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a b s t r a c t

Samples of pure and rare earth (RE)-doped nanocrystalline Zn2TiO4 (RE = Eu, Er, Tm) have successfully
been prepared by the single batch sol–gel method in a form of powders. The powders were annealed up
to 1200 ◦C and analyzed by DTA and XRD methods. Sizes of formed nanocrystals were calculated from the
Scherer equation and verified by the SEM analysis. Activation energies of crystallization were calculated
using the Kissinger, Ozawa and Augis–Bennett approximations and reaction mechanisms were proposed
vailable online 5 January 2011
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evaluating the Avrami exponents from the Johnson–Mehl–Avrami equation. It has been found that RE
elements particularly substitute zinc ions in the crystal lattice and are fully soluble up to 0.5 at.% related
to the some of cations. Furthermore, the results have shown that the presence of RE elements blocks
the crystallite growth and supports the nucleation process leading to the formation of smaller and more
uniform nanocrystals compared to the undoped Zn2TiO4.

© 2011 Elsevier B.V. All rights reserved.

rystal growth

. Introduction

Zinc titanate – Zn2TiO4 has attracted great attention in the field
f material sciences within last decades. Its inverse spinel structure
nd high thermal stability [1] have made it attractive as a cata-
yst for desulphurization [2] and dehydrogenation [3] processes
nd as a pigment [4]. Recently, it has been introduced as the fun-
amental constituent of low-temperature sintered ceramics for
icrowave dielectrics [5,6]. Its optical properties have also been

ntensively investigated [7,8]. To improve its photoluminescence
roperties vanadium, chromium and tin ions were introduced as
opants inside the zinc titanate matrix [9] which resulted into
n increased emission due to the distortion of the periodic struc-
ure. Moreover, zinc titanate has successfully been used as a host

atrix for rare earth elements such as Eu [10], similarly as yttrium
luminum garnets (YAG) [11] or zinc aluminate matrices [12].
owever, it has been shown that for successful improvement of
hysico-chemical properties of this material its crystalline struc-

ure should be precisely tailored [5,6]. Various methods have been
mployed for the Zn2TiO4 synthesis including the solid-state reac-
ion [1], magnetron reactive sputtering [7], hydrothermal process
6] and sol–gel method [9,10]. From these methods the sol–gel

∗ Corresponding author. Tel.: +420 266 773 558; fax: +420 284 680 222.
E-mail address: mrazek@ufe.cz (J. Mrázek).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.009
route and hydrothermal process offer the best control over the
formation of crystalline materials.

In this contribution we have employed already described sol–gel
route [10] for the preparation of zinc titanate powders either
undoped or doped with Eu and newly with Er and Tm which are sta-
ble at high temperatures and exhibit tailored crystalline properties.
The preparation of these powders creates basis for the investiga-
tion of crystallization processes in these materials as well as the
solubility of RE in Zn2TiO4 matrices and is aimed in preparing
nanocrystalline materials without side-formed RE pyrochlorates.
In this paper typical properties are presented for undoped and Eu-
doped Zn2TiO4 and general results are subsequently extended for
Er- and Tm-doped samples.

2. Experimental

2.1. Preparation

Powders were prepared by the sol–gel method. All chemicals were used with-
out further purification. Typically 6.56 g of titanium(IV)butoxide (Fluka, Purum)
was dissolved under regular stirring in 250 ml of absolute ethanol (Sigma–Aldrich,
Spectranal grade) then 8.46 g of zinc acetate dihydrate (Fluka, ACS reagent) was
added into solution and stirred under ambient temperature forming transparent
solution. The mixture was refluxed at 86 ◦C for 24 h and then cooled down to the

laboratory temperature. Optionally, 0.5–8 at.% of Eu(NO3)3·5H2O, Er(NO3)3·5H2O or
Tm(NO3)3·5H2O (Aldrich, 99.9%) (with respect to the overall Zn and Ti content) was
dissolved in the formed heterosols in an ultrasonic bath and the sols were stirred
at the ambient temperature for 6 h. The prepared sols were purified by filtration
through 0.2 �m PTFE membrane and the filtrates were evaporated on a rotary evap-
orator under a reduced pressure (30–40 mbar) and temperatures rising from 40 to

dx.doi.org/10.1016/j.jallcom.2011.01.009
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mrazek@ufe.cz
dx.doi.org/10.1016/j.jallcom.2011.01.009
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centered around 1450 and 1571 cm−1 are attributed to stretch-
ing vibrations of carboxylic groups coordinated on metal ions [16].
From the difference between the position of bands corresponding to
asymmetric (1565 and 1550–1590 cm−1 for Zn and Ti, respectively)
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Fig. 1. (a) DSC–TG curves of Zn2TiO4 sample containing

0 ◦C. The resulting powders were directly used in measurements or in air atmo-
phere heated with a heating rate 10 ◦C min−1 to temperatures in a range from 200 ◦C
o 1000 ◦C where they were kept for 1 h.

.2. Characterization

The burnout and crystallization properties of the prepared powders were ana-
yzed by thermal analysis (TA), thermogravimetry (TG) and differential scanning
alorimetry (DSC) followed by mass spectroscopy (MS) and infrared spectroscopy
FT-IR). The TA, TG, DSC and MS measurements were carried on Netzsch STA449C

ultifunctional apparatus. To determine the liberation of organic compounds dur-
ng the heat treatment some powder samples were analyzed by DSC method coupled

ith MS at a heating rate of 10 ◦C min−1 up to 800 ◦C under a nitrogen flow of
0 ml min−1. Crystallization properties of the prepared powders were determined
y the DSC analysis of the powder samples pre-treated at temperatures to 300 ◦C

n air in order to evaporate volatile fractions of organic compounds. These samples
ere further treated at different heating rates from 15 to 30 ◦C min−1 under an oxy-

en flow of 50 ml min−1. In all these experiments approximately 10 mg of powder
amples was used.

The FT-IR spectra of the prepared powders were recorded with a Bruker Vector
2 spectrometer. At these measurements, approximately 4 mg of the powder was
ixed with 200 mg of KBr (Sigma–Aldrich, 98% FT-IR grade) finely pulverized in a
ortar and pressed into a pellet. The blank sample made of pure KBr was used as

he reference.
The XRD structural analysis of the prepared powders was performed on a Bruker

8 diffractometer with the Bragg–Brentano geometry operating with the Cu-K�
adiation (� = 1.54056 Å, operating voltage 40 kV, current 40 mA, integration time
00 ms). Recorded data were evaluated by the Origin8. Diffraction peaks were fitted
y the Gaussian curves to calculate the full-width at half-maximum (FWHM) values.
he instrumental broadening of the peaks was correlated to the diffraction (2 0 0)-
lane peak of KCl (Sigma–Aldrich, ACS reagent). Crystallite and grain sizes D were
alculated from the Scherrer equation – Eq. (1) [13]:

= k · �

ˇ · cos �
, (1)

here k is the structural factor equal to 0.89, � is the X-ray wavelength equal to
.15406 nm, ˇ is the correlated FWHM value corresponding to the (3 1 1)-plane peak
f Zn2TiO4 at the diffraction angle �. Particular phases were identified by JCPDS data
les number 25-1164, 36-1451, 23-1072, 18-0499 and 23-0590 for Zn2TiO4, ZnO,
u2Ti2O7, Er2Ti2O7 and Tm2Ti2O7, respectively.

SEM images of the sintered powder samples were taken with a Philips XL30
SEM electron microscope. The overall chemical composition was verified by ele-
ental analysis on a JEOL JSM 6400 electron microscope equipped with an Oxford

nstrument EDS analyzer. The chemical compositions of individual grains were mea-
ured on the powders heat-treated to 1200 ◦C for 24 h by a Cameca SX100 electron
icroprobe. A thin palladium layer was sputtered onto the samples prior to the

nalysis to prevent powder samples charging.

. Results and discussion
.1. Burn-out behavior

The thermal treatment of sol–gel based materials is com-
lex process including the decomposition of organic compounds,
arious chemical reactions and crystallization processes. The ther-
Eu (b) corresponding MS spectra for selected fragments.

mogravimetric results (see Fig. 1a) indicate two main mass losses
which can be linked with two endothermic peaks on the DSC curve.
According to the MS results (see Fig. 1b) the first step bellow 130 ◦C
can be attributed to the evaporation of water (m/z = 18) and volatile
compounds such as residual ethanol. The second step in a tem-
perature range from 224 to 430 ◦C can be related to the second
broad endothermic peak and it is accompanied by liberation of
water (m/z = 18) and organic ligands based on acetate fragments
such as acetic acid (m/z = 43, 45, 60) and butylacetate (m/z = 43,
56). The decomposition of organics is followed by slow dehydrata-
tion and can be related to the third endothermic peak at 456 ◦C.
Finally, the crystallization of Zn2TiO4 occurs at 613 ◦C. Despite the
high concentration of Eu ions in the sample the crystallization peak
corresponding to the formation of Eu2Ti2O7 has not been observed.

The MS record was followed by the FT-IR measurements to
verify the character of liberated organics and coordination modes
of organic ligands toward central atoms (see Fig. 2). As expected
the prepared powders contain large amount of organic materi-
als. Absorption bands linked with CH3– organic group can be
found at 1026 and 1052 cm−1 representing CH3 rock vibrations,
at 1343 cm−1 and 1414 cm−1 representing �s(CH3), �as(CH3) [14],
respectively. Bands at 522, 613 and 692 cm−1 can be attributed to
�(COO), �(COO) and �(COO), respectively [14,15]. Two broad bands
400600800100012001400160018002000

1

Wavenumber (cm
-1

)

Fig. 2. FT-IR spectra of Zn2TiO4 powders heat-treated at different temperatures.
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Fig. 3. XRD records of (a) undoped Zn2TiO4 and (b) Zn2TiO4 containing 1 at.%

nd symmetric (1450 and 1414 cm−1 for Zn and Ti, respectively)
ibrations of COO− groups we can estimate the presence of bridg-
ng bidentate ligands bonded to Ti and chelating bidentate ligands
onded to Zn ions [14,16]. The measured spectra show that by

ncreasing the temperature, organic ligands are gradually burned
ut and corresponding absorption bands diminish which corre-
ates with the DSC–TG measurements discussed above. Acetates
oordinated to Zn ions are burn out at lower temperatures than
igands attached to Ti ions which can be drawn from the prac-
ically disappeared absorption band at 1450 cm−1 attributed to
cetates bonded to Zn ions and from comparison with the absorp-
ion band of acetates bonded to Ti ions at 1414 cm−1 at 300 ◦C.
hus, at this temperature mainly bridging bidentate ligands bonded
o Ti ions remain in the mixture. These measurements explain
hy the traces of ZnO can be formed prior to the crystalliza-

ion of Zn2TiO4 due to the easier accessibility of zinc ions. Once

he crystallization takes place and periodic structure of inverse
pinel Zn2TiO4 is formed bellow 600 ◦C, new sharp absorption
ands related to [TiO]6 and [ZnO]4 groups [9,17,18] appear in FT-IR
pectra.

ig. 4. The crystallite size of Zn2TiO4 as a function of (a) Eu concentration for samples he
u doped samples.
heat-treated at different temperatures. (*) Zn2TiO4, (+) ZnO and (•) Eu2Ti2O7.

3.2. X-ray diffraction study

The overall XRD spectra for undoped Zn2TiO4 and for sample
containing 1 at.% of Eu are shown in Fig. 3a and b, respectively. These
spectra show that the crystallization of inverse spinel Zn2TiO4
starts at 560 ◦C and the introduction of Eu ions significantly blocks
the crystallization process. Consequently, the size of formed crys-
tallites calculated from the presented XRD spectra by using Eq.
(1) progressively decreases with increasing Eu concentration as
shown in Fig. 4a. By increasing the temperature, nanocrystals reg-
ularly grow and the calculated size increases too (see Fig. 4b). The
results in Fig. 4b are in good agreement with the results of SEM
measurements of the heat-treated powders shown in Fig. 5. On
the basis of Fig. 5 one can conclude that the formed crystallites
are well homogeneous without preferentially oriented shapes and
the presence of Eu ions increases the uniformity of nanocrystals.

Traces of ZnO which was formed prior to the crystallization of
Zn2TiO4 were detected in the heat-treated powders and the amount
of crystallized ZnO was constant independently of heat-treating
temperature (see Fig. 3a). However, in the samples with intro-

at-treated at 600 ◦C and (b) different heat-treating temperatures for undoped and
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Table 1
Results of the local chemical analysis of particular grains of samples heat-treated at
1200 ◦C for 24 h.

Dopant Zn (at.%) Ti (at.%) RE (at.%)

Undoped Zn2TiO4 65.95 ± 0.30 34.05 ± 0.36 –
ig. 5. SEM images of overall surface of undoped Zn2TiO4 heat-treated at (a) 600 ◦C
f Eu both heat-treated at 1000 ◦C.

uced Eu ions a slightly higher ZnO concentration was observed
see Fig. 3b).

If the concentration of Eu in the sample exceeds its solubility
imit a new crystalline phase of europium pyrochlorate – Eu2Ti2O7
s formed as one can see from XRD spectra in Fig. 3b. To clarify crys-
allization processes, the volume fraction of a particular crystalline
hase was evaluated from the measured XRD spectra by using Eq.
2) [19]:

olume fraction (%) = Aphase

Aallpeaks
· 100, (2)

here Aphase is the integral area of XRD peaks belonging to the

valuated phase and Aallpeaks is the integrated area of all XRD peaks
f overall XRD record. The thermal evolution of the volume frac-
ion of zinc titanate for different Eu concentrations can be seen
n Fig. 6. The curves in Fig. 6 show that the volume fraction of
ndoped Zn2TiO4 is practically constant and close to 100% with

ig. 6. Thermal evolution of the volume fraction of Zn2TiO4 for undoped and Eu-
oped samples.
Eu 59.86 ± 0.37 39.60 ± 0.42 0.54 ± 0.05
Tm 63.63 ± 0.37 35.82 ± 0.43 0.55 ± 0.05
Er 63.96 ± 0.34 35.60 ± 0.38 0.44 ± 0.06

respect to low concentrations of the residual ZnO. In samples con-
taining Eu ions the growth of zinc titanate is blocked and samples
contain ZnO formed after the burn-out of organic ligands. Conse-
quently, the crystallinity of such samples at low temperatures is
rather lowered comparing to the undoped sample. The crystallinity
continuously increases with increasing the heat-treatment temper-
ature. This result holds only for samples where the concentration of
Eu does not exceed of about 0.5 at.%, which can be estimated as the
solubility limit. If the concentration of Eu is higher than the limit
(e.g. 1 at.%) the break corresponding to the crystallization of new
phase Eu2Ti2O7 appears on the curve.

Similar processes were observed with erbium and thulium ions
forming corresponding pyrochlorates. To confirm the displacement
of RE elements in the matrix and their solubility local microanalysis
of individuals grains were carried out. Their results are summarized
in Table 1. Although the overall elementary analysis employing
the EDS method determined contents of 66.48 and 33.53 at.% of
zinc and titanium, respectively, in all samples, the content of zinc
in individual grains is slightly decreased particularly in samples
containing rare earth elements. Such concentration difference and

crystallization behavior can be explained on the basis of a mech-
anism that RE elements particularly substitute zinc in the matrix
and that concentrations higher that the solubility limit of RE lead to
the decomposition of doped zinc titanate into zinc oxide and cor-
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ig. 7. XRD records of samples Zn2TiO4 containing 0.5 at.% and 0.75 at.% of Eu, Er
nd Tm, respectively heat-treated at 800 ◦C. (*) Zn2TiO4, (+) ZnO and (•) RE2Ti2O7,
E = Eu, Er, Tm.

esponding RE pyrochlorate. In order to test this mechanism and
alidate the quantitative chemical analysis, zinc titanates doped
y 0.50 and 0.75 at.% of RE elements were prepared. Their XRD
pectra are presented in Fig. 7 and show that an increase of Er
nd Tm concentrations to 0.75 at.% is related to the formation of
E pyrochlorates.

.3. DTA study

The activation energy of crystallite growth can be calculated
rom Eq. (3) [20]:

og(D) = −Q

2.303 · R
· 1

T
+ A, (3)
here D mean the average crystallite size, Q is the activation energy
f the crystallite growth, R is the ideal gas constant, and A is the
ntegration constant. The values of −Q/(2.303 · R) are accessible
y fitting the plot of log(D) versus the reciprocal absolute tem-
erature (1/T) (see Fig. 8). The determined activation energies of

ig. 8. Thermal evolution of the crystallite size used for the determination of acti-
ation energy of crystallite growth for undoped and Eu-doped Zn2TiO4.
Fig. 9. DTA analysis of different Zn2TiO4 powders pre-treated in air at 300 ◦C.

crystallite growth were 72.8 ± 10.5 and 66.9 ± 7.1 kJ mol−1 for the
undoped sample and the sample containing 1 at.% Eu ions, respec-
tively. Although, the decomposition of 1 at.% Eu-doped zinc titanate
to ZnO and Eu2Ti2O7 takes place, one can say that within statistical
errors the doping practically does not change the activation energy
of the crystallite growth.

Fig. 9 shows the DTA curves of the powders with varied
europium concentrations pre-treated in air and measured at dif-
ferent heating rates. A broad exothermic peak appears on the DTA
curves around 560 ◦C that corresponds to the crystallization peaks
of zinc titanate. From Fig. 9 it is evident that the peak tempera-
ture TP shifts to higher temperatures with increasing heating rate.
By increasing the concentration of europium in the samples the
peak temperature also shifts to higher temperatures and the crys-
tallization is slightly suppressed. To evaluate the activation energy
of crystallization processes three different approximations repre-
sented by Ozawa equation – Eq. (4) [21], Kissinger equation – Eq. (5)
[22] and Augis–Bennett equation – Eq. (6) [23], respectively, were
taken into account:

ln(ˇ) = − EA

R · TP
+ A (4)

ln

(
ˇ

T2
P

)
= − EA

R · TP
+ A (5)

ln

(
ˇ

TP − T0

)
= − EA

R · TP
+ A (6)

In Eqs. (4)–(6), ˇ represents the heating rate, TP is the peak tempera-
ture at the exothermal peak, T0 is equal to 273.15 K and represents
the conversion to Celsius scale, EA is the activation energy of the
crystallization of the amorphous phase, R is the ideal gas con-
stant and A is the integration constant. Calculated values of the
terms on the left side of Eqs. (4)–(6) plotted versus the reciprocal
peak temperature and their corresponding linear fits are shown in
Figs. 10 and 11 for undoped and 0.5 at.% Eu-doped zinc titanate,
respectively. With respect to the peak temperature TP all curves
representing doped samples are shifted to lower values of T−1

P . The
activation energies determined from the linear fits are summarized
in Table 2. They can be interpreted as energy required to transport
molecular segments to the crystallization surface [24]. All three
methods give similar results for the particular samples.

3.4. Reaction mechanisms
To clarify crystallization processes, the DTA peaks were fur-
ther analyzed and Avrami parameters were calculated from the
Johnson–Mehl–Avrami equation expressed in the Ozawa’s modi-
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Fig. 10. Plots of the Ozawa equation for experimental data determined with the
undoped and 0.5 at.% Eu-doped Zn2TiO4.
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ig. 11. Plots of Kissinger (left scale) and Augis–Bennett (right scale) equations for
he undoped and 0.5 at.% Eu-doped Zn2TiO4.

cation for linear heating rates – Eq. (7) [25]:

n = d{log[−ln(1 − ˛)]}
d log ˇ

∣∣∣
T
, (7)

here n represent the Avrami parameter obtained from the slope
f the plot log[−ln(1 − ˛)] versus log ˇ, ˛ is the volume fraction
rystallized at time t and ˇ is the heating rate. The value of ˛ was
alculated for all fixed temperatures as the ratio of the partial inte-
ration area of the crystallization peak at the selected temperature
over the total integration area of the crystallization peak.

The results in Fig. 12 show that in the case of Zn2TiO4 large
alues of n parameter rapidly decrease with the increased heat-
reatment temperature to values calculated for the RE-doped
amples. The high values of n at the beginning of the crystalliza-
ion of Zn2TiO4 are typical for the homogeneous nucleation with
he three-dimensional growth at the constant nucleation rate [25].

nce uniform nanocrystals are formed filling the volume of the

nitial material, the crystallization mechanism is changed and the
ellular recrystallization takes place. As a result nanocrystals regu-
arly grow together as one can see from Fig. 5a and c; this growth

able 2
ctivation energy of crystallization calculated for particular samples using different
pproximations.

Dopant Kissinger
approximation
(kJ/mol)

Augis–Bennett
approximation
(kJ/mol)

Ozawa
approximation
(kJ/mol)

Undoped Zn2TiO4 250 ± 19 242 ± 12 252 ± 12
0.5 at.% Eu 228 ± 46 232 ± 46 242 ± 21
0.5 at.%Tm 212 ± 47 216 ± 47 227 ± 47
0.5 at.% Er 191 ± 25 195 ± 25 205 ± 25
Fig. 12. Calculated Avrami parameters for undoped and 0.5 at.% Eu-doped Zn2TiO4.

is limited by the diffusion through the crystal boundary and n
parameters are accordingly decreased. Despite the lower crystal-
lization energies calculated for RE elements doped samples, the
crystallization is shifted to higher heat-treatment temperatures.
The calculated values of the Avrami parameters are typical for the
site saturated nucleation followed by the three dimensional grow
controlled by the diffusion which rapidly pass into the cellular
recrystallization [25]. Such phenomena can be explained by the
incorporation of RE ions into the pre-formed Zn2TiO4 clusters. As
shown above RE ions particularly substitute zinc ions inside the
zinc titanate structure forming nucleation centers for generated
zinc titanate and block the crystallite grow till they are fully incor-
porated into the crystalline lattice. Once RE elements are integrated
inside the crystalline lattice the crystallization is facilitated that is
characterized by the calculated activation energies of crystalliza-
tion. Thus, the formation of smaller uniform crystallites is more
favorable in the case of doped zinc titanates. On the other hand
the crystallite growth is more favorable in the case of undoped
zinc titanate. These effects are explicitly remarkable for the sam-
ples heat-treated to 1000 ◦C in which Zn2TiO4 grown up nearly to
micrometric grains and the Eu doped zinc titanate still remained
in the form of nanocrystalline powder as one can clearly see in the
SEM pictures Fig. 5c and d.

4. Conclusions

By using the sol–gel method thermally stable undoped, as well
as europium, erbium and thulium-doped zinc titanates have suc-
cessfully been prepared. The solubility of these rare earth elements
in Zn2TiO4 matrix has been found to be limited approximately
to 0.5 at.%. A new crystalline phase of RE pyrochlorates has been
observed for RE concentrations higher than this limit. Activation
energies of crystallization processes and activation energies of crys-
tallites growth were calculated on the base of XRD and DSC analysis.
From the calculated Avrami parameters it has been found that
in the case of undoped Zn2TiO4 the crystallization process has
the character of homogenous nucleation followed by the three
dimensional growth at a constant nucleation rate which finally
pass into the cellular recrystallization controlled by the diffusion
of matter. Although the activation energy of the crystal growth
is not significantly affected by the presence of RE ions and side-
formed pyrochlorates, introduced RE ions substitute zinc ions in the
crystalline matrix of Zn2TiO4 forming thus nucleation centers. Con-
sequently, the crystallization process has the character of the site

saturated nucleation followed by the three dimensional growth and
cellular recrystallization and resulting in the formation of smaller
and more uniform nanocrystals in comparison with the undoped
Zn2TiO4.
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