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Inorganic nanocrystals with tailored particle morphology play
a central role in nanoscience and nanotechnology owing to
their unique physical and chemical features, which originate
from size- and shape-dependent properties.[1] Furthermore,
these nanocrystals can be used as building blocks for the
construction of functional mesoscopic architectures that
integrate desirable properties for a wide range of potential
applications.[2]

Nanostructured titanate materials exhibiting various mor-
phologies, for example, nanotubes, nanofibers, and nano-
sheets, among others, have attracted considerable attention
owing to their excellent photo-electronic, catalytic, and
mechanical properties.[3] These ion-exchangeable and highly
photoactive nanostructures are considered to be promising
for a wide range of applications, such as in Li batteries,
catalytic oxidation reactions, ion adsorption, antibacterial
coatings, and so on.[4] The prospects for the application of
titanate materials are further extended by combining them
with other nanoscopic domains, such as metal and semi-
conductor nanoparticles (NPs), to form multifunctional
materials.[5] Among the different particle shapes, two-dimen-
sional titanate nanosheets are attractive not only because of
promising physical and chemical properties, for example,
quantum confinement and surface effects, but also for the
utility of these NPs in the assembly of new materials that
possess long range mesoscopic periodicity. Following this
approach, various nanostructures, including multilayer thin

films, hollow nanocapsules, mesoporous hybrids, and so forth,
have been constructed from titanate nanosheets.[5]

Conventionally, titanate nanosheets are prepared by
chemical exfoliation of a parent layered titanate compound.
This parent compound is synthesized either under hydro-
thermal conditions with a titanium precursor in concentrated
alkali, or by calcining a mixture of a titanium precursor and
alkali carbonate at high temperature.[6] However, the result-
ing titanate nanosheets are usually not uniform in shape and
size; the lateral dimensions of the products range from a few
hundred nanometers up to several micrometers.[6] Using these
nanosheets as building blocks for hybrid assembly typically
leads to mesoscopic structures of low order, and only very
limited control of porosity is possible.

Herein, we report the synthesis of highly uniform colloidal
titanate nanosheets exhibiting a plate-like shape, denoted as
titanate nanodisks (TNDs), with exceptional size control (12–
35 nm). These new TNDs are shown to be ideal building
blocks for the fabrication of mesoporous titanate hybrids with
a high surface area and easily tunable nanoporosity. These
uniform TNDs can also be used as a stabilizer in the synthesis
of ultra-small colloidal metal NPs, which exhibit enhanced
catalytic properties, as compared to metal colloids stabilized
by a conventional organic protecting agent.

In our approach, TNDs resulted from the reaction of
titanium butoxide (TB), benzyl alcohol (BA), and oleylamine
(OM) under nonhydrolytic conditions. Uniform titanate
nanodisks were synthesized by heating a mixture of TB,
OM, and BA in benzyl ether at 190 8C for 20 h. The diameter
of the resulting nanodisks can be tuned by simply changing
the amount of BA used, while keeping other conditions
unchanged. For example, to synthesize TNDs with a ca. 22 nm
diameter, TB (2 g), OM (12 g), BA (12 g), and benzyl ether
(30 g) were used (see the Supporting Information). Figure 1
shows transmission electron microscopy (TEM) images of the
resulting TNDs, which are highly uniform in size and have
a mean diameter of 22 nm (Figure 1a,b). Because of the
ultrathin structure of TNDs, these NPs tend to lay parallel to
the grid surface. To estimate the thickness of the TNDs,
a precipitate of TNDs in ethanol was used for TEM analysis
(Figure 1d,e). Under these conditions, the nanodisks self-
assembled in ethanol, producing a lamellar structure made up
of TNDs. The images show that the TNDs are ultrathin, with
a thickness of 0.75 nm (Figure 1e).

High resolution (HR) TEM was used to verify the
crystalline structure of the TNDs. As shown in Figure 2a,b,
the HRTEM images of TNDs laying parallel to the TEM grid
revealed a crystalline lattice with 0.19 and 0.15 nm interplanar
spacings along the a and b axes, respectively. HRTEM images
of TNDs assembled in ethanol and oriented parallel to the
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direction of the electron beam (Figure 2c,d) showed a peri-
odic atomic arrangement along the a axis with a spacing of
0.38 nm, which is twice the spacing along the a axis (0.19 nm).
Furthermore, uniform stacking of TNDs along the c axis is
visible (Figure 2c), and the spacing between the TNDs was ca.
2.2 nm, which is a little larger than the length of the
oleylamine surfactant layers. The HRTEM analyses revealed
that the TNDs are lepidocrocite-type titanate with lateral unit
cell dimensions of 0.38 and 0.3 nm, which correspond to the
a and b axes of the unit cell, respectively (Supporting
Information, Figure S1).[7]

The crystal structure of the TNDs was further character-
ized by selected area electron diffraction (SAED) and
powder X-ray diffraction (XRD). As depicted in Figure 2e,
the SAED pattern of a single TND laying parallel to the grid
surface clearly showed three rings, which can be indexed as
(200), (020), and (220). The center-to-200/center-to-020 dis-
tance ratio was 15:19, which coincides well with the inverse
ratio of the interplanar spacing along the a (0.19 nm) and
b (0.15 nm) axes. The wide angle XRD pattern of TNDs
assembled in a nonpolar solvent showed the presence of two
peaks located at 48.38 and 62.08, corresponding to interplanar
distances of 0.19 and 0.15 nm, respectively, in the TNDs. The

low-angle XRD pattern of the TND powder exhibited
diffraction peaks at 2.58, 5.18, and 7.98, which can be indexed
to the (001), (002), and (003) planes, respectively. These
diffraction peaks are characteristic of a lamellar mesoscopic
structure. The XRD basal distance of 3.23 nm, corresponding
to the (001) peak, is in good agreement with the HRTEM
results.

To ascertain the chemical formula of the TNDs, the
amount of OM in the TNDs synthesized by the aforemen-
tioned procedure was estimated by TGA. The result revealed
that about 40 wt % of OM is present in the as-synthesized
TNDs (Figure S2). From this result, it can be approximated
that the OM/Ti molar ratio in TNDs was close to 1:3.
However, considering the fact that OM can be physically
adsorbed on the surface of TNDs, the number of OM
molecules contributing to the chemical formula of the
TNDs may be slightly different. High resolution X-ray
photoelectron spectroscopy (XPS) can be used to determine
the OM/Ti ratio more accurately, as well as identifying the
protonated state of the OM amine groups.[8] As shown in
Figure S3 of the Supporting Information, the high resolution
N1s XPS spectrum of TNDs exhibits two peaks at binding
energies of 401.5 eV and 399.6 eV. The major peak at the
higher binding energy can be attributed to protonated
nitrogen, while the minor one at the lower binding energy
originates from free OM molecules adsorbed on the surface of
the TNDs.[8] From this data, the molar ratio of protonated
OM to free OM is 2.1:1. The chemical formula of a lepidoc-
rocite-type titanate is often represented as MxTi2-x/4^x/4O4

(M = monovalent cation, ^= titanium vacancy).[6c,7] Thus,
based on the XPS and TG results, it can be concluded that the
OM/Ti molar ratio in the TNDs was 1:4.7. Therefore, the unit
cell formula of the as-synthesized TNDs can be described as
(OM)0.4Ti1.9^0.1O4.

The OM and BA species play crucial roles in the
formation of TNDs. The reaction between TB and BA
yields TiO6 octahedra, which form the primary building units
of TNDs, while OM, protonated at elevated temperature by
BA, balances the negative charge of the TNDs. In the absence
of BA no NPs were formed, while in the absence of OM
a large amount of anatase TiO2 NPs were produced, as shown
in the Supporting Information Figures S4 (TEM, ESI) and S5
(XRD, ESI). These results confirmed that the presence or
absence of OM controls the formation of either the titanate
phase or anatase, respectively. This effect may be related to
the protonation of OM molecules by BA at high temperature,
resulting in protonic OM, which induces formation of the
titanate. Furthermore, it has been reported that BA can be
used as a medium for the formation of a variety of metal
oxides.[9] In previous cases, nonhydrolytic reaction between
TB and BA led to TiO6 octahedra that served as building units
for titanium oxide materials.[9a] Therefore, the amount of BA
used may directly affect the crystallization process of TNDs,
and consequently, the size of the resulting TNDs. To further
confirm this, we have also performed the synthesis of TNDs
using different amounts of BA while keeping other conditions
unchanged. It was found that TNDs with a size of around
12 nm were obtained when a smaller amount of BA (6 g) was
used (Figure S6). When a larger amount of BA (24 g) was

Figure 1. Solvent effects on titanium nanodisks. a–c) TNDs in non-
polar solvents; a,b) TEM images of TNDs dispersed in toluene,
c) illustration of TND organization in toluene. d–f) TNDs in polar
solvents; d,e) TEM images of TNDs precipitated in ethanol, f) illustra-
tion of TND organization in ethanol.

Figure 2. Analysis of precipitated TNDs. a,b) HRTEM images of TNDs
laying perpendicular to the electron beam. c,d) HRTEM images of
TNDs laying parallel to the beam. e) SAED of a single TND. f,g) XRD
patterns of TNDs; f) wide-angle, g) low-angle.
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used, TNDs with a diameter of about 35 nm were produced
(Figure S7). A further increase in the amount of BA (36 g)
resulted in the formation of a mixture of large TNDs and
anatase TiO2 NCs (Figure S8). This result may be due to the
faster formation of TiO6 octahedra, which is favorable for the
generation of the anatase phase. These findings establish that
the size of TNDs can finely be tuned by simply changing the
amount of BA used in the the synthesis. This fact is significant
because TNDs with different diameters will be of special
interest when used as building blocks for the formation of
nanostructured hybrids, as this can result in hybrid materials
with a variety of structures.

The as-synthesized TNDs (OM-TNDs) are highly dis-
persed in a non-polar solvent (for example, toluene), which is
a property rarely found for layered titanate materials (Fig-
ure S9a). Moreover, these TNDs can also be cation-
exchanged with tetraethylammonium (TEA) salts, leading
to TEA-exchanged TNDs (TEA-TNDs) that are readily
dispersed in water (Figure S9b). FTIR analyses performed on
TNDs after treatment with TEA showed no absorption band
at 3004 cm�1, which would correspond to the stretching
vibration of the C�H bond in the C=C group of the OM
molecules[10] (Figure S10). This result indicates that the OM
molecules adsorbed on the surface of the TNDs have been
fully displaced by the TEA cations. The TEA-TNDs so
obtained were used as precursors for the design of various
titanate-based hybrid nanostructures. TEA-TNDs dispersed
in water showed a very high ion-exchange rate. Depending on
the amount of metal cations used to exchange with TEA, two
different types of titanate-based hybrids could be created,
mesoporous or colloidal. For the synthesis of mesoporous
hybrids, an excess of the metal (metal/titanium atomic ratio of
1:2) was used. Accordingly, TEA-TNDs dispersed in water
were added to a solution of metal cations, such as Ag+, Cu2+

or Cd2+, leading to rapid precipitation of metal-ion-
exchanged TNDs (for example, Ag+ TNDs, Cu2+ TNDs,
Cd2+ TNDs; Supporting Information, Figure S9c). As a rep-
resentative example, the ion exchange process to generate
Ag+ TNDs was completed within 20 min and the sample
FTIR spectrum showed no hydrocarbon group peaks, indicat-
ing that the TEA cations have been completely displaced by
the metal ions (Supporting Information, Figure S10).

These metal-ion-exchanged TNDs could then be con-
verted into the corresponding mesoporous titanate hybrids.
For example, a mesoporous Ag2O–titanate hybrid was formed
by aging the Ag+ TNDs precipitate in a sodium hydroxide
solution at room temperature overnight. The brown precip-
itate was then dried at 150 8C for 10 h. Figure 3a,b shows
TEM images of the Ag2O–titanate hybrid synthesized from
TNDs of 22 nm diameter (Ag2O-titanate-22). This Ag2O-
titanate-22 hybrid is clearly a highly porous material (Fig-
ure 3a). A high magnification TEM image taken on the edge
of a Ag2O-titanate-22 particle (Figure 3b) revealed that this
material consists of TNDs and Ag2O NPs. It is believed that
the Ag2O NPs grew on each TND due to the adsorption of
Ag+ on all of the TNDs as a result of the high dispersion of
TNDs in water. The Ag2O–TND hybrid particles are assem-
bled in the form of a mesoporous Ag2O–titanate hybrid, in
which titanate and Ag2O domains are uniformly distributed

throughout the hybrid network, as indicated by elemental
mapping (Figure 3, middle panel). Further, the chemical state
of silver in the Ag2O-titanate-22 hybrid was verified by XPS
(Figure S11a). The peak located at a binding energy of
367.6 eV, observed on the XPS Ag 3d spectrum of Ag2O-
titanate-22, is characteristic of Ag2O crystals.[11] According to
elemental analysis performed by energy-dispersive X-ray
spectroscopy (Figure S11b), the atomic ratio of Ag/Ti here is
1:4.5, which is in line with the molar ratio of OM/Ti (1:4.7) in
the as-synthesized TNDs.

The N2 adsorption-desorption isotherms of the Ag2O-
titanate-22 hybrids, depicted in Figure 4c, show a type IV
isotherm behavior with a H2 hysteresis loop, which is
characteristic of mesoporous materials with large cage-like
or ink-bottle-type pores.[12] The BET specific surface area of
these hybrids reaches 290 m2 g�1. Interestingly, the porosity of
the resulting hybrids could be reproducibly tuned by using
TNDs with different sizes as building blocks. When TNDs
with a diameter of 12 nm were used, the resulting hybrid
(Ag2O-titanate-12) exhibited a higher surface area
(320 m2 g�1), but a lower pore volume (Figure 3c). In contrast,
using TNDs with a diameter of 35 nm as building blocks
resulted in a mesoporous Ag2O-titanate-35 hybrid with
a higher pore volume (Figure 3c), but with a lower surface
area (270 m2 g�1). The pore size distribution analysis, calcu-
lated by the NLDFT method (adsorption branch), shown in
Figure 3d, revealed that, as the diameter of the TND building

Figure 3. Analysis of Ag2O–titanate hybrids. a,b) TEM images of Ag2O–
titanate hybrids synthesized from TNDs of 22 nm diameter (Ag2O-
titanate-22) showing the presence of Ag2O NPs; a) low magnification,
b) high magnification and HRTEM (inset). Middle panel shows ele-
mental mapping of Ag2O–titanate hybrids; scale bars are 1mm. c) N2

physisorption isotherms of Ag2O–titanate hybrids synthesized from
TNDs with different particle diameters. d) Corresponding NLDFT pore
size distributions (adsorption branch). Ag2O-titanate-35 (c&c),
Ag2O-titanate-22 (c*c), Ag2O-titanate-12 (c~c).
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blocks increased from 12 nm to 22 nm and then to 35 nm, the
average pore size of the resulting hybrids increased noticeably
from 4.9 nm to 6.8 nm and then to 9.3 nm, respectively.
Further, we have also used the TNDs as building blocks to
prepare Ag–titanate, CuxO–titanate, and CdS–titanate mes-
oporous hybrids (Figure S12–14) with BET surface areas
between 250 and 280 m2 g�1 (Table S1). These results are
among the highest values thus far reported for mesoporous
hybrids derived from titanate nanosheets, which could be of
great interest for catalytic and photocatalytic applications.

Similarly, colloidal metal NPs stabilized by TNDs were
obtained by controlling the amount of metal ions added to
a dispersion of TEA-TNDs, followed by reduction of the
metal cations adsorbed on the TND surface. For Ag NPs,
a solution containing Ag+ ions was added to TEA-TNDs
dispersed in water (Ag/Ti atomic ratios of 1:30). The TND
dispersion remained colorless after addition of Ag+, but
changed from colorless to light brown and finally to pink upon
addition of the reducing agent (tetraethylborohydride), which
is indicative of the formation of metal NPs. No additional
capping agent was used to stabilize the Ag NPs. The resulting
Ag NPs stabilized by TNDs remained stable over several
months without any noticeable precipitation. A control
experiment without TNDs, but otherwise carried out under
the same conditions, resulted in a brown precipitate of Ag
particles 30 min after the addition of the reducing agent.

Figure 4a,b shows representative TEM and HRTEM
images of Ag NPs stabilized by TNDs. It can be seen that
the resulting Ag NPs exhibit a uniform size in the range of 2–
3 nm. For comparison, colloidal Ag NPs stabilized by poly-
vinylpyrrolidone (PVP) instead of TNDs were also prepared

under otherwise identical conditions. TEM investigations
indicated the formation of less uniform PVP-stabilized
Ag NPs with sizes in the range of 5–20 nm (Figure S15). To
explain the formation of metal NPs stabilized by TNDs, we
can speculate that introducing Ag+ to the solution of TEA-
TNDs leads to only a partial replacement of TEA+ by Ag+ on
the TND surface. Upon the addition of a reducing agent, Ag+

ions are reduced in situ on the surface of the TNDs to form
very small Ag NPs. Figure 4c shows the UV–Vis absorption
spectra of both PVP-stabilized and TND-stabilized Ag NPs.
The UV–Vis spectrum of the TND-stabilized Ag NPs shows
a peak maximum at 482 nm, which is 82 nm red-shifted versus
that of the PVP-stabilized Ag NPs (400 nm). This may be
attributed to the high dielectric constant of TNDs, as the peak
maximum of colloidal metal NPs is known to be red-shifted as
the value of the dielectric constant of their surrounding matrix
increases.[13]

The PVP-stabilized and TND-stabilized Ag NPs were
further used to catalyze the reduction of methylene blue
(MB) by a borohydride compound in the aqueous phase.[14]

The results indicated that the TND-stabilized Ag NPs clearly
exhibit a much higher catalytic activity than their PVP-
stabilized counterparts (Figure 4d). MB was fully reduced by
TND-stabilized Ag NPs within 7 min of reaction. In contrast,
the reaction with PVP-stabilized Ag NPs took twice the time,
14 min, to completely reduce MB in solution. The rate
constant (k) for the reduction of MB over TND-stabilized
Ag NPs, calculated with a first order reaction kinetics model
[ln(Co/C) = kt], was 0.347 min�1, which is double the value
calculated for PVP-stabilized Ag NPs (0.161 min�1). Further-
more, it is known that colloidal metal NPs tend to suffer from
activity loss during reaction, an effect which is caused by
aggregation.[15] In contrast, TND-stabilized Ag NPs main-
tained high activity over five consecutive reduction cycles
(Figure S16). TEM and XRD analyses of the TND-stabilized
Ag NPs showed no detectable morphological and crystallite
phase change after five cycles (Figure S17). Thus, the
presence of TNDs seems to provide efficient stabilization of
the Ag NP catalyst by preventing particle aggregation.

The use of TNDs as effective stabilizers was extended to
the synthesis of other metal NPs. As shown in Figure S18 and
19, TND-stabilized Cu and Ni NPs with a uniform size of
about 2 nm could also be obtained. Furthermore, the TNDs
can act as stabilizers for non-metal inorganic NP compositions
as well. For example, AgBr NPs could be synthesized and
exhibited a particle size of 4 nm (Figure S20).

In summary, we have developed a new, non-aqueous route
for the synthesis of ultrathin TNDs with a controlled particle
diameter in the range of 12–35 nm. These TNDs are uniform
in size and shape and can be used as building blocks for the
design of a variety of mesoporous hybrids with a high surface
area and controlled porosity, which is of great importance for
catalytic applications. We have also demonstrated the use of
uniform titanate nanosheets as stabilizers for the synthesis of
ultra-small colloidal metal NPs without the use of other
protecting agents. These metal NPs are stabilized by TNDs to
form colloidal metal–TND hybrids, and exhibited remarkable
catalytic properties in terms of both activity and stability. It is
thus expected that these TNDs could be promising building

Figure 4. Comparison of TND-stabilized and PVP-stabilized Ag NPs.
a,b) TEM images of TND-stabilized Ag NPs; a) low magnification,
b) high magnification and HRTEM image (inset). (c) UV–Vis absorp-
tion spectra of TND-stabilized and PVP-stabilized NPs; TND-stabilized
Ag NPs (c), PVP-stabilized Ag NPs (c); inset shows photos of
the corresponding NPs dispersed in water. (d) Variation of MB concen-
tration vs. reaction time for TND-stabilized and PVP-stabilized NPs;
inset shows plots of ln(Co/C) vs. reaction time showing the fit using
a first order reaction rate; TND-stabilized Ag NPs (&), PVP-stabilized
Ag NPs (~).
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units for the design of various sophisticated nanostructures,
which could have great potential for electronic, photochem-
ical, and catalytic applications.
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