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Monodispersed spherical TiO, particles were prepared by
hydrothermal crystallization and/or calcination of spherical
amorphous particles, synthesized by thermal hydrolysis of
TiCl,. The crystallized spherical particles were secondary
agglomerates of primary nanocrystallites. Different crystalli-
zation routes and conditions provided the spherical TiO,
particles with wide particle characteristics, such as the fraction
of crystallization, the size and shape of the primary nanocrys-
tallites, and the specific surface area. The photocatalytic
activity showed complex dependence on the crystallization
routes and conditions. The complex dependence behavior
could be explained by combining the effects of the fraction of
crystallization, the specific surface area, and the adsorption
ability for hydroxyl ions. Especially, in the present study, the
hydrothermally crystallized TiO, particles with large primary
nanocrystallites showed the highest photocatalytic activity.
The high photocatalytic activity mainly resulted from the high
surface adsorption ability for hydroxyl ions, which was closely
related to the well-developed (flat and faceted) morphology of
primary nanocrystallite.

I. Introduction

ITANIUM DIOXIDE (TiO,) particle is a candidate photocatalyst.

Photocatalysis is a photon-assisted electrochemical reaction
on small semiconductor particles. Since the pioneering work in this
field in 1972," nanoparticles have been used as photocatalysts. In
the nanoparticle-applied photocatalysis process, one of the draw-
backs was the difficulty in handling the nanocatalysts due to their
nanometer-scaled size and high surface activity.

Monodispersed spherical TiO, particles have been researched
extensively,? ® because an unagglomerated spherical particle with
a narrow size distribution is the most desirable state for the
compacting and sintering of ceramics. In the present study,
micrometer-scaled, monodispersed and spherical TiO, particles
with primary nanocrystallites are applied to improve the handling
difficulty of the TiO, nanocatalyst. The spherical TiO, particles
are expected to be easily manageable due to their micrometer-
scaled size and to show sufficient photon efficiency due to their
primary nanocrystallites.
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Particle size is generally one of the most important physical
parameters in a catalyst, because it can directly affect the number
of active sites. There have been some systematic reports on the
effects of particle size on TiO, photocatalysis.”~'” The reported
results can be summarized by the following three conflicting
observations: the first is that photocatalytic activity decreased as
particle size increased,’” the second is that photocatalytic activity
increased as particle size increased,®'® and the third is that
maximum photocatalytic activity was shown in particles with
diameters of about 10 nm."*~'7 The conflict among these three
findings stems from the applications of photocatalysts prepared by
different synthesis routes. Therefore, investigation of the influence
of synthesis routes on photocatalytic activity is important in
understanding the effects of particle size.

In the present study, monodispersed spherical TiO, particles
with primary nanocrystallites were prepared by three different
crystallization routes: (i) hydrothermal crystallization, (ii) calcina-
tion, and (iii) a combination of hydrothermal crystallization and
calcination. The different crystallization routes provided TiO,
particles with wide particle characteristics. Their photocatalytic
activity was evaluated to elucidate the effect of the crystallization
routes on the photocatalytic activity. Finally, it will be suggested
that the hydrothermally crystallized particles should show ultra-
high photocatalytic activity due to their high surface adsorption
ability for hydroxyl ions.

II. Experimental Procedure

(1) Synthesis and Crystallization of TiO, Particles

Amorphous spherical TiO, particles were synthesized by the
thermal hydrolysis and condensation reactions of TiCl, in a mixed
solvent of 1-PrOH and H,O. In the mixed solvent, the volume ratio
of 1-PrOH to H,O was 3 and the concentration of HPC, a steric
dispersant, was 0.3 g/L. TiCl, was dissolved in the mixed solvent
to form a 0.1M TiCl, stock solution. The thermal hydrolysis and
condensation reactions were induced by homogeneously heating
500 mL of the stock solution in a kitchen microwave oven.
Detailed processing conditions and formation principles of the
amorphous spherical precursor have been reported elsewhere.® In
the present study, the amorphous TiO, precursor is referred to as
AT particles, and it is used as a precursor for the subsequent
hydrothermal and/or calcination processes.

The dried AT particles (1 g) were dispersed in 70 mL of H,O by
ultrasonic and stirring processes and then crystallized by hydro-
thermal process in a 100-mL Teflon-lined mini-autoclave. The
hydrothermally crystallized TiO, particles are referred to as HT
particles in the present study. After the hydrothermal crystalliza-
tion, the HT particles were dried at 100°C for 12 h.

Some of the prepared HT particles were used as precursors for
the combined crystallization process. The HT particles (1 g) were
put into a platinum crucible and then rapidly heated to the desired
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calcination temperature. The hydrothermally crystallized and then
calcined TiO, particles are referred to as HCT particles in the
present study. In addition to the HT particles, the AT particles
were simply calcined to prepare crystalline TiO, particles. The
only calcined TiO, particles are referred to as CT particles in the
present study.

For comparison, Degussa P-25 TiO, nanoparticles, one of the
representative commercial photocatalysts, were used as a reference
photocatalyst and are referred to as P25 particles in the present
study.

(2) Characterization of TiO, Particles

Particle morphology was characterized by electron microscopy
(SEM and TEM). Specific surface area (A) and light transmission
behavior were evaluated by BET and UV-vis-IR spectroscopy,
respectively.

Crystalline phase, fraction of crystallization (X,), and diameter
of primary nanocrystallites were evaluated by X-ray diffraction
(XRD) analysis. In the XRD analysis, scanning speed, sampling
interval, and range of 20 were 0.4°/min, 0.01°, and 23.5-29°,
respectively.

X, refers to the fraction of the crystalline anatase phase in the
particle where amorphous and crystalline anatase phases are mixed
up. In the present study, the fraction of crystallization was
evaluated by using the relative integral intensity of the anatase
(101) diffraction peak, because the integral intensity is directly
proportional to the fraction of crystalline phase. This evaluation
method has been used to study the crystallization and phase
transformation in TiO, particles under hydrothermal conditions.'®

As will be further explained later, the prepared spherical
particles were secondary agglomerates of primary nanocrystallites.
The average diameter of primary nanocrystallite was calculated
with the Scherrer formula from the peak broadening width at a
half-intensity of the anatase (101) diffraction peak and was
calibrated by the Warren method.'® It is generally accepted that
this method could be applied to measure the diameter of nanoc-
rystallites smaller than 100 nm.'? In the present study, the
calculated diameter of primary nanocrystallites was compared with
the results from TEM analysis. As the diameter of primary
nanocrystallites becomes larger and larger, the mismatch of the
XRD results to the TEM results becomes increasingly larger.
Nevertheless, the deviation between the two results could be
ignored in most of the prepared particles, except the HT particles
crystallized under severe hydrothermal conditions.

In the XRD analysis to evaluate the fraction of crystallization and
the size of primary nanocrystallites, commercial anatase particles
(99.9%, Aldrich Chemical, Milwaukee, WI) with an average particle
diameter of 200 nm were used as a reference sample.

Zeta-potentials were evaluated to investigate the surface adsorp-
tion ability for hydroxyl ions of the prepared TiO, particles
suspended in aqueous solutions. In the zeta-potential analysis,
various HCI and NH; aqueous solutions with different concentra-
tions were used to control the pH of the TiO, suspensions.

(3) Measurement of Photocatalytic Activity

Photocatalytic activity was measured by monitoring chlorine ions
generated during photocatalysis of chloroform (CHCl,), a represen-
tative chlorinated hydrocarbon. A schematic illustration of the pho-
tocatalytic activity measurement system applied in the present study is
presented in Fig. 1. For a prepared particle, the measured photocata-
Iytic activity has narrow error limits, less than +5%.

Photocatalysis of chloroform has been extensively studied.?’~>?
Pruden and Ollis®® suggested that chloroform should be readily
degraded in illuminated TiO, suspensions according to the follow-
ing reaction:

hv
2CHCI, + 2H,0 + 0,—> 2CO, + 6HCl (1)

As there is no intermediate product in reaction (1), the concen-
tration of generated chlorine ions can be directly converted to the
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1. UV black light lamp 10. Personal IBM computer
2. Transformer for UV lamp 11. Outlet for gas

3. Quartz tube 12. Circulation pump

4. Pyrex glass tube 13. Inlet of TiOe slurry

5. Outlet of TiO2 slurry 14. Inlet of Oz gas

6. Pyrex 4-neck flask 15. Gas flowmeter

7. Cl- selective electrode 16. Gas regulator

8. ATC probe electrode 17. Gas cylinder

9. Cl- ion meter

Fig. 1. Schematic view of the photocatalytic activity measurement
system used in this study.

concentration of chloroform decomposed on the photocatalysis
reaction. Therefore, in studies about the photocatalysis of chloro-
form, photocatalytic activity (y) is generally defined as in the
following equation:

C

Y= 3l 2
where C is the concentration of chlorine ions (mol/L), ¢ is the
irradiation time of UV light, m is the concentration of TiO,
particles (g/L), and [ is the intensity of adsorbed UV light. In all
the photocatalytic activity measurement tests, the initial con-
centration of chloroform and the added amount of the TiO,
photocatalysts (m) were constant, being 0.019 mol/L and 0.62
g/L, respectively. In the present study, C was evaluated by
using a chlorine ion selective electrode (96-17B, Orion Re-
search, Inc., Beverly, MA), when the UV light irradiation time
(1) was 20 min. As a UV light source, a UV black light lamp (15
W; F15T8/BLB, GE, Columbus, OH) was used and irradiated
photons could not directly decompose chloroform without the
aid of TiO, photocatalysts.

As represented in Eq. (2), the UV light transmission must be
considered in calculating photocatalytic activity. In the present
study, the transmission was excluded in the calculation process of
photocatalytic activity (I = 1), because all the prepared particles
showed the same UV light transmission behavior. Therefore, in the
present study, photocatalytic activity (y,) is defined as in the
following equation:

C

= 3m (3)

Vi
The photocatalytic activity (vy,) calculated in Eq. (3) is an issue
of practical importance and is defined as “volume activity” in the
present study. From the viewpoint of materials science and
chemistry, it is necessary that the activity be evaluated in terms of
the amount of chloroform decomposed per unit area of crystalline
anatase TiO, particles, because the volume activity depends on the
number of active sites. The number of active sites is directly
proportional to the fraction of crystallization and specific surface
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area. In the present study, the photocatalytic activity normalized to
the fraction of crystallization and specific surface area (y,) is
defined as “chemical activity” and is represented in the following
equation:

Y C
Y2 T AX, T 3mAX,

“

where A is the specific surface area measured by BET analysis and
X_ is the fraction of crystallization evaluated by XRD analysis.

III. Results

(1) Synthesis and Materials Characteristics

SEM images of HT particles and P25 nanoparticles are pre-
sented in Figs. 2(a) and (b), respectively. The spherical particles
shown in Fig. 2(a) were prepared by hydrothermal crystallization
of AT particles at 200°C for 4 h. All the prepared spherical
particles were 1 wm in diameter, monodispersed and spherical.
From XRD analysis, all the prepared spherical particles were pure
anatase, with the exception of the HCT and CT particles calcined
at high temperatures and the P25 particles. The P25 particles were
a mixture of anatase and rutile phases and composed of 86%
anatase (22 nm) and 14% rutile (33 nm) particles. In the paren-
theses, XRD results for the diameters of anatase and rutile
nanoparticles are presented. From the BET analysis, the specific
surface area of the P25 particles was 42 m*/g.

(b)

Fig. 2. SEM photographs of (a) prepared spherical particles and (b) the
commercial P25 nanoparticles. The prepared particles were synthesized by
hydrothermal crystallization of the AT particles at 200°C for 4 h.
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In Figs. 3(a) to (h), TEM bright field images of the (a) P25, (b)
AT, (c) HT, (d) HT, (e) HCT, (f) HCT, (g) CT, and (h) CT
particles are shown, respectively.

The surfaces of the AT particles were smooth, and there was no
evidence for the existence of primary nanocrystallites in the
interior parts. The HT particles shown in Figs. 3(c) and (d) were
prepared by hydrothermal crystallization of the AT particles at
160° and 240°C for 8 h, respectively. In the hydrothermal process,
primary nanocrystallites formed and grew in the interior of the AT
particles. The diameter of the primary nanocrystallites was highly
dependent on the hydrothermal conditions and could be controlled
to be in the range of 5-30 nm. Before and after the hydrothermal
process, there was no change of spherical morphology, so that the
average diameter was sustained to be about 1 pum.

The HCT particles shown in Figs. 3(e) and (f) were prepared by
calcination of HT particles at 700° and 900°C for 1 h, respectively.
The precursor HT particles were prepared by hydrothermal crys-
tallization of the AT particles at 140°C for 6 h. Like the HT
particles, the HCT particles were composed of primary nanocrys-
tallites. As the calcination temperature increased, the size of the
primary nanocrystallites increased. In the HCT particles, the
diameter of primary nanocrystallites was controlled to be in the
range of 5-50 nm by changing calcination conditions. Unlike the
HT particles, the size of the spherical HCT particles decreased as
the calcination temperature increased. The CT particles shown in
Figs. 3(g) and (h) were prepared by simple calcination of the AT
particles at 400° and 800°C for 1 h, respectively. The CT particles
were spherical agglomerates of primary nanocrystallites. Like the
HCT particles, as the calcination temperature increased, the
diameter of primary nanocrystallites increased, whereas the diam-
eter of the spherical particles decreased.

From TEM analyses, the following things are known: (i) All the
prepared spherical particles were secondary agglomerates of pri-
mary nanocrystallites. (ii) The hydrothermal treatment resulted in
the increment of the primary nanocrystallite size without changing
the secondary particle size. On the other hand, the calcination
process increased the primary nanocrystallite size and simulta-
neously decreased the secondary particle size. (iii) The diameter of
primary nanocrystallites was controlled to be from a few nanome-
ters to about 50 nm by changing crystallization routes and
conditions.

In Table I, detailed synthesis conditions and materials charac-
teristics (crystalline phase, fraction of crystallization, diameter of
primary nanocrystallite, specific surface area, and light transmis-
sion) of some TiO, particles are presented. As the crystallization
temperature and time increased, the fraction of crystallization and
the size of the primary nanocrystallites increased, whereas the
specific surface area decreased. The AT particles had a large
specific surface area (366 m?/g). On the other hand, the CT
particles calcined at 800°C for 1 h had a very small specific surface
area (5 m?/g), even though the size of the primary nanocrystallites
was so small (27 nm in diameter). The large specific surface area
of the AT particles and the low specific surface area of the CT
particles originated in the primary nanogels and the partial sinter-
ing between primary nanocrystallites, respectively. The partial
sintering between primary nanocrystallites introduced consider-
able shrinkage to the spherical particles so that the size of
secondary spherical particles decreased during the calcination
processes.

Light transmission behavior of TiO, suspensions is closely
related to the photocatalytic ability of a photocatalysis system as
shown in Eq. (2). In Table I, the light transmissions of the TiO,
suspensions for two kinds of light with wavelengths of 400 and
700 nm are included. All the aqueous TiO, suspensions prepared
from the spherical TiO, particles showed the same light transmis-
sion behavior, even though each TiO, particle was prepared by
different crystallization routes and had different sizes of primary
nanocrystallites. The same light transmission behavior arose from
the fact that the size of the spherical TiO, particles was nearly the
same (about 1 wm in diameter). On the other hand, the P25
suspension showed different light transmission behavior from the
spherical particles. The light transmission of the P25 suspension
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Fig. 3. TEM bright field images of (a) P25, (b) AT, (c) HT, (d) HT, (e) HCT, (f) HCT, (g) CT, and (h) CT particles. The HT particles in (c) and (d) were
prepared by hydrothermal crystallization of the AT particles at 160° and 240°C for 8 h; the HCT particles in (e) and (f) were prepared by calcination of HT
particles, hydrothermally crystallized at 140°C for 6 h and at 700° and 900°C for 1 h; and the CT particles in (g) and (h) were prepared by calcining the AT
particles at 400° and 800°C for 1 h.
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Table I. Detailed Synthesis Conditions and Some Materials Characteristics of the Prepared TiO, Particles

Synthesis conditions

Materials characteristics

Light transmission’™

Diameter of primary (%)

Hydrothermal process Calcination process Crystalline o nanocrystallite™* —

Samples (°C/h) (°C/h) phase’* X8 (nm) AT (m*/g) 400 nm 700 nm
AT — — A 0.14 3 366 0.08 0.06
HT 160/4 0.77 7 232 0.07 0.06
240/4 A 0.76 9 123 0.07 0.06
240/8 — A 0.85 12 80 0.08 0.07
240/32 A 0.81 26 31 0.07 0.06
240/64 0.81 31 25 0.07 0.07
HCT 140/6 200/1 A 0.87 7 185 0.06 0.08
120/6 600/1 A 0.81 7 159 0.07 0.07
200/6 700/1 A 0.99 10 104 0.08 0.06
200/6 800/1 A 1.07 17 52 0.07 0.07
140/6 900/1 A 1.02 47 14 0.06 0.07
CT 300/1 A 0.26 4 288 0.07 0.08
400/1 A 0.71 6 218 0.07 0.06
— 600/1 A 0.88 9 125 0.08 0.07
700/1 A 0.93 13 72 0.06 0.07
800/1 A 0.95 27 5 0.07 0.06

P25 A (86%) 22 (A)

— — R (14%) 0.98 33 (R) 42 0.02 0.25

"Evaluated by XRD analysis. *A and R refer to anatase and rutile, respectively. X,

TEvaluated by UV-vis-IR analysis.

gradually decreased as the wavelength of irradiated light de-
creased. It is remarkable that the light transmission of the P25
suspension under the light with 400 nm in wavelength is similar to
that of the spherical particle. All the TiO, suspensions showed
sharp absorption behavior for UV light with a wavelength of 380
nm. This sharp absorption behavior resulted from the direct
transition of valence electrons to the conduction band in anatase
TiO,.

(2) Photocatalytic Activity

UV light transmission must be considered to calculate photo-
catalytic activity as presented in Eq. (2). In the present study, the
transmission was excluded in the photocatalytic activity calcula-
tion process (I = 1), because all the prepared particles showed the
same UV light transmission behavior.

The volume activity (vy,) of the HT particles as a function of
hydrothermal time at each hydrothermal temperature is presented
in Fig. 4. In the HT particles prepared at 120°C, the volume
activity gradually increased and then decreased as the hydrother-
mal time increased. In the HT particles prepared at 160° and
200°C, the volume activity decreased as the hydrothermal time
increased. In the HT particles prepared at 240°C, the volume
activity decreased and then increased as the hydrothermal time
increased. In the HT particles, the volume photocatalytic activity
was very dependent on the hydrothermal temperature and time and
was larger than that of the commercial P25 particles.

The volume activity (vy,;) of the HCT and CT particles as a
function of calcination temperature is presented in Fig. 5. The
HCT particles were prepared by calcining two kinds of HT
particles, which were synthesized by hydrothermal crystallization
of the AT particles at 140° and 200°C for 6 h, respectively. In the
HCT particles, the volume activity rapidly decreased at low
temperature (less than 400°C), increased at intermediate tempera-
ture (400—800°C), and then decreased at high temperature (more
than 800°C), as the calcination temperature increased. On the other
hand, in the CT particles, the volume activity increased and then
gradually decreased, as the calcination temperature increased. In
the calcined HCT and CT particles, the volume activity was very
dependent on the calcination temperature and was much smaller
than that of the commercial P25 particles, except for the HCT
particles prepared by the calcination process at low temperatures.

fraction of crystallization. "4 = specific surface area. Evaluated by BET analysis.

IV. Discussion

(1) Importance of Crystallization Routes

From Figs. 4 and 5, it is obvious that the volume activity of
TiO, particles is highly dependent on their own crystallization
routes and conditions. The volume activities shown in Figs. 4 and
5 were replotted as a function of the diameter of primary
nanocrystallites, one of the most important parameters in TiO,
photocatalysis.”~'” Figure 6 shows the variation of volume activity
as a function of the diameter of primary nanocrystallites for the
() HT, (&) HCT, (O) CT, and (A) P25 particles. It is evident that
the spherical TiO, particles prepared by different crystallization
routes showed so diverse volume activity at the same diameter of
primary nanocrystallites. In the HT particles, the volume activity

3.0

5

Volume Activity (1,10 moles/g-min)

0.0 L A 1 1 1 i Il
0 10 20 30 40 50 60 70

Hydrothermal Time (hr)

Fig. 4. Volume activity (y,) as a function of hydrothermal time for the
HT particles prepared by hydrothermal crystallization at (O) 120°, (&)
160°, () 200°, and ([J) 240°C. The dotted line shows the photocatalytic
activity of the commercial P25 particles.
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Fig. 5. Volume activity (y,) as a function of calcination temperature for
the CT and HCT particles. The calcination time was 1 h; the precursors for
calcination were the (O) AT and HT particles prepared by hydrothermal
process at (A) 140° and (A) 200°C for 6 h. The dotted line shows the
volume activity of the commercial P25 particles.

decreased and then increased as the size of primary nanocrys-
tallites increased. All the HT particles showed photocatalytic
activity larger than the P25 particles. In the calcined HCT and
CT particles, the photocatalytic activity increased and then
decreased as the size of primary nanocrystallites increased. The
calcined particles showed much smaller photocatalytic activity
than the P25 particles.

The complex dependence behavior of volume activity on the
size of the primary nanocrystallites could be simplified by a
normalization process for both fraction of crystallization and
specific surface area. Both fraction of crystallization and specific
surface area are closely related to the number of active sites in
TiO, photocatalysis. As the fraction of crystallization and specific
surface area increase, the number of active sites increases, so that

3.0

20 F

15 F

1.0 F

Volume Activity (¥1,10 moles/g-min)

0.0 1 1 1 1 1
0 10 20 30 40 50

Diameter of Primary Nanocrystallites (nm)

Fig. 6. Volume activity (vy,) of the ((J) HT, (A) HCT, (O) CT, and (A)
P25 TiO, particles as a function of the diameter of primary nanocrystal-
lites.
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the volume photocatalytic activity increases. The normalized
photocatalytic activity (chemical activity) is the photocatalytic
activity per unit surface area of the crystalline anatase phase in a
TiO, particle. In other words, the chemical activity is related to the
intrinsic activity (of an active site) and the density of active sites
(in unit surface area).

For the ([J) HT, (A) HCT, (O) CT, and (A) P25 particles,
chemical activity (y,) as a function of the diameter of primary
nanocrystallites is presented in Fig. 7. The chemical activity
increased as the size of the nanocrystallites increased without
concern for the crystallization route. The gradient of the chemical
activity to the size of primary nanocrystallites was so dependent on
the crystallization route. In the calcined CT and HCT particles, the
slope was gentle, so that the chemical activity was nearly inde-
pendent of the size of primary nanocrystallites. On the other hand,
the slope of the HT particles was very steep, so that the chemical
activity showed abruptly increasing behavior as the size of primary
nanocrystallites increased. It is very interesting that the HT
particles showed chemical activity superior to that of the calcined
particles and appeared to have abruptly increasing chemical
activity as the size of primary nanocrystallites increased.

(2) High Photocatalytic Activity of the HT Particles

The HT particles with large nanocrystallites had ultrahigh
photocatalytic activity, about 3 times that of the P25 nanoparticles,
even though they were secondary agglomerates of primary nanoc-
rystallites. This means that the primary nanocrystallites in the
interior part of the spherical HT particles actively participate in the
photocatalysis reaction. Also, it implies that the chemical surface
state, which is related to the intrinsic activity (of an active site) and
density of active sites, might be the most important factor in the
HT-particle-applied photocatalysis.

Zeta-potentials of some prepared TiO, particles as a function of
pH are presented in Fig. 8. In parentheses, the diameters of the
primary nanocrystallites are presented. It is remarkable that the HT
particles have smaller isoelectric points (IEP) than the calcined
HCT and commercial P25 particles. IEP is defined as the pH value
at which the zeta-potential is zero and is related to the surface
adsorption ability for hydroxyl ions. As the IEP value becomes
smaller, the surface adsorption ability for hydroxyl ions becomes
increasingly larger. Considering that the photocatalytic activity is
directly proportional to the surface adsorption ability for hydroxyl

12
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Fig. 7. Chemical activity (y,) of the ((J) HT, (A) HCT, (O) CT, and (A)
P25 TiO, particles as a function of the diameter of primary nanocrystal-
lites. The chemical activity was calculated by normalization of the volume
activity (y,) to both fraction of crystallization (X.) and specific surface area
(A).
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Fig. 8. Zeta-potential of HT, HCT, and P25 TiO, particles as a function
of pH. The diameters of primary nanocrystallites of the HT and HCT
particles are presented in parentheses.

ions, it is evident that the difference in chemical activity between
the HT and calcined particles originated from the difference
between their chemical surface states, and the high volume activity
of the HT particles with large nanocrystallites resulted mainly
from their chemical surface state favorable to the photocatalysis
(the high surface adsorption ability for hydroxyl ions).

It is well-known that hydrothermal processes produce well-
developed defect-free single crystals.>* TEM bright field images
for the surface regions of representative HT, HCT, and CT
particles are presented in Figs. 9(a) to (c), respectively. The
primary nanocrystallites in the HT particles were so flat and
faceted. On the other hand, the primary nanocrystallites in the
calcined CT and HCT particles were rounded and more spherical.
Therefore, in the present study, it appears that the high surface
adsorption ability for hydroxyl ions of the HT particles is closely
related to their well-developed nanocrystallite morphology.

One of the interesting findings in the present study was that the
chemical activity of the HT particles increased as the size of
primary nanocrystallites increased. Because the HT particles were
composed of defect-free nanocrystallites and synthesized by the
same crystallization routes, there was not much possibility that the
intrinsic activity of the HT particles would increase as hydrother-
mal conditions were strengthened. Therefore, the strong depen-
dency of photocatalytic activity on particle size could be suggested
to originate in the increment of the density of active sites that was
related to the preferential development of surface planes, easy to
adopt hydroxyl ions.

V. Conclusions

The photocatalytic activity of monodispersed spherical TiO,
particles with primary nanocrystallites showed complex depen-
dence on their own crystallization route. The hyrothermally
crystallized particles had superior photocatalytic activity to the
calcined particles and appeared to have abruptly increasing pho-
tocatalytic activity as the size of primary nanocrystallites in-
creased. The high photocatalytic activity of hydrothermally crys-
tallized particles mainly resulted from their chemical surface state
favorable to the photocatalysis (high surface adsorption ability for
hydroxyl ions). The high surface adsorption ability for hydroxyl

100nm

(c)

Fig. 9. TEM bright field images for the surface regions of (a) HT, (b)
HCT, and (c) CT TiO, particles. The HT particles were hydrothermally
crystallized at 240°C for 8 h, the HCT particles were prepared by calcining
the HT particles (after hydrothermal crystallization at 140°C for 6 h) at
900°C for 1 h, and the CT particles were prepared by simple calcination of
the AT particles (amorphous precursor) at 800°C for 1 h.

ions was closely related to the well-developed morphology of
primary nanocrystallites. Also, the strong dependency of photo-
catalytic activity on particle size in the hydrothermally crystallized
particles appeared to stem mainly from the preferential develop-
ment of surface planes, easy to adopt hydroxyl ions. Therefore, in
the present study, it was concluded that the particle morphology
was one of the most important factors in the TiO, photocatalysis.
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