
A

N
s
b
t
p
t
r
m
o
0
n
©

K

1

A
b
o
h
c
o
p
g
R

U
T

(

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 30 (2010) 947–961

Low temperature nanostructured zinc titanate by an aqueous
particulate sol–gel route: Optimisation of heat treatment condition

based on Zn:Ti molar ratio

M.R. Mohammadi a,b,∗, D.J. Fray a

a Department of Materials Science & Metallurgy, University of Cambridge Pembroke Street, Cambridge, CB2 3QZ, UK
b Department of Materials Science & Engineering, Sharif University of Technology Azadi Street, Tehran, Iran

Received 7 July 2009; received in revised form 16 September 2009; accepted 28 September 2009
Available online 28 October 2009

bstract

anocrystalline zinc titanate (ZnTiO3) thin films and powders with purity of 94% were produced at the low sintering temperature of 500 ◦C and the
hort sintering time of 1 h by a straightforward aqueous particulate sol–gel route. The effect of Zn:Ti molar ratio was studied on the crystallisation
ehaviour of zinc titanates. The prepared sols showed a narrow particle size distribution in the range 17–19 nm. X-ray diffraction (XRD) and Fourier
ransform infrared spectroscopy (FTIR) revealed that the powders contained mixtures of the rhombohedral-ZnTiO3, cubic-ZnO, cubic-Zn2TiO4

hases, as well as the anatase-TiO2 and the rutile-TiO2 depending on the sintering temperature and Zn:Ti molar ratio. Moreover, it was found
hat Zn:Ti molar ratio and sintering temperature influence the preferable orientation growth of the zinc titanate, being on (2 1 1) planes for molar
atios of Zn:Ti = 25:75 and 50:50 and on (1 1̄ 0) planes for molar ratio of Zn:Ti = 75:25 at sintering temperature of 600 ◦C. Transmission electron

◦
icroscope (TEM) images showed that the average crystallite size of the powders annealed at 400 C was around 2 nm and a gradual increase
ccurred up to 8 nm by heat treatment at 1000 ◦C. The activation energy for crystal growth of nanocrystalline ZnTiO3 calculated in the range
7.86–14.79 kJ/mol. Field emission scanning electron microscope (FE-SEM) analysis revealed that the deposited thin films had mesoporous and
anocrystalline structure with the average grain size of 19–23 nm at 600 ◦C and 34–39 nm at 800 ◦C depending upon the Zn:Ti molar ratio.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Titanium based ilmenite-type oxides with general formula
TiO3 have been regarded as functional inorganic materials,
ecause of their wide range applications in electrodes of solid
xide fuels (SOFCs),1 metal–air barriers,2 gas sensors,3 and as
igh performance catalysts4 for the complete oxidation of hydro-
arbons or CO and NO2 reduction. Zinc titanate (ZnTiO3), being
ne member of this well-known family, may be used as paint

igment,5 catalytic sorbent for the desulfurization of hot coal
ases6 and as gas sensor for the detection of NO, CO and, etc.3

ecent studies have also found that it can be a useful candidate
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or microwave resonator materials and more importantly for low
emperature co-fired ceramics.7 The materials required to fab-
icate microwave devices should have a high dielectric constant
εT > 20), a low dissipation factor (tan(δ) < 10−3), a small tem-
erature coefficient of the resonant frequency (τf) and a small
emperature coefficient of the dielectric constant (τε).8,9 Most
f the known dielectrics, which have been employed for the
resent applications, have been usually synthesized by employ-
ng high temperature sintering, which is usually in the range
200–1500 ◦C. In this regard, ZnTiO3 is a potential candidate
or microwave devices application because of the fact that it
ossess a high dielectric constant (εT = 29), a low dielectric
oss (tan(δ) < 10−3) and requires lower sintering temperature
∼1100 ◦C).10 However, the dielectric properties of ZnTiO3 are

ensitive to phase transitions and restrict its practical applica-
ions. It is, therefore, important to investigate the phase transition

echanism of zinc titanate materials with sintering temperature
nd Zn:Ti molar ratio.

mailto:mrm41@cam.ac.uk
mailto:mohammadi@sharif.edu
dx.doi.org/10.1016/j.jeurceramsoc.2009.09.031
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Based on the literature, three compounds are known to
xist in the ZnO–TiO2 system: Zn2TiO4 (zinc orthotitanate)
ith cubic spinel crystal structure, Zn2Ti3O8 with cubic defect

pinel structure and ZnTiO3 (zinc metatitanate) with rhombo-
edral ilmenite structure.11–13 Zn2TiO4 can easily be prepared
y the conventional solid-state reaction of 2ZnO·1TiO2 and
s stable from room temperature to its liquid temperature
1418 ◦C). The metastable Zn2Ti3O8 is regarded as a low-
emperature form of ZnTiO3 existing below 820 ◦C.13 However,
urely rhombohedral-ZnTiO3 is not easily obtained because
nTiO3 decomposes into Zn2TiO4 and rutile-TiO2 at temper-
ture 945 ◦C.11 It has been reported that the partial substitution
f zinc with divalent cations (such as Co, Sr, Ba, Ni, and Mg)
ould enhance the stability of the rhombohedral phase as well
s its microwave dielectric properties.14 It should be noted that,
he phase transitions of ZnO–TiO2 system are relatively complex
nd sensitive to the starting materials, additives, and preparation
ethod.
Zinc titanate is usually synthesized and crystallised by solid-

tate reaction at high temperatures.11,15 Owing to limitations of
olid-state synthesis, especially in terms of large ZnTiO3 grain
ize and with uncontrolled and irregular morphologies and its
ontamination during repeated calcinations, several alternative
hemical methods have been developed. Moreover, when a tem-
erature below 1000 ◦C is used, an extended heat treatment is
ecessary for crystallisation.16–18 This also results in crystal
rowth and therefore decreasing the desirable properties of the
aterial. Chemical synthesis methods were also employed in

rder to reduce the crystallisation temperature. For example, K.
othimurugesan and S.K. Gangwal19 produced crystalline zinc
itanate by co-precipitation method and subsequent heat treat-

ent at 700 ◦C for 2 h. However, secondary phases were also
bserved in the product. S. Lew et al.20 synthesized the same
aterial by a citrate method and heat treatment at 720 ◦C for

2 h. As crystallisation only occurs after long sintering times,
xtensive grain growth also occurs. Amongst chemical routes,
ol–gel techniques offer important advantages due to a low cost
imple synthetic route, excellent compositional control, high
omogeneity at the molecular level, feasibility of producing thin
lms on large and complex shapes and, the most significant one,

ow crystallisation temperature. Therefore, many efforts have
een aimed to produce crystalline ZnTiO3 with ilmenite struc-
ure at the low sintering temperature by sol–gel method. A.R.
hani and S. Santucci21 prepared crystalline cubic-ZnTiO3 thin
lm by a sol–gel method at 700 ◦C for 5 h, using titanium butox-

de and zinc acetate dihydrate as starting materials, ethanol as
olvent and ethylene glycol as additive. On further increasing the
intering temperature from 600 ◦C-5 h to 700 ◦C-5 h, apart from
ubic-ZnTiO3 phase, small amounts of rhombohedral phase of
nTiO3 was also observed. ZnTiO3 powders were prepared
y sol–gel method, including the Pechini process, using zinc
cetate, titanium butoxide, ethanol, ethylene glycol and citric
cid anhydrous by Y.S. Chang et al.22 They obtained crystalline
nTiO as well as some traces of Zn TiO and rutile-TiO
3 2 4 2
hases after sintering at 800 ◦C for 6 h. These authors reported
inc titanate (ZnTiO3) powders of the perovskite structure by
onventional solid-state reaction, using pure ZnO and TiO2 pow-
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p
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ers as the starting materials.23 Mixtures of crystalline ZnTiO3,
n2TiO4 and rutile-TiO2 phases were achieved at 800 ◦C for
2 h. Zinc titanate powders were also prepared by sol–gel pro-
essing, using zinc acetate dihydrate and titanium butoxide as
recursors by L. Zhao et al.24 A small amount of amorphous
nTiO3 phase, as well as Zn2TiO4 and rutile-TiO2, was detected

n the powders sintered at 700 ◦C for 2 h. Crystalline phases of
nTiO3, Zn2TiO4 and rutile-TiO2 with sharp X-ray diffraction
eaks were obtained after sintering at higher temperatures of
00 ◦C for 2 h. L. Hou et al.25 reported hexagonal ZnTiO3 pow-
ers by sol–gel processing with zinc nitrate hexahydrate and
itanium butoxide materials. Although they reported that a pure
exagonal ZnTiO3 was obtained at 800 ◦C, some trace of rutile-
iO2 and Zn2TiO4 were seen in the XRD pattern. The sintering

ime was not reported in their work. A.R. Phani et al.26 prepared
anocrystalline ZnTiO3 films by a sol–gel route, using titanium
utoxide and zinc acetate as precursors, 2-methoxy ethanol as
olvent, acetyl-acetone as a complexing and chelating agent and
etyltrimethyl ammonium bromide as surfactant. They studied
he effect of conventional annealing and microwave irradiation
n crystallisation process. In case of conventional annealing,
he films sintered at 400 ◦C exhibited amorphous nature and
lms sintered at 800 ◦C for 3 h showed sharp, high intensity
eaks, corresponding to cubic phase of ZnTiO3 as well as some
races of rutile-TiO2 and Zn2TiO4 phases located at 2θ = 27.4◦
nd 2θ = 42.7◦ reflections, respectively. Broad and low intensity
eaks with preferential growth of (3 1 1) cubic phase of ZnTiO3
as observed for the films after exposure to microwave heating

t 900 W for 10 min. Y.L. Chai et al.27 synthesized nano-sized
nTiO3 powders by the Pechini process, using zinc acetate,
thylene glycol, titanium butoxide, citric acid anhydrous. The
owder was a mixture of ZnTiO3 and Zn2TiO4 in the range
00–1000 ◦C. The optimum temperature for the crystallisation
f ZnTiO3 was reported at 800 ◦C for 6 h and some traces of
n2TiO4 and rutile-TiO2 were also observed. S.K. Manik and
.K. Pradhan28 produced nanocrystalline ZnTiO3 and Zn2TiO4
hases by high-energy ball milling. They observed that after
h of milling, peak positions of both the ZnTiO3 and Zn2TiO4
hases become prominent. Mixtures of ZnTiO3, Zn2TiO4 and a
mall amount of rutile-TiO2 were obtained after 6 h of milling.
onsequently, the optimum crystallisation condition of prepar-

ng crystalline zinc titanate by polymeric sol–gel methods was
btained at 700 ◦C for 5 h or at 900 ◦C for 2 h in the previous
tudies.

The aim of the present work is to develop a strategy for
owering the sintering temperature and time for crystallisation
f nanostructured zinc titanate material by employing a suit-
ble aqueous particulate sol–gel route rather than the polymeric
ol–gel methods reported previously. This process can be defined
s an environmentally friendly processing as it uses an aque-
us solution. One of the advantages of the present method is
sing an alternative to acetate (i.e., zinc chloride) as a zinc
ource to produce crack-free thin films. Since the pores in par-
iculate sol–gel processes are much larger than that found in

olymeric sol–gel route, the capillary stress and therefore the
hrinkage decrease during heat treatment. Besides controlling
he phase structure, composition homogeneity, crystallite size
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Table 1
ZnTiO3 sols prepared with various molar ratios.

Sample reference Zn:Ti (mol%/mol%) HPC (g/100 ml)

ZT13 25:75 1.5
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microscope AFM Nanoscope III, Digital Instrument Inc. The
average grain size of the films was determined based on FE-SEM
and AFM micrographs.
T11 50:50 1.5
T31 75:25 1.5

nd monodispersity and microstructure, the cost of the product
s an important concern in developing technologies for synthe-
is of zinc titanate. Therefore, starting with a low cost precursor
uch as zinc chloride rather than zinc acetate may reduce the
otal cost of production. Thus, the present method is a simple
nd cheap process with capability of producing zinc titanate thin
lms and powders with faster production rate in comparison to

he previous polymeric sol–gel methods reported in the litera-
ure. Furthermore, the effect of Zn:Ti molar ratio, as the sol–gel
rocessing parameter, is studied on crystallisation behaviour of
inc titanates. Consequently in this paper we report, for the first
ime, zinc titanate material with mesoporous and nanocrystalline
tructure after sintering at the low temperature of 500 ◦C. The
ffect of Zn:Ti molar ratio and sintering temperature on physi-
al and chemical characteristics of the prepared thin films and
owders is also discussed.

. Experimental

.1. Preparation of the ZnTiO3 sols

Titanium tetraisopropoxide (TTIP) with a normal purity of
7% (Aldrich, UK), and zinc chloride (ZnCl2) with a normal
urity of 98% (Fluka, UK) were used as titanium and zinc pre-
ursors, respectively. Analytical grade hydrochloric acid (HCl)
7% (Fisher, UK) was used as a catalyst for the peptisation
nd deionised water was used as a dispersing media. Hydrox-
propyl cellulose (HPC) with an average molecular weight of
00,000 g mol−1 (Acros, USA) was used as a polymeric fugitive
gent (PFA).

The ZnTiO3 systems were prepared by an aqueous particulate
ol–gel method. The first step was the preparation of titanium
ioxide sol based on our previous study.29 The molar ratio of
TIP:HCl:H2O was 1.0:0.5:351.3, which makes a 0.15 M TiO2
ol. The water–acid mixture was stabilized at 70 ◦C, and this tem-
erature was kept constant throughout the experiment, together
ith continuous stirring. TTIP was added, forming a white thick
recipitate, which gradually peptized after 2 h to form a clear
ol. The clear sol was cooled to room temperature. In differ-
nt beakers, predetermined amounts of ZnCl2 and HPC were
issolved in deionised water at room temperature and stirred
or 30 min to obtain the desirable Zn:Ti molar ratios, as shown
n Table 1. HPC concentration was defined according to the
revious study,30 which induced the highest surface area. This
olution was then mixed with TiO2 sol, stirring during 2 h.
All sols were stable and no gelation occurred during prepa-
ation. Sols were characterised in particle size by dynamic light
cattering technique (DLS) using a Malvern ZetaSizer 3000HS
t 20 ◦C using a 10 mW He-Ne laser, 633 nm wavelength and
Fig. 1. Particle size distributions of prepared sols.

0◦ fixed scattering angle. The stability of prepared precur-
ors was also determined with Zeta potential using the same
nstrument.

.2. Preparation of ZnTiO3 thin films

Films were deposited onto 10 mm × 5 mm × 1 mm quartz
ubstrates, in order to avoid TiO2 peak overlapping with the
eaks of the most commonly used Si and Al substrates. Before
eposition, substrates were cleaned using a high power sonic
robe consecutively in water, ethanol and acetone, and dried
t 70 ◦C for 15 min. One layer of film was deposited by dip-
oating. The substrates were immersed in the precursor and kept
here for a few minutes, followed by a withdrawing speed of
.6 cm min−1. The subsequent heat treatment was optimised as
ollows. The films were dried at 150 ◦C for 1 h, annealed at a rate
f 5 ◦C min−1 up to different temperatures (400, 600, 800 and
000 ◦C) and held at these temperatures for 1 h in air. Films were
haracterised in microstructure using a scanning electron micro-
cope FE-SEM JEOL 6340 and in topography using atomic force
Fig. 2. Zeta potential of the particles in prepared sols (pH 1–2).
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Fig. 3. FTIR spectra of ZnTiO3 powders sintered

.3. Synthesis of ZnTiO3 powders

Powders were prepared by drying each sol at room tem-
erature for 72 h. Powders were thermally processed in the
ame way as the films. These powders were characterised
n the phase composition and crystallite size using an X-ray
iffraction diffractometer (XRD) Philips E’pert PW3020, Cu-
� and transmission electron microscope (TEM) JEOL 200CX.
he crystallite size of phases, including rhombohedral-ZnTiO3,
ubic-ZnTiO3, cubic-Zn2TiO4, hexagonal-ZnO, anatase-TiO2
nd rutile-TiO2, which matched with database in JCPDS cards
umber of 85-0547, 39-0190, 77-0014, 80-0075, 84-1286 and
6-0147, was calculated from their reflections using the Debye-
cherrer equation31:

= kλ

B cos θ
(1)

here d is the crystallite size, k a constant of 0.9, λ the X-
ay wavelength of Cu which is 1.5406 Å, θ the Bragg angle in
egrees, and B the full width at half maximum (FWHM) of
he peak. The ZnTiO3 and TiO2 contents of the powders were
stimated by the following equations:

ZT =
∑N

i=1IZTi
∑N

i=1IZTi + ∑N
j=1ISj

(2)

T =
∑N

i=1ITi
∑N ∑N

(3)

i=1ITi + j=1ISj

here XZT and XT are the contents of zinc titanate and titania,
espectively, IZTi and ITi are the intensity of the zinc titanate and
itania reflections, respectively and ISj is the reflection intensity

g
b
r
s

and 1000 ◦C: (a) ZT13, (b) ZT11 and (c) ZT31.

or the rest of phases. The activation energy for crystal growth
f ZnTiO3 can be calculated by Arrhenius equation reported by
olen et al.32:

og(d) = − Q

2.303RT
+ C (4)

here d is the average crystallite size of ZnTiO3, Q is activation
nergy, T is absolute temperature, R is ideal gas constant and C
s intercept.

Powders were also characterised in thermal behaviour using
imultaneous differential thermal analysis TA-SDTQ600, with a
eating rate of 5 ◦C min−1 in air up to 1000 ◦C and bond configu-
ation by Fourier transform infrared spectroscopy (FTIR) using a
ruker Optics Tensor 27 analyser in the region 4000–350 cm−1.

. Results and discussion

.1. Particle sizes and charges

Fig. 1 shows the mean size of the particles for prepared sols.
t can be observed that all sols had a narrow particle size distri-
ution, being 17.0, 18.2 and 19.1 nm for ZT13, ZT11 and ZT31
ols, respectively. The particle size of the TiO2 sol reported in our
revious study was 17.0 nm.33 Therefore, no significant increase
n the mean size of the particles was observed for ZnTiO3
ols, which confirms that stability of sols is maintained when
solution of zinc chloride is added into TiO2 sol. To investi-
ate how the hydrodynamic diameter of the particles is affected
y ionic strength of the medium various HCl/(Ti + Zn) molar
atios, with equal HCl concentrations, were used for different
ols. The higher HCl/(Ti + Zn) molar ratio, the higher the surface
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t (a) 4

c
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Fig. 4. XRD patterns of ZT13, ZT11 and ZT31 powders sintered a
harge around the particles, resulting in the prevention coagu-
ation and flocculation of particles by electrostatic repulsion.
onsequently, ZT13 sol had the smallest particle size amongst
ll sols.

b
a
n

00 ◦C, (b) 500 ◦C, (c) 600 ◦C, (d) 800 ◦C and (e) 1000 ◦C for 1 h.
The zeta potential of the particles is shown in Fig. 2. The sta-
ility of the sols was achieved by both electrostatic stabilisation
nd steric mechanisms. The electrostatic stabilisation mecha-
ism within the sol has an effect on particle interaction due to
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Table 2
Distribution of phases for prepared powders determined by X-ray diffraction.

400 ◦C 500 ◦C 600 ◦C 800 ◦C 1000 ◦C

ZT13 ZT + A + R ZT + A + R ZT + A + R ZT + R ZT + Z2T + R
ZT11 ZT + A + R ZT + A + R ZT + A + R ZT + R ZT + Z2T + R
Z ZT
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was detected by a peak at 2θ = 25.3 (1 0 1) for all powders
annealed at 500–600 ◦C. This phase was stable up to 600 ◦C
and transformed to rutile phase at T ≥ 800 ◦C. Therefore, the
anatase to rutile phase transformation temperature was mea-

Table 3
Influence of the Zn:Ti molar ratio on preferable orientation growth of the phases.

Zn:Ti = 25:75 Zn:Ti = 50:50 Zn:Ti = 75:25

ZnTiO3

500 ◦C (2 1 1) (2 1 1) (1 1̄ 0)
600 ◦C (2 1 1) (2 1 1) (1 1̄ 0)
800 ◦C (2 1 1) (2 1 1) (2 1 1)
1000 ◦C (1 1̄ 0) (1 1̄ 0) (1 1̄ 0)

Rutile-TiO2 (600–1000 ◦C) (1 1 0) (1 1 0) (1 1 0)
Zn2TiO4 (600–1000 ◦C) (2 2 0) (2 2 0) (2 2 0)

Table 4
Influence of the annealing temperature on preferable orientation growth of the
phases for all Zn:Ti molar ratios.

◦ ◦ ◦ ◦
T31 ZT + A + R ZT + ZO + A + R

: anatase-TiO2; R: rutile-TiO2; ZT: rhombohedral-ZnTiO3; ZO: hexagonal-Zn

he distribution of charged species, whereas the steric repulsion
echanism involves PFA added to the system adsorbing onto the

article surface and preventing the particle surfaces from coming
nto close contact. It has been reported that generally speak-
ng the range of zeta potential in unstable sols goes from −30
o +30 mV.34 The average zeta potential of particles in ZT13,
T11 and ZT31 sols was 47.1, 40.6 and 38.2 mV, respectively.
s mentioned earlier, the surface charge around the particles of
T13 sol is higher than that of for the other sols, resulting in
igher zeta potential value for this sol. All sols were found to
e stable over 5 months since their zeta potential was constant
uring this period.

.2. Infrared characteristics

The bond configuration of ZnTiO3 powders sintered at 400
nd 1000 ◦C for 1 h is shown in Fig. 3. It is known that the absorp-
ion bands in the range 1100–1000 cm−1 are attributed to the
R groups linked to Ti such as OC3H7, OC4H7 and OC2H5.35

he characteristic absorption peak of (OR) group of titanium
sopropoxide, which was the precursor of the sols, is in range
085–1050 cm−1.36 Owing to the fact that no absorption peak
as detected in this range for both annealing temperature, it is

oncluded that all four (OR) groups of titanium isopropoxide
ere substituted with (OH) groups of water. Thus, a full conver-

ion of TTIP is obtained by the hydrolysis reaction, resulting in
ormation of TiO2 particles. The band due to the Ti–O stretching
ibration is found in the range 700–400 cm−1.37 Therefore, the
et of three bands at 606 cm−1 for ZT13, 541 cm−1 for ZT11 and
36 cm−1 for ZT31 powders sintered at 1000 ◦C are considered
o be the above stretching vibrations, corresponding to the pres-
nce of TiO6 group existing in all forms of ZnTiO3 and Zn2TiO4.
t is worth to note that the wavenumber for absorption bands
f Ti–O octahedra decreased with increasing Zn:Ti molar ratio.
wo weak bands at 1383 cm−1 and in the range 1465–1445 cm−1

re due to the stretching vibration of δ(CH2–CH3) and C–O–H,
espectively for the powders sintered at 400 ◦C. Moreover, the
ands at 2922 and 2852 cm−1 are due to the stretching vibration
f the C–H bond of organic compounds. These can be related
o the employment of HPC as a PFA. It can be observed that
ost organic species in the precursor powders disappeared after

intering at 1000 ◦C, which agrees with the XRD analysis (see
ection 3.3.1). Water incorporation is found with the peak in the
ange 1650–1627 cm−1 for the powders sintered at both temper-

tures. The intensity if this peak was reduced with increasing
intering temperature up to 1000 ◦C. It is known that the broad
and in the range 3220–3097 cm−1 is due to the stretching vibra-
ion of the hydroxyl (O–H) bond.36 The results are in good

Z
R
Z

+ ZO + A + R ZT + ZO + R ZT + Z2T + ZO + R

2T: cubic-Zn2TiO4.

greement with those reported by Y.L. Chai et al.27 and L. Hou
t al.25

.3. Crystal characterisation

.3.1. XRD analysis
Fig. 4 shows the X-ray diffraction patterns of the powders

intered in the range 400–1000 ◦C for 1 h. In addition, the
istribution of phases determined by XRD is summarized in
able 2. The anatase-TiO2 and the rutile-TiO2 have tetragonal
tructure, zinc titanate (ZnTiO3) has rhombohedral and cubic
tructures, titanium zinc oxide (Zn2TiO4) show face-centered
ubic structure and zinc oxide (ZnO) possesses hexagonal struc-
ure. The powders sintered at 400 ◦C showed poor crystalline
tructure containing mixtures of anatase-TiO2, rutile-TiO2, and
hombohedral-zinc titanate (ZnTiO3) phases. The rutile phase
as determined by a peak at 2θ = 27.4◦ (1 1 0) and 2θ = 36.0◦

1 0 1) for ZT13 and ZT31 powders, respectively, whereas both
eaks were observed for ZT11 powder. It can be observed that
he crystalline phases including anatase-TiO2, rutile-TiO2, zinc
xide, zinc titanate and titanium zinc oxide were formed after
intering at 500 ◦C and higher temperatures. Therefore, crys-
alline zinc titanate with rhombohedral structure was produced
t the low temperature of 500 ◦C for 1 h. The anatase phase

◦

500 C 600 C 800 C 1000 C

nTiO3 (2 1 1) (2 1 1) (2 1 1) (110̄)
utile-TiO2 (1 1 0) (1 1 0) (1 1 0) (1 1 0)
nO (1 0 1) (1 0 1) (1 0 1) (1 1 0)
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ured at 800 ◦C. Zinc oxide was only detected for ZT31 powder
t T ≥ 500 ◦C. This phase was detected by three small peaks
t 2θ = 31.7◦ (1 0 0), 2θ = 34.4◦ (0 0 2) and 2θ = 47.5◦ (1 0 2). In
ddition, Zn2TiO4 phase was formed for all Zn:Ti molar ratios
t high temperature of 1000 ◦C. Three peaks were related to
his phase, being at 2θ = 62.1◦ (4 4 0), 2θ = 42.7◦ (4 0 0) and
θ = 18.2◦ (1 1 1), in a sequence of their intensities. Conse-
uently, it can be concluded that the phase composition of the
owders depends on the Zn:Ti molar ratio as well as the sintering
emperature.

It is worth to note that the preferable orientation growth
f the phases depends on the Zn:Ti molar ratio and sinter-
ng temperature. For all sintering temperatures, by increasing
he Zn:Ti molar ratio to 75:25 the intensity of the rutile-

iO2 at 2θ = 27.4◦ (1 1 0) and 2θ = 54.3◦ (2 1 1) reflections
ere reduced, while the intensity of rhombohedral-ZnTiO3 at
θ = 35.3◦ (1 1̄ 0), 2θ = 48.9◦ (2 2 0) and 2θ = 63.4◦ (1 2̄ 1) reflec-
ions were increased. Moreover, cubic-ZnTiO3 phase, matched

d
a

s

Fig. 5. Effect of Zn:Ti molar ratio on crystallite size of various phases for the pow
opean Ceramic Society 30 (2010) 947–961 953

ith database in JCPDS card number of 39-0190, was detected
t 2θ = 31.9◦ (3 0 0) for Zn:Ti = 75:25 (molar ratio) at 600 and
00 ◦C. The influence of the Zn:Ti molar ratio on preferable
rientation growth of each phase is summarized in Table 3.
t sintering temperatures of 800 and 1000 ◦C, preferable ori-

ntation growth of rhombohedral-ZnTiO3 was independent on
n:Ti molar ratio, being on (1 1̄ 0) planes at 2θ = 35.3◦ and on

2 1 1) planes at 2θ = 32.8◦, respectively. At sintering temper-
ture of 500–600 ◦C, the preferable orientation growth of this
hase depends on Zn:Ti molar ratio, being on (1 1̄ 0) planes at
θ = 35.3◦ for the zinc dominant powders (Zn:Ti ≥ 75:25 molar
atio) and on (2 1 1) planes at 2θ = 32.8◦ for rest of the pow-
ers (i.e., Zn:Ti < 75:25 molar ratio). Furthermore, the preferable
rientation growth of the rutile-TiO2 and Zn2TiO4 were indepen-

ent on Zn:Ti molar ratio, being on (1 1 0) planes at 2θ = 27.4◦
nd (2 2 0) planes at 2θ = 29.9◦, respectively.

For ZT13 powder (Zn:Ti = 25:75 molar ratio), the inten-
ity of rhombohedral-ZnTiO3 at 2θ = 32.8◦ (2 1 1), 2θ = 40.5◦

ders sintered for 1 h at (a) 400 ◦C, (b) 600 ◦C, (c) 800 ◦C and (d) 1000 ◦C.
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2 1 0) and 2θ = 53.4◦ (3 2 1) reflections was reduced and the two
eaks at 2θ = 48.9◦ (2 2 0) and 2θ = 63.4◦ (1 2̄ 1) reflections were
iminished by increasing sintering temperature up to 1000 ◦C.
or ZT11 and ZT31 powders, the intensity of rhombohedral-
nTiO3 at 2θ = 23.9◦ (1 1 0) and at 2θ = 41.5◦ (1 1 1̄) reflections,
esides the above mentioned reflections, for ZT13 powder, were
ecreased by increasing sintering temperature up to 1000 ◦C.
n addition, by increasing the sintering temperature the inten-
ity of the rutile-TiO2 at 2θ = 27.4◦ (1 1 0), 2θ = 36.1◦ (1 0 1)
nd 2θ = 54.3◦ (2 1 1) reflections were also decreased for ZT11
nd ZT31 powders. The maximum intensity of ZnO phase at
θ = 31.7◦ (1 1 0), 2θ = 34.4◦ (0 0 2) and 2θ = 67.9◦ (1 1 2) reflec-
ions were detected at sintering temperature of 800 ◦C. The
nfluence of the sintering temperature on preferable orientation
rowth the phases is summarized in Table 4. For rhombohedral-
nTiO3, the preferable orientation growth was on (2 1 1) planes
t 2θ = 32.8◦ and on (1 1 0̄) planes at 2θ = 35.3◦ at 500–800
nd 1000 ◦C, respectively. For ZnO, it was on (1 0 1) planes
t 2θ = 36.2◦ and (1 1 0) planes at 2θ = 56.5◦ at 500–800 and
000 ◦C, respectively. The preferable orientation growth of
utile-TiO2 was independent on the sintering temperature, being
n (1 1 0) planes at 2θ = 27.4◦.

Consequently in comparison to the conventional ceram-
cs processes11 and the previous sol–gel methods mentioned
n the Introduction, crystalline zinc titanate (ZnTiO3) pow-
er with rhombohedral structure was successfully produced at
he low temperature of 500 ◦C and the short sintering time
f 1 h by a simple particulate sol–gel process aided by zinc
hloride as a zinc source. This can be related to the very short-
ange diffusion path of the elements during heat treatment due
o ultra fine crystallite size. Furthermore, this method has a
otential for producing mixture of multi oxides by controlling
he process parameters, i.e., the Zn:Ti molar ratio and sin-
ering temperature. For example, mixtures of various oxides
uch as ZT + A + R, ZT + ZO + A + R, ZT + R, ZT + ZO + R,
T + Z2T + R and ZT + Z2T + ZO + R were produced by the
resent method.

The effect of Zn:Ti molar ratio on crystallite size of the
owders sintered in the range 400–1000 ◦C for 1 h is shown

n Fig. 5. The average crystallite size of the powders sintered
t 400 ◦C was in the range 2.3–3.0 nm and a gradual increase
ccurred up to 8 nm after heat treatment at 1000 ◦C. Therefore,

ig. 6. Effect of Zn:Ti molar ratio and sintering temperature on ZnTiO3 per-
entage.

r
Z
a
m

F
(
(

ig. 7. Effect of Zn:Ti molar ratio and sintering temperature on titania percent-
ge (in the forms of anatase and rutile phases).

he applied sol–gel process is an effective method for produc-
ion of zinc titanate powders with high thermal stability against
intering at elevated temperatures. It is evident that the crys-
allite size of ZnTiO3 phase increased with increasing Zn:Ti

olar ratio for the powders sintered at 400–1000 ◦C. More-
ver, for the powders sintered at 1000 ◦C the crystallite size
f Zn2TiO4 phase increased with increasing Zn:Ti molar ratio,
hilst the reverse trend was obtained for the crystallite size of

utile-TiO2. On the other hand, the crystallite sizes of rutile-TiO2
ncreased with increasing Zn:Ti molar ratio in the temperature
ange 500–800 ◦C. Finally, the smallest average crystallite size
as achieved for the titanium dominant powder (i.e., ZT13 pow-
er) at all sintering temperatures 400–1000 ◦C.

Fig. 6 shows ZnTiO3 content based on the Zn:Ti molar ratio
nd sintering temperature. Firstly, the effect of sintering tem-
erature at constant Zn:Ti molar ratio is explained: The zinc
itanate content of ZT13 and ZT11 powders first increased
nd then decreased with increasing the sintering temperature.
herefore, the maximum ZnTiO3 percentages of 66% and 73%
ere obtained for ZT13 and ZT11 powders annealed at 800 ◦C,

espectively. This can be explained by the fact that the crystallisa-
ion process improves with increasing the sintering temperature.
ut there is a limit to this behaviour, as heat treatment at high

emperature results in decomposition of ZnTiO3 into Zn2TiO4
nd rutile-TiO2 phases. This phenomenon is also previously

eported at high temperature of 945 C. The maximum
nTiO3 percentage of 94% was achieved for ZT31 powder
fter sintering at 500 ◦C. Therefore, if one accepts the above
entioned explanation for the reduction of ZnTiO3 content

ig. 8. A plot of log(d) versus the reciprocal of absolute temperature
1/T) × 1000 to determine the activation energy of ZnTiO3 crystallite growth
♦: ZT13, �: ZT11 and �: ZT31).
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Fig. 9. TEM analysis: bright or dark filed plane-view images of ZT11 powders sintered at: (a) 400 ◦C, (b) 600 ◦C and (c) 1000 ◦C.

Fig. 10. SDT curves of (a) ZT13, (b) ZT11 and (c) ZT31 powders dried at room temperature for 72 h. The scan rate was 5 ◦C min−1, performed in air.
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ith increasing the sintering temperature, it can be concluded
hat the decomposition temperature of ZnTiO3 decreased down
o 600 ◦C with increasing Zn:Ti molar ratio ≥75:25. This is
n acceptable explanation, since the driving force of ZnTiO3
ecomposition is provided by increasing zinc concentration
ather than increasing the sintering temperature.

Secondly, the effect of Zn:Ti molar ratio at constant sin-
ering temperature can be explained: it can be seen that, zinc
itanate content increased with increasing Zn:Ti molar ratio for
ll sintering temperatures. This can be related to decreasing the
on-reacted TiO2 content with zinc precursor. This was also con-
rmed by calculating the amount of anatase and rutile phases at
arious Zn:Ti molar ratios and sintering temperatures, as shown
n Fig. 7.

The ZnTiO3 powders with average particle size in the range
0–50 nm sintered at 600–900 ◦C were reported by Y.L. Chai et
l.27 A.R. Phani et al.26 prepared sol–gel derived ZnTiO3 thin
lms with crystallite size in the range 43–57 and 6.5–10.5 nm
y heat treatment of conventional annealing at 400–800 ◦C and
icrowave annealing at 300–900 W, respectively. The average

article sizes in the range 7.7–9.0 nm for ZnTiO3, 6.3–9.1 nm
or Zn2TiO4, 2.9–8.6 nm for ZnO and 24.2–86.2 nm for rutile-
iO2 were obtained for powders prepared by S.K. Manika, S.K.
radhan28 using high-energy ball milling with milling times of
–6 h. Y.S. Chang et al.23 produced powders of ZnTiO3 by con-
entional solid-state reaction with the average crystallite size in
he range 540–900 nm in the temperature region of 700–900 ◦C.
hey also reported ZnTiO3 powders with the average crys-

alline size of 18–31 nm by a sol–gel technique including the
echini process.22 Therefore, in the present work, not only the
hombohedral-ZnTiO3 powder with purity of 82% was synthe-
ized at the low temperature of 600 ◦C and short sintering time
f 1 h, but also one of the smallest crystallite size reported in the
iterature was obtained.

Fig. 8 illustrates a plot of logarithm of ZnTiO3 crystal-
ite size versus the reciprocal of absolute temperature. Based
n the slope of the lines, the activation energies of ZnTiO3
rystallite growth for ZT13, ZT11 and ZT31 powders were
alculated as 14.79, 07.86 and 09.07 kJ/mol, respectively. There-
ore, ZT11 powder had the lowest activation energy for crystal
rowth of ZnTiO3. In addition, the calculated activation ener-
ies of the powders are lower than that of the bulk material
i.e., 315.5 kJ/mol38). This is expected because the nano-sized
rains have a higher surface area to volume ratios compared to
ulk, which increase the total surface energy. Thus, less energy
s required to induce the crystal growth. Y.S. Chang et al.23 cal-
ulated the activation energy for crystallite growth of ZnTiO3,
repared by conventional solid-state reaction using metal oxides,
bout 48.84 kJ/mol. Furthermore, they22 reported the activation
nergy for crystallite growth of nano-sized ZnTiO3, synthesized
y a sol–gel technique including the Pechini process, around
0.83 kJ/mol.
.3.2. TEM analysis
The TEM analysis is better than XRD technique for measur-

ng the average crystallite size, since it is direct and less likely
o be affected by experimental errors and/or other properties of

s
f
s
p

opean Ceramic Society 30 (2010) 947–961

he particles such as internal strain or distribution in the size
f the lattice parameter. Thus, Fig. 9 highlights TEM bright or
ark field images of ZT11 powders sintered at 400–1000 ◦C.
s can be seen, all powders exhibited uniform morphology

n particle size with spherical shape. Furthermore, the relative
lectron diffraction pattern indicates a random orientation for
he powders. The insets show ill defined rings arising from
oor crystallite structure for the powders sintered at 400 ◦C,
hereas well defined rings are observed for those sintered in

he range 600–1000 ◦C, resulting in crystalline structure. The
verage crystallite sizes of the powders are around 2 and 8 nm at
00 and 1000 ◦C, respectively, which are consistent with those
btained by XRD analysis. Y.L. Chai et al.27 measured a crys-
allite size of 30 nm for ZnTiO3 powders sintered at 800 ◦C for
h by TEM analysis.

.4. Thermal analysis

Simultaneous differential thermal analysis (SDT) of the pow-
ers is shown in Fig. 10. In addition, the description of peak
osition and weight loss of the powders determined by this
nalysis is summarized in Table 5. All powders undergo a
ehydration process as located by endothermic peak in the
ange temperature 52.18–75.46 ◦C, depending upon the Zn:Ti
olar ratio. Decomposition of the inorganic component such

s Cl− occurs in two steps, firstly in the temperature range
40.23–148.32 ◦C and secondly at 166.54 ◦C. The first decom-
osition step is observed for ZT13 and ZT11 powders and the
econd step is only detected for ZT11. The addition of HPC into
he sols influences the process of organic decomposition which is
hown by the exothermic peaks in the range 283.93–313.28 ◦C.
his is consistent with the reported result for the composite
iO2-HPC powder.39 Dehydroxylation of Ti-OH into anatase-
iO2 and rutile-TiO2 can be ascribed by the small exothermic
eactions located in the temperature range 400.65–472.17 ◦C.
his is in good agreement with the crystallisation temperature
f sol–gel derived TiO2 powders reported previously.40

Furthermore, the peaks corresponding to crystallisation of
inc titanate (ZnTiO3) are observed in the range 481.60–517.71.
here is a small exothermic peak for ZT13 and ZT11, whereas it

s a sharp peak for ZT31 powder. Therefore, it can be concluded
hat the crystallisation of zinc oxide (ZnO) also occurs in the
bove mentioned region for ZT31 powder. It means there is an
verlap for the exothermic reactions concerning the formation of
nTiO3 and ZnO for ZT31 powder. These results are consistent
ith those obtained by XRD analysis. A broad exothermic peak

ocalized around 850 ◦C is attributed to the crystallisation of
itanium zinc oxide (Zn2TiO4).

The weight loss of ZnTiO3 powders occurs at six stages. In
he first stage (below 76 ◦C), the weight loss is a result of the
vaporation of water. In the second stage, from 76 to 148 ◦C, the
eight loss is ascribed to the further evaporation of water and
ecomposition of the inorganic component. Further decompo-

ition of the inorganic compound takes place in the third stage,
rom 148 to 167 ◦C. Decomposition of HPC occurs in the fourth
tage (in the range 284–313 ◦C). In the fifth stage, in the tem-
erature range 442–472 ◦C, the weight loss is attributed to the
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Table 5
Description of peak position and weight loss for the powders determined by SDT analysis.

Sample ZT13 ZT11 ZT31

Stages Peak position (◦C) Weight loss (%) Peak position (◦C) Weight loss (%) Peak position (◦C) Weight loss (%)

Water evaporation 52.18 13.58 64.58 16.78 75.46 21.11
Further water evaporation and first

step for decomposition of
inorganic compound

148.32 17.47 140.23 21.28 – 13.19

Second step for decomposition of
inorganic compound

– 166.54 –

HPC decomposition 283.93 12.99 297.62 5.75 313.28 11.39
Crystallisation of anatase and rutile

and further decomposition of
organic compounds

442.82 8.37 400.65 12.47 472.17 18.25

Crystallisation of zinc titanate and 511.64 4.16 481.60 23.10 517.71 16.90

C 85

f
H
I
a

further decomposition of organic
compounds

rystallisation of titanium zinc oxide 855.72 0
urther decomposition of the organic compounds, arising from
PC, and formation of the anatase-TiO2 and rutile-TiO2 phases.

n the last stage, in the region 482–518 ◦C, the weight loss is
scribed to the formation of the zinc titanate for all powders

a
t
t
c

Fig. 11. Surface morphology of the films sintered at 600 ◦C for 1 h as a functio
0 0 853.70 0
s well as cystallisation of zinc oxide for ZT31 powder. Since
here is no weight loss after the last stage, the minimum sin-
ering temperature to obtain organic- and inorganic-free powder
an be determined at 570 ◦C for ZT13 powder, 530 ◦C for ZT11

n of component composition change: (a) ZT13, (b) ZT11 and (c) ZT31.
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Fig. 12. Surface morphology of the films sintered at 800 ◦C for 1 h as a f

nd 520 ◦C for ZT31 powders. Consequently, the ultimate sinter-
ng temperature for entire elimination of organic and inorganic
omponents reduced with increasing Zn:Ti molar ratio.
.5. Microstructure

Figs. 11 and 12 show surface micrographs of sol–gel pre-
ared thin films sintered at 600 and 800 ◦C for 1 h, respectively.

ig. 13. Effect of Zn:Ti molar ratio on average grain size of the thin films sintered
t 600 and 800 ◦C for 1 h.

t
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n of component composition change: (a) ZT13, (b) ZT11 and (c) ZT31.

t can be observed that all deposited films had crystalline struc-
ure, which is in good agreement with the XRD results. In all
ases, relatively dense, homogeneous, nano-grains and crack-
ree films were obtained. This could be supported by the fact
hat employment of water with low evaporation rate, as disper-
ant media, has kept films crack free. In addition, the interstices
etween the particles caused by HPC are noticeable resulting in
porous structure with irregular pore shape. The porosity per-

entage of 600 ◦C films decreased with increasing Zn:Ti molar
atio, while the reverse trend was obtained for the films annealed
t 800 ◦C. Owing to the fact that the equal HCl concentra-
ion was used for preparation of TiO2 sol, the HCl:(Zn + Ti)

olar ratio reduced with increasing Zn:Ti molar ratio. The lower
Cl:(Zn + Ti) molar ratio, the lower surface charge around the
articles, resulting in reducing the electrostatic repulsion and
nally the porosity of 600 ◦C sintered films. For 800 ◦C sintered
lms, this can be explained by the fact that the decomposition
f zinc chloride is an exothermic reaction (as confirmed by SDT

nalysis in Section 3.4) and the released fumes avoid sintering
he particles and reducing the porosity. Moreover, the porosity
f the films is reduced with increasing annealing temperature
ue to the sintering of particles at high temperature. Therefore,
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F (a) ZT
Z

i
r
r
t
i

t

ig. 14. Atomic force micrographs of ZnTiO3 films sintered at 600 ◦C for 1 h:
T13 (1 �m × 1 �m).

t is possible to control the densification process (i.e., porosity

eduction) of ZnTiO3 films by two parameters of Zn:Ti molar
atio and heat treatment temperature. It is interesting to note that
he homogeneity in grain size distribution for titanium dom-
nant films (i.e., ZT13) is better than that of for the rest of

t
s
a
b

13 (5 �m × 5 �m), (b) ZT11 (5 �m × 5 �m), (c) ZT31 (5 �m × 5 �m) and (d)

he films, especially at high temperature. This can be related

o the presence of ZnO in zinc dominant films (i.e., ZT31). As
hown in Fig. 4, ZnO had the highest average crystallite size
mongst anatase-TiO2, rutile-TiO2 and ZnTiO3. Therefore the
igger grains, in Fig. 12-c, are labeled as ZnO.
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Based on the FE-SEM images, the dependence of the average
rain size of the deposited thin films on the Zn:Ti molar ratio is
hown in Fig. 13. The average grain size of the films sintered at
00 ◦C is around 19 nm for ZT13, 22 nm for ZT11 and 23 nm
or ZT31. Heat treatment at 800 ◦C induced a gradual increase
ccurred, being 34, 37 and 39 nm for ZT13, ZT11 and ZT31
lms, respectively. Thus, ZT13 film (i.e., the titanium domi-
ant film) had the smallest grain size amongst the sintered films.
hese results are consistent with those obtained by XRD anal-
sis, given that ZT13 powder possessed the smallest crystallite
ize. It should be noted that, the deposited thin films have good
hermal stability against heat treatment due to a slight increase
n grain size at high temperature.

.5.1. AFM analysis
Fig. 14 illustrates 2D and 3D topographies of the thin films

intered at 600 ◦C for 1 h. As can be observed in 2D images,
ll deposited films show that they are homogeneous, rough and
niform with nano-sized grains. Based on 3D images, it can
e concluded that ZT13 and ZT11 films have a hill-valley like
orphology made up of small grains, whereas ZT31 film show a

olumnar like morphology. Fig. 14-d confirms that the deposited
inc titanate film, by a particulate sol–gel process, is a nanos-
ructured and porous thin film.

. Conclusions

Low temperature sol–gel derived zinc titanate (ZnTiO3) thin
lms and powders with nanocrystalline structure have been suc-
essfully prepared. Titanium isopropoxide and zinc chloride
ere used as titanium and zinc precursors, whereas HPC was
sed as a PFA. It was found that the prepared sols were stable
ver 5 months, since the constant zeta potentials were mea-
ured during this period, being in the range 38.2–47.1 mV at
H 1–2. It was found that the phase composition and crys-
allite size of the samples depends on Zn:Ti molar ratio and
intering temperature. Based on XRD analysis, the maximum
nTiO3 percentage of 94% was achieved for ZT31 powder
t the low sintering temperature of 500 ◦C and the short sin-
ering time of 1 h. Moreover, TiO2 content was decreased
ith increasing Zn:Ti molar ratio and decreasing the sintering

emperature. It was found that the decomposition temperature
f ZnTiO3 decreased down to 600 ◦C with increasing Zn:Ti
olar ratio ≥75:25. The average crystallite size of ZnTiO3

hase decreases with decreasing Zn:Ti molar ratio at all sin-
ering temperatures. SDT analysis showed that the minimum
intering temperature to obtain organic- and inorganic-free pow-
er reduced with increasing Zn:Ti molar ratio around 570 ◦C
or 1 h. FE-SEM images showed that in all cases relatively
ense, homogeneous, nano-grains and crack-free films were
btained. The porosity percentage of 600 ◦C films decreased
ith increasing Zn:Ti molar ratio, while the reverse trend was

btained for the films sintered at 800 ◦C. AFM analysis con-
rmed that the deposited zinc titanate film had nanocrystalline
nd porous structure with roughness mean square (rms) in the
ange 45–65 nm.
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