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Abstract
ZnTiO3 nanopowders were obtained by sol-gel method. The nanopowders were characterised by means of 
TGA/DTA analysis, X-ray diffraction, TMA analysis and SEM characterisation. The results show that the crys-
talline structure of the sol-gel powders was obtained at 600 °C, with crystallite sizes of 10 nm. SEM shows that 
most of the prepared ZnTiO3 nanopowders are agglomerated. Since agglomeration plays an important role 
in the sintering of the ZnTiO3 ceramics, different deagglomeration techniques (ultrasonication, pulverisation 
and attrition milling) were investigated. Dense ZnTiO3 structure was obtained from the attrition milled powder 
at 1050 °C and its dielectric characteristics were also investigated (εr =25, tε= -26 ppm/°C and tgδ < 10-3 at 
1 MHz). The low sintering temperature and the good dielectric properties show promise for the manufacture 
of multilayered capacitors with internal copper electrodes.
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I. Introduction
Passive components such as resonators, filters, os-

cillators or capacitors play an important role in indus-
trial or commercial electronic systems. The required 
materials to fabricate these components must exhib-
it a high dielectric constant, a low dissipation factor 
(tgδ < 10-3), a small temperature coefficient of the res-
onant frequency (τf) or a small temperature coefficient 
of the dielectric constant (τε) [1,2], and that at high and 
hyper frequencies range. Most of the known dielec-
trics ceramics suitable for those applications require 
high sintering temperatures (1200–1500  °C) to get 
well densified materials. This high temperature cycle 
forbids the use of cheaper base metals, e.g. Cu and Ag, 
as electrodes, instead of noble metals like Pd and Pt, 
which are currently employed, and that increases the 
manufacturing cost, in terms of both money and en-

ergy. ZnTiO3 exhibits interesting dielectric properties 
(εr = 20, Q×f = 30,000 GHz, τε = -55 ppm/°C) [3] that 
makes it a favourable candidate for high performances 
passive components. As was established, ZnTiO3 re-
quires high sintering temperature (over 1150 °C) that 
prevents its usage as a dielectric material for the fab-
rication of multilayered capacitors with internal cop-
per electrodes, a cheap and common metal. In this 
work, the main goal is to lower the sintering tempera-
ture of ZnTiO3 bellow the copper melting temperature 
(Tm = 1080 °C). Two basic approaches are commonly 
used to reduce the sintering temperature:
•	 addition of glass phase or crystallised materials to 

act as densification promoter (owing to the forma-
tion of a liquid phase which leads to increase the 
atomic diffusion);

•	 use of novel powder synthesis method (such as a 
liquid phase route, e.g. sol-gel) in order to reduce 
the grain size of the powder and increase its reac-
tivity.
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The first method (glass phase addition) has been 
explored in previous studies [4–6] whereas only a few 
attempts of synthesis ZnTiO3 by liquid route followed 
by sintering have been reported. In this work, sol-
gel method has been developed to produce nanosized  
ZnTiO3 powder. In addition, ZnTiO3 synthesised by 
the conventional solid state route has been also pro-
duced in order to compare both synthesis methods in 
terms of sintering temperature, structure, microstruc-
ture and dielectrics properties.

II. Experimental

2.1. Sol-gel synthesis (sg-ZT)
The ZnTiO3 gel was synthesised from titanium bu-

toxide, Ti(OC4H9)4 (purity of 99.5%) [7]. Titanium bu-

toxide was diluted in absolute ethanol (purity of 99.5%) 
and stirred for 30 minutes. The obtained solution was 
then added drop wise to the solution containing ethanol, 
water and a few drops of HNO3 and stirred again for 2 
hours in order to prepare a homogeneous solution (solu-
tion 1). At the same time solution 2 was prepared by to-
tal dissolution of zinc acetate, Zn(OOCCH3)2 (purity of 
99.5%) in ethylene glycol. Finally, solution 2 was added 
drop wise to solution 1, under stirring, during a period 
of 1 hour, which led to the formation of a homogeneous 
gel. The obtained gel was dried at 110 °C for 5 hours, 
ground in a mortar to produce powder and heat treat-
ed in air for 2 hours at various temperatures (600 °C, 
700 °C, 800 °C, 900 °C and 1000 °C). The whole pro-
cess is schematically presented in Fig. 1.

Figure 1. Schematic flow chart of the synthesis of ZnTiO3 powders by sol-gel technique
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The molar ratios of the different precursors used 
were [7]:

2.2. Solid state synthesis (ss-ZT)
The precursors, ZnO and TiO2 (purity >99%), were 

appropriately weighted according to the Zn/Ti = 1 mo-
lar ratio. Mixing was performed in an ammonia solu-
tion at pH = 11 using zirconia balls in a teflon jar for 3 
hours. These conditions were reported to be optimal for 
obtaining a stable suspension [8,9]. The slurry was sub-
sequently dried and the obtained powder was manual-
ly reground and heat treated in air for 2 hours at various 
temperatures (700  °C, 800  °C, 900  °C and 1000  °C). 
The powder was finally reground in an ammoniac solu-
tion at pH = 11 for 1 hour, as described previously.
2.3. Processing of ZnTiO3 ceramics

Pressed pellets (8 or 6 mm in diameter and 2 mm 
thick) were prepared by uniaxial pressing (at a load of 
about 21 kN) of the synthesised powders mixed with 
an organic binder (polyvinyl alcohol at 5 vol.%). The 
green samples were finally sintered in air in a tubular 
furnace for two hours at a dwell temperature previously 
determined by thermo-mechanical analysis and heating 
and cooling rates of 150 °C/h. 
2.4. Characterisation of ZnTiO3 samples

The crystalline phase composition was identified by 
X-ray diffraction (XRD) technique using the CuKα X-
ray radiation (Philips X’Pert). Thermo-mechanical anal-
ysis was carried out using Setaram TMA 92 instrument 
and TGA/DTA curves were recorded in air with a Se-
taram apparatus (TGA92). The densities of the sintered 
samples were determined using a He pycnometer (Accu-
pyc 1330) and the microstructures were observed using a 
scanning electron microscope (SEM Philips XL’30).

The dielectric properties were determined using a 
RLC bridge (PM6306) versus temperature (from -60 °C 
to 160 °C). 

III. Results and discussion

3.1 ZT powder synthesised by sol-gel method
Figure 2 shows TGA/DTA curves of the sol-gel 

powder and gives the evidence for several phenomena 
listed bellow.
•	 An exothermic peak between 277–358  °C is ob-

served on the DTA curve, accompanied by weight 
loss of 20 wt.% (TGA curve). This can be attributed 
to the departure of the organic solvents and the com-
bustion of the organic residues.

•	 An exothermic peak in the temperature range 320–
380 °C results from the dehydroxylation of Ti-OH 
into TiO2 [10].

•	 The weight loss ends around 500  °C; no organic 
matter seems to remain at that temperature.

Figure 3a shows the XRD patterns of the sg-ZT pow-
ders synthesised by sol-gel method and heat treated at dif-
ferent temperatures. At 600 °C, the powder is composed 
of the cubic ZnTiO3 phase [JCPDF: 00-039-0190] with-
out any secondary phase. At a higher calcination tempera-
ture (700 °C), the cubic ZnTiO3 phase is well crystallised 
and is the major phase. However, traces of the hexagonal 
ZrTiO3 phase are already visible in the XRD pattern (see 
the peak between 2θ = 30° and 36°). At 800 °C, the cu-
bic ZnTiO3 phase disappears and the powder is mainly a 
mixture of Zn2TiO4 and hexagonal ZnTiO3 [PCPDF: 00-
014-0033]. At 900  °C, hexagonal ZnTiO3 and Zn2TiO4 
[PCPDF: 00-018-1487] are still present, but the ZnTiO3/
Zn2TiO4 ratio is decreased. Finally, at 1000  °C, only  
Zn2TiO4 and TiO2 (rutile) phases remained. These results 
are in good agreement with the well known decomposi-
tion of the hexagonal ZnTiO3 at 945 °C [11,12].

The average ZnTiO3 crystallite size of the sg-ZT pow-
der was calculated from width of the XRD peaks using 
the Scherrer equation [13]: DXRD = 0.9λ/βcosθ  where 
DXRD is the average grain size, λ is the X-ray wave-length 
equal to 0.15406 nm and β is the half-peak width. Figure 
4 shows estimated crystallite size as a function of heat 
treatment. The crystallite size of ZnTiO3 powder is in 
nanometre range and apparently increases with the tem-
perature. For the ZnTiO3 annealed at 600 °C, the grains 
size is very fine, about 10 nm, and grew to about 50 nm 
when the treatment temperature increased to 900 °C.
3.2 ZT powder prepared by solid-state synthesis

The XRD patterns of the ss-ZT powders calcined 
at different temperatures are shown in the Fig. 3b. At 
700 °C, no reaction is taking place since only ZnO and 
TiO2 (anatase) precursors are identified. At 800  °C, 
the XRD pattern is similar to the one observed at 
700 °C, when the sol-gel synthesis is used and the cubic  
ZnTiO3 phase is dominant. At higher calcinations temper-
atures, the results are as expected - the appearance of the 
hexagonal ZnTiO3 and Zn2TiO4 phases can be detected at 

Figure 2. TGA-DTA curves of ZT gel precursor under air
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900 °C and the decomposition of the hexagonal ZnTiO3 
into TiO2 (rutile) and Zn2TiO4 is occurring at 1000 °C.
3.3 Densification behaviour

The dilatometric curves of the powders are present-
ed in Fig. 5. These experiments were performed for the 
ss-ZT powder annealed at 800 °C and the sg-ZT pow-

ders annealed at different temperatures. The shrinkage of 
the sg-ZT is not completed at 1150 °C, whereas, the ss-
ZT shrinkage ends at 1150 °C. Such phenomenon is at-
tributed to the morphology of the ss-ZT powders. SEM 
observation shows that the dried sg-ZT gel is agglomer-
ated (Fig. 6a), and the annealed sg-ZT powder consists 

Figure 4. Estimate of the sg-ZT crystallite size as a function 
of annealing temperature

Figure 5. Shrinkage curves versus temperature of sg-ZT 
heat treated at different temperatures

Figure 3. XRD patterns of: a) sg-ZT and b) ss-ZT powders, heat treated at different temperatures
a) b)
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Figure 6. Scanning electron micrographs of sg-ZT
powders: a) dried, b) annealed at 600 °C and

c) annealed at 700 °C

a)

b)

c)
Figure 7. Scanning electron micrographs (SEM) of sg-ZT 
deagglomerated by various techniques: a) ultrasonication,

b) pulverisation and c) attrition milling

a)

b)

c)
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cient technique seems to be the attrition. The grains of 
the sg-ZT-attr are well dispersed and deagglomerated 
(Fig. 7c). The sg-ZT-pulv powder (Fig. 7a) is partial-
ly deagglomerated since agglomerates of 2 μm still re-
main. Finally, the ultrasonic technique is the least effi-
cient, since no deagglomeration can be observed in the 
sg-ZT-ultra powder.

As expected, the deagglomeration influences the 
densification behaviour of the powders. Figure 8 
shows the thermo-mechanical analysis of these three 
powders. The densification behaviour of both sg-ZT-
ulttra and sg-ZT-pulv powders remains similar to 
their behaviour prior to the deagglomeration step be-
cause their deagglomeration was not efficient enough. 
In the case of the sg-ZT-attr powder, the sinterability 
was improved significantly, since the shrinkage starts 
at around 850  °C and is completed at 1050  °C. The 
shrinkage anomaly occurring around 950  °C for the 
sg-ZT samples (Fig. 4) disappeared completely in the 
case of the ZTsg-attr sample. This anomaly can be at-
tributed to the morphology of the powder that consists 
of agglomerates and small grains. The small particles 
start to sinter at lower temperatures, as can be seen in 
Figs. 4 and 8, followed by the sintering of larger ag-
glomerates which begins at 950 °C.

The sg-ZT-attr and ss-ZT powders were then sin-
tered at 1050  °C and 1150  °C, respectively. The sg-
ZT-attr ceramic (Fig. 9a) presents a heterogeneous mi-
crostructure. The average grain size is around 200 nm, 
while some as large as 1 μm can be observed. The po-
rosity observed on the micrographs confirmed the mea-
sured density, which is 92% of theoretical density. 

In the case of the ss-ZT, the SEM images show 
grains between 1 and 5 μm (Fig. 9b) and the obtained 
density is 97% of theoretical density.
3.4 Dielectric properties

Figure 10 shows the results of the dielectric mea-
surements of both samples versus temperature. The 

Figure 8. Shrinkage curves versus temperature of sg-ZT 
grounded by various techniques

Figure 9. Scanning electron micrographs (SEM) of sg-ZT sintered at 1050 °C and ss-ZT sintered at 1150 °C

of both a fine grain size (200 nm) and large agglomer-
ates (5 μm) (Fig. 6b,c). Even the heat treated sol-gel pow-
ders are agglomerated [14,15], the sol-gel method en-
sures a homogeneous mixing of Zn2+ ions and titania sol 
at a molecular level. It also reduces the diffusion distanc-
es between Zn2+ ions and TiO6 octahedra. Therefore, this 
method combines nano-level compositional homogenei-
ty with high reactivity. The increase of the heat-treatment 
temperature can greatly increase the agglomeration of the 
ZnTiO3 nanoparticles. It is well known that the presence 
of agglomerates plays an important role in the densifica-
tion process [16] and is the reason for densification diffi-
culties of the sg-ZT samples (Fig. 5.).

The following part is related to the deagglomeration 
of the sg-ZT powders. It was performed using three dif-
ferent techniques: ultrasonic waves, attrition grinding 
and pulveriser grinding. Three samples of the powder an-
nealed at 700 °C for 2 hours were prepared. The first one 
was treated by ultrasound for 30 min and labelled sg-ZT-
ultra. The others were ground in an attrition and pulveris-
er for 1 hour and 45 minutes respectively, and they were 
named sg-ZT-attr and sg-ZT-pulv, respectively.

Figure 7 shows SEM micrographics of the sg-ZT-ul-
tra, sg-ZT-attr and sg-ZT-pulv powders. The most effi-
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sg-ZT-attr ceramic exhibits εr value of 25 with a low 
temperature coefficient τε of -26 ppm/°C. This slight 
deterioration of the dielectric constant is due to the po-
rosity of the sample. The ss-ZT samples exhibits a rel-
ative permittivity of 30 and elevated temperature coef-
ficient of the permittivity of -150 ppm/°C.

The dielectric losses and the resistivity of both 
samples are good: tgδ < 10-3 and ρi > 1013 Ω·cm.

IV. Conclusions
In this paper two main advantages of the sol-gel 

method were highlighted: the low crystallization tem-
perature (600  °C) and the high purity of the sg-ZT 
powders. The crystalline size of the sg-ZT powders 
was moreover very small. However, a drawback was 
the agglomeration of the powder. This phenomenon 
has a detrimental influence on the densification of the 
ceramics. Three techniques of deagglomeration were 
investigated, ultrasonication, pulverisation and attri-
tion milling of which attrition milling was the most 
efficient. The sg-ZT-attr powder had fewer agglomer-
ates, making the densification of the ceramic easier. 
Therefore, the sintering temperature could have been 
lowered to 1050  °C. It means that the deagglomera-
tion procedure allows the sintering temperature to be 
lowered by 100 °C compared to the sintering temper-
ature needed for the powders produced by the solid 
state synthesis. Interesting dielectric properties were 
obtained: εr = 25, τε = -26 ppm/°C and tgδ < 10-3 at 1 
MHz. The low sintering temperature of the sg-ZT-attr 
makes it sinterable with internal copper electrodes for 
the production of multilayered capacitors.
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