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Abstract: Here we propose a novel way to construct meso-
porous architectures through evaporation-induced assembly of
polymeric micelles with crystalline nanosheets. As a model
study, we used niobate nanosheets exfoliated by the direct
reaction of K4Nb6O17·3 H2O crystals with an aqueous solution
of propylamine. The electrostatic interaction between nega-
tively charged nanosheets and positively charged polymeric
micelles enable us to form composite micelles with the
nanosheets. Removal of the micelles by calcination results in
robust mesoporous oxides with the original crystalline struc-
ture.

Co-assembly of soluble inorganic oligomers with amphi-
philic molecules has been widely used to synthesize inorganic
mesoporous materials.[1] In most cases, the resultant frame-
works are poorly crystallized or even amorphous, which limits
their practical usage. Previously, mesoporous metal oxides
with highly crystallized walls have been synthesized by using
hard-templates (mesoporous silica or carbon).[2] Although
soft templates (such as block copolymers, ionic or nonionic
surfactants) have been mostly used for preparation of
mesoporous materials, careful post-treatment is required for
improving the crystalline degree in the frameworks.[3] How-
ever, we have often encountered several issues; incomplete
crystallization, destruction of mesoporosity during crystalli-
zation, and crack formation because of stress associated
during crystallization.

To overcome these issues, by using pre-formed nano-
crystals as building units, several efforts have been made to

construct the crystalline frameworks. Several mesostructured
inorganic/organic composites have been prepared through
interaction between block copolymer templates and inorganic
nanocrystals upon evaporation of solvent.[4] After removal of
the templates, the robust mesoporous structures can be
obtained. Most of the previous reports have demonstrated
the use of sub-10 nm nanocrystals and organic templates with
neutral blocks. Although the mesoporous structures have
been successfully obtained, the interaction between nano-
crystals and polymer units is not clearly understood. Judicious
selection of solvent compositions, careful understanding of
the interactions of nanocrystals with block copolymers, and
strict control on the evaporation rate for self-assembly are
always critical factors.

In this communication we propose a more reliable way
based on “colloidal chemistry” (Figure 1). Here, we focus on
two-dimensional (2D) crystalline nanosheets[5] as inorganic

building blocks for the synthesis of mesoporous architectures,
for the first time. The 2D nanosheets with thin thickness in
atomic scale can be easily monodispersed under controlled
conditions to show high colloidal stability in aqueous solution.
Such charged nanosheets can interact with oppositely charged
substances. This noticeable feature motivates us to use the
charged nanosheets as building blocks for the synthesis of
mesoporous materials.

Our synthetic protocol is shown in Figure 1. An aqueous
micelle solution of an asymmetric triblock copolymer poly-

Figure 1. Synthesis of crystalline mesoporous materials from co-
assembly of niobate nanosheets and polymeric micelles based on
colloidal chemistry.
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(styrene-b-2-vinylpyridine-b-styrene) (PS-PVP-PEO) was
firstly prepared. The molecular weights of the PS, PVP, and
PEO blocks were 13000, 9000, and 16 500, respectively. In
brief, 0.1 g of the polymer was dissolved in 4.5 g of N,N-
dimethylformamide, in which the polymer was totally dis-
solved as unimers. To accelerate the micellization 0.5 g of
distilled water was slowly added. The obtained solution was
dialyzed against water to obtain the PS-PVP-PEO micelles.
Finally, the polymer concentration was set to be 2 g L¢1. The
pH of the solution was adjusted to 3 with a diluted HCl
solution. Formation of very stable polymeric micelles with
a hydrodynamic diameter of around 90 nm and a polydispers-
ity index of 0.09 was confirmed by dynamic light scattering
experiments (see Figure S1 in the Supporting Information).
The Tyndall effect clearly confirmed the presence of stable
colloidal particles (Figure 2b i). Only the PS blocks of the

polymeric micelles were stained with phosphotungstic acid
(0.1%) prior to TEM measurements.[6] The TEM image
shown in Figure 2c revealed that the micelle has a spherical
structure. The PS core size was around 40 nm which is smaller
than the hydrodynamic diameter of 90 nm with extended PVP
and PEO chains. Because of the presence of the pH-sensitive
PVP blocks, the surface charge of the micelles turned positive
when the pH in the solution decreased to the pKa (4.5) value
of PVP.[7] The zeta-potential measurement revealed that the
micelles possess surface charges of + 34 mV at pH 3 (Fig-
ure 2a i). The positive zeta-potential is due to the protonation
of PVP units, which allows the strong adherence of polymeric
micelles towards any negatively charged substance.

As a model study, negatively charged niobate nanosheets
were used as inorganic building blocks. K4Nb6O17·3 H2O
crystals were delaminated into colloidal nanosheets by
interaction with propylammonium (Figure 2 b ii).
K4Nb6O17·3H2O crystals are niobate-layered structures in
which potassium ions are present in the interlayer space.[8]

Potassium (K+) ions in the interlayer I are easily exchanged
with propylammonium, while those in the interlayer II are
relatively difficult to replace, thereby resulting in bilayer
niobate nanosheets with a thickness of about 2 nm (Fig-

ure S2a). The colloidal solution containing the nanosheets
(0.2%) shows negative charge of ¢36 mV at pH 3 (Fig-
ure 2a ii). Therefore, the dispersed nanosheets can interact
effectively with the positively charged micelles through
electrostatic force.

Under typical conditions, 50 mL of nanosheet colloidal
solution (0.2%) was mixed with 2 mL of polymeric micelles
(2 gL¢1). The zeta-potential was again measured and found to
be¢3 mV (i.e., almost zero), indicating that the decoration of
the nanosheets on the spherical polymeric micelles neutral-
izes the charges (Figure 2a iii). Even under almost zero-
charge condition (+ 3 mV), the colloidal hybrid solution is
very stable. This is because the PEO corona is still free which
stabilizes the colloidal hybrid micelles by steric repulsion
between the PEO chains. The same situation was also
observed in a titanate nanosheet system[9] prepared by
interaction with (C4H9)4NOH (Figure S3). The colloidal
suspension of nanosheet-decorated composite micelles was
very stable without any precipitation (Figure 2b iii and Fig-
ure S3b iii). Even after one month, any precipitates were not
confirmed at all (Figure S4).

The above-obtained suspension of nanosheet-decorated
composite micelles was directly casted over either a silicon
substrate or a glass substrate. Upon evaporation of the
solvent, the composite micelles underwent their self-organ-
ization to form mesostructured niobate (i.e., a nanosheet/
micelle hybrid film), as shown in Figure 1. The morphology of
the dried sample was observed under scanning electron
microscope (SEM). Spherical humps related to the presence
of PS-PVP-PEO micelles were observed over the entire area
and the micelle surface is completely covered with nanosheets
(Figure 2e and Figure S5). In contrast, the polymeric micelles
themselves self-assembled without nanosheets are clearer
spherical objects (Figure 2d) with smooth surface.

In general, it has been known that the dispersed nano-
sheets interacting with propylammonium were restacked
during the solvent evaporation to form the lamellar aggre-
gates (Figure 3 a i). Sharp diffraction peaks can be indexed as
0k0 (k = 2, 4, 6), indicating the formation of a lamellar
structure. However, when the nanosheets were assembled
with the polymeric micelles, the peaks corresponding to
interlayer spacing totally disappeared, although the 002 peak
derived from the in-plane structure was preserved. We
suggest that the strong electrostatic interaction of micelles

Figure 2. a) Zeta-potentials of i) polymeric micelles, ii) niobate nano-
sheets, and iii) composite micelles, b) photographs of the correspond-
ing colloidal solutions, c) TEM images of polymeric micelles, and
d,e) SEM images of polymeric micelles d) before and e) after addition
of nanosheets.

Figure 3. a) Wide-angle XRD patterns for i) nanosheet film prepared in
the absence of polymeric micelles and ii) nanosheet/micelle hybrid
film prepared in the presence of polymeric micelles. b) Random
assembly of nanosheets on micelles.

Angewandte
Chemie

4297Angew. Chem. 2015, 127, 4296 –4299 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


with nanosheets disturbs the spontaneous assembly of the
nanosheets; thereby losing well-stacked layered structure, as
shown in Figure 3b. (The details are discussed in later
section.) The same situation was observed in single titanate
nanosheets (Figure S6).

To remove the polymer template, the samples were
calcined at 500 88C. Calcination at 500 88C ensures the complete
removal of polymer, as shown in Figure S7. From SEM
images, mesopores were observed over the entire area
(Figure S8). High-resolution SEM images show that the
mesopore sizes were around 30–40 nm, which are almost the
same as the PS core size in the used polymeric micelles
(Figure 2c). As seen in Figure 4 a and Figure S9, the nano-
sheets seem to be randomly assembled to form the pore walls.
It should be noted that the mesopores are not in perfect
spherical shape. A similar situation has been observed in
nanocrystal-based mesoporous materials (Figure S10a),
which is in contrast to general mesoporous metal oxides
synthesized using small-sized inorganic oligomers or salts as
precursors (Figure S10b). Actually, the average lateral size of
the used nanosheets is around 200 nm (Figure S2 a) which is
a few times larger than the hydrodynamic diameter of the
used micelles. Very thin nanosheets are flexible,[10] so they can
be curled and/or bended on the concave micelle surface. As
shown in Figure S7, a large amount of gas (e.g., CO2) evolved
during the combustion of the polymer template breaks the
thin nanosheets, which also induces the formation of open
mesopores on the film surface.

From the high-resolution TEM images in Figure 4b and
Figure S11, the presence of lattice fringes is clearly observed.
The pores are indeed surrounded by crystalline nanosheets.
As confirmed in Figure S12, it has been reported that niobate
nanosheets interacting with propylammonium are stable up to
500 88C without recrystallization to other phases. It is interest-
ing that selected-area electron diffraction (ED) patterns

taken from mesoporous niobate show mainly h0l diffractions
derived from the original in-plain crystalline structure of the
niobate nanosheets (Figure 4 c). However, a single titanate
nanosheet is thermally less stable, because its thickness[9] (ca.
0.75 nm) is thinner than that of a niobate bilayer nanosheet
(ca. 2.0 nm).[8] Layered titanate nanosheets were destroyed
above 350 88C by removing the intercalated organic amine and
titanium dioxide started to be crystallized as anatase[9]

(Figure S13). Therefore, the anatase crystals were observed
on the film surface after calcination at the same temperature
(500 88C), as shown in Figure S14. In our system, the amount of
added nanosheets is very important to obtain the final
mesostructure (Figure S15). Under typical conditions, the
zeta-potential is almost zero (Figure 2b), indicating the
complete neutralization of negatively charged nanosheets
by positively charged polymeric micelles, which is the ideal
condition.

Here, we show the potential application of a mesoporous
niobate film as an excellent photocatalyst for the degradation
of methylene blue (MB) under UV irradiation (Figure S16).
A large amount of MB dyes (14.02 w/w%) were adsorbed
into/on a mesoporous niobate film. For comparison,
K4Nb6O17·3H2O crystals before the exfoliation and niobate
sample prepared without polymeric micelles were also tested.
However, these adsorption amounts of MB dyes were quite
small (5.28 w/w% and 6.98 w/w %, respectively). Considering
the above results, the mesoporous niobate film shows superior
MB adsorption capacity. More MB molecules can easily
access and effectively adsorbed on the pore surface (i.e.,
nanosheet surface) through the open mesoporous architec-
ture. After the adsorption, the solutions were irradiated with
UV light. The mesoporous niobate film degraded 83.6 % of
MB dyes within 70 minutes, which is much higher than the
other two samples.

To conclude, we have proposed a novel synthetic way
which makes possible effective interactions of colloidal
niobate nanosheets with polymeric micelles. The advantages
of our block copolymer over commercial block copolymers
(F127 and P123 triblock copolymers) are:
1) Negatively charged colloidal particles (e.g. nanosheets)

interact with positively charged templates. Nonionic
micelles made of F127, P123 are not so effective.

2) Because of the presence of a very hydrophobic frozen
polystyrene core with a hydrophilic PEO corona, the
micelles are stably formed in solution.

3) The core size of the micelles is also critical for curling or
bending of the nanosheets on the micelle surface. The
curling or bending of the nanosheets is not easy when the
core sizes are small (smaller than 10 nm in the cases of
F127, P123).

Our smart synthesis is widely applicable to other inorganic
nanosheets for preparation of mesoporous crystalline materi-
als which could have an enormous potential and provide new
functionality.

Keywords: block copolymers · mesoporous materials ·
micelle assembly · nanosheets · photocatalysis

Figure 4. a) TEM image of mesoporous niobate after removal of the
template. b) High-resolution TEM image of the crystalline framework.
One mesopore is indicated by a dashed circle. c) Selected-area ED
patterns taken from 10 000 nm2 (100 nm Ö 100 nm).
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