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An industrially viable solution-based processing route using minimal amounts of solvent has been used

to prepare bulk quantity nanopowders (average particle size 15 � 3 nm) for the fabrication of ZnO

varistors. The xerogels, calcined powders and sintered materials were fully characterised. The

preparation of varistors from nanopowders has been optimised by studying the effect of temperature on

grain growth, densification and breakdown voltage. The varistors are prepared by sintering at 1050 �C

for 2 hours, a temperature that is significantly lower than that used in the current industrial process.

Highly dense varistor discs prepared from the sintered material produce devices, with a breakdown

voltage 85% higher than that of commercial varistors, making them suitable for use in miniaturised

electronic circuitry. Improved performance of these materials has been attributed to the small grain size

and better dispersion of additives on ZnO grains.

Introduction

Varistors are ceramic-based semiconductors that are used in

many areas of electronics and communication technology.1–7 The

function of a varistor is to sense and limit over-voltage surges

and to function continuously without loss of performance.1 ZnO

varistors were initially developed using a solid-state mixing of

ZnO and metal oxide additives by Matsuoka7 in 1970, and such

solid-state processing is still the preferred method in the

industry.1,5 This is achieved by the mixing of 0.5 to 3 mm ZnO

particles with dopant oxides such as Bi2O3, Sb2O3, CoO, MnO,

NiO and Cr2O3. The mixed powder is then pressed and sintered

at high temperatures (1200–1300 �C). This simple method of

processing powder has led to its utilisation on an industrial scale.

The low cost associated with the use of comparatively inexpen-

sive oxide powders is also commercially attractive. The main

disadvantage of this route, however, is the difficulty in obtaining

compositional homogeneity, which is especially important for

the preparation of the miniaturised devices required for modern

electronic equipment.1,5

Preparative methods, crystallite size and additive homogeneity

are the critical parameters to produce a better varistor material.8–19

In particular inhomogeneous microstructures can cause

degradation of varistors during electrical operation.1 Electrical

and electronic characteristics can be altered by varying the

microstructure at the grain boundaries.3,5,8 Thus, careful control

of the microstructure is required to produce the perfect varistor.

Nanoparticles yield a narrow grain size distribution and can be

sintered at a lower temperature compared to coarse grained

ceramics.3,5,6,8 The temperature required for sintering also

depends on the particle size and on the distribution of dopants

among the individual grains. Nanometre-sized material contains

large grain boundary volumes and should therefore yield more

varistor active grain boundaries per unit volume, allowing one to

develop a better device with smaller dimensions. However,

controlling grain growth during sintering is a challenge for ZnO

nanomaterials research. For example Ya et al.11 prepared 20 nm

ZnO particles using zinc nitrate, citric acid and ethylene glycol.

However, further dopant addition and sintering (densification ¼
98%) produced 2 mm grains. By such wet chemical methods,

homogeneity of the dopant ions among the ZnO grains can be

achieved at the molecular level, something that is difficult to

achieve by any conventional ceramic route.

Several attempts using chemical methods have been reported

for the production of varistor materials.3,5,6,8–19 We have recently

found that nano-ZnO synthesised from zinc acetate dihydrate

and oxalic acid dihydrate either by a solution route18 or by

a solid-state pyrolysis route19 can be used to produce varistors

with an improved breakdown voltage. Furthermore, core–shell-

type varistor materials fabricated by coating metal salts on

previously calcined ZnO nanoparticles were found to give

superior electrical properties, which were attributed to better

homogeneity of additive ions among the ZnO grains.5 However,

the densification obtained on sintering at 1050 �C for many of

these materials was inadequate for optimum industrial fabrica-

tion.5,6,18,19 (>98% densification is required for industrial

handling and integration of these materials into electronic

devices). Thus, there is a need for a new bulk processing route

aCenter for Research in Engineering Surface Technology (CREST),
FOCAS Institute, Dublin Institute of Technology, Camden Row, Dublin
8, Ireland. E-mail: Suresh.pillai@dit.ie
bSchool of Chemistry, University of Dublin, Trinity College, Dublin 2,
Ireland. E-mail: jmkelly@tcd.ie; Fax: +353-1-6712826; Tel: +353-1-896-
1947
cSchool of Chemical and Pharmaceutical Sciences, Dublin Institute of
Technology, Kevin Street, Dublin 8, Ireland. E-mail: declan.
mccormack@dit.ie; Fax: +353-1-4024989; Tel: +353-1-4024778
dLittelfuse Ireland Ltd., Ecco Road, Dundalk, Ireland. E-mail: rraghave@
littelfuse@dit.ie

† Electronic supplementary information (ESI) available: Fig. S1–S7 and
Tables S1–S3. See DOI: 10.1039/b804793f

3926 | J. Mater. Chem., 2008, 18, 3926–3932 This journal is ª The Royal Society of Chemistry 2008

PAPER www.rsc.org/materials | Journal of Materials Chemistry



that could produce a fully dense varistor at a lower temperature

with superior electrical properties. Here, we report a novel mixed

precursor method (MPR) involving soluble metal salts, oxalic

acid, diethanolamine and ethyleneglycol in ethanol solution.

Unlike many of the above mentioned laboratory methods, the

route proposed here is easily scaled-up for the production of

nanomaterials for the fabrication of high performance varistors.

Furthermore, these materials gives a higher breakdown voltage

compared to the other reported methods (and significantly

greater breakdown voltage compared to the commercial

samples) and show high densification at a temperature 150 �C

lower than the commercial standard (the current commercial

sintering temperature is 1200 �C).

Experimental

Reagents

The following reagents were used without further purification.

Zinc acetate dihydrate (Riedel-de Haen, 99.5 %), bismuth(III)

nitrate pentahydrate (Aldrich, 98%), antimony(III) acetate

(Aldrich, 99%), cobalt(III) acetate tetrahydrate (Aldrich, 98%),

manganese(II) acetate tetrahydrate (Aldrich, 99%), nickel(II)

acetate tetrahydrate (Aldrich, 99%), chromium(III) nitrate non-

ahydrate (Aldrich, 99%) and aluminium nitrate nonahydrate

(Aldrich, 99%). Minor amounts of two industrial proprietary

dopants were used as received.

Large-scale synthesis of varistor materials by sol–gel mixed

precursor route.

Zinc acetate dihydrate (274.50 g, 1.25 mol), cobalt acetate

tetrahydrate (3.60 g, 14 mmol), manganese acetate tetrahydrate

(3.20 g, 13 mmol) nickel acetate tetrahydrate (1.85 g, 7.4 mmol)

and aluminium nitrate nonahydrate (0.090 g, 0.24 mmol) 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 solu-

tion was obtained after 20 minutes. Simultaneously, the second

solution containing bismuth nitrate pentahydrate (6.30 g, 13.9

mmol), antimony acetate (9.80 g, 32 mmol) chromium nitrate

nonahydrate (5.25 g, 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 (1L) was added with vigorous stirring. A

thick semi-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. 2 g of the above material was plastified with

0.5 mL each of 10% aqueous solution of poly(vinyl alcohol) and

poly(ethylene glycol) and 0.015 g of gum arabic. This was further

dried in an oven for 5 minutes and pelletised into 7 mm � 0.7 mm

discs for further sintering and electrical studies. The pellets were

sintered at 1050 �C and held at this temperature for 2 hours in

a chamber furnace under air atmosphere.

Instrumentation

Morphology and microstructure of the materials prepared were

probed with transmission electron microscopy (TEM) and

scanning electron microscopy (SEM). TEM was performed

using a Hitachi 7000 TEM or Philips CM 20 HRTEM (high

resolution transmission electron microscope). 400 mesh copper

grids coated with formvar were used to prepare the samples.

SEM 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.

The BET surface area analysis of the 500 �C calcined powder

was carried out using a Gemini 2370 instrument operating

at liquid nitrogen temperature after degassing the samples for

2 hours at 200 �C. Calcined and sintered powders were examined

by X-ray diffraction (XRD). XRD samples were prepared by

making a thin film of the powder with acetone on a glass plate,

and the measurement was performed with a Siemens D500 or

Philips PW1540 X-ray diffractometer. The particle sizes were

calculated by using the Scherrer equation.5,18,20 Thermal

decomposition characteristics of the samples were studied by

differential scanning calorimetric (DSC) measurements and

thermo-gravimetric analysis (TGA). DSC was performed with

a Rheometric Scientific DSC QC. A small amount of sample

(less than 3 mg) was heated from room temperature to 500 �C at

a constant heating rate of 10 �C per min under a nitrogen

atmosphere. TGA was carried out using a Thorn Scientific

TG-750 instrument operated at a constant heat flow of 1 �C per

min. Electrical characteristics of the sintered varistor materials

were measured by using a Keithley Instrument (Model 2410).

The breakdown voltage (Vc) was measured as the voltage

at a current density of 1 mA. Density measurements of the

pre-sintered and sintered samples were performed using Archi-

medes principle. The determinations were carried out in water

using an Ohaus densitometer 470007-010.

Results and discussion

Synthetic procedures

The MPR nanopowders were prepared by the following proce-

dure. An ethanolic solution of zinc acetate, cobalt acetate,

manganese acetate, nickel acetate and diethanolamine and an

ethylene glycol solution containing antimony acetate, bismuth

nitrate and chromium nitrate were mixed. To this was added an

ethanolic solution of oxalic acid, which produced a semi-gel.

Subsequent drying at 80 �C produced a xerogel. This material

was then calcined at 500 �C to produce a free-flowing nano-

powder (full details are given in the Experimental section). The

synthetic method employs low volumes of solvents as the

diethanolamine enhances the solubility of metal salts (e.g. 110 g

L�1). This facilitates the preparation of ZnO nanoparticular

materials in far more concentrated solutions than previously

reported by other authors.21,22 Diethanolamine has also been

found to be an effective stabilising agent for titania-based sol–gel

materials.23 Thus, an industrially and environmentally friendly

method is proposed using a much reduced volume of solvents to

prepare the varistor materials in bulk quantities. It should also be

noted that the solvent (ethanol) used in the process may readily

be recycled.
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Characterisation of the precursor xerogel

The xerogel (80 �C dried) before calcining at 500 �C was pale

violet in colour with a porous nature. FESEM images (Fig. 1)

shows rod/sheet like morphologies of 1–1.5 mm in length and 0.3

to 0.5 mm in thickness. In a previous study, rod-like morphol-

ogies with 0.6 mm in length and 50 nm widths were obtained for

the nanowire precursor xerogel.18 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 of the rods is appar-

ently due to the increase in the amount of diethanolamine.18

The thermo-gravimetric analysis (TGA) curve of the xerogel is

shown in Fig. 2. A total weight loss of 72% is obtained. Three

stages of weight loss are observed at 110–200 �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 groups5,18 and the second

stage of weight loss (320–380 �C) can be explained as the removal

of chelated diethanolamine,18 and (450–480 �C) is explained as

the formation of ZnO from the decomposition of the precur-

sors.5,18 X-Ray diffraction results showed that the ZnO forma-

tion occurred after 250 �C.24 The transitions observed with TGA

are reflected in those determined by DSC (Fig. S1, see ESI†). The

endotherm at 175 �C is attributed to the removal of acetate

groups. The peak at 274 �C and 365 �C may be assigned to the

elimination of free- and chelated diethanolamine, respec-

tively.23,25 Finally, a transition observed at 454 �C is suggested to

be due to the formation of ZnO.5,18,26 A DSC scan of the same

material (in the second cycle) did not show any peaks indicating

the formation of a thermally stable material as expected. These

results indicate that 500 �C is the suitable temperature to calcine

the xerogel to produce ZnO powders.

Characterisation of MPR nanopowders

The xerogel dried at 80 �C was calcined to 500 �C for 2 hours and

the powder obtained was analysed by X-ray powder diffraction

(XRD) which showed the presence of only ZnO (Fig. S2, see

ESI†). This is either due to the fact that the dopant concentration

is below the detection limit or that they do not form crystalline

phases.

The observed broadening of the X-ray bands allowed an

estimate of the average particle size as 15 � 3 nm using the

Scherrer equation.5,20 This particle size is found to be somewhat

smaller than that of the pure ZnO (19 � 4 nm) prepared analo-

gously in the absence of dopants.18 This observed decrease in the

resultant particle size is possibly due to the effect of Sb2O3, which

is added as a grain growth inhibitor in varistor ceramics.1

The presence of crystalline phases of ZnO was further

confirmed by the selected area electron diffraction pattern

(SAED pattern (Fig. S3, see ESI†). Crystalline planes and

d values calculated were in agreement with the XRD pattern

(Table S1, see ESI†). The presence of additives (Sb, Bi, Cr and

Ni) in the microstructure could be observed from EDX analysis

of the nanopowder (Fig. S4, see ESI†).

The calcined powders were subjected to BET surface area

analysis and a value of 45 m2 g�1 was obtained. This is a very high

surface area compared to the commercial varistor sample

(supplied by Littelfuse Ireland Ltd), which has a surface area of

2.8 m2 g�1. These MPR nanopowders contain an appreciable

amount of agglomerates of stick-like morphologies, as evidenced

from the FESEM images (Fig. 3a and 3b). The length of these

Fig. 1 FESEM images of the 80 �C dried nano-varistor precursor

prepared by sol–gel mixed precursor route.

Fig. 2 TGA pattern of xerogel, dried at 80 �C, prepared by sol–gel

mixed precursor route.

Fig. 3 FESEM and TEM images of the 500 �C nano-varistor powder

prepared by ‘sol–gel mixed precursor’ route; FESEM (before milling)

magnified at a) 7 k and b) 25 k TEM images; c) agglomerates magnified at

50 k; d) after milling, magnified at 3.5 k.

3928 | J. Mater. Chem., 2008, 18, 3926–3932 This journal is ª The Royal Society of Chemistry 2008



stick-like structures varies from 2–4 mm with a width of 0.3–

0.5 mm. At higher magnification (e.g. 50 k) it could be seen that

these sticks are made up of smaller particles (Fig. 3c). Ultra-

sonication for up to 40 minutes did not have any deagglomer-

ating effect.

As strong agglomerates may lead to larger grains after

sintering,27 ball milling was used to fragment these and hence

lead to nanopowder de-agglomeration.27 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 demonstrated that dry milling

for 30 minutes significantly helps to decrease strong agglomer-

ates (Fig. 3d). Milling in water or in polyacrylic acid solution was

much less effective.

Sintering and grain growth in discs made fromMPR nanopowder

It is recognised that the basic building block of the ZnO varistor

are the ZnO grains formed as result of sintering.1,19 During

sintering the additives become organised in such a way in the

microstructure that the near grain boundary region becomes

highly resistive (rgb�1012 U cm) and the grain interior becomes

highly conducting.1

The final grain size of a typical commercial varistor after

sintering is of the order of 8–12 mm and the corresponding

breakdown voltage is around 2–3 kV cm�1, which is equivalent to

a voltage drop of 1.6 volts per intergranular barrier,17 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 with smaller dimensions. Sintering experiments

have been performed at various temperatures from 700 �C to

1050 �C for 2 hours in a chamber furnace. Samples were heated

at a rate of 1.5 �C per min up to 300 �C, held for one hour at that

temperature (to facilitate binder burn off). They were then

ramped at 3 �C per min to the final temperature and held at this

value for 2 hours. Varistor discs prepared from nano-size

precursors were calcined and then dry ball milled (30 min). The

colour of the pre-sintered pellets was 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 higher

temperatures. Densities were measured and plotted against

temperatures (Fig. 4a). It is seen from the figures that the sintered

density is considerably increased at 900 �C and at 1050 �C close

to 100% sintered density is obtained (compared to the theoretical

density of fully 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, however at 900 �C a linear

shrinkage of 23% and a volume shrinkage of 52% were observed

compared to the pre-sintered sample.

The sintering behaviour was further confirmed by dilatometric

studies (Fig. 4c). The dilatometer curve obtained at a rate of 5 �C

per min revealed that the onset of sintering occurred in the range

875–925 �C and is finished in the range 1025–1050 �C. The

dilatometer curve obtained for the commercial sample at a rate of

5 �C per min revealed that the onset of sintering occurred in the

range 900–925 �C and was not finished even at 1050 �C. Thus

a much better sinterability at lower temperature is obtained for

nano-varistor precursor samples.

Grain growth is often associated with the final stages of

sintering and usually both processes occur simultaneously.6,11,28–30

FESEM studies were performed to verify whether this was

the case here (Fig. 5). A plot of grain size vs. temperature is

given in Fig. 4b. At 700 �C the particle size was found to be 36

� 5 nm, and at 800 �C it was estimated as 45 � 5 nm. A grain

size of 1.60 � 0.05 mm was obtained at a sintering temperature

of 900 �C (Fig. 5c), and the grains had further grown to 2.02 �
0.5 mm after heating at 1050 �C for 2 h (Fig. 5d). This

demonstrates that sintering is accompanied by grain growth

especially between 800 �C and 900 �C. However, the final grain

size is still significantly smaller than that in sintered commercial

materials.

Characterisation of the sintered samples

Metal oxide varistors contain ZnO grains as the major compo-

nent (92–95%) with several other metal oxides as additives. Each

of the additives influence one or more of the properties, such as

Fig. 4 a) Change in density with temperature, b) grain size vs. temper-

ature, and c) dilatometer curve of varistor MPR nanopowder.
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the electrical characteristics (breakdown voltage, non-linearity

and leakage current), grain growth and sintering temperature.1,31

Bi2O3 is the most essential component for producing non-ohmic

behaviour whilst addition of CoO and MnO enhances non-linear

properties.1,31,32 A very low concentration of Al2O3 increases the

ZnO grain conductivity and Sb2O3 controls the ZnO grain

growth.1,9,31 During sintering, different phases are formed and

the microstructure of a ZnO varistor comprises conductive ZnO

grains surrounded by electrically insulating grain boundary

regions. The ZnO–Bi2O3–Sb2O3 system forms a pyrochlore

phase, Zn2Bi3Sb3O14, above 650 �C.33 Together with ZnO, the

pyrochlore (Zn2Bi3Sb3O14) further reacts to form a spinel

(Zn7Sb2O12) according to:

2 Zn2Bi3Sb3O14 + 17 ZnO / 3 Zn7Sb2O12 + 3 Bi2O3 (1)

Thus, the following three major components should be

detected in a typical varistor microstructure.1,33,34 a) ZnO grains;

b) Zn7Sb2O12, spinel crystal structure; c) bismuth-rich phases.

Varistors, prepared from nano-size precursors after milling, and

sintered at 1050 �C for 2 h were studied in detail by XRD and

microstructural analysis (see Fig. S6, ESI†). Zinc oxide, spinel

and bismuth-rich phases could be identified from the XRD

pattern1,6, (see Fig. S6, ESI†). Similar patterns (see Fig. S7, ESI†)

were identified for commercial samples sintered at 1050 �C for 2

h. The FESEM micrographs of the nano-samples sintered at

1050 �C for 2 h are shown in Fig. 5d. Microstructures obtained

were similar to earlier reports9,5 and different phases were iden-

tified with EDX analysis. In order to identify different phases,

EDX analysis was carried out for the nano-samples sintered at

1050 �C for 2 h. As expected, three phases can be identified by

EDX: a) ZnO phase (Fig. 6a); b) spinel, Zn7Sb2O12, phases found

at the triple points and also on the grains (Fig. 6b); and c)

bismuth-rich phase found in intergranular grains and at triple

points (Fig. 6c).

Fig. 5 FESEM of varistors prepared by sol–gel mixed precursor route

sintered at a) 700 �C, b) 800 �C, c) 900 �C, and d) 1050 �C.

Fig. 6 EDX image of a) ZnO grains, b) spinel (Zn7Sb2O12) phase, and c)

EDX pattern of the bismuth-rich phase (white areas in the microstruc-

ture).
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Electrical characterisation of varistor discs made using the MPR

nanopowder

To assess the MPR powder as a varistor precursor, discs were

prepared, sintered and electrodised. The current–voltage char-

acteristics of these devices compared with commercial samples

are given in Fig. 7. A considerably higher breakdown voltage

(Vc) is obtained for samples prepared from MPR nano-samples

(941 � 30 V mm�1) compared to commercial samples (507 � 30 V

mm�1). The Vc obtained for materials prepared by this route is

also higher than the previously reported nano-array material

(786 � 30 V mm�1)18 nano-ZnO by sol–gel route (683 � 30 V

mm�1),5 core–shell-type material (850 � 30 V mm�1),5 and nano

ZnO by solid-state pyrolysis route (656 � 30 V mm�1).19 The

MPR nano-varistor showed an a value of 33 � 3 [V2¼735 V;

V1¼640 V], whereas the commercial varistors showed an a value

of 28 � 3 [V2 ¼ 390 V; V1 ¼ 330 V] (Table 1).

These properties may also be compared to varistor devices

prepared from precursor powder formed by solid-state mixing of

the metallic precursors and oxalic acid. Subsequent calcinations

and sintering of these materials under identical conditions were

carried out. However, electrical studies showed that these

materials did not possess any varistor properties (see Fig. S5,

ESI†). This can be attributed to the inhomogeneity of the

dopants distributed among the ZnO grains. This reaction

confirms the needs for homogeneous solution processing.

The improved breakdown voltage of the varistors prepared

from the MPR nano-size precursors compared to the commercial

sample can be explained on the basis of the smaller grain size of

the MPR nanomaterial. 99.6% densification was obtained for

nano samples sintered at 1050 �C for 2 hours. This is also much

better than previously reported materials (Table 1).

In order to understand the effect of grain size of nano-ZnO on

breakdown voltage, sintering experiments at 950 and 1000 �C for

2 h have also been carried out. A considerably higher breakdown

voltages of 1450 V mm�1 and 951 V mm�1 were obtained

for samples prepared from nano samples compared to the

commercial samples (Table S3 and S4, ESI† ). However, the

density measurements show that the sintering was not complete

and further higher temperature sintering was required to achieve

better density (>98%) for industrial handling. These results

further attribute that breakdown voltage is directly proportional

to the number of active varistor grain boundaries (which is

directly related to grain size, see Fig. 4b) per unit area.

Conclusions

A novel mixed precursor method for the production of ZnO-

based varistor powder has been successfully and reproducibly

developed. As produced powders are composed of agglomerates

of ultra fine (�15 nm) doped ZnO particles that can be broken up

by dry ball milling for 30 minutes. Varistors were fabricated from

these nano-materials by sintering at various temperatures

ranging from 700 to 1050 �C. Full densification, high breakdown

voltage (941 � 30 V mm�1; which is 85% higher than the

commercial varistor at 1050 �C) and a reasonably good non-

linear coefficient (a ¼ 33 � 3) were observed for samples sintered

at 1050 �C for 2 h. The better performance may be attributed to

a greater number of varistor active grain boundaries per unit

area. 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 pilot plant operation.
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