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Abstract

ŽPorous pillared materials have been synthesized from substituted tri- and tetratitanates Na Ti M O , K Ti M O ,2 3yx x 7 2 4yx x 9
.MsMn, Fe, Co, Ni, Cu, xF0.3 by a stepwise exchange process. The microstructure of pillared samples was characterized

by a number of cleavages running parallel with TiO layers, which produced a waffle-like texture. The pillared samples6
Ž 2 .showed 10–25 times larger BET surface areas 50–120 m rg as compared to pristine samples. The photocatalytic activity

of 1 wt.% Ptrtitanates for H evolution from CH OHrH O mixtures was enhanced by pillaring in accord with an increase2 3 2

of the surface area. Partial substitution of various transition elements for the Ti site significantly affected the H evolution2

rate. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The synthesis of pillared structures from lay-
ered materials has led to the development of a

w xnew class of porous catalysts 1 . Pillared lay-
ered materials are prepared by intercalation of
large polymeric inorganic cations or metal
alkoxides into layered hosts, which are con-
verted to oxide pillars after calcination. The
resulting microporous structure is characterized
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by interlayer spacings of ca. 1 nm and high
specific surface areas. Another interesting fea-
ture of pillared materials is a wide variety of
possible chemical combinations between layers
and pillars. Apart from the conventional clays
and related materials, several researchers have
recently reported the pillaring of layered transi-
tion metal oxides, such as titanates and niobates
w x2–9 . Their catalytic and electronic properties
are expected to lead to a novel family of func-
tional porous solids. Actually, it has been al-

w xready reported by Domen et al. 7,10 and Sato
w xet al. 11 that pillared materials prepared from

layered niobates exhibit the excellent photocat-
alytic activity for hydrogen evolution reactions.
In this study, we have synthesized pillared
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structure from two different types of layered
titanates which are partially substituted by vari-
ous transition elements. An attempt was made
to evaluate the effect of pillaring and partial
substitution on the crystal structure, microstruc-
ture, and photocatalytic property.

2. Experimental

2.1. Sample preparation

Sodium trititanate, potassium tetratitanate,
Žand their substituted samples Na Ti M O ,2 3yx x 7

K Ti M O , MsMn, Fe, Co, Ni, Cu, xs2 4yx x 9
.0.15–0.30 were prepared by calcining mixtures

Ž .of carbonate Na CO or K CO and oxide2 3 2 3
Ž .TiO and other transition metal oxides pow-2

ders at 8008C for 30 h. The pillared samples
were prepared by a stepwise exchange process
w x Ž .2–9 . In the first step, the samples 3.0 g were

Ž .exchanged in 1 molrl HCl 200 ml at room
temperature for 1 week to give protonated
derivatives. Intercalation of hexylamine was
carried out by mixing the protonated sample
Ž .1.0 g in an aqueous solution of 5 molrl
n-C H NH at room temperature for 1 week.6 13 2

The solid product was then treated with pillar-
Ž .ing agents, tetraethyl orthosilicate TEOS or

aqueous solution of aluminum hydroxide
w Ž . Ž . x7q Ž .oligomers, Al O OH H O Al , at13 4 24 2 12 13

608C for 3 days. The Al solution was prepared13

by slowly adding C H NH to AlCl to obtain6 13 2 3
Ža final hydrolysis ratio, OHrAls2.3 pHs

.4.0–4.5 , and following aging at 608C for 4 h.
After reaction with these pillaring agents, the
resultant solid product was centrifuged, washed
with water or ethanol and air-dried at room
temperature. The porous pillared samples were
obtained by calcination at elevated temperatures
Ž .3008C–5008C in a stream of O .2

2.2. Characterization and photocatalytic reac-
tion

The crystal structure of as prepared samples
was identified by using a powder X-ray diffrac-

Ž .tometer XRD, Shimadzu XD-D1 equipped
Ž .with Cu-Ka radiation 30 kV, 20 mA and a

Žmonochromater. An infrared spectrometer Jasco
.FT-IR-300 was used for the chemical structure

analysis. Chemical composition of samples was
determined by energy-dispersive X-ray analysis
Ž . ŽEDS, Horiba and atomic absorption Hitachi

. Ž .Z8000 . Thermal gravimetric TG analysis of
as prepared samples was carried out by using an
ULVAC TGD-5000 at a heating rate of
108Crmin in air. The BET surface area and
pore size distribution were obtained by measur-
ing N adsorption isotherms at 77 K. The mi-2

crostructure of samples was observed by FE-
Ž . Ž .SEM Hitachi 4100 and TEM JEOL 2000FX .

Diffuse reflectance spectra were recorded with a
Ž .UV–vis spectrometer Jasco V-550 .

The photocatalytic H evolution from aque-2

ous solution of 4 molrl CH OH was conducted3

in an inner irradiation Pyrex cell, which is
connected to a conventional gas circulation sys-
tem, under irradiation with light from a 400 W

Žhigh-pressure Hg lamp. The powder sample 0.2
.g before and after photodeposition of platinum

Ž .1 wt.% was suspended in the solution and
stirred during irradiation. Prior to the reaction,
the system was evacuated to remove air and
then purged with 150 mmHg of Ar. The amount
of H evolved was determined by using an2

Žon-line gas chromatograph GL Science 370,
.TCD, Ar carrier with MS-5A and Porapak-Q

columns as well as a quadrupole mass spec-
Ž .trometer Spectra Metrics, Monitor .

3. Results and discussion

3.1. Crystal structure and chemical composition
in stepwise exchange process

X-ray diffraction patterns of tri- and tetrati-
Ž .tanates NaTi O and K Ti O were respec-3 7 2 4 9

tively in good agreement with the data already
w xreported 12 . The crystal structure of these

titanates is built up from a unit of three or four
TiO octahedra arranged in a line by edge shar-6
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Ž .ing see Fig. 6c . These units are joined to
similar blocks above and below to form zigzag
strings. The strings are combined by sharing
corners of octahedra to form staggered sheets.
We have found that the Ti4q site in this sheet
could be partially replaced by various transition

Ž .metals Mn, Fe, Co, Ni, and Cu without struc-
tural deterioration up to x s 0.3 for
Na Ti M O and xs0.2 for K Ti M O .2 3yx x 7 2 4yx x 9

The structural change of the layered titanates
during stepwise exchange to pillared derivatives
was studied by XRD. Fig. 1 shows representa-
tive diffraction patterns for the Na Ti Mn O2 2.7 0.3 7

system. The stepwise exchange could be ob-
Ž .served as a shift of the 100 reflection at

2us10.68, which corresponds to the interlayer
Ž .distance ds0.83 nm between two adjacent

TiO sheets. After protonation in 1 molrl HCl6

the interlayer distance decreased from 0.83 to
0.78 nm. Since the TG analysis indicated that
the interlayer of pristine and protonated samples
was not hydrated, the observed decrease in the
interlayer distance results from different size of
interlayer cations. The interlayer distance was

Žthen significantly expanded to 2.1 nm 2us
.4.28 by following intercalation of C H NH .6 13 2

The corresponding interlayer spacing of ca. 1.5
nm is much lager than the chain length of

Ž .n-hexylammonium ions ca. 1.0 nm , suggesting
the bilayer configuration of alkyl chains as was

w xpointed out by Hou et al. 8 . Mixing the hexy-
lamine-intercalated sample with TEOS led to
little change of the interlayer distance, but the
EDS analysis clearly showed that TEOS was
absorbed into the organophilic interlayer region.
After calcination at 4008C in air, FT-IR mea-
surement revealed the complete elimination of

Ž y1the organic components n 2840–3960 cm ,CH
y1.d 1450–1520 cm and formation of a Si–ONH

Ž y1.network n 1000–1100 cm . The resultantSiO

pillared titanate possessed an interlayer distance
Ž .of 1.6 nm 2us5.68 , which corresponds to the

interlayer spacing of ca. 1.0 nm between adja-
cent TiO sheets. However, a substantial broad-6

Ž .ening and loss of the peak intensity of the 100
reflection suggest the lack of regularity of the
layer stacking. Other SiO - or Al O -pillared2 2 3

samples could be also prepared from layered

Ž . Ž . Ž . Ž .Fig. 1. XRD patterns of Na Ti Mn O . a Pristine sample, b after protonation, c after intercalation of hexylamine, d after2 2.7 0.3 7
Ž . Ž .intercalation of TEOS, and e d calcined at 4008C in air.
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titanates and their substituted derivatives in the
same manner.

Table 1 summarizes the results of chemical
composition analysis for Na Ti M O in the2 3yx x 7

stepwise exchange process. After more than 95
at.% of sodium ion was extracted during proto-
nation in 1 molrl HCl, part of substituted tran-
sition elements was eluted from the solid. Their
residual amounts were quite different, e.g., 86
at.% of Mn remained whereas 78 at.% of Cu
dissolved out for the nominal composition of
xs0.3. As a result of this considerable elution,
the pillared structure of Cu-substituted samples
was easily collapsed upon heating. The uptake
of hexylamine by protonated samples was deter-
mined by TG measurement, which showed the
weight loss caused by elimination of hexyl-
amine at 4008C–5508C. The substitution for Ti
resulted in the increased uptake except the Cu

Ž .case xs0.3 . The amount of TEOS incorpo-
rated into the layered titanate as a pillaring
agent was also dependent on the substituted
transition element, increasing in accord with the
uptake of hexylamine. Therefore, formation of
hexylamine bilayers in the interlayer is effective
in promoting the incorporation of TEOS.

3.2. Microstructure of pillared layered titanates

Fig. 2 showed the BET surface area of un-
substituted tri- and tetratitanates. The pristine
powders of these two types of titanates showed
low surface areas less than 5 m2rg, which were
little changed after protonation. In contrast, the
pillared titanates showed much larger surface
areas above 50 m2rg. From XRD measurement,
the pillared structure was thermostable up to
5008C, but the surface areas showed their maxi-
mum at 4008C. Fig. 3 shows the surface area of
SiO -pillared Ti M O after calcination at2 3yx x 7

4008C. The surface area increased after the sub-
stitution and the largest value of 120 m2rg was

Ž .attained for MsMn xs0.3 . It should be
noted that the surface area is roughly dependent
on the SiO content shown in Table 1. This2

result suggests that higher density of SiO pil-2

laring is effective in producing large surface
areas after calcination. Among the substituted
pillared titanates, Cu-substituted sample showed
the lowest surface areas because of the struc-
tural collapse caused by the elution of Cu ions
in the protonation step. Fig. 4 shows the typical
pore size distribution calculated from N ad-2

Table 1
Chemical composition in stepwise exchange processes of NaTi M O3y x x 7

a b cM x Protonation Residual Uptake of amine Uptake of TEOS
Ž . Ž . Ž . Ž .at.% M at.% molrmol molrmol

Ti – 95.5 – 0.12 0.26

Mn 0.15 98.2 85.1 0.17 0.43
0.30 97.4 86.1 0.38 0.70

Fe 0.15 96.8 73.8 0.12 0.39
0.30 95.4 67.8 0.12 0.40

Co 0.15 98.7 77.7 0.18 0.39
0.30 95.3 72.2 0.15 0.38

Ni 0.15 96.4 69.4 0.21 0.51
0.30 95.4 80.5 0.20 0.54

Cu 0.15 95.8 5.2 0.13 0.29
0.30 97.2 21.6 0.01 0.10

a Nominal composition.
b Ž .Hr HqNa =100.
c Residual M after protonation in HCl solution.
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Fig. 2. BET surface areas of ion-exchanged and pillared layered titanates. Pillared samples were calcined at 4008C.

sorption isotherms at 77 K. The pillared ti-
tanates showed a peak centered at ca. 3 nm,
which was absent in the pristine sample. The
disagreement between the pore size and inter-

Ž .layer spacing ca. 1 nm estimated from XRD
arises from inhomogeneity of the pillared struc-
ture as described below.

The microstructure of tetratitanate samples
before and after SiO -pillaring was observed by2

SEM as shown in Fig. 5. The pristine powders
Ž .K Ti O consisted of planar or columnar mi-2 4 9

crocrystals of 0.5–2 mm long and 0.1–0.4 mm

wide. These well-developed microcrystals pos-
sessed smooth surface, of which geometrical
area is close to the BET surface area. After
pillaring and calcination at 4008C several micro-
crystals were deformed and cracked, but no
significant change was observed in their parti-
cles size. Since the deposition of amorphous
SiO particles on the microcrystals was negligi-2

ble, the increased surface area of pillared sam-
Ž .ples Fig. 2 is considered due to the formation

of intraparticle pores accessible by N2

molecules.

Fig. 3. BET surface areas of SiO -pillared Ti M O after calcination at 4008C.2 3yx x 7
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Fig. 4. Pore size distribution of pillared layered titanates after calcination at 4008C.

Fig. 6a shows a TEM photograph of pristine
K Ti O particles. Selected area electron2 4 9

Ž .diffraction SAD with an incident beam normal
to the prism plane of several different crystals

Ž .showed a single-crystal pattern Fig. 6b consis-
tent with the monoclinic lattice of K Ti O2 4 9
Ž .Fig. 6c , which is composed of TiO octahedra6

sheets stacking along the a) direction. Since all

Ž . Ž .Fig. 5. SEM photographs of a K Ti O and b SiO -pillared tetratitanate after calcination at 4008C.2 4 9 2
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Ž . Ž . Ž . Ž .Fig. 6. a TEM images, b selected area diffraction patterns of K Ti O , and c crystal structure of K Ti O projected on 010 .2 4 9 2 4 9

the diffraction spots can be indexed with the
w x011 zone axis, it was demonstrated that the
direction of layer-stacking is just perpendicular
to the fiber axis of microcrystals. Fig. 7 shows
the image of SiO -pillared tetratitanate samples2

after calcination at 4008C. In contrast to the
pristine microcrystals, these particles were char-
acterized by many cleavages running parallel
with the TiO sheets in the vicinity of tale end6

Ž .surface Fig. 7a . This texture is consistent with
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Ž . Ž .Fig. 7. a TEM images and b selected area diffraction patterns
of SiO -pillared tetratitanate after calcination at 4008C.2

the formation of nano-spaces separated by the
oxide pillars between layers. Oxide pillars could
be observed as an amorphous contrast between
layers but negligibly on the outer surface of the

w xparticles. In the SAD patterns with the 011
Ž .zone axis Fig. 7b , all diffraction spots were

elongated along the a) direction, indicating
lack of the periodicity of layer stacking. Actu-
ally, many cleavages with different spacings as
well as interlayers remaining unpillared could

be observed. How to complete the pillaring
reactions without structural deterioration is the
key to the improvement of the surface area and
pore size distribution. We have also conducted
TEM observation on Al O -pillared samples2 3

obtained from tri- and tetratitanates as well, but
their microstructure was scarcely influenced by
the difference of pillaring agents.

3.3. Photocatalytic property of pillared titanates

Fig. 8a shows the UV–vis diffuse reflectance
spectra of pristine, protonated, and SiO -pillared2

trititanates together with their band gap energy.
The absorption onset of Na Ti O was shifted2 3 7

to longer wavelength after the protonation and
subsequent pillaring processes. This corre-
sponds to the band gap energy decreasing from
3.59 to 3.18 eV. Since the similar behavior was
also observed for the K Ti O system, the2 4 9

band-gap transition of layered titanates seems
sensitive to the interlayer spacing or interlayer
species. The substituted titanates showed no
clear-cut absorption edges because of absorp-
tions in the visible light region, which is associ-
ated with the presence of impurity states within

Ž .the band gap Fig. 8b .
The photocatalytic H evolution reaction2

from aqueous methanol solution was took place
before and after photodeposition of 1 wt% Pt
onto titanates. Fig. 9 compares the H evolution2

rate for unsubstituted tri- and tetratitanates. The
Ž .pristine samples Na Ti O and K Ti O2 3 7 2 3 7

showed very low activities; the H evolution2
Ž .rate over Na Ti O 0.15 mmolrhPg-cat was2 3 7

two orders of magnitude less than that over a
Ž . ŽTiO anatase photocatalyst 32 mmolrhPg-2

.cat under the same condition. The H evolution2

rate was a little increased after protonation but
decreased after SiO -pillaring. The apparent2

photocatalytic activity was enhanced by pho-
todeposition of Pt. In particular, the most re-
markable effect was observed when 1 wt.% Pt
was deposited on the pillared samples. To eval-
uate their structure–activity relationship the mi-
crostructure of Pt-deposited samples was ob-
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Ž . Ž .Fig. 8. UV–vis diffuse reflectance spectra of a trititanates after exchange and pillaring, and b Na Ti M O .2 3yx x 7

Fig. 9. Photocatalytic activity of layered tri- and tetratitanates for H evolution. Pillared samples were calcined at 4008C. Loading of Pt is 12

wt.%.
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Ž . Ž .Fig. 10. TEM images of a Na Ti O and b SiO -pillared trititanate after photodeposition of platinum.2 3 7 2

Ž .served by using TEM Fig. 10 . Platinum was
deposited as particles with several nm in diame-
ter on the surface of unpillared microcrystals.
On the SiO -pillared sample, however, Pt parti-2

cles were deposited not only on the outer sur-
face but also inside slit-like pores. Thus, the
elevation of photocatalytic activity is associated
with higher dispersion of Pt particles in the
pillared pore structure. It was also reported by

w xDomen et al. 10 , the photocatalytic activity of
Ž .platinized 0.1 wt.% layered niobate,

KCa Nb O , is enhanced by SiO pillaring in2 3 10 2

accord with an increase of surface area. How-
ever, the present study has revealed that, with-
out Pt loading, the SiO -pillared titanate is less2

active as compared to pristine or protonated
sample. According to our preliminary XPS re-
sults, pillared samples contained SiO on their2

outer surface due to adsorption of TEOS to the
titanate surface in the pillaring process. The
resultant surface impurity species may affect the
charge transfer processes to bring about the H 2

evolution. Actually, it is known that a small
amount of SiO added to TiO photocatalysts2 2

promotes recombination of photoexcited holes
w xand electrons 13 .

The effect of partial substitution on the cat-
alytic activity of SiO -pillared trititanates is2

summarized in Fig. 11. The activity of unpla-
tinized samples was little affected by the substi-
tution up to xs0.15, but drastically changed at
xs0.3. The resultant activity of SiO -pillared2

Ti M O increased in a following sequence,2.7 0.3 7

MsTi-Ni-Cu-Fe-Mn. Since this order
is different from that of the surface area shown
in Fig. 3, the incorporated transition elements
are supposed to play a key role in the H 2

evolution reactions. It is well known that, in
many cases, doping of impurity into TiO pro-2

duces recombination centers and thus decreases
the photocatalytic activity. However, the present
result suggested that a large amount of substitu-
tion is effective in improving the activity of
layered titanates. Although the detail role of
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Fig. 11. Photocatalytic activity of SiO -pillared Ti M O for H evolution. Pillared samples were calcined at 4008C. Loading of Pt is 12 3yx x 7 2

wt.%.

transition elements in photocatalysis has not
been defined in the present stage, it seems relate
to the change of photoabsorption property
caused by the substitution. As was evident from

Ž .UV–vis absorption spectra Fig. 8 , the substi-
tuted titanates showed absorption of visible light
which may produce photoexcited species avail-
able for the H evolution. However, there is2

another possible route for the improved activity,
which is associated with the precipitation of
transition metal oxides on the titanate surface.
These impurity phases were invisible by XRD
measurement, but small amount of transition
metal oxides such as NiO will bring about high
activities comparable to Pt when deposited on
the pore surface. To confirm this point, we have
to reexamine the local structural analysis of
substituted pillared samples.

We have also measured the H evolution2

over the substituted pillared sample after deposi-
tion of platinum, but their activities were totally
different from those of unplatinized catalysts
Ž .Fig. 11 . In this case, Mn-substituted catalyst
Ž .xs0.3 was significantly deactivated, whereas
unsubstituted sample, SiO -pillared Ti O ,2 3 7

which itself showed very low activity, attained
the highest H evolution rate among supported2

Pt catalysts. The deactivation of SiO -pillared2

Ti Mn O was not related to the structural2.7 0.3 7

collapse, because the XRD pattern and the BET
surface area of the pillared sample was not
changed after deposition of Pt. One possible
scheme is that two different active sites, Pt and
transition metals, take part in H evolution and2

reoxidation of thus produced H competitively.2

The reverse reactions of this type are well known
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for the photocatalytic decomposition of pure
water, but to our knowledge, no report exist in
the literature concerning reverse reactions in the
presence of sacrificial agents, such as methanol.
Clearly, more work is required to establish the
exact mechanism of this phenomenon. The route
for hydrogen evolution in this system and the
role of substituted transition metals remain un-
known. Photocatalytic measurement for H and2

O evolution reactions as well as detailed struc-2

tural characterization of substituted pillared
samples by means of analytical TEM and gas
adsorption are in progress. Further work is also
in progress to synthesize other systems based on
layered oxide semiconductors pillared by photo-
catalytically active oxides, such as TiO and2

Fe O .2 3
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