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An in situ EDXRD kinetic and mechanistic study
of the hydrothermal crystallization of TiO,
nanoparticles from nitric acid peptized sol-gel

Mohammad Rehan,?® Girish M. Kale® and Xiaojun Lai*®

In situ energy dispersive X-ray diffraction (EDXRD) has been used to monitor the crystallization of TiO,
nanoparticles from hydrothermal reactions of nitric acid (HNOsz) peptized sol-gels at 210, 230, 250 and
270 °C. The EDXRD peaks revealed the formation of pure rutile phase TiO, particles from all the hydro-
thermal reactions studied. The reaction kinetic data have been determined by monitoring changes in the
integrated peak areas of the highest intensity diffraction peak (110). A kinetic and mechanistic analysis of
the hydrothermal synthesis of TiO, nanoparticles has been proposed based on the Avrami-Erofe’ev kinetic
model. The Avrami exponent values obtained were within the range of around 0.5-1 for all the reactions
studied, indicating that the hydrothermal crystallization of TiO, nanoparticles involves a diffusion-
controlled process mechanism. The as-synthesized TiO, nanoparticles have been further characterized by
powder X-ray diffraction (XRD) and transmission electron microscopy (TEM). The XRD data are in good
agreement with the EDXRD results and confirm the formation of pure rutile phase TiO; particles. The TEM
results showed that the TiO, particles produced are below 100 nm in size and exhibit bi-modal size and

www.rsc.org/crystengcomm morphology distribution.

Introduction

TiO, has attracted wide scientific and technological interest
as a result of its applications in photocatalysis, optical
devices, gas sensors, solar cells, and antibacterial activity, in
the recent past.'® The possibilities of new and enhanced
current applications further increase when the material is
made in the nanometer size range due to its unique physical,
chemical, mechanical and optical properties. This has led to
many breakthroughs in the preparation, modification and
applications of TiO, nanomaterials to date.”*

The hydrothermal process, in which chemical reactions
occur in aqueous or organo-aqueous media, under the simul-
taneous application of heat and pressure, has been widely
used to produce TiO, nanoparticles.">* This process has
many advantages such as it uses relatively low reaction
temperatures to obtain particles with narrow particle size
distribution, reduces agglomeration and has good phase
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homogeneity and controlled particle morphology. Despite all
the advantages, one major challenge of the hydrothermal
process is the difficulty of direct observation of the crystals
as they grow due to the black box nature of the process.**
The use of pressure vessels along with a large number of
reaction variables present, including reaction temperature,
time, solvent and reactant concentrations and percent fill,
contributes to the lack of control in these reactions.”

In order to achieve good control of the hydrothermal syn-
thesis of nanoparticles with precisely tailored properties, a
better understanding of the reaction kinetics and growth
mechanism is essential. An in situ monitoring of hydrother-
mal reactions using synchrotron radiation EDXRD has been
used to obtain information to probe the reaction kinetics and
mechanisms.>**” The high photon energy white X-ray beam
of synchrotron radiation has the ability to penetrate into the
stainless steel pressure vessel, providing time-resolved dif-
fraction patterns of crystalline materials on an energy scale.
This allows an entire diffraction pattern of the contents of
the reaction vessel to be collected in situ in a short time span
(e.g. 60 s).*® The non-invasive EDXRD technique has been
developed as a powerful tool at Synchrotron Radiation Source
(SRS) station 16.4 at Daresbury Laboratory with various appli-
cations of in situ process observations such as process tomog-
raphy, hydrothermal crystallization microporous materials
synthesis, chemical reactions, ambient pressure crystalliza-
tion, and crystal phase transformation reactions.>™*° In
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addition to these, some other applications of in situ tech-
niques to study the sol-gel synthesis and crystallization reac-
tions have also been reported recently.*'*°

In this paper, we present the use of in situ EDXRD at sta-
tion 16.4 of Daresbury Laboratory SRS to study the hydrother-
mal synthesis of TiO, nanoparticles. The nanoparticles have
been synthesized by hydrothermal reactions of HNO; peptized
sol-gels at 210, 230, 250 and 270 °C. The as-synthesized
nanoparticles have also been characterized by XRD and TEM
analyses. A kinetic and mechanistic analysis of the hydrother-
mal synthesis of TiO, nanoparticles based on the Avrami-
Erofe'ev kinetic model has also been reported.

Experimental

Titanium butoxide (Ti(OBu),) used as a Ti precursor,
2-propanol ((CH3),CHOH) used as solvent and nitric acid
(HNO3, 70%) used as a peptizing agent were all obtained
from Sigma-Aldrich, UK and used without further purifica-
tion. A 0.5 M solution of titanium butoxide in 2-propanol was
prepared and then added dropwise to distilled water at a 1:4
volume ratio with continuous stirring for about 1 hour. The
obtained suspension was filtered to collect the white precipi-
tate of hydrolysed TiO,. The HNO; peptized sol-gel was then
prepared by stirring a mixture of 31 g of the TiO, precipitate,
2.7 ml of HNO; (70%) and 90 g of distilled water for about
45 min. This produced a clear pale yellow coloured sol-gel.
These sol-gels were then treated hydrothermally at different
temperatures to produce TiO, nanoparticles.

The hydrothermal synthesis of TiO, nanoparticles from
HNO; peptized sol-gels was monitored in situ using EDXRD
in Station 16.4 of the SRS at Daresbury Laboratory, UK. The
details of the station and the experimental setup can be
found in our previous work.’® In a typical hydrothermal pro-
cess, 20 ml of the HNO; peptized sol-gel was placed in a
30 ml PTFE lined pressure vessel and heated to desired tem-
perature. A special inconel thinner-walled pressure vessel was
used to minimize the absorption of X-rays. The hydrothermal
reaction mixture was stirred continuously using a PTFE
coated magnetic stirrer placed in the vessel to ensure that
the particles produced remained in the pathway of the
beam throughout the reaction and did not settle down. Four
hydrothermal reactions were studied at four different temper-
atures of 210, 230, 250 and 270 °C with a heating rate of
~10 °C min™".

During each hydrothermal reaction, the X-ray diffraction
patterns were simultaneously collected every 60 s on an
energy scale using three-element solid-state detectors; top,
middle and bottom, fixed at 260 angles of 7.375°, 4.51° and
1.61°, respectively. The three-element solid state detector
setup used in this work is described elsewhere.’*** The raw
data recorded by Pincer software during the course of hydro-
thermal reactions were in channel numbers, which were
converted to the energy scale (keV) using a program called
DL Convertor. The patterns on the energy scale were then
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converted to the d-spacing scale (A) using the modified form
of Bragg's law:

E =6.199/(d sin 0) (1)

All hydrothermal reaction products were further character-
ized using powder XRD and TEM. The equipment, sample
preparation and conditions used for this characterization
were exactly the same as those described in our previous
work.>°

Results and discussion

The in situ EDXRD spectra collected during the hydrothermal
synthesis of TiO, nanoparticles from HNO; peptized sol-gels
treated at 210, 230, 250 and 270 °C are shown in Fig. 1(a)—(d)
respectively. As the hydrothermal reactions proceeded, the
pressure of each vessel started to build up after 30 to 40 min
and then stabilized after the attainment of the set tempera-
ture. The maximum pressure values observed were around
20, 34, 40 and 42 bar for reactions at 210, 230, 250 and
270 °C, respectively.

In all experiments, the first few EDXRD spectra only
showed a broad hump between 1.5 to 4.5 A d-spacing with no
Bragg peaks. This hump is produced by the diffuse scattering
of the complex structured gel in the reaction vessel and the
spectral intensity profile of the white beam.** During the
hydrothermal reaction of HNO; peptized sol-gel at 210 °C,
the first diffraction peak emerged with a d-spacing value of
3.26 A after an induction time of 34 min, corresponding to
the (110) plane of the rutile crystal structure (Fig. 1a). As the
reaction proceeded further, the intensity of this peak
increased gradually until around 90 min and then almost sta-
bilized for the rest of the reaction time. Another peak with
lower intensity was noticed shortly after the first one with a
d-spacing value of 2.50 A, corresponding to the (101) plane of
the rutile crystal structure. The intensity of this second peak
(101) remained lower than the first one (110), throughout the
whole reaction time.

The hydrothermal processes heated up to 230, 250 and
270 °C also showed very similar peak emergence and develop-
ment akin to that observed at 210 °C. The two same Bragg
peaks of d-spacings 3.26 and 2.50 A, corresponding to rutile
(110) and (101) diffraction planes, respectively, were
observed. However the induction times, 33, 31 and 30 min
for the processes at 230, 250 and 270 °C, respectively, were
slightly lower than that for the process at 210 °C. Further-
more, the overall peak intensities for the processes at higher
temperatures are greater than the process at the lower tem-
perature, which can be attributed to the larger number and
size of particles produced at higher process temperature.

There were two small diffraction peaks noticed at
d-spacings 2.10 and 2.19 A for the whole reaction period of
250 and 270 °C (Fig. 1(c) and (d)), which do not match with
any of the rutile diffraction planes in the reference patterns.
These peaks are probably arising from the fluorescence

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 In situ EDXRD data collected during the hydrothermal synthesis of TiO, nanoparticles from HNOs; peptized sol-gels at (a) 210 °C,
(b) 230 °C, (c) 250 °C and (d) 270 °C. Modified versions of our previously published EDXRD graphs.>°

or escape peaks associated with synchrotron beam
conditions on the day of the experiment. The data shown in
Fig. 1(a) and (b) were obtained on a different experimental
day and hence these two additional peaks are not present.
The EDXRD patterns show that the rutile phase TiO, particles
are directly produced from the sol-gel complex structure
upon hydrothermal treatment without formation of any crys-
talline intermediate phase.

The extent of reaction (&) has been measured using the
integrated areas of the highest intensity peak (110) and plot-
ted against the reaction time for each hydrothermal process
studied (Fig. 2a-d). The peak area is integrated using
the Gaussian function by an in-house developed program

This journal is © The Royal Society of Chemistry 2015

(XRD Peak Area Analyser). These values can be converted to
extent of reaction («), scaled from zero to one, using the
relationship:

ot) = Ina(t)/ Tnw(max) (2)

where I,;(¢) is the area of a given peak at time ¢ and Ij;(max)
is the maximum area of this peak at the point of termination
of the reaction. The extent of reaction curves (Fig. 2a-d)
roughly follow the sigmoidal profile, where the crystallization
process shows slow rates at the beginning and the end of the
reaction but fast in between. The slow rate at the beginning
is due to the induction period, which represents the time
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Fig. 2 Extent of reaction against time for the (110) peak of TiO, particles produced by in situ hydrothermal processes at 210, 230, 250 and 270 °C
(a—d) and their corresponding Sharp and Hancock plots showing the kinetic data (e-h), respectively.

taken to produce enough number of nuclei that could poten-
tially be detected by EDXRD. The particles rapidly grow
from these nuclei during the intermediate stage. The slow
rate in the final stage indicates that the reaction is near to

2016 | CrysttngComm, 2015, 17, 2013-2020

completion after consumption of all the available nuclei. A
similar trend is observed in Fig. 2(a-d), further indicating
that each hydrothermal process investigated in this study
follows an identical reaction mechanism. The dotted lines on

This journal is © The Royal Society of Chemistry 2015
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these graphs are constructed manually for easy graph reading
and have no physical significance.

The quantitative kinetic analysis of the hydrothermal syn-
thesis of TiO, nanoparticles produced from HNO; peptized
sol-gels was achieved by using the nucleation-growth kinetic
model described by Avrami-Erofe'ev.”*™® This model is
widely used for phase transitions and crystal growth pro-
cesses in chemistry (eqn (3))

a = 1-exp[~(k(t - ,))"] ®)

where « is the extent of reaction, k is the rate constant, ¢t is
the time coordinate, t, is the induction time and m is the
Avrami exponent which depends on the reaction mechanism.
The interpretation of m is based upon the work by Hulbert,
who analyzed a series of possible ideal reactions and showed
how the m values from the Avrami kinetic model can be cor-
related with a number of reaction mechanisms.”® The values
of m and k are most easily obtained using a Sharp-Hancock
plot constructed by using eqn (4).””

In[-In(1 - )] = mIn(t - ¢,) + mIn(k) (@)

Thus a plot of In[-In(1 - )] against In(¢ - ¢,) should yield
a straight line with a gradient m and an intercept mIn(k), if
the Avrami-Erofe'ev model is valid. The Sharp-Hancock plots
based on the kinetic data derived from the (110) reflection
peaks of TiO, (Fig. 2a-d) synthesized by in situ hydrothermal
processes at 210, 230, 250 and 270 °C are shown in Fig. 2(e-h),
respectively. The resultant plots exhibit a linear relationship
within the range of 0.2 < a < 0.8, and the gradient (m) and
intercepts (mIn(k)) of lines have been determined by linear
regression to compute the kinetic parameters (Table 1). The
linear regression analysis gives an average error bar for each
data point and the overall average error decreases as the reac-
tion temperature increases from 210 °C to 270 °C.

It can be seen in Table 1 that the calculated values of m
are 0.53, 0.44, 0.69 and 0.76 for the hydrothermal process of
TiO, at 210, 230, 250 and 270 °C, respectively. Since the
values of m are roughly within 0.5-1, it indicates that the
hydrothermal reaction for the formation of rutile TiO, from
the precursor gel occurs via a diffusion-controlled mecha-
nism.>® This means that the rate of diffusion of the reactants
through the solution to the site of crystallization is the rate
limiting factor of the overall reaction. The rates of all the
other steps including breaking of the sol-gel structure upon
heating to release the reactive species, formation of nuclei

Table 1 Summary of the Avrami-Erofe'ev kinetic parameters for the
hydrothermal synthesis of TiO, nanoparticles from HNOs peptized sol-gels
at different temperatures

T (°C) to (5) k(s m

210 2020 3.95x 10" 0.53
230 1950 6.03 x 10" 0.44
250 1880 4.14x107* 0.69
270 1810 2.55x 107" 0.76

This journal is © The Royal Society of Chemistry 2015
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and crystal growth are relatively faster and therefore do not
affect the overall rate of the reaction for the formation of
TiO, nanoparticles under hydrothermal conditions.

It should be noted that the kinetic parameters k and m
calculated from the Avrami-Erofe'ev kinetic model are rea-
sonably consistent and within appropriate ranges, even
though several factors may have influenced their accuracy
during the experimental and data analysis stages. This
includes, but not limited to, the complex nature of sol-gel
used, EDXRD data collection over few visits to SRS station
16.4, possible variations in stirring speed of different cells
used, detection of small diffraction peaks and errors in
induction time due to the lower detection limits intrinsic to
the EDXRD technique,*® and errors in integration of the peak
area which is a key parameter used for calculating the extent
of reaction and other kinetic and mechanistic parameters. It
is also worth mentioning here that the cooling process after
the completion of the hydrothermal reactions can also be an
important phenomenon. In this study, natural air cooling,
which takes few hours, has been adapted for all the hydro-
thermal processes, but this cooling process was not moni-
tored in situ due to limited availability of beamtime. The
authors believe that natural air cooling has very little effect,
if any, on crystal formation and growth processes. However,
it would still be interesting to monitor in situ any changes
during the cooling process of hydrothermal systems.

The products obtained from the in situ hydrothermal reac-
tions carried out at Daresbury Laboratory have been further
characterized by powder XRD and TEM to study the crystal
structure, size and morphology. The XRD patterns of the oven
dried powder samples, from in situ hydrothermal reactions
carried out at Daresbury Laboratory at 210 °C, 230 °C and
270 °C, are shown in Fig. 3. This confirms that rutile phase
TiO, has been produced from all the hydrothermal processes
studied. The XRD peaks are indexed using the reference
pattern JCPDS card 01-088-1172. There is no evidence of any
other crystalline phase or impurity in any of the samples.

230°C

Intensity (a. u.)

J\LA 210 °C
. .Mf"‘\mm

70 80 90

WAV
20 30 40 50

L A,
60
26 (degree)

Fig. 3 XRD patterns of TiO, nanoparticles produced by in situ
hydrothermal reactions of HNOz peptized sol-gels at 210 °C, 230 °C
and 270 °C. Modified versions of our previously published XRD
patterns.>®
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These powder XRD results are in good agreement with
our in situ EDXRD results. The XRD pattern for the sample
produced at 250 °C is missing because this sample was
misplaced during laboratory shift and the repeat experiment
was not possible due to unavailability of any further
beamtime for this project. However, the authors have abso-
lutely no doubt on this sample forming the same rutile phase
TiO, particles because many ex situ hydrothermal synthesis
experiments under similar process conditions have been
conducted at the University of Leeds laboratories and the
results are in complete agreement.

The TEM images of the TiO, nanoparticles produced by in
situ hydrothermal reactions of HNO; peptized sol-gels at
210, 230, 250 and 270 °C are shown in Fig. 4a-d, respectively.
It is evident from these images that the particles produced
from all these processes generally exhibit bi-modal size and
morphological features. The smaller spherical particles are
found to be in the average size range of around 5-15 nm and
the larger rod-like particles around 30-95 nm. The particles
produced from the process at the highest temperature of
270 °C showed relatively narrower particle size and morphol-
ogy distributions with fewer smaller spherical particles
compared with the other processes studied at the lower
temperatures.

The in situ EDXRD technology coupled with synchrotron
radiation provides the capability to study reactions in very
special conditions such as under very low or high tempera-
tures and/or pressures, allowing very fast and time resolved
measurements. This makes it possible to carry out detailed
kinetic and mechanistic studies, which are not possible with
conventional XRD. However, there are some limitations to
this technology, for example it relies on the ability of the
high energy beam of synchrotron radiation to penetrate
through the steel walls of the pressure vessel. The thickness
of the pressure vessel to be used, which controls the maxi-
mum safe working temperature and pressure conditions,
depends on the maximum usable energy of synchrotron radi-
ation, because the higher the X-ray energy the more penetrat-
ing the beam.”® So far we have studied the hydrothermal
reactions at a maximum temperature of 270 °C and pressure
of 42 bar using a pressure vessel with a wall thickness of
0.25 mm at station 16.4 Daresbury Laboratory. However, dif-
ferent beamlines throughout the world have different levels
of energies and capabilities that determine the maximum
safe working temperature and pressure conditions at which
one can study any hydrothermal system. Furthermore, in situ
EDXRD is less sensitive due to high noise from the scatter-
ing background and has lower resolution than the conven-
tional angular dispersive XRD. This is a general issue of
in situ EDXRD techniques, which also makes particle sizing
unfeasible.

Conclusions

In situ EDXRD has been successfully used to study the evolu-
tion of crystalline TiO, nanoparticles from HNO; peptized
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Fig. 4 TEM images of TiO, nanoparticles produced by in situ
hydrothermal reactions of HNOs; peptized sol-gels at (a) 210 °C,
(b) 230 °C, (c) 250 °C and (d) 270 °C.

sol-gels at 210, 230, 250 and 270 °C in the hydrothermal pro-
cess. Pure rutile TiO, nanoparticles have been produced as
confirmed by both in situ EDXRD and powder XRD data. The

This journal is © The Royal Society of Chemistry 2015
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reaction kinetics and mechanistic analysis of the hydrother-
mal synthesis of TiO, nanoparticles has been proposed based
on the Avrami-Erofe'ev nucleation-growth kinetic model. It
has been found that the hydrothermal synthesis of TiO,
nanoparticles from the HNO; peptized sol-gel process exhibits
a diffusion-controlled reaction mechanism. The TEM results
have shown that the particles produced are below 100 nm in
size and exhibit bi-modal particle size and morphology distri-
bution. The fundamental understanding of reaction kinetics
and the mechanism developed from these studies are very
important for controlled synthesis of tailor-made nanoparticles
employing the hydrothermal process.
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