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A New Nanohybrid Photocatalyst between Anatase (Ti€) and Layered Titanate
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A new microporous Ti@pillared layered titanate has been successfully prepared by hybridizing the exfoliated
titanate with the anatase Tiano-sol. According to the X-ray diffraction analysis andalNsorption-
desorption isotherms, the TiQillared layered titanate showed a pillar height of ~2 nm with a high surface area

of ~460 ni/g and a pore size of ~0.95 nm, indicating that a microporous pillar structure is formed. Its
photocatalytic activity was evaluated by measuring the photodegradation rate of 4-chlorophenol during
irradiation of catalyst suspensions in an aqueous solution. An enhancement in activity of ca. 170% was obtained
for TiO-pillared layered titanate compared to that of the pristine compound such as layered cesium titanate.
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Introduction Experimental Procedures

The pillaring of layered compounds by inorganic molecular Sample preparation The pristine cesium titanate
clusters or nano-sols offers a promising means of fabricatin¢Cs e7Ti1.84 101704, [] eXpress vacancy) was prepared by
porous materials with zeolitic propertiesin particular, the  heating a stoichiometric mixture of £¥; and TiQ at
semiconductor nano-sol pillars have attracted special attenti800°C for 20 h!* The corresponding protonic form,
due to their excellent photocatalytic activity. As reportedHos7Ti1sd 10104 - HO, was obtained by reacting the
previously?® the pillared semiconducting anataseslges  cesium titanate powder with 1 M HCI aqueous solution at
rise to a remarkable enhancement in photocatalytic activityoom temperature for 3 days. During the proton exchange
compared to unsupported catalysts. Such photocatalytieaction, the HCI solution was replaced with a fresh one
activity of semiconductor pillars is also known to be dependengveryday® The layered proton-type titanate was exfoliated
on the type of host layer. For example, CdS-ZnS pillarinto single titanate sheets by intercalating TBA (tetra-
stabilized in the interlayer space of a layered semiconductdsutylamine) molecules, as reported previots®n the other
shows much higher photoactivity than that pillared in anhand, the mono-dispersed and non-aggregategdnEfb-sol
insulating host lattice, since electron and hole recombinatiomas prepared by adding dropwise titanium isopropoxide (30
is effectively suppressed due to electron transfer betweemL) with acetylacetone (20.38 mL) to 0.015 M HNO
guest and hogt agueous solution (180 mL) under vigorous stirring, and then

Generally, it is not easy to stabilize a semiconductingoy peptizing at 60C for 8 h!’ A TiO.-pillared layered
pillar like TiO, in layered transition metal oxides such astitanate was prepared by hybridizing the exfoliated titanate
titanate and titanoniobate since these types of host materiagdbeets with the TiEnano-sol particles at 6C for 24 h. The
exhibit no swelling ability. This is explicable as a result of resulting powder was collected by centrifuging (12,000 rpm,
the high layer charge of the host lattice which hinders ari0 min), washed with a mixed solution of distilled water and
effective intercalation of Ti@sol particles since the inter- ethanol (1 : 1, v/v) to remove excess T8I, and then dried
layer space of the host layer does not undergo sufficierin an ambient atmosphere. Finally, the obtained material was
swelling to permit large guest species to be intercalated. lheated at 308C for 2 h in order to complete the pillaring
light of this, we have developed a novel route for generatingrocess.

a well-ordered Ti@pillared layered titanate with an enhanced Sample characterization The crystal structures of the
photocatalytic activity, which could only be realized by onepristine titanate and its derivatives were studied by powder
notable step, namely the exfoliation of host titanate latticeX-ray diffraction (XRD) measurements using Ni-filtered Cu-
and its restacking in the presence of well-developed anatasén radiation f = 1.54056A) with a graphite diffracted beam
TiO2 nano-sof. Such a hybridization between exfoliated monochromater, and their chemical compositions were de-
titanate and anatase Ti@ano-sol at the molecular level is termined by performing elemental analysis (ICP & CHNS).
found to be advantageous for the preparation of porou$he ICP results indicate that 0.67 mol of cesium ions is
structured material, since it provides a way of accessingncorporated into the crystal lattice, and cesium ions are suc-
guest species freely into the interlayer space of the hostessfully exchanged with protons by acid treatment. Thermo-
lattice without any steric hindranég*? gravimetric analysis (TGA) was also carried out to check the
thermal stability of the Ti@intercalated titanate in an
"To whom all correspondences should be addressed. Tel: +82-2ambient atmosphere where the heating rate was fixetCit 5
880-6658; Fax: +82-2-872-9864; e-mail: jhchoy@plaza.snu.ac.kmin. To determine the surface area and porosity of the sam-
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ples, nitrogen adsorption-desorption isotherms were measureuin) due to the intercalation of water molecules into the
volumetrically at liquid nitrogen temperature with a homemadenterlayer space of the layered titanate (Figure 1b). Before
computer-controlled measurement sysfebV-vis spectra  the ion-exchange reaction with Ti@ano-sol, the proton-
measurements were performed to evaluate the photo-chemidgpe layered titanate was exfoliated by intercalating tetra-
properties of the samples. The band gap energies welritylamine molecules. The exfoliated titanate does not show
determined from the onset of the diffuse reflectance spectrany basal reflections, indicating that the titanate single sheets
which were obtained in a magnitude proportional to the exare dispersed in an aqueous medi8itdpon reaction of the
tinction coefficient &) through the Kubelka-Munk functid.  exfoliated titanate with anatase TFi®ano-sol, the (020)
Photocatalytic reaction The photocatalyst (10 mg) was reflection of the proton-type phase is displaced to the (010)
dispersed in a quartz cell with 100 mL of 4-chlorophenolreflection of the restacked titanate at a lower angl#=(2
solution (10* M), which was vigorously stirred under oxy- 2.1° d = 4.36 nm), suggesting that the mono-dispersed TiO
gen gas bubbling conditions. One side of the cell was irhano-sol is stabilized in the interlayer space of titanate. The
radiated with UV-vis light from a 300 W Xe lamp at room well-developed (@) peaks at 2=2.1°, 4.2, and 6.8 in-
temperature. The photocatalytic activity of the samples waslicate that the resulting Tipillared titanate is fairly well
evaluated by measuring the photodegradation rate of 4erdered along the b-axis. After calcinating at 3DGor 2 h,
chlorophenol in an aqueous solution. UV-vis absorptionits basal spacing decreases to 2.56 nm (Figure 1c), which is
spectra were recorded on a Perkin-Elmer Lambda 12 spemainly attributed to the dehydroxylation of pillared TiO
trometer equipped with an integrating sphere of 60 nm imano-sol particles and to the pyrolysis of acetylacetone

diameter using BaS(as a standard. molecules coordinated to the surface of ;li@no-sol. Such
a pillared structure is maintained even after calcinating at
Results and Discussion 350°C for 2 h, whereas it becomes collapsed to an amor-

phous phase above 4%D. It is worthwhile to mention here
The XRD patterns of the pristine layered cesium titanatehat the thermal stability of layered titanate is significantly
and its protonated derivative were found to be well-indexedenhanced by pillaring the TiOsol particles due to the
on the basis of lepidocrocite structure with orthorhombicformation of strong chemical bonds between the, Tiého-
symmetry. Figure 1 represents the XRD patterns of th@articles and the layered titanate lattice in the interlayer
selected samples under the pillaring process. From the (028pace.
reflection at &= 10.28 (Figure 1a), a basal spacing of 0.86 According to the CHNS analysis, no trace of nitrogen was
nm for the proton-type layered titanate can be determinedietected for the Ti@intercalated layered titanate prepared
Upon acid treatment, the (020) reflection shifts toward aby hybridizing the exfoliated titanate with Ti@ano-sols,
lower angle (2= 9.6, indicating a lattice expansion (0.92 indicating that the tetrabutylamine molecules in the inter-
layer of titanate was fully exchanged by Ti@®ano-sols
coordinated with acetylacetone. Therefore, the,Tir-
calated layered titanate contains water and acetylacetone
only in the interlayer space. Consequently, when the sample
is heated at 30T for 2 h in air, acetylacetone molecules in
the interlayer space could be removed since the boiling point
of acetylacetone is known to be ~14%4
020 Figure 2 represents the TG-DTG curve for the »TiO
101 intercalated layered titanate, and its weight loss is found to
© W be extended over a wide temperature range due to the comb-
ination of several factors contributing to weight decrease
such as dehydration, decomposition, and dehydroxylation.
020 e o1 200 The first step up to ~1AT is certainly due to the dehy-
dration of water in titanate layers, and the second step be-
tween 120 and 26 is attributed to the oxidative decom-
position of acetylacetone in the interlayer surface of titanate.
The third step beyond 28C is due to the dehydroxylation
of the TiQ sol in the host layer. All these results coincide
well with CHNS analysis data indicating that the tetrabutyl-
amine molecules in the titanate layer are completely replaced
with the TiG nano-sol coordinated with acetylacetone dur-
ing the hybridization procedure.
Two theta (26) According to the nitrogen adsorption-desorption isotherm,
Figure 1. Powder XRD patterns of layered cesium titanate (a),{N€ Present Tigpillared layered titanate could be of the type
acid-treated sample (b), and Tifillared layered titanate with iea | and/or 1V in the BDDT classificationyhich is char-
treatment at 30€C (c). acteristic of microporous adsorbefftdn addition, the hy-
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Table 1 Specific surface areas, pore volumes and pore diameters
of layered titanate and Tipillared layered titanate

Surface area Pore volume pgre

_ Sample (m?/g) (mllg)  diameter
identification 5 (A
S3ET SI_angmuir VTalaIa Vmicro ( )
% Layered 1 0 0 0
) cesium titanate
< Proton-type 13 24 0o o 0
-g layered titanate

Anatase-pillared

C
layered titanate-306C 251° 458 0.171 0.153 9.5

35pecific total pore volume at R/ 0.98.°Estimated by t-plot method.
“The correlation coefficient (R = 0.9981) ofagmuiris more close to ~1
than that (R = 0.9936) ofgGr.

micropore analysis (MP) method, which reveals that the
pores in the Ti@pillared titanate mainly consist of micropores
Temperature (°C) with a size of ~0.95 nm (inset of Figure ?8)The pore
Figure 2. TG & DTG curves for Ti@intercalated layered titanate. Volumes and pore diameters for the pillaring process of
layered titanate are summarized in Table 1.

Figure 4 shows the UV-vis diffuse reflectance spectrum of
steresis loop resembles H4 in the IUPAC classificationthe TiQx-pillared layered titanate, which is compared with
indicating the presence of open slit-shaped pores with fairlyhat of the pristine cesium titanate. Upon reacting the host
wide bodies and narrow short narrow necks (Figur® 3). titanate with the anatase Ti@ano-sol, the layered cesium
Surprisingly, the surface area of the FHalllared titanate is  titanate band (~3.5 eV) shifts to a longer wavelength region
determined to be ~460%g with a pore volume of 0.17 ml corresponding to a band gap energy of ~2.7 eV. This is
liquid nitrogen per gram of material, which enormously ex-attributed to a red shift in the onset of the spectra as a result
ceeds that of pristine layered cesium titanate (4gj)mand  of hybridizing the layered titanate with anatase ;Ti@no-
is the largest among semiconducting nano-sol particlessol. Similar results have been reported fosCheillared
pillared layered transition metal oxides so far reported. Thenontmorillonite??23 TiO.-pillared montmorillonite* SiOy/
pore size distribution curve has been calculated by using tHEO,-pillared montmorillonite, and various CdS/ZnS-pil-
lared layered compoun@$>%

The photocatalytic activity was evaluated by measuring
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Figure 3. Nitrogen adsorption-desorption isotherms of ;FiO 200 300 400 500 600

pillared layered titanate with heat-treatment at ®(circles). The
filled and open symbols represent adsorption and desorption dat
respectively. The inset shows the pore size distribution curve foFigure 4. Diffuse UV-vis spectra for layered protonic titanate (a),
TiO-pillared titanate. and TiQ-pillared layered titanate (b).
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layered titanate compared to that of the pristine compound
by performing the photodegradation of 4-Chlorophenol.
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Figure 5. Cumulative photocatalytic decomposition of 4- 7.
chlorophenol from 100 mL (I6M) solution in the presence of 10

mg catalysts (10 mg) under UV irradiation of 300 W Xe lamp. The 8.
circle and diamond symbols represent layered cesium titanate and
TiOo-pillared layered titanate, respectively. 9.

10.

the photodegradation rate of 4-chlorophenol during th
irradiation on catalyst suspensions in an aqueous solution.
Figure 5 represents the degradation rate of 4-chlorophenapb.
by photocatalysts during 100 min. The photodegradation of
the TiQ-pillared layered titanate showed higher activity
(0.695umol min®) than that of the pristine layered titanate
(0.4176umol min™). An enhancement in activity by ca. 170 14
% could be obtained for the Tiillared layered titanate
compared to that of the pristine compound, which is at-15.
tributed to the presence of the anatase, Tiého-sol in the
interlayer space. The electron-hole recombination is effectivel)}e'
suppressed due to electron transfer between guest arfd host;
18.

Conclusions
19.

A new microporous Ti@pillared layered titanate was suc- 0

cessfully prepared through an exfoliation-restacking routepq
The TiOx-pillared layered titanate exhibited the highest sur-
face area (460 ffg) with and excellent thermal stability up 22.
to 350°C, which is the last catalyst ever reported among, ,
semiconductor-pillared transition metal oxidé€ Accord-
ing to the nitrogen adsorption isotherm measurement, the
present pillared material consists of micropores in the maires.
Based on the above results, a model for multilayer-stackedb.
interlayer sol particles is proposed in which the pillars be-
tween sol particles and titanate layers provide a unique mi-
cropore structure. A remarkable enhancement in photocatalytisys.
activity by ca. 170% could be obtained for the Fifillared

. Grey, |I.
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