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Layered titanate—zinc oxide nanohybrids with mesoporosity
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Zinc oxide-layered titanate nanohybrids with a 1 : 1 ordered
heterostructure have been successfully synthesized by reassem-
bling exfoliated titanate nanosheets in the sol solution of zinc
acetate under hydrothermal conditions.

Recently nanostructured zinc oxide has attracted intense research
interest since it has wide applications as luminescent and lasing
materials, light emitting diodes, photocatalysts, solar cells, and so
on."* Such useful functionalities of this material originate mainly
from its wide bandgap and its specific electrical and optoelectronic
properties of being a II-VI semiconductor with a large exciton
energy.’ In this regard, many research activities have been devoted
to this material, leading to the development of various synthetic
routes to nanostructured ZnO such as hydrothermal synthesis, the
vapour-transport reaction, reverse micelles synthesis, etc®® A
crystal growth of ZnO in the limited interlayer space of 2D
inorganic solids is expected to provide an alternative and effective
way of synthesizing nanocrystalline zinc oxides. Moreover, the
hybridization of ZnO with layered metal oxide semiconductors
makes it possible to tailor electronic structure and physical
properties of the guest zinc oxide through the electronic coupling
between both components. Also, the resulting mesoporous ZnO-
based nanohybrid would possess enhanced catalytic and electro-
chemical activity due to the expansion of surface area. However,
despite intense research activities on 0D nanoparticles and 1D
nanorods/nanowires of Zn0,"*® a 2D heterostructure of zinc
oxide-layered metal oxide has never been synthesized, which will
be due to the poor swelling ability of the host layered metal oxide.
In order to circumvent this difficulty, we have adopted an
exfoliation-restacking method, in which the layered lattice of metal
oxide is separated into individual monosheets and then hybridized
with guest species.” In this work, we have synthesized, for the first
time, mesoporous nanohybrids interstratified with zinc oxide
nanoparticles and layered titanate nanosheets, and found that the
lattice stability of the resulting nanohybrids could be greatly
enhanced by hydrothermal treatment.

Pristine cesium titanate, Csyg;T1; 5304, Wwas prepared by
conventional solid-state reaction and its protonic phase was
obtained by ion-exchange reaction between the cesium cation and
protons. The exfoliation of layered titanate was achieved by
reacting the protonic titanate with tetrabutylammonium hydro-
xide.® After the reaction, a small fraction of incompletely exfoliated
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particles were removed by high-speed centrifugation (12 000 rpm
for 10 min). The sol solution of zinc acetate was prepared by
reacting the aqueous solution of zinc acetate with n-propanol at
120 °C for 2 h. The ZnO-Ti, g304 nanohybrid was synthesized by
reassembling the exfoliated colloidal titanate in the presence of the
sol solution of zinc acetate at 80 °C for 2 h in a 50 mL autoclave
with a Teflon liner. Alternatively, the nanohybrid was obtained by
refluxing the mixture of the titanate colloidal suspension and the
zinc acetate solution at 80 °C for 2 days. In both cases, flocculated
precipitates were immediately formed upon the mixing of the two
solutions. The resultant products were separated by centrifuging,
washing thoroughly with distilled water, and drying. The crystal
structures and physico-chemical properties of the ZnO-Ti; g304
nanohybrids were characterized by X-ray diffraction (XRD,
Philips X’pert, 2 = 1.5418 A, 298 K), inductively coupled plasma
(ICP), thermogravimetric-differential thermal analysis (TG-DTA),
field emission-scanning electron microscopy (FE-SEM), and N,
adsorption—desorption isotherm measurements. In addition, the
chemical bonding nature and band structure of the nanohybrids
were examined by performing Zn K-edge X-ray absorption near-
edge structure (XANES) and diffuse reflectance ultraviolet-visible
(UV-vis) spectroscopic analyses, respectively. The present XANES
data were collected from the thin layer of powder samples
deposited on transparent adhesive tapes in a transmission mode at
the beam line 7C in the PLS (Pohang, Korea) operated at 2.5 GeV
and 180 mA. The measurements were carried out at room
temperature with a Si(111) single crystal monochromator. No
focusing mirror was used. All the present spectra were carefully
calibrated by measuring Zn foil simultaneously. The data analysis
was done with the program WINXAS 2.3.

The powder XRD patterns of the protonic titanate and the
Zn0O-Ti; g304 nanohybrids prepared by reflux and hydrothermal
reactions (denoted as ZnO-Ti; s304-R and ZnO-Ti; g304-H,
respectively) are presented in Fig. 1 and compared with those of
their calcined derivatives. Both the as-prepared ZnO-Ti; g304
nanohybrids exhibit a series of equally spaced (010) reflections at
lower angles, which is quite different from the protonic titanate,'®
indicating the formation of heterostructure with an expanded
interlayer space accommodating nanosized zinc species. From the
least squares fitting analysis, the basal spacings were determined to
be 204 A for the ZnO-Ti;5;04,R and 12.0 A for the ZnO-
Ti; 8304-H, which correspond to the gallery heights of 12.9 and
4.5 A, respectively. It is worthwhile to note here that the fine
tuning of the reaction routes allows us to control the crystal
structure of the nanohybrid, as illustrated in Fig. 2. The formation
of layer-by-layer restacked heterostructure was further confirmed
by FE-SEM images showing the regular stacks of layered titanate
sheets, see the right panel of Fig. 1. The ICP results provide a
strong evidence for the incorporation of zinc species into the
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Fig. 1 Left panel: small angle XRD patterns of (A) the protonic titanate,

(B) ZnO-Ti; §304-R and (C) its derivative calcined at 200 °C, (D) ZnO-
Ti; 3304-H and its derivatives calcined at (E) 200, (F) 300, and (G) 400 °C.
Each pattern is shifted along the y-axis for clarity. Right panel: FE-SEM
images of (A) ZnO-Ti; g304-R and (B) ZnO-Ti, s304-H.
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Fig. 2 Dependence of crystal structure and thermal stability of porous
zinc oxide-layered titanate nanohybrids on the synthetic conditions.

layered titanate lattice with a Zn/Ti ratio of 2.1 for the ZnO-
Ti; 5304-R and 1.8 for the ZnO-Ti; g304-H, respectively. CHN
elemental analysis demonstrates that the as-prepared samples
contain small amounts of carbon,'" indicating that most of the zinc
acetates (about 80-90%) have decomposed into zinc oxide during
the synthesis, but a post-calcination process is necessary for the
complete removal of organic residuals. The thermal stability of the
obtained nanohybrids was examined by monitoring the variation
of XRD patterns upon calcination at 200-400 °C under Ar flow.
After heat-treatment at 200 °C, the ZnO-Ti;g304-R shows
complete disappearance of (0l0) reflections with the advent of
distinct peaks corresponding to ZnO at the high angle region of
30-40° (see Electronic Supplementary Informationt), clarifying the
disintercalation of the guest species and the formation of ZnO on
the sample surface. On the contrary, the calcined derivative at
200 °C of the ZnO-Ti; g304-H retains a series of (010) reflections
without the appearance of ZnO peaks. The heat-treatment at
400 °C leads to the complete removal of the (010) peaks as well as
to the development of weak ZnO peaks at high angle region. This
finding provides strong evidence of the effectiveness of the
hydrothermal method in improving the structural stability of the
heterostructure. According to TG-DTA results,f the reflux-
prepared sample contains larger amounts of interlayer water
molecules (2.3H,O per unit formula) than the hydrothermally
prepared one (0.9H,O per unit formula). Such different water
contents of these compounds would be responsible for their

dissimilar structural stability as well as for their different basal
increment. Namely, the removal of a large amount of space-filling
water molecules promotes the collapse of the heterostructure.

Also, we have probed the variation of surface area and porosity
upon the hybridization and post-calcination by performing N,
adsorption—desorption isotherm measurements.t The BDDT type
I and IV shape of isotherms occur commonly for both the as-
prepared ZnO-Ti; g304 nanohybrids and their calcined derivatives,
along with H4-type hysteresis loop in the IUPAC classification.'?
Such a type of isotherm underlines the presence of the open slit-
shaped capillaries with very wide bodies and narrow short necks.
According to the fitting analysis based on the BET equation, the
as-prepared ZnO-Ti; g304-H and its calcined derivatives possess
expanded surface areas of 114 and 119-134 m’g ™", respectively,
which are greater than those of the as-prepared ZnO-Ti; g304-R
and its calcined derivative at 200 °C (40 and 71 m’g " "). All of the
present nanohybrids exhibit commonly a weak adsorption of N,
molecules in a low relative pressure (p/p) region and a distinct
hysteresis in the region of p/py > 0.5, demonstrating that most of
the porosity in the present nanohybrids originates from mesopores
in the stacked structure of nanohybrid crystallites. The negligible
adsorption of nitrogen molecules into the micropores would be
due to the presence of residual carbon species and water molecules
blocking the micropores and/or due to the partial destruction of
the heterostructure after the calcination. In addition, the gallery
height of the calcined ZnO-Ti, 304-H (4.2 A) is only slightly
larger than the kinetic diameter of the nitrogen molecule (3.64 A).
Furthermore, the presence of interlayer zinc oxide would make the
diameter of the micropores narrower, which prevents the efficient
introduction and adsorption of nitrogen molecules into the gallery
space of the nanohybrids.

However, it is worthy to note here that, in spite of the collapse
of the heterostructure, the calcined derivative of ZnO-Ti; g304-H
at 400 °C still shows a marked hysteresis and an expanded surface
area with mesoporosity, underlining the high stability of pore-
structure in the hydrothermally prepared nanohybrids. Therefore,
these mesoporous materials are expected to be useful as efficient
catalysts or absorbents.

Fig. 3 represents the diffuse reflectance UV-vis spectra of the
ZnO-Ti, 3304 nanohybrids and their calcined derivatives. The E,
values of the as-prepared nanohybrids (3.6-3.7 eV) are greater
than that of the bulk ZnO (3.2 eV) due to the quantum
confinement effect of hybridized ZnO species. Upon calcinating
at 200 °C, no detectable change occurs in the UV-vis spectrum of
ZnO-Ti; g304-H, whereas the calcined derivative of ZnO-Ti; g304-
R shows appearance of a new absorption edge at ~3.3 eV,
indicating the formation of zinc oxide on the sample surface. This
result matches well with the poor thermal stablity of the latter, as
revealed from XRD analysis. Also for ZnO-Ti; 3304-H, a heat-
treatment at higher temperature leads to an appearance of a lower
energy absorption edge. However, the calcined derivatives still
show the absorption edge at slightly higher energy than the bulk
ZnO, clarifying the nanocrystalline nature of the guest zinc oxide.

The chemical bonding nature of the zinc species was probed
with Zn K-edge XANES analysis, as shown in Fig. 4. The edge
position of the present nanohybrids is similar to that of the
reference ZnO, indicating the divalent oxidation state of zinc in
these compounds. Both the as-prepared nanohybrids exhibit
commonly poorly resolved XANES features in the energy region
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Fig. 3 Diffuse reflectance UV-vis spectra of (A) ZnO-Ti; 3304-R and (B)
its derivative calcined at 200 °C, (C) ZnO-Ti; 3304-H and its derivatives
calcined at (D) 200, (E) 300, and (F) 400 °C, together with the reference
spectra of (G) ZnO and (H) Cs ¢7Ti; 304. Each spectrum is shifted along
the y-axis for clarity. The dashed lines are guidelines for easier
interpretation of the figure..

of 9664-9668 eV, which are quite different from the reference
spectrum of the bulk ZnO. This is an indication that the the
zinc species in the as-prepared nanohybrids are mostly in the
form of a nanocrystalline zinc oxide in the interlayer space
of titanate lattice.'® After calcinating at 200 °C, the ZnO-Ti, g304-
R shows two distinct peaks A and B at 9662.5 and 9669 eV,
which is nearly identical to the spectral features of the bulk
ZnO. This finding is in good agreement with an appearance of
ZnO peaks in the corresponding XRD pattern. On the contrary,
the poorly resolved XANES features of ZnO-Ti; g304-H remain
nearly unchanged before and after the calcination, confirming the
improved stability of the guest zinc oxide by hydrothermal
synthesis.

In summary, we have been successful in synthesizing new 2D
mesoporous ZnO-Ti; 3304 nanohybrids through the exfoliation-
restacking reaction, and in controlling the crystal structure and
thermal stability of the nanohybrid by tuning synthetic conditions.
This is the first example of the zinc oxide nanocrystals stabilized in
the two dimensional lattice of semiconductive metal oxide.
Currently we are carrying out the application of this mesoporous
nanohybrid as photocatalysts and electrode materials for lithium
secondary batteries, supercapacitors, solar cells, absorbents for
chemicals and UV radiation, efc.
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Fig. 4 Zn K-edge XANES spline (left) and second derivative (right)
spectra of (A) ZnO-Ti; g304-R and (B) its derivative calcined at 200 °C,
(C) ZnO-Ti; 3304-H and its derivatives calcined at (D) 200, (E) 300, and
(F) 400 °C, together with the reference spectrum of (G) ZnO. Each
spectrum is shifted along the y-axis for clarity.
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