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Dielectric Constant Controlled Solvothermal Synthesis of a TiO, Photocatalyst
with Tunable Crystallinity: A Strategy for Solvent Selection
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Phase-pure anatase TiO, nanocrystals with a tunable crystal-
linity have been prepared by a one-step solvothermal
method in the absence of any templates or additives. The
crystallinity can be successfully controlled by varying the di-
electric constant of the reaction solvent. 2-Propanol, which
has the lowest dielectric constant of those studied, favors the
crystallization of TiO, nanocrystals with the best crystallinity,
in other words nano-TiO, crystals with the largest crystallite
size (14.8 nm), lowest lattice strain (7.27 X 107%), and highest
photocatalytic efficiency (almost six times that obtained in

methanol). The effect of the dielectric constant on the solu-
bility of the precursor and subsequent nucleation and crystal
growth is discussed in detail. These discussions shed some
light on solvent selection for the designed synthesis of nano-
TiO, with different crystallinity. The photocatalytic activity
of the as-prepared samples has also been investigated with
respect to their crystallinity.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Semiconductor nanoparticles have been a subject of great
interest due to their size-tunable physical and chemical
properties and potential applications.['l In light of its low-
cost, wide availability, nontoxicity, and physicochemical sta-
bility, titanium dioxide (TiO,) has attracted a great deal of
attention during the past decade. TiO, is widely used in
various areas because of its versatile properties,[?! such as
catalytic activity,?l photocatalytic activity for pollutant re-
moval,?®! good stability toward adverse environments,>c]
dielectric character,?¥ photoelectrochemical conversion,?¢!
sensitivity to humidity and gas,* nonlinear optics,/?¢! and
photoluminescence.”™ Photocatalysis has been extensively
studied as a potential solution to the recent severe problems
of energy shortages and environmental crises, especially
since Fujishima and Honda announced a TiO,-based pho-
tochemical electrode for splitting water in 1972121

Of the three polymorphic phases, the photocatalytic ac-
tivity of metastable anatase TiO, with an appropriate crys-
tallite size is higher than that of either rutile or brookite,?!
especially when decreasing the particle size to the nanome-
ter scale. The catalytic activity at these scales is greatly en-
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hanced, because the optical bandgap is widened due to the
quantum size effect and due to the increased surface area.*!

Various techniques!® have been reported for the prepara-
tion of nano-TiO,, such as solvothermal synthesis,’> hy-
drolysis-precipitation,®! sol-gel methods,>! chemical vapor
deposition,P9 and thermal decomposition of alkoxides.[>!
Although sol-gel methods are widely used to prepare nano-
TiO,, the precipitated powders are amorphous in nature,
and the resulting post-calcination process required inevita-
bly results in particle aggregation, a reduction in specic sur-
face area, and even phase transformations. The solvother-
mal method!® is an alternative route for direct (one-step)
synthesis of pure anatase nano-TiO,. However, most atten-
tion is usually directed toward control of the structure and
morphology by varying the reaction temperature,l’! reaction
time,® additives,®! and pH!? during solvothermal treat-
ment, whereas another important experimental parameter,
namely the solvent, has rarely!'' been varied with the aim
of achieving different well-crystallized nanostructures.

Our understanding of, and ability to control and moni-
tor, crystal nucleation and growth is still rudimentary even
though these processes are of central importance to living
systems and in pure and applied sciences. Initial failures to
obtain the solvothermal growth of a specific compound are
usually the result of a lack of data regarding the type of
solvent, the solubility, and solvent-solute interactions.['”]
Solubility is a vital physicochemical and technological pa-
rameter which strongly influences the rate of dissolution
and degree of supersaturation, and therefore the rate of nu-
clei formation.['3! Solubility depends upon the nature of the
substance, its aggregation state, temperature, pressure, and
a series of other factors, among which the dielectric con-
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stant has a crucial effect on precursor solubility due to the
diverse solvation energy. However, this field has rarely been
explored in the literature, to the best of our knowledge, es-
pecially for the solvothermal synthesis of nano-TiO,. We
have therefore studied the formation of well-crystallized
TiO, nanoparticles by a one-pot solvothermal route. The
effect of the dielectric constant on the solubility of the pre-
cursor and subsequent nucleation and crystal growth is dis-
cussed herein in detail with the aim of shedding some light
on the process of solvent selection for the designed synthe-
sis of nano-TiO,. Moreover, the photocatalytic activity of
the samples has also been fully investigated in light of their
crystallinity.

Results and Discussion

Phase and Morphology of the Nanoparticles

Figure 1 shows the XRD patterns for the powders syn-
thesized in four different alcohols. Hereafter, Et-240 (or
-180) will be used to denote nano-TiO, treated at 240 °C
(or 180 °C) for 6 h with ethanol as solvent (Me, Pr and Bu
indicate methanol, 2-propanol, and n-butanol, respectively).
All the powders except for Me-180 belong to the anatase
type of TiO, (JCPDS 21-1272), with no contamination
from other crystalline phases. The lack of diffraction peaks
in the spectrum for Me-180 indicates that this sample is
composed of amorphous particles, and crystallization only
occurs above 180 °C, as confirmed by the XRD pattern for
Me-240 shown in Figure 1b. Pr-180 and Pr-240 (reaction
temperatures of 180 and 240 °C, respectively) show the
sharpest peaks, thus indicating the relatively high crystal-
linity of these two samples.['¥l This aspect will be discussed
further below.

A typical UV/Vis spectrum for the obtained nano-TiO,
samples is shown in Figure 2. To obtain more precise op-
tical bandgaps, (ahv)"?> was plotted against the absorption
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energy of Pr-180 because of its indirect transition nature.[*]
E, was found to be 3.09 eV, which falls in the range re-
ported previously.'®! Furthermore, this value of E, enables
the powder to have a sufficient absorption in the ultraviolet
range (< 400 nm), which is of importance for a UV light
driven photocatalyst.
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Figure 2. UV/Vis spectrum for a typical nano-TiO, sample.

The TEM images for samples obtained at 240 °C are pre-
sented in Figure 3, where it can clearly be seen that the crys-
tallite size and shape strongly depend on the type of the
solvent employed. Thus, particles with an amorphous shape
are severely agglomerated and poorly crystalline when syn-
thesized in methanol (Me-180, shown in the Supporting In-
formation), whereas the crystallinity of Pr-240 is signifi-
cantly enhanced and the particles tend to exhibit an equi-
axed geometry bounded by crystallographic facets. The
HRTEM image confirms the anatase structure for Pr-240.
The inset shows the lattice image of a TiO, particle and its
FFT diffractogram, which is consistent with a [100]-pro-
jected diffraction pattern of anatase-type TiO,. Among all
the four powders obtained at 240 °C, Pr-240 (Sggr =
88.2m?g!) has the largest crystallite size (about 15 nm),
as determined from the corresponding TEM image. As the
samples described herein were synthesized under the same
conditions of temperature and time, their different morpho-
logies and XRD patterns should originate from use of dif-
ferent solvents.
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Me-240
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Figure 1. XRD patterns for samples obtained at (a) 180 °C and (b) 240 °C.
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Figure 3. TEM images for the TiO, nanoparticles obtained at 240 °C.

Photocatalytic Performance of the Nano-TiO,

Figure 4 depicts the result of the photocatalytic degrada-
tion of methyl orange (MO) in the presence of nano-TiO,
samples. The photocatalytic efficiency decreases gradually
in the order Pr-240 > Bu-240 > Et-240 > Me-240, in agree-
ment with the decreasing crystallite size (see Figure 4b). A
similar situation was found for the samples synthesized at
180 °C (Figure 4a). Pr-240 showed the highest photocata-
lytic efficiency, degrading more than 92% of the MO in
40 min, whereas Me-240 photodegraded less than 36% of
MO in 40 min under the same conditions. A quantitative
discussion of the reaction kinetics for this reaction and the
dependence of the photocatalytic activity on the crystal-
linity can be found below.

—a— Pr-180
—k— Bu-180
0 8 16 24 32 40
Time(mins)

The Effect of the Dielectric Constant on the Crystallization

Crystallite size (D) and lattice strain (g) were calculated
by using the Williams and Hall equation['”! (see Experimen-
tal Section); plots of fcosf vs. sinf based on the XRD pat-
terns (Figure 1b) are shown in Figure 5. These plots show
relatively good linearity for Et-240, Bu-240, and Pr-240,
which allows us to determine reliable values for D and e.
For poorly crystalline samples such as Me-240, however,
the number of diffraction lines detected was limited as some
of them are so weak and broad that £ is difficult to measure,
therefore the experimental points for the diffraction lines
measured are scattered.['*!8] The accuracy of the D and &
values is therefore not so high. Table 1 lists the quantitative
values of D and ¢ for each sample. The calculated D values
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Figure 4. Photodegradation of MO over samples under UV irradiation.
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display a good agreement with the data determined from
the TEM images, with crystallinity increasing, in other
words crystallite size increasing and lattice strain decreas-
ing, in the order Me-240 < Et-240 < Bu-240 < Pr-240,
thereby indicating that the crystallinity of the nano-TiO,
samples is strongly dependent on the solvent used.
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Figure 5. The relation between ficosf and sinf for the samples ob-
tained at 240 °C.

Table 1. D and ¢ values obtained from the data shown in Figure 5.

D [nm] £ (1073)
Me-240 5.7 14.94
Et-240 11.6 11.87
Bu-240 12.2 8.56
Pr-240 14.8 7.27

Solvents with different physicochemical properties have
a pronounced effect on the crystallinity and morphology of
the final nanocrystals by influencing the solubility, reactiv-
ity, diffusion behavior, and crystallization kinetics (crystal
nucleation and growth rate).'”] Although great impor-
tance?” has been attached to solvent polarity, coordinating
ability, saturated vapor pressure, viscosity, and steric hin-
drance in the various syntheses reported in the literature,
the effect of the dielectric constant has rarely been dis-
cussed. Here, we provide a closer look at the effect of the
dielectric constant on the crystallinity of the nano-TiO,
samples obtained.

The crystallization of nanoparticles generally consists of
two processes:?! nucleation and crystal growth. The nucle-
ation rate, Jy, can be expressed as follows with a pre-factor,
Jo:l131

o 2,3
JN:JOexp( 167V, y ]

3(RT)(InS)’

§=Ci/Cs

where V,, is the molar volume of the solid material, S is the
supersaturation degree, C; the precursor concentration, C;
the solubility of the solid phase, J;, the frequency of colli-
sions between precursor molecules, y the interfacial tension,
R the gas constant, and 7 the temperature. Hence, it can
be concluded that the nucleation rate is expected to increase
strongly with increasing supersaturation. The solubility of
2792
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an inorganic salt decreases with a decrease in the dielectric
constant of the solvent due to the decreased solvation en-
ergy.??l During the crystal growth process, larger particles
grow at the expense of smaller ones due to the energy differ-
ence between the larger particles and the smaller ones with
higher solubility based on the Gibbs—Thompson law. This
so-called “Ostwald ripening” process has been applied and
confirmed in numerous papers.'*23 In methanol, as can
be seen from Table 2,24 a higher dielectric constant (5 =
32.35) results in a higher solubility of the solid metal oxide
and a lower supersaturation degree in this system, which
leads to fewer nuclei, a reduced precursor supply rate, and
slower crystal growth,l!>19-20d] and therefore lower crystal-
linity (see Figure 6). As mentioned above, the crystallinity
(crystallite size and lattice strain) of the obtained nano-
TiO, should follow the order: Me-240 < Et-240 < Pr-240 <
Bu-240. However, the present data show some unexpected
results, namely that Pr-240 has better crystallinity than Bu-
240, thus showing that other solvent properties, such as vis-
cosity, saturated vapor pressure, coordinating ability, and
steric hindrance, should be taken into account.?”! In other
words, crystallinity depends on the dielectric constant of
the solvent to a large extent, but not exclusively.

Table 2. Dielectric constant for the alcohols used.

Methanol
32.35

[a] Data taken from ref.[>4l

Ethanol
25.00

n-Butanol

17.50

2-Propanol
18.62

Dielectric constant!!
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]
S
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0
g
S
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Figure 6. The effect of the dielectric constant on the crystallinity.

The Dependency of the Photocatalysis on the Crystallinity

To obtain a quantitative understanding of the reaction
kinetics of the MO degradation, we applied a pseudo-first-
order model, as expressed by the following equation, which
is generally used for photocatalytic degradation processes if
the initial concentration of pollutant is low:>!

In (C,/C) = Kt

where C, and C are the concentrations of the dye in solu-
tion at times 0 and ¢, respectively, and K is the pseudo-first-
order rate constant. Figure 7a depicts the photocatalytic re-
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action kinetics of the MO degradation for the samples ob-
tained at 240 °C based on the data plotted in Figure 4b. A
rather good correlation to pseudo-first-order reaction kinet-
ics (R > 0.98) was found from these results, with the reac-
tion constant K increasing in the order Me-240 < Et-240
< Bu-240 < Pr-240 from 0.0104 to 0.0594 min~! concomi-
tantly with an increase in the crystallinity (increase in crys-
tallite size and decrease in lattice strain), as can be seen in
Figure 7b. A similar trend was also found for the samples
obtained at 180 °C (see Supporting Information), with the
same order of the photocatalytic reaction constant K (Me-
180 < Et-180 < Bu-180 < Pr-180), which in this case ran-
ges from 0.0095 to 0.0302 min~'. Furthermore, the samples
prepared at 240 °C are superior to the corresponding one(s)
at 180 °C as regards both their crystallinity and their photo-
catalytic efficiency, which also confirms the dependence of
the photocatalysis on the crystallinity.

3.6
3.2 Catalyst K (10 2/min) R
2] gMe-240 104 099947  (A)
2.81 AEt-240 3.00 0.99739
__ 241 mPr-240 5.94 0.99279
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C
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Figure 7. (a) Reaction kinetics of UV light induced MO degrada-
tion over samples synthesized at 240 °C; (b) effect of the crystal-
linity on the reaction constant K.

As mentioned above, the gradually increasing crystal-
linity should be mainly responsible for the photocatalytic
improvements seen in the present system. Crystallinity has
been shown to have a significant influence on the two most
important processes during photocatalysis, namely charge-
separation and charge-transport, as follows:[3*2°! (1) Highly
crystallized anatase can promote charge-transfer from the
particle’s center to its surface. Residual strain in the poorly
crystallized TiO, lattice leads to disorder and distortion of
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the TiO, matrix, which can have a severe scattering effect
on charge-transport. Furthermore, an electron and a hole
can migrate further in a crystal of larger crystallite size than
in a smaller one, thereby allowing separation of the more
reducing and oxidizing sites on the surface of the crystal.
Volume recombination is therefore likely to occur less fre-
quently. (2) It eliminates the crystal defects (impurities, dan-
gling bonds, and microvoids) which can act as recombina-
tion centers for the electron/hole pairs, which means that
surface recombination is greatly suppressed. It is therefore
not surprising that Pr-240, with a crystallite size of about
14.8 nm and a lattice strain of about 7.27 X 103, has the
highest reaction constant for MO decomposition, which in
this case is about six times that for Me-240.

Conclusions

Phase-pure anatase TiO, nanocrystals have been pre-
pared by a facile solvothermal method in the absence of
additives. The crystallinity can be controlled by using sol-
vents with different dielectric constants. Thus, 2-propanol,
which has a relatively low dielectric constant, results in a
lower solubility of the solid metal oxide and a higher super-
saturation degree in this system, which in turn leads to a
greater number of nuclei, a sufficient supply of precursors,
accelerated crystal growth, thereby promoting the crystalli-
zation of TiO, nanocrystals. Pr-240 has the highest crystal-
linity, in other words the largest crystallite size (14.8 nm)
and lowest lattice strain (7.27 X 10-3). This high crystallinity
provides significantly improved charge transport and sepa-
ration and eliminates crystal defects, thus contributing to
the enhanced photocatalytic activity — the reaction constant
K for MO decomposition by Pr-240 is almost six times that
for Me-240. This paper has therefore shed some light on
solvent selection for the designed synthesis of nano-TiO,
with different crystallinity and the method reported herein
has been shown to provide flexibility, selectivity, and effi-
ciency for the designed synthesis of other functional nano-
materials.

Experimental Section

Synthesis: All chemicals were obtained commercially and used as
received without further purification. Titanium n-butoxide [TNB,
Ti(OBu),] was chosen as the precursor, and four different solvents,
namely methanol, ethanol, 2-propanol, and n-butanol, were used as
reaction media for the present solvothermal treatment. In a typical
synthesis with ethanol as solvent, TNB (5.0 mL) was diluted in
anhydrous ethanol (24.0 mL) and the mixture stirred for 10 min to
obtain a pale-yellow solution. After dropwise addition of deionized
water (1.0 mL) and stirring for 30 min, the homogeneous white sol
was transferred into a Teflon-lined autoclave (50 mL capacity, 60%
filling), which was heated to the desired temperature at a rate of
3 °C/min and maintained at this temperature without stirring for
the proposed reaction time (6 h). The autoclave was then allowed
to cool gradually to room temperature in air, and the as-prepared
powders were collected by centrifugation (3000 r/min, 15 min),
washed three times with anhydrous ethanol, and dried at 80 °C.
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Characterization: The crystal structure and phase identification of
the samples were carried out by Fast Fourier Transformation
(FFT) and XRD (Rigaku DMax-2200) with a monochromatized
Cu-K,, radiation source (4 = 0.15405nm) at 1.6 kW (40KkV,
40 mA). Since peak broadening generally depends on lattice strain
(¢) and crystallite size (D), these variables were determined sepa-
rately by using the Williams and Hall equation [Equation (1)]:['”!

fpecost = KAID + 2esinf (1)

where £ is the full width at half maximum (FWHM) intensity ob-
served, K the shape factor (assumed to be 0.90), and A the wave-
length of the Cu-K,, radiation (0.154056 nm). The FWHM of each
diffraction line was determined from the profile measured at a scan-
ning rate of 0.25°(20)/min"!, which was calibrated by referring to a
standard silicon powder for instrumental broadening. The plots of
peos against sinf for different samples were approximated to be
linear. D was calculated from the intercept of the extrapolation of
this linear relation to the ordinate (i.e., sind = 0), and ¢ was deter-
mined from the slope of this linear relation. For poorly crystalline
samples, the linear relationship between fcosf and sinf was not
very clear. For highly crystalline samples, however, a good linearity
was observed, and so reliable values of D and ¢ were obtained.!'¥
The band-gap energy (E,) of the powders was determined from the
UV/Vis diffuse reflectance spectrum obtained with a spectropho-
tometer (Hitachi U3010) equipped with an integrating sphere and
with BaSO, as a reference in the wavelength range 250-800 nm.
Field-emission TEM (JEM, 2100F) as well as HRTEM were used
to study the morphology, crystallinity, and dimensions of the pow-
ders. The Brunauer—-Emmett-Teller (BET) specific surface areas
were determined from nitrogen sorption isotherms at 77 K with a
Micromeritics ASAP2010 instrument and calculated from the lin-
ear part of the BET plot. Photocatalytic activity was determined
as reported in our previous papers.?”l Methyl orange (MO) was
used as a representative organic pollutant to evaluate the photo-
catalytic activity of as-prepared nano-TiO, under UV irradiation.

Supporting Information (see footnote on the first page of this arti-
cle): Photocatalytic reaction kinetics of MO degradation over the
samples obtained at 180 °C; TEM images for nano-TiO, obtained
at 180 °C.
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