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Thermally stable composite nanostructures of titanium dioxide (anatase) and silicate
nanoparticles were prepared from Laponite clay and a sol of titanium hydrate in the presence
of poly(ethylene oxide) (PEO) surfactants. Laponite is a synthetic clay that readily disperses
in water and exists as exfoliated silicate layers of about 1-nm thick in transparent dispersions
of high pH. The acidic sol solution reacts with the clay platelets and leaches out most of the
magnesium in the clay, while the sol particles hydrolyze further due to the high pH of the
clay dispersion. As a result, larger precursors of TiO, nanoparticles form and condense on
the fragmentized pieces of the leached silicate. Introducing PEO surfactants into the synthesis
can significantly increase the porosity and surface area of the composite solids. The TiO,
exists as anatase nanoparticles that are separated by silicate fragments and voids such that
they are accessible to organic molecules. The size of the anatase particle can be tailored by
manipulating the experimental parameters at various synthesis stages. Therefore, we can
design and engineer composite nanostructures to achieve better performance. The composite
solids exhibit superior properties as photocatalysts for the degradation of Rhodamine 6G in
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aqueous solution.

Introduction

Titanium dioxide (TiOy) is an important catalyst and
catalyst support.12 In particular, it is regarded as the
best photocatalyst for decomposing refractory organic
pollutants in water and air.%3-5 It can be used in various
processes such as odor elimination from drinking water,
degradation of oil spills in surface water systems, and
degradation of harmful organic contaminants such as
herbicides, pesticides, and refractive dyes. Ultrafine
TiO, powders have large specific surface areas and are
expected to have good catalytic activities since reactions
take place on the TiO; surface. However, when pure
TiO, powders are used, two main problems occur. First,
ultrafine powders will agglomerate into larger particles,
resulting in an adverse effect on catalyst performance.
Second, it is very hard to recover pure TiO, powders
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from water when they are used in aqueous systems,
leading to a potential difficulty in downstream separa-
tion.® Various new techniques have been adopted to
develop solids that reduce such problems and still have
large TiO, surface areas. Recently, TiO, mesoporous
molecular sieves have been prepared by templated
synthesis.”® This technique was invented in the early
1990s for the synthesis of mesoporous silica and alu-
minosilicate.®1® Some approaches, such as starting with
metal alkoxides and conducting the synthesis in non-
aqueous systems, were employed to overcome serious
difficulties in the synthesis.”8

Large TiO, surface areas are also available in layered
clays intercalated with TiO, particles, so-called TiO,
pillared clays.'12 These composite solids have a porous
structure, and thus, the TiO, surface is accessible for
reactant molecules. The technique of pillaring clays with
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metal oxide particles was invented 2 decades ago.1314
TiO; pillared clays are prepared from aqueous systems
through simple procedures. The precursors of the TiO,
particles are positively charged sol particles of titanium
hydrate, [TiO(OH)4]m"", which are 1—2 nm in size and
can be readily exchanged with the interlayer sodium
ions of clays to form the intercalated structure.l1.12
Nevertheless, TiO; pillared clays are microporous solids
of moderate porosity and most titanium dioxide in TiO,
pillared clays is amorphous.®> While TiO; crystal phases
are important semiconductors and required for many
applications, the TiO, pillars are too small to form a
crystal phase. It is also difficult to alter the pillar’s size
or the pore structure of the pillared clays. These
properties limit the applications of the materials.1®

In the present study, we report the synthesis of
mesoporous composite nanostructures comprising ho-
mogeneous solid dispersions of anatase and silicate
nanoparticles with a very large porosity. Laponite, a
synthetic layered smectite clay, was used in the syn-
thesis. In a dilute aqueous dispersion the clay exists as
discrete plates of diameter 20—30 nm.1” Therefore, it is
a good starting material for forming nanometer-scale
composite structures with titania sol particles. More-
over, we can alter the size of the anatase crystals by
manipulating the acid to titanium molar ratio and
greatly increase the porosity of the resultant composite
through introducing PEO surfactant of small molecular
weight. These findings allow us to effectively tailor the
structure of these solids for various applications. For
instance, TiO, nanocomposites obtained in this study
are found to be superior photocatalysts for the degrada-
tion of Rhodamine 6G in aqueous solutions, while TiO,
pillared clays exhibit poor photocatalytic activity for the
degradation of such large organic molecules (with more
than 10 carbons in a molecule) because of the steric
hindrance of the small pore entrances (about 1.5 nm)
in TiO, pillared clays.!3

Experimental Section

Materials. The Laponite clay (Laponite RD) was supplied
by Fernz Specialty Chemicals, Australia, and used as received.
The clay powder has a BET specific surface area of 370 m?/g
and a cation exchange capacity of 55 mequiv/100 g of clay.
Titanium tetraisopropoxide Ti(OC3H>)4, from Aldrich, was used
as received without further purification to prepare the sol of
titanium hydrate. Five nonionic poly(ethylene oxide) surfac-
tants from Aldrich, Tergitol 15S-n (n = 5, 7, 9, 12, and 30),
were used in this study. The PEO surfactants have a general
chemical formula of Ciz-14H2520O(CH.CH20),H and have
relatively low average molecular weights. For example, the
molecular weight of Tergitol 15S-5 (n = 5) and Tergitol 15S-
12 (n = 12) are 420 and 730 g/mol, respectively. TiO, nano-
particulates of P25 (~80% anatase and ~20% rutile, BET area
~50 m?/g) were kindly supplied by Degussa Co., Germany.

Preparation of Samples. Laponite (4.0 g) was dispersed
into 200 mL of deionized water (pH ~ 6.5 and conductivity
~0.06 uS/cm) and the suspension was stirred until it became
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transparent (=40 min). Enough of a PEO surfactant was added
into the Laponite dispersion to cause it to become opaque. To
this mixture, a sol solution of titanium hydrate was added
dropwise with continuous stirring. The sol of titanium hydrate
was obtained by the hydrolysis of Ti(OCzH7)4 in HCI solution
and aged for 3 h.*215 The molar ratio of [Ti]/[H"] is 1:4. After
the solution was stirred for a further 3 h, the suspension was
transferred into an autoclave and maintained at 373 K for 2
days. A white precipitate was recovered from the mixture by
centrifuging and washed with deionized water until it was free
of CI~ ions according to a test with AgNO3. The wet cake was
dried in air and calcined at 773 K for 20 h. The temperature
was raised at a rate of 2 K/min. Samples were prepared with
different acidity, mass ratio of surfactant to clay, mass ratio
of titanium to clay (Ti/L), and a different number (n) of —CH-
CH,O— groups.

Characterization. Transmission electron microscopy (TEM)
images were taken with a JEOL 2010 microscope on powder
samples deposited onto a copper microgrid coated with a holey
carbon film. The elemental analysis of the samples was
conducted by X-ray fluorescence (XRF) on a Philips PW 1480
spectrometer that used a wavelength dispersive technique. N,
adsorption/desorption isotherms were measured at liquid
nitrogen temperature using a gas sorption analyzer (Quan-
tachrome, NOVA 1200). The samples were degassed at 523 K
and a vacuum below 1072 Torr for 16 h prior to the measure-
ment. The specific surface area was calculated by the BET
equation and the mean pore size was determined through the
t-plot method.*8

Thermogravimetric analysis (TGA) of the uncalcined samples
was performed on a Shimazu TGA-50. About 10 mg of solid
before calcination was loaded onto a platinum pan and heated
from room temperature to 1173 K at a heating rate of 5 K/min
in an air flow of 80 mL/min. X-ray diffraction (XRD) patterns
of the powder samples were recorded on a Philips PW 1050/
25 goniometer equipped with a graphite monochromator. Cu
Ka radiation and a fixed power source (40 kV, 40 mA) were
used. The scan rate was 1° (26)/min. Solid-state 2°Si magic-
angle spinning nuclear magnetic resonance (**Si MAS NMR)
was recorded at 59.63 MHz on a Bruker MSL 300 spectrom-
eter. Powder samples were spun at a frequency of 2.5 Hz in
Bruker double-air-bearing probes. The CP contact time used
in this study was 8 ms.

Photodegradation of Rhodamine 6G. The UV source
was a 100-W Hg lamp (Toshiba SHLS-1002A). Aqueous
suspensions of Rhodamine 6G (25 mL, with an initial concen-
tration of 2 x 107> M) and photocatalyst powder (25 mg) were
placed in a Pyrex vessel. Prior to irradiation, the suspensions
were magnetically stirred in the dark for ~30 min to establish
an adsorption/desorption equilibrium between the dye and the
catalyst surface. At given intervals of illumination, a specimen
(3 mL) of the suspension was collected, centrifuged, and then
filtered through a Millipore filter. The filtrates were analyzed
by UV—Vis spectroscopy using a lambda Bio 20 spectropho-
tometer.

Results

Elemental Analysis. The major chemical composi-
tion of the Laponite and two TiO, nanocomposites are
given in Table 1. Both nanocomposite samples were
prepared with a [Ti]J/[H*] ratio of 1:4, but one was
prepared with PEO surfactant Tergitol 15S-7 (the ratio
of PEO/Laponite of 2:1) and the other was prepared
without surfactant.

The TiO, nanocomposite samples were calcined at 773
K and contain mainly silica and titanium dioxide.
Substantial ignition losses are due to moisture, adsorbed
CO,, and organics on the samples. Compared with that
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Figure 1. 2°Si magic-angle spinning nuclear magnetic reso-
nance (**Si MAS NMR) of the samples. (a) is the spectrum for
Laponite clay and (b) the spectrum for the TiO, nanocomposite
prepared with the surfactant Tergitol 15S-7, a [Ti]/[H*] ratio
of 1:4, and a PEO/Laponite ratio of 2:1.

Table 1. Major Chemical Composition of the Samples in
Weight Percentages

SiO, AlbO3; MgO TiO;, NaO Fey0O3

sample LSO I O I SO I SO O )
Laponite? 51.10 0.07 2320 b 2.51
TiO, composites
prepared:
without PEO  33.10 0.20 0.61 58.71 0.05
with PEO 55.30 0.12 0.19 43.90 0.02

a As received starting reagent without further heating. ® Not
detectable.

in the starting Laponite material, most of the magne-
sium in the clay platelets was leached out (Table 1).
Clearly, a reaction involving the Laponite clay occurred
in the synthesis. Such a reaction inevitably results in
radical structural changes of the clay layers.

29Si MAS NMR. The profound structural changes
occurring in the silicate layers during synthesis are also
reflected in the 2°Si MAS NMR spectra of the samples
(Figure 1).

The 2°Si MAS NMR spectrum of Laponite displays
two resonance peaks at ~90 and ~80 ppm. Such
chemical shifts are attributed to the SiO, tetrahedra
linked with 3 and 2 other SiO, tetrahedra (Q® and Q?
sites), respectively. This is expected for the structure
of the Laponite clay layer.1°~2% In the clay layer, most
SiO,4 tetrahedra are linked to 3 other SiO, tetrahedra?®
in Q3 sites,?! but the tetrahedra at the edges of the clay
layers are linked to 2 other SiO,4 tetrahedra, and thus
form the Q? sites. The smaller amount of Q? sites,
compared with that of Q3 sites, is responsible for the
low intensity of the peak at —80 ppm.

The TiO, composite samples show a substantially
different MAS NMR spectrum. Broad resonance bands
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in the range from —110 to —80 ppm can be seen,
reflecting poor short-range order. The chemical shift at
—104 ppm should be assigned to Q* sites, where a SiO,4
tetrahedron is linked with 4 other SiO4 tetrahedra. In
the Laponite clay structure there should be no Q*
sites’®21 and this is confirmed by the spectrum of the
clay. Thus, the Q* sites are due to the reaction between
Laponite clay and the sol of titanium hydrate of a strong
acidity, indicating profound structural changes from the
layer structure of the clay. The clay layers do not exist
in the reaction products, and this is supported by the
chemical analyses (Table 1). Such a mechanism is
evidently different from the conventional pillaring
process during which the clay retains its layer structure.

TEM Images. Representative TEM images of the
pristine Laponite and TiO, nanocomposites are com-
pared in Figure 2.

Stringy bundles can be seen in the image of pristine
Laponite in Figure 2a. The strings have a uniform
thickness of about 1 nm, which is the same as the
thickness of the clay layers. Thus, the bundles are clay
layers aggregating with poor long-range order. No
layered structure can be seen in the image of the TiO
nanocomposites. Some residues of the clay layers are
observed besides the agglomerates of TiO, crystallites
in Figure 2b. In Figure 2c, crystallized grains can be
seen. The size of the grains is in the range between 3
and 9 nm. These grains are anatase particles because
the existence of anatase crystallites with such dimen-
sions is confirmed by the X-ray patterns of the samples.
Energy-dispersive X-ray spectroscopy (EDS) was also
used to analyze the chemical compositions at different
regions over a sample. At least five regions were taken
for one sample and the average region size was about
15 nm in diameter. We found no obvious difference from
region to region and the overall composition of the
sample was uniform, for all samples. This means that,
in these samples, TiO, and silicate particles are two
interdispersed phases on a scale of several nanometers,
forming a porous composite structure.

XRD Results. Generally, the intercalated structure
of pillared clays can be indicated by the doo; peak in
the XRD patterns.’1-14 However, it is difficult to observe
the peak in the XRD patterns of the starting clay,
Laponite, because the clay platelets are small, having
a poor long-range order between platelets. In this work,
we did not observe a clear peak for the starting clay,
Laponite, or a peak for the intercalated layered struc-
ture. Furthermore, we could not recognize any crystal
form of silica or silicate in the XRD pattern of the
samples, although silica accounts for a large portion of
the sample mass. The silicate in the samples exists as
amorphous particles, but not as clay layers. Character-
istic diffraction peaks for anatase with d-spacings of 3.6,
2.37,1.89, and 1.67 A (26 values: 25.3, 37.9, 47.6 and
54.8°, respectively) can be clearly observed even from
the XRD patterns of the sample before calcination at
773 K (Figure 3). This means that the anatase phase
has formed during hydrothermal aging at 373 K.

The mean size of the anatase particles in the calcined
samples can be estimated by the broadening of the most
intensive X-ray diffraction peak (101) at 20 = 25.3°
using the Debye—Scherrer equation.’®22 In Table 2, the
size of the anatase crystals of TiO, nanocomposites
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Figure 2. TEM images of Laponite clay (a) and the calcined TiO, nanocomposite sample (b and c), the same sample used for
Figure 1. Anatase crystals (with texture lines) can be seen in image (c) and the pieces linking the agglomerates of grains in image

(b) could be the reaction residues from the Laponite.
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Figure 3. XRD pattern, using Cu Ka radiation, of the TiO,
nanocomposite in Figure 1 (as the representative of the TiO;
nanocomposite samples) before and after calcination at 773 K
(curves a and b, respectively). The peaks observed at 25.3, 37.9,
47.6, and 54.8° 26 are characteristic diffraction peaks for
anatase.

Table 2. Influence of the Acidity in the Sol Solution on
the Crystal Size of Anatase in TiO, Composite Samples?

prepared without PEO prepared with PEO

crystal size pore size crystal size pore size

H*/Ti (nm) (nm) H*/Ti (nm) (nm)
2 3.65 4.14 2 3.54 4.83
4 5.15 4.72 4 3.93 5.02
8 8.96 6.38 8 5.46 5.19

aThe mean pore size of the samples calculated using the
adsorption data is also given for comparison.

samples, which were prepared using the sol solution,
are recorded for various molar ratios of acid to titanium
(H*/Ti). We found that when the amounts of clay and
surfactant in the synthesis were kept constant, the
crystal size in the samples increased from 3.65 to 8.96
nm as the H*/Ti ratio was increased from 2.0 to 8.0.
Thus, one can alter the size of the anatase particles in

the products by manipulating various synthesis param-
eters, such as the acidity of the sol solution. This is of
significant importance because we can effectively tailor
the structure of these solids for various applications.

It is also noted that the mean pore diameter of the
samples, derived from the nitrogen adsorption data
using the t-plot method,'823 is of a similar dimension
to the anatase particle size and varies in the same trend
as the particle size. This implies that the pores in the
samples are the voids between the anatase nanocrystals.
Besides, the crystal size is also smaller for the PEO
samples (Table 2). The PEO surfactant micelles are
dispersed among the nanoparticles of TiO; and silicate
and, thus, separate the TiO, nanoparticles apart. These
particles have less chance to agglomerate into large
particles so that the TiO, nanoparticles in the PEO
sample are smaller, compared to those in the corre-
sponding surfactant-free sample. This could also be the
reason for the sizes of pores and particles of the PEO
samples being less dependent on the H™/Ti ratio.

N> Adsorption Data. The nitrogen adsorption ca-
pacity of a solid reflects its porosity.2® Three adsorption
and desorption isotherms are presented in Figure 4. The
pore structure information can be derived from the
nitrogen adsorption data so that we can specify the
location of the surfactant in the nanocomposite as
prepared by comparing the pore structures of the sample
before and after calcination.

The amount of adsorption by the uncalcined sample
(isotherm a) is very low. The calcination at 773 K brings
about a pronounced increase in the porosity of the
sample and, thus, in adsorption. During heating, the
samples dehydrate and the surfactant was removed as
indicated by the TGA results (discussed later), leaving
a large number of pores in the sample. Comparison of
isotherm ¢ with isotherm b indicates clearly that
introducing the PEO surfactant greatly increases the
porosity of the composite samples. Isotherm ¢ has the
shape of a Type IV isotherm, which is characteristic of
mesoporous solids.2®> N, isotherms of other samples

(22) Ding, Z.; Zhu, H. Y.; Lu, G. Q.; Greenfield, P. F. J. Colloid
Interface Sci. 2001, 238, 267.-
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Porosity, 2nd ed.; Academic Press: New York, 1982.
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Figure 4. Adsorption and desorption isotherms of TiO;
nanocomposite samples. Curve a is for an uncalcined TiO;
nanocomposite prepared with PEO surfactant Tergitol 15S-
12, a [Ti])/[H*] ratio of 1:4, and a PEO/Laponite ratio of 2:1.
The sample was degassed at 383 K, at which temperature the
surfactant would not be removed from the sample. Curve b is
for a calcined sample prepared at the same conditions as for
the sample of curve a, but using no surfactant. Curve c is for
the sample of curve a following the calcination, after the
surfactant had been completed removed.
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Figure 5. Influence of the PEO/Laponite ratio, R, on the pore
size distribution (PSD) of calcined TiO, nanocomposite samples.
All samples were prepared with PEO surfactant Tergitol 15S-
7. The PSDs were calculated from the N, isotherms.

prepared with surfactants are similar to isotherm c in
shape.

To clearly illustrate the influence of the surfactant
properties on the structure of the calcined products, pore
size distributions (PSDs) of some samples were calcu-
lated from the N isotherms and are given in Figure 5.

As the PEO/clay ratio R in the synthesis increases,
pore volume (as indicated by the area under the PSD
curve) initially increases (Figure 5) before reaching a
maximum at a ratio of 2 and then decreasing.

Surprisingly, data in Table 3 demonstrate clearly that
the mean pore size of the samples decreases with the
number, n, of ethylene oxide groups (—CH,CH,0—) in
a PEO surfactant. In the preparation of these samples,
a constant weight of surfactant (8 g), with molecular
weights from 420 to about 1520, was used. According
to the general formula for this class of surfactants, the
molecular weight and the dimension of a surfactant
molecule increases with the number of the ethylene

Chem. Mater., Vol. 14, No. 12, 2002 5041

Table 3. Influence of the Molecular Size of the
Surfactants as Given by n (Number of Ethylene Oxide
Groups) on the Surface Area (Sget), Pore Volume (Vy),

and Mean Pore Size (d) of the Calcined TiO»
Nanocomposite Samples

Sget (M?/g) V¢ (cm3/g) d (nm)
n =
5 514 0.616 6.86
7 627 0.741 5.27
9 747 0.651 4.76
12 525 0.508 4.10
30 459 0.481 4.34

oxide groups in the surfactant. In the templating
mechanism, the pore size of the product increases with
the molecular size of the surfactant.”’—10.2425 However,
for the PEO surfactants used in this study the trend
appears quite different.

Most pores in the calcined solids are in a range
between 3 and 9 nm, which is much larger than the
molecular sizes of the surfactants. Hence, pores are not
created by a single surfactant molecule. PEO surfac-
tants of similar molecular formula were found to form
rodlike or wormlike micelles with a diameter of about
6 nm in aqueous solution.?® Thus, in our synthesis
approach the surfactants should exist in micelles. The
surfactant micelles dispersed in the composite structure
can separate the hydrolyzed sol particles, preventing
them from sintering during the drying and heating
procedures.

All the surfactants used had the same alkyl chain
with the only difference between them being the number
of ether groups, (CH,CH,0),, present. When the sur-
factant is dispersed in a polar media, such as in aqueous
systems or polar surfaces, the oxide groups would form
the outer surface of the micelles and would be in contact
with the polar media 27~2° which, in this case, is the
surface of sol particles. The ether groups (CH,CH,0),
of the surfactant can interact with the surfaces of metal
hydroxide through hydrogen bonding.3%3! A surfactant
with large n is expected to have a much stronger
interaction with the precursor surface when compared
to a surfactant with small n. This could be the reason
for the observation that the mean pore diameter de-
creases with n: the stronger interaction results in
micelles of a smaller diameter.

Thermogravimetric Analysis. The weight losses of
the samples during the course of calcination in air up
to 1173 K are shown in Figures 6 and 7.

The sample prepared without surfactant loses about
15% of its weight below 420 K mainly due to dehydra-
tion (Figure 6). In contrast, the weight loss below this
temperature for samples prepared with PEO surfactant
is relatively small (Figures 6 and 7) below 5%. This

(24) Huo, Q.; Margolese, D. I.; Ciesla, U.; Feng, P.; Gier, T. E.;
Sieger, P.; Leon, R.; Petroff, P. M.; Schuth, F.; Stucky, G. D. Nature
1994, 368, 317.

(25) Ying, J. Y.; Mehnert, C. P.; Wong, M. S. Angew. Chem., Int.
Ed. 1999, 38 (1/2), 56.

(26) Lin, Z.; Scriven, L. E.; Davis, H. T. Langmuir 1992, 8, 2200.

(27) Cummins, P. G.; Hayter, J. B.; Pemfold, J.; Staples, E. Chem.
Phys. Lett. 1987, 138, 436.

(28) Cummins, P. G.; Staples, E.; Pemfold, J. Langmuir 1989, 5,
1195.

(29) Penfold, J.; Staples, E.; Cummins, P. G. Adv. Colloid Interface
Sci. 1991, 34, 451
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1993, 9, 1794.
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Figure 6. Weight losses of the TiO, nanocomposite samples
during the course of heating to 1173 K in air. The samples
were prepared with the surfactant Tergitol 15S-7, but with
different PEO/Laponite ratios (R).
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Figure 7. Weight losses of the samples during the course of
heating in air up to 1173 K. The samples were prepared using
different PEO surfactants, but the same PEO/Laponite ratio
(2:1) and the [Ti]/[H*] ratio (1:4).

suggests that the samples prepared with surfactant
have much lower water contents. However, for these
samples a sharp weight loss of about 20—50% is
observed in the temperature range between 500 and 600
K, whereas a loss of only 9% was recorded for the
reference sample in the same temperature range.

Figure 7 also shows that as n increases, the sharp
weight loss commences at higher temperatures. The
boiling point of the surfactant increases with the
number of ethylene oxide groups in the molecule, n.
Therefore, this sharp weight loss is mainly attributed
to the evaporation of the surfactants. It was observed
that a large amount of surfactant is released over a
temperature range 473—573 K during calcination. The
interaction of the surfactant micelles with the surface
of the sol particles most likely occurs by hydrogen
bonding, which is much weaker than Coulombic inter-
actions. This weaker bonding suggests that the surfac-
tants were removed by evaporation during heating
rather than by pyrolysis. This means that the surfac-
tants used may be collected simply by a cooling trap and
reused.

In Figure 8, the weight loss below 773 K, obtained
from TGA analysis, is plotted against the pore volume
of the calcined products.
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Figure 8. Relation between the weight loss below 773 K and
the volume of the framework pores in the calcined products.
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Figure 9. Catalytic performances of the samples for photo-
degradation of Rhodamine 6G. Curves a and b illustrate the
performance of two TiO, nanocomposite samples listed in Table

1 (a is for the sample prepared without surfactant and b for
the sample prepared with the surfactant).

The pore volume increases with weight loss and a
linear relation is evident. Mesopores in the samples
clearly arise from the removal of water and surfactant
species. In addition, according to the TGA analysis, the
surfactants account for one-third to one-half of the mass
of the dried samples. Therefore, the large porosity is
primarily due to the presence of the surfactants where
they acted as space filler.

Photocatalytic Performance. The catalytic perfor-
mance of the TiO, nanocomposite samples for photo-
degradation of Rhodamine 6G under UV light at am-
bient temperature is shown in Figure 9. The performance
of a commercial titanium dioxide P25 is also given in
the figure for comparison. The overall photocatalytic
efficiency of the two TiO, nanocomposite samples is
comparable to that of P25, which is known to be the
best commercial photocatalyst of pure TiO,. Here, TiO,
accounts for about one-half of the sample mass of the
nanocomposite samples (Table 1). Therefore, the activity
per mass of TiO, for these samples is superior. More-
over, the nanocomposite samples can be readily sepa-
rated from the suspension after the reaction because
they sedimented in minutes when the stirring was
stopped, while the P25 sample could not sediment over
hours, and penetrated the filtration paper when the
suspension was filtered. This could lead to a potential
difficulty in downstream separation.® The size of TiO,
particles in the nanocomposite samples is much smaller,
compared with that of the P25 power. But these small
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particles are linked by silicate particles to form large
granules, which can be recovered easily from aqueous
solutions by filtration or sedimentation. This is an
important advantage in practice.

One may also note that before the UV light was
switched on (the region on the left-hand side of the point
zero on the time axis in Figure 9), the concentration of
Rhodamine 6G was substantially below 4 x 1075 M for
all the samples. This is due to adsorption of Rhodamine
6G by the catalysts. The BET surface area of P25 is
about 50 m?/g, while the samples for curves a and b have
surface areas of over 300 and 600 m?/g, respectively.
With such large surface areas, the composite samples
exhibit a binary function for removing organic com-
pounds from water through both photocatalysis and
adsorption. This could be a useful property for their
environmental application.

Discussion

Reaction. The reaction between the clay suspension
and acidic pillaring solutions has generally been ignored
in earlier studies. The clay layers have been regarded
as inert with respect to reaction and almost intact in
terms of chemical composition through the pillaring
process. Nonetheless, layered clays can react with
various acids even under moderate conditions.3?~34 Acid
leaching is regarded as an effective means to activate
clays. The acid leaching is known to result in consider-
able changes in the composition and structure of the
clay layers. Broad dgo; peaks have often been observed
in the XRD pattern of TiO; pillared clays.'112 The broad
peak could result from partially acid-leached clay layers.
The pillaring solution was generally obtained by hy-
drolysis of a titanium salt or a titanium alkoxide in acid
solution'?15 and, thus, is of strong acidity. In some
studies, the doo1 peaks cannot even be observed.1535

On the other hand, the dispersion of Laponite exhib-
ited a high pH. It is known that an increase in the pH
of a solution will lead to polymerization of the sol
particles in the solution.3¢ Therefore, mixing the Lapo-
nite dispersion with the sol solution inevitably induces
further hydrolysis of the sol particles, such that large
precursors of TiO, nanoparticles are formed. This is an
important reason we chose Laponite as the starting clay.
The precursor species of the TiO, nanoparticles most
likely condense on the acid-leached silicate particles
surrounding them. During subsequent hydrothermal
aging, fine anatase particles form from the condensed
sol particles. In later heating, we see the growth of
anatase particles (indicated by the sharp [101] peak in
the XRD pattern) accompanied by dehydration or de-
hydroxylation (indicated by the weight loss above 600
K in Figures 6 and 7). A composite structure with large
porosity forms in which nanoparticles of anatase and
silicate, in the size range of several nanometers, dis-
perse homogeneously among each other.
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Structural Features. The structure of the TiO;
nanocomposite solids is profoundly different from a
pillared layered structure. The pillared layered clays are
microporous solids (pore size below 2 nm) with a
moderate porosity. The conventional TiO, pillared clays
have a pore volume between 0.15 and 0.40 cm?3/g and a
BET surface area between 200 and 350 m?2/g.11:12.15.35
In comparison, the nanocomposites are mesoporous
solids and exhibit much larger surface area and pore
volume (Table 3).

As shown above, introducing surfactants during the
synthesis leads to pronounced increases in the BET
surface area and pore volume of the calcined products.
In addition, as shown in Table 2, the size of the anatase
particles in the calcined products depended strongly on
the acidity of the sol solution, independent of use of the
PEO surfactant. This provides us with a useful means
for tailoring the nanocomposite structure for different
applications. During the last 2 decades applications of
pillared clays as catalysts or catalyst supports for
numerous chemical reactions have been attempted.3” In
general, a larger specific surface area, pore volume, and
pore size, and better acidic characteristics, are required
to improve the effectiveness of a catalyst. With respect
to these properties, the TiO, nanocomposites of the
present study are obviously superior to the TiO, pillared
clays and, therefore, have a greater potential to be
adopted for catalytic applications.

Photocatalytic Performance. A crystallite form of
TiO, in an anatase or rutile phase, is necessary for an
efficient photocatalyst.38 Most titanium dioxide in TiO;
pillared clays prepared by conventional pillaring tech-
niques are amorphous so that the pillared clays have
exhibited poor activity for the photodegradation of
phenol in water.'®> The TiO; pillars are too small to form
a crystal phase and it is also extremely difficult to
control the pillar size in the conventional pillaring
process. The TiO, nanocomposite samples are superior
to TiO; pillared clays due to the crystal particles of TiO,
and large porosity.

The superior catalytic performance of the TiO, nano-
composites can also be attributed to the smaller size
(3—9 nm) of the TiO; crystals in the samples compared
to that in P25 (about 25 nm). First, the small particles
have a larger specific surface area of TiO, on which the
photocatalytic reaction takes place. Catalysts with a
large specific surface area are expected to demonstrate
higher catalytic activity. Second, it has been reported
that as the TiO, crystals become smaller, especially
below 10 nm, their catalytic performance increases
remarkably.®® Apart from the physical properties, such
as surface area, the “size quantization effect”s° could
play an important role for good photocatalytic activity
of catalysts with TiO; particles of several nanometers
only.

Conclusions

In this work, we have proposed and tested a new
synthesis strategy for constructing highly porous com-
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posite structures of anatase and silicate nanoparticles
from aqueous systems. The starting materials, clay
platelets and sol particles of titanium hydrate, react
with each other. Consequently, the clay platelets are
acid-leached and converted to amorphous silicate frag-
ments and polymerized sol particles, the precursors of
anatase nanopaticles condensed on the silicates. Intro-
ducing PEO surfactants in the synthesis leads to a
significant increase in the specific surface area and pore
volume of the calcined products. The surfactant mol-
ecules form micelles that have strong affinity to the
surfaces of both precursors and clay and act as a space
filler. The anatase crystals form during hydrothermal
aging and the crystals grow in the subsequent heating
process. It appears that the surfactants were evaporated
rather than lost by pyrolysis during heating. This
feature brings about economical and environmental
advantages to the synthesis. The calcined solids ob-
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tained have a highly porous structure in which nano-
particles of anatase and silicate are well-dispersed
among each other. We can readily alter the size of the
anatase particles and their porosity in the sample by
manipulating the synthesis parameters. With smaller
sizes of TiO, crystals and a larger porosity, the TiO;
nanocomposites exhibited superior properties as pho-
tocatalysts for the degradation of Rhodamine 6G in an
agueous solution.
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