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Abstract Na,Tiz;O,, with layered
structure, was prepared from a 1:3
molar mixture of powdered Na,CO;
and TiO, by heating at 800 °C for
2 h. The Na™ ions were exchanged
for H" ions by hydrochloric acid
treatment; next, n-butylamine, n-oc-
tylamine, n-decylamine or n-dode-
cylamine were incorporated at
pH=3.6-3.8. It was proven by XRD
measurements that, as the length of
the alkyl chain of the amines was
increased, smaller amounts of
amines were intercalated under
identical conditions. H,Ti;0; sam-
ples dispersed in liquids of various
compositions and polarities were

used for the preparation of self-
assembled titanate/polymer films for
further sensor applications. Titan-
ates, their composites with alkyl
amines and the self-assembled hy-
brid structures were characterized by
X-ray diffraction, thermoanalytical,
optical, electron and atomic force
microscopic measurements.

Keywords Trititanate - Self-assem-
bling - Hybrid films - Titanate/poly-
mer nanocomposites

Introduction

The preparation of layered titanates and the evaluation
of their structural properties are significant tasks of
material science. The physical and chemical properties of
layered titanates are different from those of the widely
studied titania nanoparticles. Detailed structural char-
acterizations of titanates of various compositions have
appeared in the literature since as early as the 1960s.
Andersson and Wadsley published the crystallographic
parameters of K-dititanate and Na-dititanate in 1961 [1,
2]. Easteal and Udy prepared K,TiO; (K-metatitanate),
K,Ti,O5 (K-dititanate), K,Ti4O9 (K-tetratitanate) and
K,TigO;; (K-hexatitanate) and characterized them by
IR and far-IR spectroscopy [3]. Titanates have layered
structure and function as ion exchangers. The ion ex-
change properties of titanates and their ion-exchanged
forms have been and are being studied by numerous

authors [4-13]. Knowledge of these characteristics is
very important, because these make possible the intro-
duction of guest molecules into the interlamellar space
and generating intercalation compounds. Izawa et al. [4]
experienced that Na- and K-titanates do not directly
react with organic cations. After partial exchange of
alkali ions for H" (yielding NaHTi4O9 and KHTi;0-),
they prepared n-alkylammonium complexes of tri- and
tetratitanates by replacement of H" ions by alkylam-
ines. They observed that the rate of incorporation de-
creased with increasing amine chain length. Other
researchers partially achieved the replacement of alkali
ions directly by alkylammonium ions [6, 7]. Ogawa and
Takizawa used macrocyclic compounds ([2.2.2]-crypt-
and, 18-crown-6) to facilitate the incorporation, via ion
exchange, of alkylammonium chlorides into the semi-
conductive K,TiyO9 [13]. Macrocyclic compounds can
undergo complexation with exchangeable cations, facil-
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itating the incorporation of amines. Similar to the al-
ready well-known clay/polymer composites, titanate
may also intercalate macromolecules. Sukpirom and
Lerner prepared nanocomposites with PEO and PVP
polymers by adding aqueous polymer solutions to tita-
nate previously exfoliated by alkylamine [14, 15]. The
effect of the particle size of TiO, on the ion exchange
capacity and morphology of the titanates formed was
recently studied [16], and the ion exchange capacity was
found to increase with decreasing size.

Based on the favourable photocatalytic properties of
TiO,, attempts have been initiated to study titanates in
similar reactions [17-27]. Cheng et al. [17] performed
decomposition of phenol on K-tetratitanate with half
the efficiency of TiO,. The photocatalytic activity of
titanates has been improved by the incorporation of
semiconductive nanoparticles. The composites obtained
were suitable for the decomposition of organic mole-
cules as well as for splitting water [18-26]. Sato and
coworkers [20-24] incorporated semiconductive oxides,
sulphides and Pt nanoparticles into the interlamellar
space. They first incorporated propylamine and later,
Cd**" and Zn®" ions into H,Ti4Oy and reacted the
incorporated compounds with H,S. They also incor-
porated Fe,Os into titanate by UV irradiation of the
ion-exchanged support. They prepared a Pt-TiO,/tita-
nate composite by incorporating [Pt(NH3)4] into tita-
nate followed by UV irradiation, replacement of TiO,
by propylamine and the addition of the TiO, sol to the
support. They succeeded in liberating significant
amounts of hydrogen by splitting water with the help of
their composites. Hydrogen liberated from these cata-
lyst suspensions prepared in water or in 0.1 M Na,SOy4
or Na,SO; by irradiation with visible light was quan-
tified in a gas burette. The most extensive generation of
hydrogen was recorded in suspensions of the H,Ti;O9/
CdpsZng»S composite in a medium containing Na,S.
Machida et al. [25] also generated hydrogen from
aqueous methanol using tri- and tetratitanate pillared
with SiO, and AL,O; and titanates in which Ti*" was
partially replaced by heavy metals ions. Self-assembled
films were also prepared from titanates, for the purpose
of more practical applicability and higher efficiency [27,
28]. Titanium nanoplates are applied to the surface of
substrates, usually glass plates, with the help of a
polymer binding to the glass surface (PEI), and alter-
nating layers of polymer and titanate were superposed
by the immersion technique.

The application of titanates as oxygen electrodes of
gas sensors has also been examined [29-31]. Holzinger
prepared two types of reference electrodes: one was
made by mixing Na,TizO;3, TiO, in different ratios and
gold powder and subsequent sintering at 1,050 °C, the
other was prepared in the same way, but using Na,.
Ti3O;7 instead of TiO,. One surface of the reference
electrode pellet was contacted with gold foil [31].

In this study, we present the preparation of hydrogen
titanate and its intercalation with alkylamines. Since this
is a material with layered structure, it has a superb
capability for self-arrangement and is suitable for the
preparation of ultrathin layers. We demonstrate the self-
arranging ability of titanates, which may also render
them suitable for utilization as efficient photocatalysts
and sensors. We also show the analogy between the
intercalation and self-arranging properties of layer sili-
cates and titanates.

Materials

Sodium titanate (Na,Ti;O,) was prepared by heating
sodium carbonate decahydrate (NaCO; 10H,O, Re-
anal) and titanium dioxide (TiO,, d ~ 25 nm, a two-
phase mixture containing 75% anatase and 25% rutile,
Degussa P25) in a 99.9% platinum crucible. Hydrogen
titanate was obtained from sodium titanate by the
addition of hydrogen chloride solution (HCI, 37 wt%,
Reanal). Compounds incorporated among the titanate
layers were n-alkylamines (n=4, 8, 10, 12, Loba Che-
mie).

Preparation of layered sodium trititanate

Layered Na,Tiz;O; was prepared from a 1:3 molar
mixture of Na,CO; and TiO, by heating at 800 °C in a
tube furnace with programmed heating (Fig. 1). The
heat-up rate of the furnace was 10 °C/min and heating
was performed in nitrogen flow. The sodium trititanate
obtained was stirred continuously in 500 ml of 1 M
hydrochloric acid at room temperature. H-titanate
formed was centrifuged and exchanged Na ™ ions were
removed by washing three times in distilled water and
centrifugation. The sample was dried at 60 °C and
ground. Specific surface area determined by N,
adsorption measurement at 77 K was 2.1 m%/g for
Na,Ti;0; and 6.1 m?/g for H,Ti;0,, calculated by the
BET method.

Preparation of N-alkylammonium titanates

The cation exchange capability of hydrogen titanate was
measured for incorporating n-butylammonium ions in
the interlamellar space. Structural changes of the tita-
nate were followed by X-ray diffraction measurements.
2 g of H,Tiz0; was suspended in 100 ml of 4.5-34 g/
amine, at pH =3.6-3.8, left to stand at 65 °C for 6 days,
filtered and dried at room temperature. The octylamine
solution was prepared in an ethanol-water mixture,
whereas decylamine and dodecylamine solutions were
made up in ethanol.
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Fig. 1 Structure of layered sodium trititanate

Methods

1. XRD: X-ray diffraction measurements were taken on
a Philips PW 1820 diffractometer (CukK, radiation,
40 kV, 30 mA) in the 20 range 1° <20 < 30°. The
basal spacings d; were calculated from the first (001)
Bragg reflections by using the PW 1877 automated
powder diffraction software.

2. Transmission electron microscopy (TEM): Images
were made using a Philips CM-10 transmission elec-
tron microscope with an accelerating voltage of
100 kV. Aliquots of the ethanol suspensions of the
samples were dropped on copper grids (diameter
2 mm) covered with Formwar foil, which were then
left to stand for 3—40 s and then transferred into the
microscope. Particle size distribution was determined
by using the UTHSCS1A Image Tool program.

3. Atomic Force Microscope (AFM): The AFM images
were performed with the Nanoscope III (Digital
Instruments, USA) piezo scanner with scanning
capability of 12.5 pm in x and y direction and 3 pm
in z direction, tapping type tip made of silicon (Veeco
Nanoprobe Tips RTESP modell, 125 um length,
300 kHz).

4. Thermal analysis: The measurements in the MOM Q-
1500 D instrument were made in air, at 25-1,000 °C,
with a heating rate of 5 °C/min.

5. Dynamic light scattering (DLS): SEM-633 goniome-
ter (SEMATech) with a HeNe laser (wavelength
632.8 nm, angle of observation 90°), R.T.G. 12
channel logarithmic, digital photon correlator unit
(SEMATech). The applied pinhole had a diameter of
50 um, and the g, value was typically ~1.6.

6. UV-VIS spectroscopy: Uvicon 930 UV-VIS absorp-
tion spectrophotometer.

7. Nitrogen gas adsorption measurements: Gemini 2735
(Micromeritics) automated sorptometer at
77.4+0.5 K in liquid nitrogen. Prior to measure-
ments the samples were pretreated in vacuum at
393 K for 2 h. The sample vessel was loaded with ca.
0.1 g of samples.

8. Layer-by-layer (LBL) technique: Self-assembled
films were prepared on glass surfaces, starting from
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Fig. 2 XRD patterns of sodium and hydrogen trititanate, and
intercalated titanates: a Na,Ti;0;, b H,TizO;, ¢ butylamine/
H,Ti;05, d octylamine/H,Ti;0, e decylamine/H,Ti305, f dodecyl-
amine/H,TizO,
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Fig. 3 Measured and calculated basal spacings of n-alkylamine
titanates, n. =number of carbon atoms of the alkyl chain
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Fig. 4 TEM pictures of Na,.
Ti307 (a) and HzTi307 (b)

500 nm 20 nm

aqueous (film 1) and n-propanol (film 2) dispersions solution and changes in their surface charge state
of H-titanate. The surface of the glass was first were measured with a Miitec PCD device after
cleaned in a 3:1 mixture of H,SO, and H,O, for shaking for 4 and 6 days.
1 day. Films were prepared by dipping a glass sub-
strate in colloidal suspension of the titanate nano- az 1
sheets and poly(diallyldimethylammonium chloride)
solution. To promote the adsorption of titanate
sheets on the glass substrate surface was precoated
with polyethylenimine (PEI) from 1 g/l aqueous
solution. The repeated steps of one complete cycle
were as follows: (1) Immersion of the precoated glass
substrate into the suspension of negatively charged
hydrogen trititanate nanosheets (0.5 wt%, pH =9.5)
for 15 min; (2) washing with water; (3) immersion in
a diluted aqueous solution of poly(diallyldimethy-
lammonium chloride) (PDDACI at 1 g/l suspension
concentration, pH =6.6) for 15 min and washing with
water. The rate of immersion and withdrawal was
10 cm/min (see Fig. 8).

9. Determination of surface charge density: The sus-
pensions of H,Ti;O; (0.1 g/l) were titrated with
0.05 mM hexadecylpyridinium chloride (HDPCI)

via
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Fig. 5 Particle size distribution curves of Na,Ti;Osand H,TizO; Fig. 6 Differential thermal analysis of Na,Ti;O; (a) and H,Tiz0,
titanates calculated from DLS measurements (b)
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glass slide

Fig. 7 Preparation of self-assembly films: purified glass slide
dipping in PEI polymer solution; after rinsing in Millipore water
dipping in titanate suspension; after rinsing in Millipore water
dipping in PDDACI solution etc

Results and Discussion

After a 20-h heating of the Na,CO3/TiO, powder mix-
ture at 800 °C, the basal spacing of Na,Ti;O; (100)
appeared as a sharp peak at d; =0.83 nm, as given in
reference [10] (Fig. 2a). Hydrochloric acid treatment
shifts this reflection to dp=0.78 nm (Fig. 2b). When
amines with alkyl chains of different lengths (n.=4, 8,
10, 12) are incorporated between the titanate layers, the
basal spacing increases systematically (Fig. 2c-f). As the
chain length is increased, lesser number of the amines
can be incorporated between the layers, after 6 days .
The di =0.78 nm reflection of the unreacted titanate is
seen after reaction with longer amines (Fig. 2c-f). With
butylamine the basal spacing of 0.78 nm is not detect-
able any more (Fig. 2c), and the reaction is complete.
The basal spacings for different arrangements of the
alkyl chains were calculated after publications by Lagaly
and coworkers [31-33]. Figure 3 shows calculated basal
spacings based on monolayer and bilayer models and

; o D &
0e %% 00e oo ®

multilayer film

chain tilting angles «=55° and 90° for n.=4, 8, 10, 12.
Similarly to the situation in organophilized clay miner-
als, the alkyl chains of alkylamines most probably make
a tilting angle of 55° with the lamellae. When the basal
spacing is calculated assuming the presence of two layers
of octylamine between two lamellae with o= 55° tilting
angle: dp=0.78 nm + (2xn. X 0.127 nm X sin 55°)=
2.44 nm at n.=8 (n. is the number of carbon atoms in
the alkyl chain) is obtained, which is identical with the
basal spacing measured. It is clearly shown by Fig. 3
that this model fits well the experimental data in the
examined chain length range.

Transmission electron micrographs (TEM) display
the lamellar structure and the long rectangular shadow
of both materials. The TEM picture of Na-titanate
mostly displays aggregated groups of lamellae (Fig. 4a),
whereas that of H-titanate shows isolated platelets
(Fig. 4b). During the acid treatment bundles of Na-
titanate lamellae are split to smaller units. The size of
Na,Ti;O0; and H,Tiz;O; platelets is almost the same,
their lateral dimensions are 150-500 nm and 500—
2,500 nm, respectively.

Light scattering was measured in dilute aqueous
suspensions (0.01 g/100 ml). The fast sedimenting Na-
titanate was studied 10 min after being suspended, i.e.
after sedimentation of the larger particles, we only

Fig. 8 a Absorbance values of
self-assembled films built from 35 b
aqueous (/) and from n-propa-
nol (2) measured at A=600 nm. 3] a s
b XRD patterns of self-assem- Ly _
bled films built from aqueous 25 =
(1) and from n-propanol (2) 3 2
after deposition of five layers 2 ] e £
< # ;
1.5 4 2 Z 6.43nm
d & - £
1 - =
r‘/
05 "~ 115225 3 1
l//.
0 T
0 1 2 8 4 5 6 1 3 5 7 9 11 13 15
Miayer 20 (degree)
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Fig. 9 a Optical microscopic
pictures of self-assembled films
at 25x magnification: a films
built from aqueous and b from
n-propanol. b AFM image of
H,Ti;07 film (1pm X 1um) pre-
pared on a glass surface

measure the finer particles. H-titanate suspensions did
not sediment, they were stable and easy to measure. The
average particle size of hydrogen titanate was nearly
identical with that of sodium titanate (570-590 nm); the
size distribution of H-titanate, however, was signifi-
cantly more monodisperse (Fig. 5).

The thermodynamical stability of the sodium titanates
is excellent. Below 1,000 °C no process associated with
significant mass loss or structural rearrangement other
than the initial loss of the small amount of adsorbed water
(2-3 wt%) takes place (Fig. 6). In the case of H-titanate,
adsorbed water is removed sooner, below 60 °C; next, at
245 °C another endothermic process, most probably the
evaporation of structural water is observed. The total
mass loss up to 1,000 °Cis 11.3 wt%.

The surface charge density of hydrogen titanate was
determined by charge titration via adsorption of hexa-
decylpyridinium ions. 10 ml of 0.2 g/l titanate suspen-
sion with negative surface charge reached the value of
£=0 after the addition of 1.45ml of 0.05 mmol/l
HDPCI surfactant solution. The calculated value of

[ view angle
-;fr} light angle

Ak

[ % \
]

S/

X 0.200 pm/div o:*

Z 400.000 nm/div

prti03

surface charge density is 0.0725 mmol/g. Since X-ray
diffractograms revealed a chain-dependent tendency for
intercalation, this value was also determined in the
presence of molecules with shorter alkyl chains. When
titrated with butylamine and octylamine, the charge
density was 2.2 mmol/g and 1.3 mmol/g, respectively.
The value measured with butylamine most probably
represents charges on the entire internal and external
surface, whereas HDPCI had access only to the negative
charges of the external surfaces. In the case of adsorp-
tion of HDPCI molecules no intercalation process was
detected by XRD.

Investigations on self-assembled films

The film preparation by the layer-by-layer technique is
illustrated in Fig. 7. The increase in the number of layers
was monitored by UV-VIS absorption spectrophotom-
etry at A=600 nm after the deposition of each H-tita-
nate layer. As shown in Fig. 8a, the thickness of the
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films increases with increase in the number of layers. The
strong dependency of light absorption as a function of
the deposited number of layers is evident. Line 2 shows
the absorbance values if we used n-propanol (film 2) as
deposition liquid. The amount of deposited titanate (mg/
cm?) of the last layer was calculated from absorbance
values using a calibration curve measured at A=600 nm
in titanate dispersions of different particle concentra-
tions. If we assume that the particles bound preferen-
tially on the glass surface of the cuvette, we calculate the
surface concentration of particles in mg/cm? . The cal-
culated surface density is 0.34+0.02 mg/cm? for film 1
(in aqueous dispersion), and 0.17+0.01 mg/cm? for film
2 (in propanol). These values correspond to the gravi-
metric measurements (0.33 mg/cm® for film 1 and
0.17 mg/cm? for film 2), using a Mettler precision bal-
ance drying the sample in N, gas flow. Knowing the
density of H-titanate (p=3.1557 g/em?’) the calculated,
layer thicknesses were 1.062 pm for film prepared in
aquatic system and 0.53 pm in alcoholic system respec-
tively.

X-ray diffractograms were recorded after the depo-
sition of every fifth layer. After the fifth layer, the
characteristic (100) reflection of H-titanate appeared at
dy,=0.78 nm; and its intensity was higher in the case of
aqueous films (Fig. 8b, pattern 1). The diffractogram
also displayed a higher d-value (=6.43 nm) that can be
associated with the distance of titanate layers in the film.

On the XRD pattern 2, we see only the Bragg reflection
with lower intensity (about half the intensity as in pat-
tern 1) characteristic for H-titanate, because the layer
thickness is also the half of the H-titanate/PDDA sys-
tem. Light microscopic pictures (Fig. 9a, b) show the
films from water to be considerably thicker and more
uneven (Fig. 9a) than those prepared in n-propanol,
which are thinner and more ordered (Fig. 9b). The
reason is that, due to the evaporation of the alcohol, the
adhesion between the titanate lamellae is stronger.
The AFM picture of the self-assembly film on Fig. 10
shows very well ordered TiOg4 sheets.

Conclusions

Our experiments reveal an analogy between the inter-
calation and self-assembly of layer silicates and titan-
ates. The tendency of titanates to self-assemble is
described, which make titanates suitable candidates for
utilization as efficient photocatalysts. It was further
observed that readily evaporating dispersion solvents
yield more highly ordered nanofilms than water, due to
stronger adhesion between the titanate lamellae.
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