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a b s t r a c t

Mesoporous potassium-intercalated layered titanate has been synthesized through a reassembling of
exfoliated titanate nanosheets and potassium cations. According to powder X-ray diffraction, electron
microscopy, and N2 adsorption–desorption isotherm analyses, the intercalation of potassium ions gave
rise not only to a slight basal expansion of the layered titanate but also to the formation of mesoporous
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assembly of the layered crystallites. In comparison with the pristine cesium titanate and its protonated
derivative, the mesoporous potassium-intercalated titanate showed better photocatalytic activity for
the photodegradation of organic molecules and higher adsorption capability for organic dye and CO2

molecules, as well.
© 2009 Elsevier B.V. All rights reserved.
hotocatalysis
dsorption

. Introduction

Over the past decades, mesoporous materials have attracted
pecial interest because of their promising functions as catalysts,
dsorbents, gas storing materials, and so on [1–3]. The use of
rganic surfactants as soft templates proved to be quite useful in
ynthesizing mesoporous silica-based materials [2]. However, this
ynthetic strategy is not so effective for the preparation of meso-
orous transition metal oxides. This difficulty originates from the
nique characteristics of transition metal ions such as rapid hydrol-
sis, strong preference for high coordination numbers, etc. [2]. On
he other hand, the intercalation chemistry of layered transition

etal oxide could provide an alternative route to mesoporous tran-
ition metal oxide [4–13]. In particular, the exfoliation of layered
etal oxide into individually separated nanosheets made it pos-

ible to hybrid layered metal oxides with various guest species,
eading to new type of porous intercalation compounds [4–9].
ecently we were successful in synthesizing a series of mesoporous
ybrid-type transition metal oxides via the intercalative reassem-
ling of 2D metal oxide nanosheets with 0D nanoparticles [4–9].

s a result of electronic coupling between wide bandgap semicon-
ucting titanate and narrow bandgap semiconducting transition
etal oxide, visible light active photocatalysts could be produced

4,5,7]. Taking into account the fact that the reassembling between
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negatively charged titanate nanosheets and positively charged
guest species could be achieved in terms of electrostatic inter-
action, possible guest candidates for the hybridization with the
layered titanate are limited to cationic species. In comparison with
positively charged metal hydroxide nanoclusters or metal oxide
nanoparticles [14], isolated metal cations are expected to be more
useful guests for the negatively charged titanate because of their
wider pH region for positively charged state. However, there has
been no study regarding the intercalative reassembling between
layered titanium oxide nanosheets and isolated metal cations.

In this study, we were successful in synthesizing mesoporous
potassium-intercalated titanate through the reassembling of exfo-
liated titanate nanosheets with potassium cations. The crystal
structure, crystal morphology, and pore structure of this inter-
calation compound have been systematically characterized using
powder X-ray diffraction (XRD), electron microscopy, and N2
adsorption–desorption isotherm measurement, respectively. Also,
its applicability as environmental photocatalyst and adsorbent for
greenhouse gas was investigated by monitoring the photodegra-
dation of methylene blue (MB) under UV–vis irradiation, and the
adsorption of CO2 gas as a function of applied pressure, respectively.

2. Experimental
Layered cesium titanate Cs0.67Ti1.83�0.17O4 was obtained by
solid-state reaction and its protonated derivative was prepared
by the subsequent HCl treatment, respectively [4]. The exfoliation
of this layered titanate was achieved by reacting the protonated

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:hwangsju@ewha.ac.kr
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Fig. 1. Schematic model for the reassembling o

itanate with tetrabutylammonium hydroxide (TBA·OH) [4]. The
eassembling between layered titanate nanosheets and potassium
ons was carried out by a dropwise addition of the 5 mL aqueous
olution (0.198 mol/L) of potassium hydroxide (0.989 mmol) into
he colloidal suspension of exfoliated titanium oxide nanosheets
0.1 g/L, 100 mL) under vigorous stirring. The rate of KOH addi-
ion was 0.5 mL/min. The molar ratio of potassium (K) and titanate
Ti1.83�0.17O4) was adjusted to 15. As illustrated in Fig. 1, the
eassembling between both species with opposite charges could be
chieved in terms of electrostatic interaction. The resultant prod-
cts were centrifuged, washed thoroughly with distilled water, and
ried in oven. The crystal structure, crystal morphology, chemical
omposition, and thermal behavior of the potassium-intercalated
itanate were studied by powder XRD, field emission-scanning
lectron microscopy/energy dispersive spectrometry (FE-SEM/EDS,
EOL JSM-6700F microscope), and thermogravimetric analysis
TGA), respectively. The stacking structure of the potassium-
ntercalates was examined using high resolution-transmission
lectron microscopy (HR-TEM, Philips-CM200 microscope, 200 kV).
he surface area and porosity of this intercalation compound were
xamined by measuring volumetrically N2 adsorption–desorption
sotherms at liquid nitrogen temperature. The calcined samples

ere degassed at 150 ◦C for 2 h under vacuum before the adsorption
easurement. Also, the CO2 adsorption behavior of this material
as measured volumetrically at 273.15 K as a function of applied
ressure up to 1 atm. Diffuse reflectance UV–vis spectra were
btained on a PerkinElmer Lambda 35 spectrometer equipped with
n integrating sphere, using BaSO4 as a reference. The photocat-
lytic activity of the potassium-intercalated titanate under UV–vis
rradiation was examined by adopting MB as a target substrate,
n comparison with those of the pristine cesium titanate and its
rotonated derivative. The substrate was added to an aqueous pho-
ocatalyst suspension in the glass reactor (100 mL) with a quartz

indow and then equilibrated for 30 min with stirring in the dark

efore illumination. All the tests of photocatalytic reactivity were
arried out in aerobic condition. The light from a 400-W Xe arc
amp (Oriel) was passed through a 10-cm IR water filter and a cut-
ff filter (� > 300 nm) and then focused onto the reactor. Sample
liated titanate nanosheets and potassium ions.

aliquots were withdrawn intermittently with a 1-mL syringe dur-
ing the illumination and filtered through a 0.45-�m PTFE filter
(Milipore) to remove catalyst particles. The concentration change
of MB was monitored spectrophotometrically by measuring the
absorbance at � = 665 nm with an UV–vis spectrophotometer. Also,
the photodegradation of MB was cross-confirmed by monitoring
the formation of its decomposition product, i.e. sulfate ion, with
ion chromatography (IC).

3. Results and discussions

3.1. Powder XRD analysis

Fig. 2 represents the powder XRD patterns of potassium-
intercalated titanate and its calcined derivative, together with those
of the pristine cesium titanate, protonated titanate, and exfoli-
ated titanate nanosheets. While the protonated titanate showed
a series of well-developed (0k0) reflections, no Bragg reflections
could be observed for the exfoliated nanosheets of the titanate,
indicating the disordered filing of titanate monolayers. After the
reaction of the titanate nanosheets with KOH, the (0k0) peaks were
restored, strongly suggesting the formation of the layer-by-layer
ordered intercalation structure. From the least square fitting anal-
ysis [15], the basal spacing of the potassium-intercalated titanate
was determined to be ∼9.15 Å, corresponding to the gallery height
of ∼1.5 Å. The post-calcination at 200 ◦C led to a slight displace-
ment of the (0k0) reflections toward high angle side, indicating the
contraction of basal spacing to ∼8.86 Å. This could be interpreted
as a result of the removal of interlayer water molecules. In the 2�
range of 22–30◦, both the as-prepared and calcined intercalation
compounds show a broad and diffuse peak, which originates from
the turbostratic/disodered stacking of lamellar titanate nanosheets
[16].
3.2. HR-TEM, FE-SEM, and chemical analyses

The formation of intercalation structure upon the reaction
between KOH and titanate nanosheets was confirmed by HR-TEM
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ig. 2. Powder XRD patterns of (a) cesium titanate, (b) protonated titanate, (c) the
olloidal particles of exfoliated titanate, (d) potassium-intercalated titanate and (e)
ts derivative calcined at 200 ◦C.

nalysis. As shown in Fig. 3, the exfoliated titanate nanosheets

re reassembled in layer-by-layer way during the intercalation of
otassium ions into layered titanate. The cross-sectional HR-TEM

mage of the potassium-intercalated titanate clearly demonstrated
ts interstratification structure with the basal spacing of ∼0.91 nm.

ig. 3. HR-TEM images of the potassium-intercalated layered titanate; (a) top view
nd (b) cross-sectional view.
Fig. 4. (Top) FE-SEM image and (bottom) EDS graph of the potassium-intercalated
layered titanate calcined at 200 ◦C.

The estimated basal spacing is in good agreement with the value
obtained from powder XRD analysis (Fig. 2).

Also, we have examined the crystal morphology and cation
composition of the present intercalation compound using FE-
SEM/EDS tool. As illustrated in Fig. 4, the layered crystallites of the
intercalation compound are stacked to form house-of-cards type
porous assembly, suggesting the formation of mesopores upon the
reassembling reaction. On the other hand, we have determined
the cation composition of the potassium-intercalated titanate from
the relative intensity of the EDS peaks. As shown in Fig. 4, the
ratio of K/Ti was estimated to be 0.29, which is slightly lower than
the Cs/Ti ratio in the pristine cesium titanate (0.37). The observed
discrepancy in cation composition would reflect the presence of
small amount of protons in the potassium-intercalated titanate to
compensate the excess negative charge of the titanate layers. On
the other hand, we have examined the thermal behavior of the
potassium-intercalated titanate using TGA. As plotted in Fig. 5, the
present intercalation compound exhibits marked weight losses to
150 ◦C, which corresponds to the evaporation of water molecules.
From the amount of weight decrease and EDS results, the chem-
ical formula of the as-prepared intercalate was determined to be
K0.53H0.14Ti1.83�0.17O4·0.83H2O.

3.3. Gas adsorption and UV–vis spectroscopic analyses

As found from the TGA results presented here (Fig. 5), the inter-
calation compound prepared in aqueous media contains significant

amount of water molecules adsorbed on the surface and/or in the
pores [17]. Such water molecules would block the adsorption of gas
molecules onto the intercalation compound. In this regard, we have
measured the porosity of the intercalation compound after remov-
ing the adsorbed water molecules by the calcination at 200 ◦C. The
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Fig. 5. TGA curve of the potassium-intercalated layered titanate.

2 adsorption–desorption isotherm of the potassium-intercalated
itanate is plotted in Fig. 6. A distinct hysteresis appeared in the
ressure region of p/p0 > 0.4, indicating the formation of meso-
orous structure originating from the house-of-cards stacking of
he layered crystallites. The observed hysteresis behavior could be
lassified as the Brunauer–Deming–Deming–Teller (BDDT) type I
nd IV shape, along with H3-type hysteresis loop in the IUPAC clas-
ification [18]. This indicates the presence of the open slit-shaped
apillaries with very wide bodies and narrow short necks. The sur-
ace area of this intercalation compound (∼8 m2/g) was determined
o be larger than that of the pristine titanate (∼1 m2/g), highlighting

he increase of surface area after the intercalation. To estimate the
ore size of the obtained intercalation compound, we have analyzed

ts pore distribution with Barrett–Joyner–Halenda (BJH) method. As
lotted in the inset of Fig. 6, the pores in this intercalation com-
ound possess a quite narrow size distribution with an average

ig. 6. N2 adsorption–desorption isotherm and (inset) pore size distribution curve
nalyzed by BJH method for the potassium-intercalated layered titanate calcined at
00 ◦C.
Fig. 7. CO2 adsorption behavior of potassium-intercalated titanate calcined at 200 ◦C
at 273.15 K.

pore diameter of ∼5.2 nm. This pore size could be reproducibly
obtained under the synthetic condition given in the experimen-
tal section. Taking into account the fact that the obtained pore size
is much larger than the basal spacing of the intercalation struc-
ture, the formation of this mesopore is surely attributable to the
disordered porous stacking of the potassium–titanate crystallites,
as suggested from the FE-SEM result. In fact, we have found that,
regardless of the types of guest species, the reassembling process of
exfoliated titanate nanosheets creates mesopores with the similar
size of ∼5 nm [4,5]. We have tested the capability of this intercala-
tion compound for the adsorption of greenhouse gas like CO2. As
shown in Fig. 7, the potassium-intercalated titanate could induce a
distinct adsorption of CO2 gas molecules at 273.15 K. Even though
the amount of CO2 gas adsorbed is somewhat small, the present
result suggests that, after the optimization of the surface area, the
obtained titanate-based intercalation compound can be used as
adsorbent for gaseous carbon dioxide.

On the other hand, evolution of the band structure of layered
titanate upon potassium intercalation has been investigated with
diffuse reflectance UV–vis spectroscopy. As shown in Fig. 8, a clear
absorption edge commonly appeared beyond 3.5 eV for the pris-
tine cesium titanate and, its protonated and potassium-intercalated
derivatives, highlighting the wide bandgap semiconducting nature
of these materials. From an interpolation process, the bandgap
energy of the potassium-intercalated titanate was determined to be
∼3.5 eV, which is almost identical to those of the pristine titanate
and its protonated derivative. Little change of the bandgap energy
of titanate upon the potassium intercalation is attributed to the
inactivity of potassium ion to UV–vis absorption.

3.4. Photocatalyst test

The photocatalytic activity of the potassium-intercalated
titanate was tested against the photodegradation of MB in an illumi-
nated catalyst suspension, in comparison with those of the pristine

cesium titanate and its protonated derivative. In order to separate
the effect of adsorption of organic molecule, we have soaked the
photocatalyst in substrate solution for 30 min in dark condition. Of
special interest is that large amount of the MB dye molecules (∼80%)
could be adsorbed by the potassium-intercalated compound in the
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ig. 8. Diffuse reflectance UV–vis spectra of (a) cesium titanate, (b) protonated
itanate, and (c) potassium-intercalated titanate.

ark. This result contrasted well with negligible MB adsorption by
he cesium titanate and the protonated titanate, underscoring the
emarkable enhancement of the adsorption capability of the lay-
red titanate upon the potassium intercalation. It is worthwhile
o mention that the effective adsorption of pollutant molecules
y porous solids is important for the rapid purification of con-
aminated water. We have monitored the photodegradation of MB

olecules under UV–vis irradiation (� > 300 nm) by measuring the

V–vis spectra of supernant solution. As displayed in Fig. 9, both

he cesium titanate and protonated titanate appeared inactive for
he photodegradation of MB molecules, whereas the potassium-
ntercalate led to notable decrease of the dye concentration. The
hotodegradation of MB molecules by the potassium-intercalated

ig. 9. Time profiles of photocatalytic degradation of MB in UV–vis illuminated
� > 300 nm) suspensions of the potassium-intercalated titanate calcined at 200 ◦C
©) and the pristine cesium titanate (�) and protonated titanate (�).

[
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titanate was cross-confirmed by the IC analysis for the supernant
solution revealing the formation of sulfate ion, i.e., a decomposition
product of MB molecule. Summarizing all the findings presented
here, it becomes certain that the formation of porous structure by
the potassium intercalation markedly improves the photocatalytic
activity of the layered titanate. Considering negligible change of
bandgap energy upon the potassium intercalation, the observed
increase of photocatalytic activity can be attributed to the increase
of surface area by the formation of porous structure [19]. The expan-
sion of surface area implies the provision of larger number of
reaction sites on the catalyst surface, leading to the improvement
of the photocatalytic activity.

4. Conclusions

In this work, we have successfully synthesized mesoporous
potassium-intercalated layered titanate. The formation of potas-
sium intercalation compound was confirmed by powder XRD
and HR-TEM/FE-SEM analyses. N2 adsorption–desorption isotherm
measurements with BJH pore analyses clearly demonstrated that
the present intercalation compound possesses mesopores with a
narrow size distribution (average diameter ∼5.2 nm). Also, we have
found that the present mesoporous intercalation compound shows
better photocatalytic activity for the photodegradation of organic
molecules and higher adsorption capability for organic dye and CO2
molecules, indicating its applicability as environmental photocat-
alyst and absorbent for greenhouse gas. On the basis of the present
experimental findings, it became clear that the reassembling reac-
tion between exfoliated titanate nanosheets and metal ions is useful
for synthesizing new type of mesoporous materials with multiple
functions.
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