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Abstract

The kinetics of nanocrystallization in amorphous Tikas been studied in non-isothermal conditions by DSC. It was found that this
process could be well described by standard Johnson—Mehl-Avrami—Kolmogorov (JMA) model with kinetic exp@aentThe kinetic
parameters were calculated by simultaneous analysis of experimental data taken at different heating rates. These parameters were used as
basis for prediction of crystallization kinetics in isothermal conditions. The agreement between the JMA model prediction and experimental
data depends on the method of preparation of amorphous TiO
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction field [5] have found that the JIMA model cannot describe the
isothermal experimental data of crystal growth of nanocrys-
Titania (TiQy) is a material widely used in the electronics, talline anatase in a-Ti§) obtained by X-ray diffraction and
ceramics and pigment industries. The high photocatalytic transmission electron microscopy. They applied a kinetic
activity of titania has been well-documentfl. It is also model adopting Smoluchowski coagulation approach as
well known that such activity of amorphous titania is negli- a suitable tool to interpret quantitatively the experimental
gible and that of nanocrystalline anatase is greater rather thatlata. From their analysis it seems that the crystallization of
the rutile or brookitg2]. Many approaches have been used amorphous titania is a complex process comprising several
to obtain a nanocrystalline titania with desired properties. steps such as interface nucleation, crystal growth of anatase
One of the most popular method is a controlled crystalliza- and oriented attachment of surrounding anatase particles.
tion of amorphous titania (a-Tif) prepared by hydrolysis The aim of this paper is to analyze the applicability of the
of alkoxide based sol—gel synthesis or precipitation process.JMA model for nanocrystallization process in amorphous ti-
Exarhos and Aloi[3] studied isothermally the kinet- tania using non-isothermal calorimetric measurements. The
ics of the crystallization of a-Ti@ films using in situ kinetic parameters are then calculated by simultaneous anal-
time-resolved Raman spectroscopy. They found that theysis of experimental data taken at different heating rates.
JMA nucleation-growth model could describe the kinetics The prediction capability of the kinetic models is tested by
of this process. The JMA kinetic exponent extracted from using isothermal crystallization data. The advantage of this
experimental data was found to be 14 m < 2. Very approach is a possibility to reveal a complex crystallization
similar behavior was reported also by Stojartoet al. [4] behavior frequently found in oxide systerf€s7].
who found somewhat higher values of the kinetic expo-
nent 22 < m < 3 for crystallization of a-TiQ powder in
non-isothermal conditions. Nevertheless, Zhang and Ban-2., Experimental
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different procedures. A stoichiometric amount of redistilled
water was added dropwise to continuously stirred solution of
titanium tetraisopropoxide at 2&. The precipitated white
TiO, product was washed several times with redistilled wa-
ter then filtered and dried at 12Q for 90 min. The resultant
partially dried powder sample was ground in an agate mor-
tar and stored in a desiccator. This powder material has been
labeled as sample A. Sample B was prepared by a dropwise <
adding of titanium tetraisopropoxide to a larger amount of )
stirred redistilled water at 25C. The precipitated powder
was then treated in the same way as described above.

The prepared materials were characterized by X-ray
diffraction analysis (XRD) using a Siemens Krystaloflex 4
diffractometer equipped with scintillation counter utilizing
V-filtered Co radiation (30kV, 20 mA). The scans were
performed in the 2d¢ange of 7-50 at 0.05 steps for 4s.
The morphology of “as-prepared” and crystallized titania
samples was examined by scanning electron microscopy
(SEM) using a JEOL model JSM-5500LV microscope. The
Brunauer—-Emmett-Teller (BET) surface area was deter-
mined by a multiple point method, using a home-made ni-
trogen adsorption apparatus equipped with a TCD detector.

The behavior of partially dried samples was studied
by thermogravimetry in air atmosphere at heating rate
5K min~! using a Sartorius balance BP210S coupled with
programmed R.M.I. furnace model DX04T. The tempera- 147 .
ture programmed desorption (TPD) of species adsorbed at .16
the sample surface was measured by a Balzers mass spec-
trometer OmniStar GSD 300 at 10 K mihin helium and
also in oxygen atmosphere. The mass spectrometer was Fig. 1. DSC and TG curves for amorphous Fi@Gamples A and B).
tuned to monitor following mass fragmentgz: 12 (C), 15
(CHs-), 16 (0), 18 (HO), 27 (CHC-), 28 (CO; CHCH-),

32 (Oy) and 44 (CQ). desorption of organic residues, that are present in the sam-

The differential scanning calorimetry (DSC) measure- Ple, as indicated also by carbon black color of the sample
ments of crystallization kinetics under isothermal and after DSC scan. These organic residues may strongly affect
non-isothermal conditions were performed by using a the crystallization behavior and, therefore, it is very impor—
Perkin-Elmer Pyris 1 in an atmosphere of dry nitrogen_ tant to remove them from the sample. It was found that the
Samples of about 10mg were encapsulated in aluminumsample treatment at 23C in oxygen atmosphere for 1 h is

sample pans. The instrument was previously calibrated with sufficient for their successful removal and that the sample
In and Zn standards. still retains its amorphous character. The samples A and B

treated in this way were used for all following experiments.
Fig. 2shows the non-isothermal crystallization data for the

samples A and B (points) obtained by DSC measurements at

heating rateg = 5, 10, 15 and 20 K min'. The crystalliza-

Fig. 1 shows a typical DSC and TG curves of both the tion peak maximum temperatuflg shifts with the heating
samples A and B on heating at 5 K mihin a dry nitrogen rate for both samples. The value of activation endtggor-
atmosphere. In both cases, there is a broad endothermic effesponding to the crystallization process can be derived by
fect in 80-210°C range followed by the exothermic crystal-  using the Kissinger's methd8] from the slope of I8/ 7,2)
lization peak in 360-450C range. The endothermic effect versus 1/§ plot. It was found to be 276 14 kJmot? for
can be associated mostly with the removal of water retainedsample A and 383 30 kJ mot! for sample B.
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3. Results

in partially dried powder. The corresponding weight loss
at the onset of the crystallization peak is abetlt3.8%
for sample A and-10.6% for sample B. The total weight
loss at 500C is —14.1 and—10.9%, respectively. The

Direct isothermal measurements of the crystallization ki-
netics of amorphous oxides prepared by hydrolysis is com-
plicated by the fact that exothermic crystallization process is
partially overlapped with the endothermic effect correspond-

TPD measurements confirmed that the endothermic effecting to the water (or other solvent) retained in these materials.
corresponds to the water removal and partially also to the Therefore, in order to obtain a reliable isothermal data the
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Table 2
06 Sample A & BET surface area for amorphous and crystalline samples of TiO
' O 5Kmint §'/ \ Sample BET surface area (frg™t)
© 10 K'm?nj / | Amorphous Crystalline
A 15K.min
0.4 & 20 K.min® A 277+ 5 69 + 3
k=, B 276+ 5 121+ 1
3
0.2 The fraction crystallized during this isothermal annealing
was estimated by using the following equation:
e 0 = SHe = Al @
0.0 : T . T . AH®
350 400 450 500 ¢
Temperature (°C) where AHg is the crystallization enthalpy of amorphous
sample without any annealing, i.AH¢ (t = 0). This value
sample B found for samplg A (Table 1) is gimilar to the crystallization
0.6 - enthalpy for a-TiQ reported previously (13615Jg 1) [4].
o s K.min_'l_1 The XRD patterns of as-prepared samples A and B exhibit
o ig il AR very broad halo as typical for amorphous material. Clearly
04ad | © 20Kmin® distinguished but still rather broad diffraction peaks were
= observed for fully crystallized Ti@ samples, indicating a
S very fine crystallite size of anatase. An average size of these
° crystals estimated using the Scherrer form@la from the
02+ corrected half width of (101) difraction line, was found to
be about 24 nm for sample A and 10 nm for sample B.
Amorphous sample shows typical morphology with
0.0 ; , e , well-separated grains of about Quin in size. A more com-
350 400 450 500 plex structure consisting of agglomerate grains is seen for

0
Temperature (C) the fully crystallized sample. The grains are about 10 times
Fig. 2. Crystallization curves for amorphous FiQrecorded at different I_arger than average crystallite size eSt]ma_‘ted from XRD
heating rates. The symbols are experimental DSC data evaluated fromline broadening. The results of BET multipoint surface area

Eg. (2). The lines are JMA model predictions calculatedsy (5)for the measurements for amorphous and crystalline samples of
kinetic parameters obtained by combined analysis (solid lines) and NPK TiO, are summarized ifable 2
method (broken lines). These parameters are givefables 3 and 4. '

samples were isothermally annealed in the DSC calorimeter4 Discussion

at 390°C for various period of time, subsequently quenched ) ) i

to room temperature and then reheated at 10 KhifThe The analysis of non-isothermal DSC data is based on three
enthalpy change\H,, corresponding to the area under the assumptions. First, it is assumed that the crystallization rate
exothermal crystallization peaks of these annealed samplesd/dtis proportional to the measured heat flgw

is summarized irmable 1. de ¢ @)
dt)  AHY
Table 1 This assumption can be made for small samples and mod-
The crystallization enthalpy of Ti>samples annealed at 330 erate heating rates provided that temperature and heat cali-
t (min) —AH: 3g Y brations have been made properly. A&/ is a constant the
Samole A Sample B crystallization rate can easily be calculated from heat flow
P P versus temperature data. The fraction crystallized then
0 133 116 obtained by partial integration of these data. Second assump-
2 105 96 tion concerns the kinetic equation. For a solid state processes
5 79 ! . ! . o ;
8 B ® it can be expressed by a simple differential kinetic equation
10 63 54 do
20 52 11 (d_> =KD - fla) 3)
30 26 13 4
gg g 6 wheref(x) is an algebraic expression of the kinetic model.

These models have been developed for simplified geome-
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try of the diffusion process, the reaction interface and its temperature range, which suggests that the JMA model can
spatial movement or the nucleation-growth processes. Thebe applied. The values of the kinetic exponaméstimated
kinetic data for crystallization processes are usually inter- from Eq. (6)for the E; obtained by Kissinger’'s method were
preted in terms of the JMA modglL0-12], i.e. f(a) = found to be 1.0H-0.01 for sample A and 93+ 0.01 for

m(l — a)[—In(1 — )]t~ wherem is the kinetic expo-  sample B.

nent which is a function of the mechanism of crystallization ~ An alternative test is based on the function defined as
process. Third assumption is related to this temperaturez(o) = f(a)f(;"[l/f(a)]da. The fraction crystallized at the
dependence of the rate constant, expecting that it follows amaximum of thez(«) function can be obtained from the
simple Arrhenius form: condition [d;(«) /da] = 0. For the IMA model it should be

Ea close to 0.6376,7]. It has been showfil6] that thez(w)
K(T) = Aaexp<—ﬁ_> 4 function can easily be obtained by a simple transformation
of experimental data being proportional to the crystallization

whereR is the gas constanf, the pre-exponential factor  rate andT?:

andE, the apparent activation energy. The last two parame- da

ters should not depend on the temperature and the fractionak(c) (E) -T2 (7)
conversionEgs. (3) and (4}hen can be rearranged for the

JMA model in the following form:

(d—a> = Aanp<—E) m(1—a)[-In(L - a)]t~L/m,

Fig. 4 shows thez(«) plots for the samples A and B
(points) transformed from experimental data showhig 2
by using Eq. (7). These plots are normalized within (O,
1) range to facilitate the comparison of different data sets.
(5) Overall shape of the(«) plots seems to be invariant with

dr RT

Eqg. (5) is most frequently used for the descrip-

tion of calorimetric crystallization data. Its validity in IMA
non-isothermal conditions is based on several additional as- .
sumptiong13] and, therefore, it should be thoroughly tested 104 Sample A
before being applied for the description of calorimetric data. 1 y 8
Probably the most popular testing method for isothermal 0.8 o DQA
data is based on the linearity of In[«th— «)] plot as a ] o °
function of logarithm of time. A similar testing method has 0.6 ° OADO
also been developed for non-isothermal data. It can be shown & | ’ o
[14,15], that the dependence of In[-lh— «)] as a func- ™ 0.4 DD 2
tion of reciprocal temperature should be linear for the JMA ] g E— o
model, and the slope of this plot is expressed as 02] © 10K B
din[-In(1— )] _ mE ) o 20Kmir’
dd/D R 0 02 | 04 | o6 | o8 | 10
Fig. 3shows these plots for the samples A and B at heating a
rate 10 Kmirrl. The plots are practically linear in a wide
JMA
1 T
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Fig. 4. Experimental data frorkig. 2 transformed by usindgq. (7) and
Fig. 3. The double logarithmic plot for non-isothermal crystallization data normalized within (0, 1) interval (points). Solid lines correspond to the
of the samples A and B measured at heating rate 10 Kin

prediction of the JMA model.
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Table 3
0.5 < Sample A The kinetic parameters calculated by the combined kinetic analysis
Sample m E, (kImoft) As (min~1)
_. 001 A 1.19 284+ 3 (1.3+ 0.6) x 107
T B 0.99 356+ 6 (85 2) x 10
£ .05
Sl
é -1.04 . of this combined kinetic analysis for the samples A and B.
= - ioKkmr::n'l The optimization procedure yielded = 1.19 for sample A
1.5 A 15 Kmin® andm = 0.99 for sample B. The slope and intercept of the
& 20 Kmin® straight line shown irfrig. 5correspond te-Ea/R and InAg,
207 b respectively. These kinetic parameters are summarized in
o 1w 1w 1t 1w Table 3for both samples 'of a-T|Q ' . .
1000/T (K One of the key steps in the kinetic analysis is the third
assumption concerning the temperature dependence of the
rate constant. Such assumption can be tested in so called
1.5 sample B non-parametric kinetic (NPK) method d.evelloped by Sgrra
10 %o et al.[18,19]. In this method, the crystallization rate is dis-
] cretized as a matrix whose rows correspond to different frac-
057 tional conversion and whose columns correspond to different
E 0.0 temperatures. The functiofi@) andK(T) are discretized as
= o5 column vectorsf andk. The NPK method uses the singular
< ] value decomposition method to obtain both these vectors that
S 107 o contain the information about the kinetic model and allow
£ 15 o 10 K.min® to verify whether Arrhenius-type rate constant is applicable.
20 i ;g E-m?nj Fig. 6 shows the elements of vectbplotted in logarithmic
] min g form as a function of reciprocal temperature. It is clearly
257 B seen that this plot follows Arrhenius-type dependence. The
138 140 142 144 146 148 slope and intercept of the straight line showrFig. 6 cor-

1000/T (K™ respond to—E4/R and InAy, respectively. These kinetic pa-
rameters are summarized rable 4for both samples of
a-TiOy. The kinetic model can be determined from the plot
of vector f as a function of fraction crystallized as shown
in Fig. 6. This plot is practically linear in a wide range of
respect to heating rate and well corresponds to the theoreti-5|es indicating that the kinetic exponent is close:tés 1.
cally predicted dependence for the JMA model, i) The values of kinetic parameters obtained by the NPK
(1= o)[~In(1~a)], shown by solid line irFig. 4. There is  method are similar to those obtained by combined kinetic
a well-defined maximum located a1 + 0.01 for sample  analysis. The kinetic exponent is close to the value ob-
A and Q64+ 0.01 for sample B. These values are in a rea- tained from In[—In1 — &)] versus 1/Tplot. The activation
sonable agreement with the theoretical prediction. It Seems,energy agrees within the combined error limits with the
therefore, that this test also confirms the applicability of the Kissinger's method estimation (s&ection 3) for both sam-
JMA model for non-isothermal crystallization of anatase in ples A and B. It should be pointed out, however, that these
amorphous Ti@. results are about two times higher than the value reported by
Recently, a new method of combined kinetic analysis has gnother author§3—5]. The kinetic parameters summarized
been introduced17]. This method allows a simultaneous jn Taples 3 and 4an be used to calculate theoretical DSC
processing of crystallization data obtained under different o rves for the JMA model. These theoretical DSC curves

Fig. 5. Combined kinetic analysis of data shownHig. 2. Solid line
corresponds to the linear regression fit.

experimental conditions and it is basedBg. (S)rewritten  are compared with experimental datafify. 2. There is a
in the following logarithmic form: fairly good agreement for sample A and also the difference
I dor/dt I a between the NPK and combined kinetic analysis method are
[m(l —o)[=In(1— a)]l‘l/’”} =n4a (RT> - ®
Table 4
The plot of the left hand side dEq. (8) versus the re-  The kinetic parameters calculated by the NPK method
ciprocal of temperature yields a straight line for the correct Sample m E, (kImol ) A (min-1)
value of the JMA kinetic exponent. This value is determined
A 1.19 271+ 4 1.4+ 1) x 100

in the optimization procedure yielding to the best linear cor-

6
relation corresponding t&g. (8). Fig. 5 shows the result 0-93 39+ 5 (453 x 10
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the vector f (normalized ate = 0.5) plotted as a function of fraction
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as a function of reciprocal temperature.

relatively small. Considerably higher differences are found
for sample B indicating that the crystallization process prob-
ably has a more complex nature than implicitly assumed in
the JMA model.

It is interesting to analyze the fraction crystallized during
isothermal annealing estimated Byg. (1)from data shown
in Table 1(treated a” = 390°C). As mentioned above one
of the most popular testing method for isothermal data is
based on the linearity of In[—Id — «)] plot as a function
of logarithm of time. This plot shown ifig. 7 reveals that
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Fig. 7. The double logarithmic plot for isothermal crystallization data of
the samples A and B (Table 1).

A convenient test of the kinetic model is based on com-
parison of independently obtained isothermal data and cal-
culated isothermal curve based on the kinetic parameters
extracted from non-isothermal experiments. The isothermal
crystallization curve is expressed by the equation obtained
by integration ofEq. (5):

) 8}

Fig. 8 shows isothermal curves calculated for kinetic pa-
rameters given ifable 3(solid lines),Table 4(broken lines)
compared with the experimental values «gf (points) for
the samples A and B. There is a reasonably good agreement
between experimental data and the prediction of the JMA
model for sample A. Moreover, there is a negligible differ-
ence between the prediction based on the kinetic parameters
given inTables 3 and 4. This suggests that the JMA model
is capable to describe well the crystallization extent in sam-
ple A under both isothermal and non-isothermal conditions
(Fig. 8).

However, the same prediction for sample B largely un-
derestimates isothermal data fer> 0.3 range. Such dif-
ferences in isothermal and non-isothermal kinetics in this
sample clearly indicate that underlying crystallization mech-
anism might be complex. It should also be pointed out that
the average size of nanocrystals formed during the crys-
tallization process is about two times smaller than that for

(9)

isothermal data can be approximated by a linear dependencesample A. Similar factor can be found between the surface
The value of kinetic exponent determined from the slope of area ratio of amorphous and crystalline samples. Sample B
this dependence is not so reliable as there is a considerablelso exhibits about 3.2% lower mass loss at the onset of the
scatter in experimental datas = 0.8 + 0.2 (sample A), crystallization process, probably due to lower residual water
m = 1.0+ 0.2 (sample B). However, taking into account content. These differences clearly indicate that the method
combined error limits, these parameters are in a reasonableof preparation of a-TiQ is essential for the crystallization
agreement with the values obtained from non-isothermal behavior. The kinetic model is considered to be consistent
data (sefables 3 and 4) and they correspond approximately if it provides a reliable description of both isothermal and
to the first-order process = 1. Similar behavior has been  non-isothermal data. From this point of view it can be con-
observed in the final stage of nanocrystallization of amor- cluded that only sample A can be described consistently by
phous ZrQ [6]. the JMA model.
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Fig. 8. Time evolution of fraction crystallized of amorphous Ti@t
390°C. Points correspond to experimental dafale 1). The curves are

the JMA model prediction calculated by usirigg. (9) for the kinetic
parameters given iffable 3(solid lines) andTable 4 (broken lines).
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