calculated at 1 mA for all the samples. Higher 

breakdown voltage (850 ±30 V/mm) with an a o f  17 ± 3  is obtained for core 

shell samples compared to the commercial samples (Vc = 507

± 30 V/mm ; a  = 28 ± 3), nano ZnO samples (Vc = 683

± 30 V/mm ; a  = 25 ± 3) and nanowire samples (Vc = 786

± 30 V/mm ; a  = 24 ± 3). Electrical characterisations indicate that the varistors 

prepared from nano samples show considerably higher breakdown voltage than 

the commercial sample. These results point towards the formation of more grain 

boundaries per unit area by nano-structuring. Further core shell nano samples 

show higher breakdown voltage than that of other nano samples, which were 

prepared by mixing the nano ZnO with commercial oxide dopants. This is due to 

the fact that the core shell procedure may produce varistor powder with a greater 

homogeneity of the additives.

This study concentrated mainly on the grain size effect to get a high breakdown 

voltage and a reasonably high a. Note that breakdown voltage is the only 

varistor property controlled by grain size, a  Values could be further increased 

by varying the dopant concentrations or by introducing new processing routes. 

Though the core shell varistor materials show superior electrical properties these 

coating methods are not industrially viable, as it requires a large volume of 

solvent, multi step processing and expensive chemicals. Also note that only 

97.2% density could be achieved for 1050°C sintered varistors prepared from 

core shell materials.

4.8 Conclusions

Methods for creating template free nanowire arrays of ZnO, by a bulk sol gel 

method have been established. For the first time we report the use of a non- 

hydrolytic sol gel condensation and calcination methods for nanowire ZnO. 

Electron microscopy studies show that the ZnO nanowires are composed of 

nanoparticles of ~20 nm and the morphology is similar to the silver, palladium 

and CdSe nanowires produced by others. Heating the sample to 1000°C caused 

fusion of the nanowdre arrays giving sintered wires. Spherical agglomerated ZnO 

nanoparticles were also synthesised in a similar way and the morphology of the
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precursors were studied. Varistor powders were made from 500°C calcined 

nanowires and nanoparticles mixed with commercial additives. Novel core shell 

type varistor powders were prepared by coating ZnO nanoparticles by additive 

metal salts. Core shell type varistor materials show superior electrical 

characteristics ( V c = 850 ± 30 V/mm) compared to the commercial varistors and 

nano samples doped with commercial additives.

Nearly fijll density could not be achieved even at 1050°C for any o f these 

varistor samples. This sintering temperature (1050°C) may be lower to get a fully 

dense ZnO varistor ceramics for these materials (commercial varistors are 

usually sintered at 1200°C-1300°C). Thus there is a requirement for a new 

processing route, which could obtain a fiilly dense varistor at a lower sintering 

temperature with superior electrical properties. Chapter 5 discusses a novel 

mixed nano-size oxide precursor method for the fabrication of better varistor 

materials.
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Chapter 5

Varistors prepared from nano-size precursors



5.1 Introduction

As discussed in cliapter 1, varistors are electronic ceramic devices whose 

function is to limit voltage surges. * The method of preparation, crystalline size 

and the additive homogeneity are the critical parameters to produce a better 

varistor material.’*'’̂  Varistors with inhomogeneous microstructure can cause a 

large spread in current/voltage characteristics due to high local currents and this 

leads to the degradation of the varistor during electrical operation. 

Electrical and electronic characteristics can be altered by varying the 

microstructure at the grain b o u n d a r i e s . T h u s  careful control of the 

microstructure is required to get a perfect varistor. Commercial varistors are 

usually fabricated by solid state mixing of 1 to 3 |j,m ZnO particles with dopant 

oxides such as BijOs, SbiOa, CoO, MnO, NiO and CriOs. The mixed 

powder is then pressed and sintered at higher temperatures. The final grain size 

after sintering is of the order of 8-12 |im and the corresponding breakdown 

voltage is around 2-3 kV/cm which is equivalent to a voltage drop of 1.6 volts 

per inter granular barrier,*^ as the breakdown voltage of the sintered body is 

proportional to the number of grain boundaries. Nanocrystalline material 

contains large grain boundary volumes and more varistor active grain boundaries 

per unit volume can be produced in order to develop a better device wdth smaller 

dimensions. Nanoparticles yield a narrow grain size distribution and can be 

sintered at a lower temperature compared to the coarse grained ceramics.^’ It is 

reported that the basic building block of the ZnO varistor are the ZnO grains 

formed as result of sintering.^’̂ ’̂ ’* During sintering the additive atoms are 

arranged in such a way in the microstructure that the near grain boundary region 

becomes highly resistive (r^~10‘̂  O cm) and the grain interior becomes highly 

conducting.^

Several attempts using chemical methods have been reported earlier for 

producing varistor discs (See section 1.6.4). Most o f these methods are 

conducted on a laboratory scale and need further advancement for commercial 

viability. The major problems with many of the chemical methods reported are 

expensive reactants, complex synthetic procedures and multiple step reactions.
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In chapter 4, sol gel synthesis of ZnO nanowires and nanoparticles has been 

discussed. Varistors were made from these nanomaterials by adding commercial 

oxide additives. Core shell type varistor materials were also prepared by coating 

metal salts on ZnO nanoparticles. Varistor discs made from the core shell type 

materials showed better electrical properties and a better sinterability. This was 

due to the better homogeneity of additive ions among the ZnO grains. The 

additive homogeneity could be further improved if the additives were added in 

the initial stages of synthesis. Investigations were directed towards making a 

better material with improved properties. A similar synthetic approach, as 

discussed in chapter 4, was attempted to make nanometer size varistor powders. 

In this case the procedure was similar but all additive solutions were added to the 

zinc acetate solution to get a better molecular level homogeneity.

5.2 Synthesis of varistor nanopowder 

5.2.1 Synthetic procedures

The detailed experimental procedure for the synthesis of varistor nanopowder is 

given in section 2.5 and a flowchart for the synthesis is given Scheme 5.1. Zinc 

acetate, cobalt acetate, manganese acetate and nickel acetate were added to 

ethanol. Diethanolamine was further added to the above solution and refluxed for 

20 minutes. A homogeneous green solution was obtained and to this solution 

dopants (antimony acetate, bismuth nitrate and chromium nitrate) dissolved in 

ethylene glycol were added. Addition o f an ethanolic solution o f oxalic acid with 

vigorous stirring produced a thick semi-gel. Subsequent drying at 80°C produced 

a pale violet xerogel and calcination of this gel at 500°C produced a dark green 

free flowing powder.
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Sol

antimony acetate,
bismuth nitrate and 
chromium nitrate 
were dissolved in 250 mL 

ethylene glycol

zinc acetate, cobalt acetate 
manganese acetate and 
nickel acetate

were dissolved in 2.5L ethanol and 
60. 5 mL DEA by boiling

Oxahc acid^r

Gel

I Drying (80°C) and 
I  calcinaticm (500°C)

Mixed Oxide 
Powder

Plastification, mixing, 
pressing and sintering

Varistor Pellets

Scheme 5.1 Flowchart for the synthesis of ZnO varistor nano-materials through

mixed precursor route.

Diethanolamine was used during the synthetic process for two reasons

a) To prevent the precipitation of metal salts in ethanol during boiling

b) To enhance the solubility of zinc acetate in ethanol.

The above observations were found during the small-scale synthesis of zinc 

oxide nanoparticles. A 500 mL ethanolic solution of zinc acetate (50 mmol; 10.9
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g) was precipitated at room temperature after one hour of preparation. In a 

subsequent experiment 1 mL diethanolamine was added to the 500 mL ethanolic 

solution of zinc acetate (50 mmol; 10,9 g). The solution was observed for several 

hours at room temperature (~20°C) and no precipitate was formed up to 10 hours 

(precipitated only after 24 hours). The same experiment was repeated in an ice 

bath and the sol was stable for up to 30 minutes and slowly precipitated after 

that.

Dissolving 50 mmol (10.9 g) zinc acetate in 500 mL ethanol took around 15 to 

30 minutes and the experiment was successful every time. In order to reduce the 

amount o f solvents, the above experiment was repeated in 250 mL ethanol. It 

was observed that the dissolution was rather difficult and a precipitate occurred 

sometimes (one in three experiments). Also it takes 20 to 40 minutes to dissolve 

the zinc acetate fully. When 1 mL diethanolamine was added to the above 

solution before boiling, dissolution was much easier, the experiment was 

successful each and every time and took only 10 to 15 minutes. The experimental 

procedure was further repeated to dissolve 50 mmol (10.9 g) zinc acetate in 150 

mL and 100 mL ethanol respectively and these experiments were also successful. 

Thus the amount o f ethanol used for the dissolution o f zinc acetate could be 

considerably reduced by the addition o f a small amount o f  diethanolamine. Note 

that Spanhel and Anderson^’ dissolved 50 mmol (10.9 g) zinc acetate in 500 mL 

ethanol by just refluxing the solution without the use o f any other chemicals. 

Meulenkamp^^ also adopted a similar procedure but in smaller amounts i.e (1.1 

g) 5 mmol zinc acetate in 5 mL ethanol. No systematic studies are reported in the 

literature similar to the above presented one with the eflFect o f diethanolamine. In 

the large-scale synthetic procedures for nano varistor powders (section 2.5) we 

used 274.5 g (1.25 mol) zinc acetate and a volume as high as 12.5 L ethanol 

would be required to dissolve the zinc acetate. The volume o f ethanol required 

for dissolving the same amount o f zinc acetate was reduced to 2.5 L by using 

60.5 mL (625 mmol) diethanolamine. Ethylene glycol was used to dissolve 

antimony acetate, bismuth nitrate and chromium nitrate, which would not 

dissolve in ethanol. At this stage it is interesting to notice that in chapter 4, the 

use o f ethylene glycol and diethanol amine produced rod-like morphologies for

123



the precursors and wire like morphologies for the calcined materials. A similar 

trend was observed here as well and will be discussed in the next section.

5.2.2 Characterisation of the precursor xerogel

The xerogel (80°C dried) before calcining at 500°C was pale violet in colour 

with a porous nature denoting a high content o f organic materials. FESEM 

picture (Fig.5.1) shows rod/sheet like morphologies o f 1-1.5 [am in length and 

0.3 to 0.5 [xm in thickness.

5 ^ m 2 ^ m

Fig. 5.1 FESEM images o f the 80°C dried nano varistor precursor prepared by

sol gel mixed precursor route

Rod like morphologies with 0,6 [am in length and 50 nm widths were earlier 

obtained for the nanowire precursor xerogel (section 4.4.4). In that case the zinc 

acetate to diethanolamine mole ratio was 1:0.1, but here we use a mole ratio of 

1:0.5. The increase in dimension o f the rods is apparently due to the increase in 

the amount o f diethanolamine. Similar observation can also be found in section 

4.5 (see Table 4.5 also), where size o f the rods were increased with the amount o f 

diethanolamine added.

The thermo gravimetric analysis curve o f the xerogel is shown in Fig.5.2. A total 

weight loss of 72% is obtained. Three stages o f weight loss are observed at (110-
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200°C), (320-380°C) and (450-480°C). The first stage of the weight loss (110- 

200°C) is regarded as the removal of acetate groups^^’̂ ”* and the second stage of 

weight loss (320-380°C) can be explained as the removal of chelated 

diethanolamine^^ and (450-480°C) is explained as the formation of ZnO from the 

decomposition of the precursors.^'* (X-ray diffraction results showed that the ZnO 

formation occurred after 250°C). DSC analysis of the xerogel also showed four 

well-defined endothermic peaks at 175, 274, 365 and 454°C (Fig. 5.3).

50 

40 

I 30 

® 20 

10 

0
0 100 200 300 400 500 600 700

Temperature ( °C)

Fig. 5.2 TGA pattern of xerogel, dried at 80°C, prepared by sol gel mixed
precursor route

In the DSC plot small and broad endothermic peaks seen below 150°C are due to 

the removal of solvated alcohol and a small amount of water. '̂*’̂  ̂ The endotherm 

at around 175°C is due to the removal of acetate groups and peak at 274°C is due 

to the removal of diethanolamine.^^ A peak at 250°C was obtained when the DSC 

measurement was carried out for pure DEA sample. The peak at 365°C could be 

due to the removal of chelated diethanolamine. The transition observed at 454°C 

suggested the formation of ZnO fi'om the precursors.^'*’̂  ̂ The second DSC scan 

of the same material did not show any peaks as expected. These results showed 

that 500°C was the suitable temperature to calcine the xerogel to get ZnO 

powders.
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Fig. 5,3 DSC pattern of xerogel, dried at 80°C, prepared by sol gel mixed 

precursor route a) first scan b) second scan

5.2.3 Phase analysis of the nanopowder calcined at 500‘̂ C

The xerogel dried at 80°C was further calcined to 500°C for 2 hours (Scheme

5.1) and the powder thus obtained was analysed by X-ray powder diffraction (Fig

5,4)

Two Theta

Fig. 5.4 XRD pattern o f ZnO varistor nanoparticles prepared by ‘sol gel mixed 

precursor’ route calcined at 500°C
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Broadening o f the X-ray bands allowed an estimate o f the average particle size as 

15 ± 3 nm using the Debye-Scherrer equation^^ (refer section 2.5.4). This particle 

size is found to be smaller than the pure ZnO (19 ± 4 nm) prepared in a similar 

method (Section 4.3). This observed decrease in resultant particle size is possibly 

due to the effect o f Sb2 0 3 , which is added as a grain growth inhibitor in varistor 

ceramics or due to the effect of excess amount o f diethanolamine.

X-ray analysis shows the presence o f only ZnO (Table 5.1). This is either due to 

the fact that the dopant concentration is below the detection limit o f the X-rays or 

that no crystalline phases formed.

Table 5.1 X-ray powder diffraction data o f ZnO varistor nanoparticles calcined
at 500X

Literature JCPDS (36-1451) Experimental

hkl 20 d ( A ° ) Intensity 20 d ( A ° ) Intensity

100 31.76 2.81 57 31.84 2.81 62

002 34.42 2.60 44 34.45 2.59 47

101 36.25 2.48 100 36.26 2.47 100

102 47.53 1.91 23 46.70 1.94 20

110 56.60 1.62 32 56.70 1.62 32

103 62.86 1.47 29 62.82 1,47 22

200 66.37 1.40 4 66.45 1.40 5

112 67.96 1.38 23 68.13 1,37 22

201 69.09 1.34 11 69.18 1.35 11
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5.2.4 Surface area and morphology of the nanopowder calcined at 500°C 

A dark green coloured powder was obtained after calcination at 500°C (Scheme 

5.1). These calcined powders were subjected to BET surface area analysis and a 

value of 45 mVg was obtained. This is a very high surface area compared to the 

commercial varistor sample, which has a surface area of 2.8 mVg. These powders 

contain an appreciable amount of agglomerates of stick like morphologies as 

evidenced from the FESEM images (Fig. 5.5). The length of these stick-like 

morphologies varies from 2 to 4 mm with a width of 0.3 to 0.5 î m.

5um 2um

Fig, 5.5 FESEM images of the 500°C nano varistor powder prepared by ‘sol gel 

mixed precursor’ route without fiirther treatment; Magnified at a) 7 k b) 25 k

A typical TEM micrograph, at low magnification (3.5 k), of the nanopowder is 

shown in Fig. 5.6 a, and stick like agglomerates can be observed. At a higher 

magnification (50 k) it could be seen that these sticks are made up of smaller 

particles (Fig. 5.6 b).
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lOum 200 nm
Fig. 5.6 TEM images of the 500°C nano varistor powder prepared by ‘sol gel 

mixed precursor’ route without further treatment; Magnified at a) 3.5 k b) 50 k

The particles are not aligned like a wire as seen in the case of nano wires (section 

4.3). Also ultrasonication up to 40 minutes did not have any effect in separating 

these particles from the agglomerates.

More information could be obtained from a high resolution transmission electron 

micrographic images. HRTEM (Fig. 5.7) shows that these sticks contain 

spherical and non-spherical particles. Particles of 10 to 20 nm are seen. From the 

TEM images it is difficuh to distinguish particles of ZnO and other metal oxides 

formed after calcinations at 500°C.
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Fig. 5.7 HRTEM and SAED pattern of ZnO varistor nanoparticles prepared by

sol gel mixed precursor route

TTie presence of crystalline phases of ZnO were further observed from the 

selected area diffraction pattern (SAED pattern). Crystalline planes and d values 

were calculated from the diffraction pattern (Table 5.2). This is in reasonably 

good agreement with powder diffraction pattern (Table 5.1)

Table 5.2 Electron diffraction data for ZnO varistor nanoparticles prepared by

sol gel mixed precursor route

R (mm) 

Error ±5%
(A) hkl

9.5 2.52 002

11.5 2.08 102

14.5 1.65 110

17.0 1,44 103
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Presence of additives (Sb, Bi, Cr and Ni) in the microstructure could be observed 

from TEM/EDX analysis of the nanopowder (Fig 5 .8).

Zn

Mn
Zn

8.00 10.00 12.00 14.00 16.00 18.002.00 4.00 6.00

Fig. 5.8 EDX pattern of ZnO varistor nanoparticles calcined at 500°C 

(Cu and Si peaks are from the polymer coated Cu grids)
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5.2.5 Nanopowder de-agglomeratioa

It is obvious from the TEM and FESEM images (Fig 5.5& 5.6) that the as 

prepared nano powders are agglomerated into stick like morphologies. As strong 

agglomerates may lead to larger grains after sintering,^* ball milling was used to 

crack these and hence lead to nanopowder de-agglomeration.^* The ball milling 

was carried out at three different conditions for 30 minutes i) aqueous milling ii) 

aqueous milling in poly-acrylic acid medium and iii) dry milling. TEM results 

(Fig. 5.9) demonstrated that the dry milling at 30 minutes significantly helps to 

decrease strong agglomerates. The milling in aqueous medium and poly-acrylic 

acid media did not have much effect on de-agglomerating the particles.

✓

S ♦ •

i f . »
1 0 ^ .1

Fig. 5.9 TEM images showing the effect o f milling on agglomerated nano 

powder prepared by sol gel mixed precursor route a) before milling b) after dry

ball milling for 30 minute
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5.3 Sintering, grain growth and electrical studies of varistors from nano-size 

precursors

Controlling grain growth during sintering is one of the challenges in ZnO 

nanomaterials research. Y zl et prepared 20 nm ZnO particles using zinc

nitrate, citric acid and ethylene glycol. However further dopant addition and 

sintering at 950°C/ 2h (densification = 98%) produced 2|j,m grains. In a similar 

approach Shah et al “̂̂ '^synthesised 14 nm size doped ZnO varistor materials 

using micro-emulsion technology and found that sintering at 1200°C produced 2- 

3 nm grains. In a very recent work Duran et at^  showed varistors, prepared from 

20 nm by a citrate gel route, could be sintered at 850°C/5h with a limited grain 

growth of <1 jam.

Our sintering experiments have been performed at various temperatures from 

700°C to 1050°C for 2 hours in a chamber fiimace at a rate of 1.5°C/ min up to 

300°C for one hour (for binder bum off) and 3°C/ min to the final temperature. 

Varistor discs prepared from nano-size precursors (c.f. section 2.5) were calcined 

and then dry ball milled (30 min), these materials were used for all sintering 

experiments. The colour of the pre-sintered pellets were dark green and changed 

to light green after sintering at 700°C and 800°C. The colour of the pellets 

changed to black at 900°C and further higher temperatures. The pellet dimension 

was also reduced considerably at 900°C compared to the 700 and 800°C sintered 

samples. Densities were measured and plotted against temperatures (Fig. 5.10). It 

is seen from the figures that the sintered density is considerably increased at 

900°C and at 1050°C 100% sintered density is obtained (compared to the 

theoretical density of fiilly sintered ZnO). The dimensions of the pellets were 

also considerably decreased at 900°C compared to lower temperature sintered 

samples and linear and volume shrinkages were calculated. There is no shrinkage 

observed up to 800°C and at 900°C a linear shrinkage of 23% and a volume 

shrinkage of 52% were observed compared to the pre sintered sample. There is 

no appreciable change in linear or volume shrinkages up to 1050°C compared to 

900°C sintered samples.
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Fig. 5.10 Change in density with temperature of varistors prepared by sol gel

mixed precursor route

The sintering behaviour was further confirmed by dilatometric studies (Fig 5.11). 

The dilatometer curve obtained at a rate of 5°C /min revealed that the onset of 

sintering occurred in the range 875-925°C and is finished in the range 1025 -  

1050°C.

10.00 -1 
5.00 J 
0.00 \

-5.00 J
g -10.00 J
i  -15.00 J 

-20.00 H 

-25.00 H 
-30.00 J 
-35.00 J 

C
Temperature (°C)

Fig. 5.11 Dilatometer curve of green sample prepared from nano-size precursors

calcined at 500°C

IM i
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The dilatometer curve obtained for the commercial sample at a rate o f 5°C/min 

revealed that the onset o f sintering occurred in the range 900-925°C and was not 

finished even at 1050°C. Thus a better sinterability at lower temperature is 

obtained for nano varistor precursor samples.

5.3.1 Grain growth studies

Grain growth is associated with the final stages o f sintering and usually grain 

growth and sintering occur simultaneously. Grain growth studies were carried 

out with FESEM (Fig.5.12-5.14). At 700°C the particle size was found to be 36 

± 5 nm and at 800°C it was estimated as 45 ± 5 nm .

Fig. 5,12 Varistor discs prepared by sol gel mixed precursor route sintered at

700°C
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Fig. 5.13 Varistor discs prepared by sol gel mixed precursor route sintered at

800°C

It is seen from the FESEM images (Fig. 5.14) that the particles have grown 

considerably at 900°C compared to 800°C. A grain size of 1.60 ±0.05 |4̂ m was 

obtained at 900°C (Fig 5.14) and the grains were further grown up to 2.02 

± 0 . 5  l̂m at 1050°C/ 2h A plot of temperature vs grain size is given in Fig. 

5.15.

Fig. 5.14 Varistor discs prepared by sol gel mixed precursor route sintered at
900°C
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Fig. 5.15 Grain growth vs temperature of the varistor samples prepared by sol gel 

mixed precursor route sintered at different temperatures

Three different phases, which are responsible for varistor action, could be well 

identified in a sintered ZnO microstructure and which will be discussed in 

section 5 .4.

5.3.2 Electrical studies of varistors prepared from nano-size precursors

Varistor powders prepared from nano-size precursors then calcined (500°C) and 

dry ball milled (30 min) were used for all electrical studies. The powders were 

pressed attaining a green density (pre-sintered density) of 49 ± 2 % for nano 

sample and 65 ± 2 % for the commercial samples. The difference in green 

density values between the nano and commercial samples was due to the fact that 

the commercial samples were pre-calcined at 950°C for 2 hours. Sintering was 

carried out in a chamber fiimace at a rate of 1.5°C/min up to 300°C and held for 

one hour and then 3°C/min to the final temperature.

5.3.2.1 Electrical characteristics o f samples sintered at 950°C/ 2h 

The current voltage characteristics of the nano samples and commercial samples 

are given in Fig. 5.6. Voltage was plotted against log current. The average 

thickness of the sintered pellets was 0.65 mm. V/mm values and a  values were 

calculated (Table 5.3).
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Fig. 5.16 I-V curve of varistor samples prepared by sol gel mixed precursor route 

intered at 950°C/2hr. A1 = Varistors prepared from nanometer size precursors 

and A2 = Varistors prepared from commercial mixed oxide powder.

Table 5.3 Electrical characteristics and densification of varistor samples 

prepared by sol gel mixed precursor route sintered at 950°C/2hr

Sample Break down a Density % Density

voltage ±3 (g/cm^)

(V/mm) ± 30

Commercial varistor 946 24 4.77 85.1

Nano varistor 1450 31 5.32 94.9
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Both the curves follow similar pattern except the lower current region (below 0.1 

|j,A). A steeper change in voltage with current is observed for varistors prepared 

from nano-size precursors compared to the commercial varistors.

A considerably higher breakdown voltage o f  1450 + 30 V/mm with a reasonably 

good a  o f  31± 3 [V2= l 134 volts; V i= 979 volts] is obtained for samples prepared 

from nano samples compared to the commercial samples (Vc = 946 + 30 V/mm 

and a = 2 1  + 3  [V2=733 vohs; V i= 607 volts] ). But the density measurements 

show that the sintering is not complete and further higher temperature sintering is 

required to achieve better density (>98%).
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5.3.2.2 Electrical characteristics o f samples sintered at 1000°C/ 2h

The I V characteristics of the nano samples and commercial samples sintered at

1000°C for 2 hours are given in Fig. 5.17.

800

700

600

500

:§ 400 
>

300

200

100

1.00E-07 1.00E-06 1.00E-05 1.00E-04 1.00E-03 1.00E-CC 1.00E-01 1.00E-KX)
Log I (Amps)

Fig. 5.17 I-V curve of varistor samples prepared by sol gel mixed precursor route 

sintered at 1000°C/2hr. B1 = Varistors prepared from nanometer size precursors 

and B2 = Varistors prepared from commercial mixed oxide powder

Table 5.4 Electrical characteristics and densification of varistor samples 

prepared by sol gel mixed precursor route sintered at 1000°C/ 2 h.

Sample Break down 

voltage

(V/mm) ± 30

a

(±3)

Density

(g/cm^)

% Density

Commercial varistor 584 22 5.31 94.7

Nano varistor 951 30 5.48 97.8
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At 1000°C the breakdown voltage o f varistors made from nano samples is found 

to be 951 ± 30 V/mm where as that o f commercial varistors are 584 ± 30 V/mm 

(Fig 5.11). a  values do not change for either o f the samples compared to 950°C. 

(The nano varistor has an a  value o f 30 ± 3 [Vj = 755 voUs; Vi = 647 volts] and 

the commercial varistor has an a  value o f 22 ± 3  [ V2 = 456 volts; Vi = 371 

volts]). There is a big diflFerence in the breakdown voltages between 950 and 

1000°C (Table 5.4). This is due to the increase in grain size at higher temperature 

(Grain growth studies were discussed in section 5.3.1). The sintered density o f 

the nano samples was only 97.8% and further higher temperature is required to 

obtain better densification (>98%).

5.3.2.3 Electrical characteristics o f samples sintered at 1050°C/ 2h 
The current voltage characteristics o f the nano samples and commercial samples 

are given in Fig. 5.18. Breakdown voltage o f the nano samples and commercial 

samples were measure as 941 ± 30 V/mm and 507 ± 30 V/mm respectively.
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Fig. 5 .1 8 1-V curve o f varistor samples prepared by sol gel mixed precursor route 

sintered at 1050°C/2hr. C l = Varistors prepared from nanometer size precursors 

and C2 = Varistors prepared from commercial mixed oxide powder.
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TTie a  value remains same for the nano varistor samples compared to the same at 

1000°C The nano varistor showed an a  value of 33 ±3 [V2 = 735 volts, Vi = 

640 volts] and the commercial varistors showed an a  value of 28 ± 3 [V2 = 390 

volts, V] = 330 volts]

Table 5.5 Electrical characteristics and densification of varistor samples prepared 

by sol gel mixed precursor route sintered at 1050°C/ 2 h.

Sample Break down 

voltage 

V/mm ± 30

a

(±3)

Density

(g/cm^)

% Density

Commercial varistor 507 28 5,40 96.4

Nano varistor 941 33 5.60 1 0 0

100% density was obtained for the nano samples sintered at 1050°C/2h while a 

densification of 96.4% was obtained for the commercial sample at this 

temperature (Table 5.5). a  values increased and the breakdown voltage decreased 

(941 ±30 V/mm )fo r both nano samples and commercial samples sintered for 

1050°C/ 2h compared to 1000°C/ 2h.

5.3.2.4 Step sintering

A novel sintering procedure has been reported recently for the sintering of 

nanocrystalline ¥ 2 0 3 .̂  ̂ This method uses two steps in the heating schedule. The 

pellet was first heated to a higher temperature to achieve an intermediate density, 

then rapidly cooled down and held at a slightly lower temperature for several 

hours. In our case two sintering experiments were carried out using this 

technique. In a typical experiment the samples were heated to 1100°C for 0 hours 

and the temperature was lowered to 950°C for 6  hours (1100/0h;950/6h). Similar 

procedures were repeated for 1000°C for 0 hours and 900°C for 6  hours

142



(1000/0h;900/6h). Table 5.6 shows the electrical properties and densification 

values of the sintered discs by these two sintering schedules.

Table 5.6 Electrical characteristics and densification of varistor samples prepared 

by sol gel mixed precursor route produced by step sintering process

Sample Break down 

voltage 

V/mm ± 30

a
(±3)

Density

(g/cm^)

% Density

Commercial varistor 

(1000/0h;900/6h)

723 25 5.17 92.2

Nano varistor 

(1000/0h;900/6h)

1192 31 5.48 97.5

Commercial varistor 

(1100/0h,950/6h)

473 30 5.38 95.9

Nano varistor 

(1100/0h;950/6h)

906 36 5.52 98.5

Considerably higher breakdown voltages with a reasonably higher a  values were 

obtained for the nano varistor precursor samples sintered by these methods 

compared to the commercial sample made under same experimental conditions. 

Higher densification >98% could also be achieved by 1100/0h;950/6h sintering 

methods. A densification of >98% is required for industrial applications. A 

detailed analysis of sintering temperatures and electrical properties are given in 

Table 5.7.
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Table 5.7 Electrical properties and densities o f varistor samples sintered at

different temperatures

Sample Properties Temperature (°C)

950 1000 1050 1000/900 1100/950

Commercial Vc 946 584 507 723 473

a 24 22 28 25 30

% density 85.1 94.7 96.4 92.2 95.9

Nano Vc 1450 951 941 1192 906

a 31 30 33 31 36

% density 94.9 97.8 100 97.5 98.5

5.4 Discussion on varistor action and phase analysis of sintered samples

Metal oxide varistors contain ZnO grains as the major component (more than 

90%) with several other metal oxides as additives. Each of the additives control 

one or more o f  the properties like electrical characteristics (breakdown voltage, 

non-linearity and leakage current), grain growth and sintering 

temperature.^’'”’’'*̂ ’'*̂  Bi203  is the most essential component for forming the non- 

ohmic behaviour and addition o f CoO and MnO enhances the non-linear 

properties. A very low concentration o f Al2 03 '*̂ increases the ZnO grain 

conductivity and Sb203  controls the ZnO grain growth. It is also noted that there 

are other multiple dopants such as a combination o f Bi2 0 3 , Cr2 0 3 , MnO and CoO, 

which have produced greater non-linearity than a single dopant. During sintering 

different phases are formed and the microstructure o f  a ZnO varistor comprises 

conductive ZnO grains surrounded by electrically insulating grain boundary 

regions. As discussed earlier, in section 1.6, the Zn0 -Bi2 0 3 -Sb203  system forms 

a pyrochlore phase Zn2Bi3Sb3 0 i4 above 650°C.^ Together with ZnO, pyrochlore 

(Zn2Bi3Sb3 0 i4) further reacts to form spinel (Zn7Sb2 0 i2)
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950-1050 °C
2 ZnjBisSbsOn + 17 ZnO ----------------------- ► 3 Zn7Sb20n + 3 BiiOj [L] [ 5.1]

Thus the following three major components should be detected in a typical 

varistor microstructure.

1) ZnO grains,

2) Zn7Sb2 0 i2, spinel crystal structure,

3) Bismuth rich phases

Varistors, prepared from nano size precursors after milling, sintered at 

1050°C/2h were studied in detail by XRD and microstructural analysis. Fig 5.19 

represents the XRD pattern o f the 1050°C/2h sample. Zinc Oxide, Spinel and 

bismuth rich phases could be identified from the XRD pattern (Fig. 5.19).
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Fig. 5.19 XRD o f the varistor sample prepared by sol gel mixed precursor route 

sintered at 1050°C/2h (* = ZnO; x = Zn7Sb20n; o = Bi203 )

Similar patterns (Fig. 5.20) were identified for commercial samples sintered at 

1050°C/2h
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Fig 5 .20 XRD o f the standard (commercial sample) sintered at 1050°C/2h 

(* = ZnO; X = Zn7Sb20i2; o = Bi203 )

The FESEM micrographs o f  the nano-samples and commercial samples sintered 

at 1050°C/2h are shown in Fig, 5.21 and 5.22 respectively. Microstructures 

obtained were similar to earlier reports^’"*̂ '*̂  and different phases were identified 

with EDX analysis.

I'.v ,.N anobat-cli .'-Ll'itei <

0 1 7 4 0 0  :-7D13.3nin  2 0 . 0 J c V  x4  . Ok

Fig. 5.21 FESEM  image varistor sample, prepared by sol gel mixed precursor

route, sintered at 1050°C/2h
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Fig. 5.22 FESEM image of varistor sample, prepared from micron size powders,

sintered at 1050°C/ 2h

In order to identify diflFerent phases EDX analysis were carried out for the nano

samples sintered 1050°C/2h. Three phases could be well identified by EDX 

a) ZnO phase (Fig. 5.23) b) Spinel, Zn7Sb20i2, phases found at the triple points 

and also on the grains (Fig. 5.24 ) c) Bismuth rich phase found in inter-granular 

grains and at triple points (Fig. 5.25).

B64S FS
■  * CMDBS014 lOSO C/SB Nano A f te r  K i l l in g

Fig. 5.23 EDX pattern of a typical ZnO grain found in a varistor microstructure
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Fig. 5.24 EDX image of the Spinel (Zn7Sb20i2) phase
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Fig. 5.25 EDX pattern of the bismuth rich phase (white areas in the 

microstructure). It is usually found at triple points and grain boundaries.

The better electrical properties of the varistors prepared from the nanometer size 

precursors compared to the commercial one can be explained on the basis of 

smaller grain size of the sintered material and greater homogeneity in the starting 

nano size powder. Considerably higher breakdown vohages were observed for 

varistors prepared from nanometer size precursors, which indicates a greater
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number of varistor active grain boundaries per unit area. Hence compared to the 

conventional routes this novel procedure can be used as a better way of preparing 

homogeneous nano varistor precursor powder. Synthesis of these materials in 

different batches has been successfully carried out more than 10 times in our 

laboratory. Because of the simplicity of the experiment, inexpensive sources of 

starting materials and better electrical characteristics, these materials have been 

successfully produced in a kilogram batch in an industrial scale pilot plant 

operation. More studies on the industrial production of devices using these 

materials are underway at Littelfuse Ireland Ltd.

5.5 Conclusions

A novel mixed precursor method was successfully performed to synthesise bulk 

quantities of commercially viable nanometer size (~20 nm) doped ZnO varistor 

powders. TEM results showed that these particles were agglomerated and dry 

ball milling for 30 minutes de-agglomerated it considerably. Varistors were 

fabricated from these materials by sintering at various temperatures ranging from 

700 to 1050°C. 100% densification, high breakdown voltage (941 ± 30 V/mm) 

and a reasonably good a  (33 ± 3) were observed for samples sintered at 

1050°C/2h. A novel step sintering procedure was also performed and 98.5% 

densification was achieved for samples sintered at 1100/0;950°C/6h. A 

breakdown voltage of 906 ± 30 V/mm and an a  value of 36 + 3 were obtained. 

Thus superior electrical properties, with a breakdown voltage of 1.5 times higher 

than the commercial varistor and reasonably good a value were obtained with 

varistors prepared from nano materials. Industrial pilot plant operations were 

successfully performed to produce large quantities of nano varistor powder.
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Chapter 6

Conclusions and summary for the present work and 
suggestions for future work
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6.1 Conclusions and summary

At the beginning of this project we had the following aims (section 1.8);

i) To synthesise ZnO nanoparticles based on well established procedures and 

compare the electrical properties

ii) To develop novel sol gel based nano ZnO materials suitable for varistor 

applications

iii) To develop industrially viable new mixed oxide nano varistor precursor 

materials

In chapter 3, the use of well-established synthetic procedures for varistor preparations 

was discussed. Three synthetic procedures (Spanhel and Anderson, Meulenkamp and 

Weller methods) were selected to make nanocrystalline ZnO of particle sizes less than 

10 nm. Among the three procedures tried, the Weller method was found to be the 

simplest to reproduce. All three materials were calcined at 500°C for two hours iind 

varistors were prepared via a conventional solid state mixing technique. Sintering was 

performed at 1050°C for two hours and electrically characterised. Varistor pellets 

made from the Spanhel and Anderson procedure fully melted during sintering and 

electrical studies showed that none of the procedure produced a material that could be 

used as a varistor. The poor electrical characteristics of these materials were due to 

the presence of impurity ions such as lithium and sodium. It was decided to develop 

novel methods for the synthesis o f nano size ZnO and varistor materials to acheive 

better electrical properties.

Chapter 4 described the preparation of nanoparticles and nanowires using novel sol 

gel synthetic procedures. ZnO precursor gels were prepared by the reaction of an 

ethanolic solution of zinc acetate and ethanolic solution of oxalic acid (with and 

without the use o f modifiers). The gel prepared without the use of modifiers was dried 

at 80°C and fixrther calcination produced ZnO nanoparticles of size ~30± 5 nm. BET 

surface area for this material was found to be 17 mVg. In a similar experiment the two 

chemical modifiers (ethylene glycol and diethanolamine) were added to the ethanolic 

solution of zinc acetate before the addition of the ethanoUc solution of oxalic acid. 

The gel formed was subsequently dried (80°C) and calcined (500°C for two hours) 

using similar conditions to above and was characterised by XRD, FESEM and TEM.
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FESEM revealed a fibrous structure containing elongated bundles of 100 nm widths 

and 2-4 lengths. Further ultrasonication for 40 minutes separated the individual 

wires from the bundle. TEM studies showed that these wires were composed of 

spherical nanoparticles of 21 ± 3  nm. The 500°C calcined wire were calcined fiirther 

to 1000°C and FESEM studies showed that the individual particles was sintered 

together to form continuous wires of width 0.3 to 0.4 |j,m and 10 to 20 |am length. The 

precursor morphologies and formation mechanisms were studied in detail by TEM, 

FTIR and thermal analysis. Two of the above materials were doped with commercial 

metal oxides using conventional solid state mixing technique and a core shell type 

doped varistor was also made using spherical ZnO nanoparticles and metal salts as 

additives. Sintering (1050°C for two hours) and electrical studies were carried out for 

each of these samples and compared with commercial varistor samples pelletised and 

sintered under the same conditions. Core shell type varistor material showed 

considerably higher breakdown voltage compared to the other nanosamples mixed 

with commercial additives and commercial varistors discs made under same 

conditions. Even though the electrical properties were superior, only 97% 

densification was achieved at 1050°C for two hours. Thus there was a need for a 

better procedure for the synthesis of a material, which can sinter at a lower 

temperature with superior electrical properties. Investigations were directed towards 

making a new material with superior electrical properties and lower sintering 

temperature.

Synthesis, characterisation and varistor preparations, based on a novel sol gel based 

mixed precursor route, were discussed in chapter 5. Drying (80°C) and calcination 

(500°C for two hours) of a gel containing zinc acetate and additive metal salts 

produced nano varistor precursor powders with average particle size of 15 ± 3nm. 

These powders were characterised by TEM, BET surface area, FESEM, XRD and 

EDX. The synthesised nano powder after calcinations at 500°C has a surface area of 

45 mVg. FESEM analysis showed that these powders contain an appreciable amount 

of agglomerates. It was reported earlier that strong agglomerates might lead to larger 

grains after sintering. Dry ball milling for 30 minutes tried successfiilly removed these 

agglomerates. The milled powder was fiirther plastified, pelletised and sintered at 

various temperatures fi-om 700°C to 1050°C for two hours. A novel step sintering
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procedure was also tried for the first time for sintering varistor materials. Electrical 

measurements were carried out for materials sintered at 950°C, 1000°C and 1050°C 

and also for step sintered samples Nearly full dense varistor discs with 1.5 times 

higher breakdown voltage (906 ± 30V/mm) and reasonably good non-linear 

characteristics (a  = 36 ± 3) compared to the commercial material have been obtained 

for varistor material prepared from nano-size precursors sintered by a novel step 

sintering procedure. Full densification (100%) with a breakdown voltage of 941 ± 30 

V/mm and a  of 33 ± 3 were obtained for these materials conventionally sintered at 

1050°C. Sintering behaviour of the varistor discs prepared from nano samples was 

studied by densification studies and dilatometric studies. Density measurements 

indicated that the sintered density value was increased considerably at 900°C. The 

dilatometric results showed that the onset of sintering occurred in the range 875- 

925°C and is finished in the range 1025-1050°C. Grain growth studies showed that 

the particles have grown considerably at 900°C compared to 800°C. It confirmed that 

the sintering process and grain growth occurred simultaneously. Phase analyses of the 

samples sintered at 1050°C were carried out using FESEM, EDX and XRD. ZnO 

grains, spinel phases (ZnvSbjOn) and bismuth rich areas, which are the essential 

phases found in an ideal varistor were well identified in the microstructure. Thus a 

novel mixed precursor method was tried successfully to prepare commercially viable 

varistor precursor powders in the nanometer range. Industrial pilot plant operations 

were also successfully carried out to produce a kilogram batch of these materials.

Therefore, during the period of research we have achieved the following targets;

i) Three well established synthetic routes have been followed to make nano-size 

ZnO and the electrical characteristics of such materials were studied and 

compared with commercial varistor materials (chapter 3)

ii) Novel sol gel methods to create template fi'ee nano wire arrays of ZnO have 

been established (chapter 4)

iii) Spherical agglomerated ZnO nano particles were prepared and characterised 

(chapter 4)

iv) A novel core shell based synthesis of nano varistor precursor materials was 

established (chapter 4)
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v) Varistors were prepared from ZnO nanowire materials, ZnO nano particles 

and core shell type varistor materials and the core shell materials showed 

better electrical properties compared to the other materials (chapter 4)

vi) A mixed precursor route has been established for the synthesis of varistor 

materials (chapter 5)

vii) Varistors were fabricated from these materials and showed superior electrical 

properties compared to the commercial varistors (chapter 5)

viii) A step sintering technique have been successfully tried for first time for 

sintering varistors (chapter 5)

ix) An industrial pilot plant synthesis has been successfully achieved and a 

kilogram of the nano varistor precursor material has been produced

6.2 Suggestions for future work
In chapter 5 it was reported how closely the grain growth and sintering temperature 

were related. Controlling the grain growth at higher temperature is a real challenge for 

varistor ceramics. Breakdown voltage could be further increased several times, if one 

could sinter the material to full density with sub-micrometer grain size. Novel 

sintering procedures like step sintering, as discussed in chapter 5, could be further 

modified to get a fully sintered varistor disc at a lower temperature. Microwave 

sintering methods have received much attention in recent years. Nanometer size 

ferrite powders have been sintered using microwave energy without suffering major 

grain growth.^ An investigation on sintering of varistors prepared from nano samples 

using microwave energy is in progress at Institute of Polymer Technology and 

Materials Engineering, Loughborough University, UK and preliminary results are 

encouraging.

This study was investigating how nano-size precursors and sol gel procedures could 

improve the breakdown voltage, which is controlled by grain size and additive 

homogeneity. Other electrical properties like non-linearity and leakage currents are 

dependent on the additives and its concentration. In this research, varistors were 

fabricated without changing any additive proportions currently used in Littelfiise Ltd. 

for making varistors from micron size samples. A long-term investigation is required 

for the dopant additions for nano samples as it contains a large number of grain
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boundaries. By this way a , leakage current and sintering properties could be further 

improved.
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Appendix I

Brus equation for particle size from absorption spectra

The particle size can be determined from the absorption spectra using the effective 

mass model derived by Brus’

E* = E + h^7cV2 r^ [l/mcnio +l/mh mo]- 1.8eV47reo Erf 

= Bulk bandgap (ZnO= 3 .4 eV) 

h = Plank’s constant (6. 62 x 10'̂ '* J. s) 

me = Effective mass o f electron (0. 24) 

nih == Effective mass o f hole (0. 45) 

nio= Free electron mass (9. 11 x 10' ‘̂ kg)

Eo= Pemiitivity o f free space (8. 85x 10 C /̂N. m )̂

Er= Relative permitivity (3.7) 

r= Crystalline radius (in nm)

The particle size can be obtained from the band gap inferred from the optical 

absorption spectra.
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