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One step route to the fabrication of arrays of TiO2 nanobowls via
a complementary block copolymer templating and sol–gel process†
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Highly dense, ordered arrays of a titania (TiO2) nanomaterial with a bowl-shape morphology are

generated by using poly(styrene-block-ethylene oxide) (PS-b-PEO) block copolymers as templates

combined with a sol–gel process. Porous organic–inorganic hybrid films with titania nanodomains

incorporated in the PEO domains can be produced by one step spin-coating. By manipulating the

relative composition of the precursor ingredients, a simple protocol to fabricate hexagonally packed

arrays of nanobowls is defined. Addition of a second inorganic precursor into the common solution

leads to arrays of composite Au–TiO2 nanobowls. Such organic–inorganic hybrids and pure titania

nanostructures with controlled shape and size exhibit unique photophysical properties.
Introduction

Semiconductor or metal–semiconductor systems with low dimen-

sional nanostructures such as nanowires, nanotubes, nanorings,

nanobowls and nanobelts are extremely attractive due to their

novel optical, electronic, magnetic and chemical properties.1–3 It

is well known that the properties of such nanostructured materials

depend strongly on the size, shape, and composition.2 Control

over the structural parameters is one of the most challenging issues

in developing new applications of nanostructured materials.3

Many approaches for the preparation of nanostructured mate-

rials with controlled shape and dimensions have been reported.

Selected examples include ring-like nanostructures via electron-

beam lithography,4 nanosphere templates,5 porous templates,6

or self-assembled amphiphilic triblock copolymer templates.7

TiO2 is one of the most important oxide materials due to its

wide range of applications.8 Among these applications, TiO2

has been used as an excellent photocatalyst and is a core constit-

uent in solar-energy conversion devices.9 In this regard, recent

efforts have focused on the fabrication of TiO2 nanostructures,

such as nanoparticles,10 nanowires,11 nanotubes,12 mesoporous

materials, etc.13 Ordered arrays of nanostructured TiO2

nanobowls have also been fabricated using a self-assembled

monolayer of PS spheres as a template.14 Although the various

nanostructured TiO2 materials mentioned above have been

suggested, it still remains a significant challenge to develop facile
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and effective methods for creating novel TiO2 nanostructures

with unprecedented properties.

Among numerous bottom-up strategies for nanofabrication,

self-assembly of block copolymers (BCPs) has been recognized

as versatile platform by which highly ordered periodic metallic,

inorganic, and semiconductor nanostructures, such as nano-

dots,15,16 2-dimensional (2D) porous titania, and highly ordered

3D-networks17–19 can be developed. In addition to typical classic

morphologies (e.g., lamellae, spheres, cylinders, and bicontinu-

ous networks), recent experimental reports also show that other

intricate morphologies, such as helices,20 cylindrical networks,21

nanotubes,22 hollow hoops,23 bowl-shaped micelles, and ring-

like supramolecular assemblies can be observed from BCP

solutions in selective solvents.24 Such micellar solutions with

non-classical morphologies may be utilized as templates to

generate hybrid nanostructures with exquisite morphologies.

Combing micellar solutions with sol–gel chemistry, herein we

suggest a rapid, simple fabrication protocol to synthesize nanopo-

rous hybrid films and arrays of titania nanostructures with an

unprecedented morphology, the so called nanobowl-shape. The

methodology is based on an extension of our previous work where

arrays of titania nanoparticles with controlled lateral spacing are

prepared by one pot spin-coating of a common solution contain-

ing a BCP and an inorganic precursor onto a solid substrate.25 The

morphologies of the hybrid materials via a sol–gel process depend

strongly on the type of template, composition, concentration, pH,

solvent, etc.26 Here, we demonstrate that the morphology can be

efficiently controlled by manipulating the relative composition of

the precursor solution. The resulting porous hybrid block copol-

ymer–titania films show greatly enhanced room-temperature

photoluminescence emission properties.
Experimental section

Materials

A PS-b-PEO diblock copolymer with a polydispersity index of

1.05 was purchased from Polymer Source, Inc. The number
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Fig. 1 FESEM images of the hybrid films of PS-b-PEO/SG15 with

worm-like structures (A) and porous structures (B); (C) is the perspective

view of the porous hybrid film. The molar ratio of TTIP : HCl is 2.0 in

(A) and 0.5 in (B) and (C).
average molecular weights of PS and PEO blocks are 19 000 g

mol�1 and 6 400 g mol�1, respectively. Titanium tetra-isopropox-

ide (TTIP, 97%), and tetrachloroauric (III) acid (HAuCl4$xH2O,

Mw ¼ 333.79) were purchased from Aldrich and used as

received. Analytical grade toluene, isopropanol and hydro-

chloric acid (HCl, 37%) were purchased from Riedel-deHaën.

Substrates

Silicon (Si) wafers with a native oxide layer (ca. 2.5 cm � 2.5 cm)

were cleaned in piranha solution (70 : 30 v/v concentrated H2SO4

: H2O2. Caution! Piranha solution reacts violently with organic

compounds and should not be stored in closed containers),

thoroughly rinsed with Milli-Q water, and then blown dry with

nitrogen gas.

Film preparation

PS-b-PEO and Au-loaded PS-b-PEO (molar ratio of HAuCl4/

EO was 0.1) solutions of 1.0 wt% in toluene were used in this

study. The preparation process of the sol–gel (SG) precursor

solutions was described previously.27 The molar ratio of TTIP /

HC l in the sol–gel precursor solution was adjusted from 2.0 to

0.5. The desired amount of sol-gel precursor solution was mixed

with the PS-b-PEO solution or the Au-loaded PS-b-PEO solu-

tion and stirred for 30 min. The amount of precursor relative

to the polymer (f) was 15.0% v/v.

The hybrid inorganic–organic films were produced simply by

spin-coating the mixture solution on a piece of Si substrate.

The obtained films were dried under ambient conditions to

induce crosslinking of the sol–gel precursor. In order to remove

the block copolymer template and reduce HAuCl4 to metallic

Au, the films were treated with deep UV irradiation in air (l ¼
254 nm) for 2 d.28

Characterization

AFM height and phase contrast images were obtained using

a Digital Instruments Dimension 3100 scanning force micro-

scope in tapping mode with an Olympus cantilever. Field

emission scanning electron microscopy (FESEM) images were

obtained with a LEO 1530 ‘‘Gemini’’. The average diameters

of the pores were determined by the Image J program (NIH).

High resolution transmission electron microscopy (HRTEM)

and energy dispersive spectroscopy (EDS) measurements were

carried out on a Tecnai F30 at 200 kV. The crystal structures

of the nanostructured TiO2 and Au were studied by powder

X-ray diffraction (XRD) on a Rigaku D/MAX at 2200 V using

Ni-filtered Cu Ka radiation with a graphite diffracted beam

monochromator. XPS measurements were performed on a

Perkin-Elmer-Physical Electronics 5100 with Mg Ka excitation

(400 W). Spectra were obtained at a take-off angle of 15�.

Photoluminescence (PL) spectra were measured using a SPEX

FLUOROLOG II (212) instrument at an excitation wavelength

of 260 nm. The hybrid films were treated at 90 �C for 1 h in a

vacuum or with UV light for 2 d in air before PL measurements.

Results and discussion

In the present PS-b-PEO–sol-gel (SG) system, we found that

the morphologies of the hybrid films depend significantly on
516 | Soft Matter, 2008, 4, 515–521
the molar ratio of TTIP / HCl in the sol–gel precursor solution.

When the molar ratio of TTIP / HCl in the precursor solution

is 2.0, worm-like structures are formed. If the molar ratio of

TTIP / HCl in the precursor solution is changed to 0.5, porous

hybrid films are obtained. Fig. 1 shows the FESEM images of

the hybrid PS-b-PEO/SG films spin-coated on silicon substrates

at 2500 rpm. Fig. 1A shows that the PEO–titania film exhibits

worm-like structures while an array of circular pores is shown

in Fig. 1B. The average diameter of the pores (D) is measured

to be about 60 nm. The perspective view shown in Fig. 1C

illustrates that the pores do not span through the entire film.

Similar porous morphologies are observed if additives, such as

HAuCl4, are introduced to the system (data not shown). We

have already utilized the same PS-b-PEO/sol–gel system to

generate TiO2 nanoparticle arrays.25,27 The difference between

the previous system and the present one lies in the relative
This journal is ª The Royal Society of Chemistry 2008



Fig. 2 HRTEM image (A) and its EDS (B) spectrum of the hybrid film of PS-b-PEO/SG15 with porous structures. HRTEM image of the hybrid film of

PS-b-PEO–HAuCl4/SG15 (C) and that of an Au domain.
amount of HCl solution. Therefore it is believed that the HCl

solution has a critical role on the morphology of the hybrid

film.29

To investigate the structures of the hybrid films, HRTEM and

EDS measurements were performed on both PS-b-PEO/SG and

PS-b-PEO-HAuCl4/SG films. Darker titania nanodomain arrays

in the PS matrix are observed in the TEM image of the PS-b-
Fig. 3 AFM height images of the surfaces of the reference PS–b–PEO films p

the addition of TTIP; (A) in low magnification (4 mm � 4 mm); (B) in high m

This journal is ª The Royal Society of Chemistry 2008
PEO/SG film (Fig. 2A) and the periodic nature of the titania

moiety is clearly evidenced in the EDS spectrum (Fig. 2A). If

HAuCl4 is added to the system, most of it forms nanoparticles

which are sporadically dispersed inside the titania domains

(Fig. 2C). A further magnified HRTEM image of an Au nano-

particle domain reveals clear lattice fringes of the crystalline

structure as shown in Fig. 2D
repared following the same procedure as for the hybrid samples except for

agnification (1 mm � 1 mm).
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In order to explain the formation of the porous structures

observed in Fig. 1B, the morphologies of the pure PS-b-PEO

film (noted as the reference film) were prepared following the

same procedure as for the hybrid samples, except for TTIP,

and were analyzed. Fig. 3 displays the AFM images of the refer-

ence film. It is noted that the surfaces of the film shown in

Fig. 3A have many large circular regions (darker parts) of

different sizes. These darker regions are lower in height than

the other brighter regions of the film. However, the magnified

AFM images of the PS-b-PEO reference film (Fig. 3B) show

that the ordering of the cylindrical array is markedly enhanced

compared with that of the film spin-coated directly from the

PS-b-PEO solution indicating that highly ordered arrays of
Fig. 4 FESEM image (A), AFM height image (B) of the arrays of TiO2 nano

of the block copolymers. (C) line scan taken along the line shown in (B). (D) F

PEO–HAuCl4/SG15 films after removal of the block copolymers. (E) FESEM

PS-b-PEO/SG15 films after removal of the block copolymers.
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nanoscopic, cylindrical domains of PEO are obtained at the

surface of the reference film. The average diameter of the PEO

cylinders is about 20 nm, which is much smaller than that of

the hybrid film observed in Fig. 1B. These results reveal that

the formation mechanism of the hybrid film is different from

that of the reference film.

Two key processes, i.e., the difference in solubility of the PEO

and the PS blocks in the mixed solvents and the incorporation of

titania oligomers into PEO microdomains, are believed to play

an important role in the formation of the porous nanostructures.

PS-b-PEO can form micelles in toluene. The titania sol–gel

precursor is composed of TTIP, HCl (37%), toluene and isopro-

panol. If the sol–gel precursor is mixed with the PS-b-PEO
bowls obtained from porous hybrid PS-b-PEO/SG15 films after removal

ESEM image of Au–TiO2 nanobowls obtained from porous hybrid PS-b-

image of the TiO2 nanobowls arrays obtained from thicker initial hybrid

This journal is ª The Royal Society of Chemistry 2008



Fig. 5 Schematic illustration of the formation process to generate TiO2

nanobowls on a silicon (Si) substrate. (a) Formation of a micellar solu-

tion of PS-b-PEO copolymers in toluene. (b) The micellar solution is

mixed with the desired amount of sol–gel precursor solution; the titania

precursor is selectively incorporated into the PEO domains. (c) Forma-

tion of nanoporous organic–inorganic hybrid films by spin-coating the

mixture solution on a Si substrate. (d) Formation of arrays of TiO2 nano-

bowls after the removal of the block copolymer matrix.

Fig. 6 XRD patterns for the arrays of TiO2 (A) and Au–TiO2 (B)

obtained from calcination of the initial hybrid films at 600 �C for 4 h

under a N2 atmosphere. The triangles and circles represent characteristic

peaks of the TiO2 anatase phase and gold nanocrystals, respectively.
solution or the Au-loaded PS-b-PEO solution, isopropanol,

a small amount of water and titania oligomers will be segregated

into the PEO domains due to their favorable interactions. This

effect may cause the aggregation number of the block copolymer

micelles to increase.30 Provided that the titania oligomers are

uniformly distributed in the PEO domains,25 it is reasonable to

deduce that the sizes of the hydrophilic PEO domains, which

are surrounded by PS chains, will increase. That is, cooperative

self-assembly of both PS-b-PEO copolymers and titania oligo-

mers in the mixed solvents leads to large aggregates consisting

of a soluble PS corona and a large core containing PEO chains,

titania oligomers, isopropanol and water. In addition, the

viscosity of the system will become larger than that of the refer-

ence system (no TTIP) due to the incorporation of titania nano-

structures into PEO domains.31

Since the evaporation rates of organic solvents (toluene and

isopropanol) are larger than that of water, preferential evapora-

tion of the organic solvents during spin-coating will cause the

relative content of water increase in the liquid film and induce

a cooling of the solution surface. The viscosity of the liquid

film increases and a gelation process of PS blocks along with

a phase separation process will occur if the solvents evaporate

further during spin-coating. In this process, the hydrophilic

domains are encapsulated by PS blocks and their coalescence

is prevented. Water is still retained and uniformly distributed

in the PEO domains. Complicated surface currents (gas flow,

convection, and Marangoni flows) induce compact arrays of

aggregates composed of hydrophilic cores and outer PS blocks.

After the evaporation of water from the polymer layer on the

top of the film, a film with porous structures forms.32 If the

system does not contain TTIP, the hydrophilic PEO domains

can partially coalesce during spin-coating due to lower viscosity

and a film with lower and larger circular regions of different size

is formed (Fig. 3A).

To induce arrays of pure TiO2 nanostructures on the silicon

substrates from the initial hybrid organic–inorganic films, the

block copolymer templates were removed by exposure to deep

UV irradiation. The FESEM image (Fig. 4A) reveals that

isolated titania nanostructures form on the surface after removal

of the block copolymer. The AFM height image and its line scan

shown in Fig. 4B and C indicate that these nanostructures are

bowl-like. With the addition of the HAuCl4 precursor to the

PS-b-PEO solution, an array of titania nanobowls containing

smaller Au nanoparticles in each bowl are also obtained after

removing the block copolymer (Fig. 4D). From thicker hybrid

films prepared by spin-coating at 400 rpm, the same type of

morphologies were observed after removing the block copolymer

(Fig. 4E), indicating that the large aggregates are formed in the

mixture solution of PS-b-PEO and the titania sol–gel precursor.

Based on the mechanism discussed above, a schematic diagram

of the formation process to generate TiO2 nanobowls on silicon

substrates is depicted in Fig. 5.

We performed an in-depth analysis of the crystallinity of the

hybrid Au–TiO2 nanodomains by XRD measurements. It was

found that the initial PS-b-PEO–TiO2 and PS-b-PEO–HAuCl4–

TiO2 films did not exhibit any noticible peaks, indicating that the

inorganic nanodomains in these films are amorphous (see

Fig. S2, ESI†). The XRD patterns for the arrays of TiO2 and

Au–TiO2 are obtained from calcination of the initial hybrid films
This journal is ª The Royal Society of Chemistry 2008
at 600 �C for 4 h under a N2 atmosphere as shown in Fig. 6A and

B, respectively. Characteric peaks of typical anatase TiO2 are

observed in Fig. 6A, consistent with our previous results,25b

where the 2 q (spacing) peaks can be assigned as 25.66 (3.47Å),

38.32 (2.35Å), 48.32 (1.88Å) and 54.96 (1.67Å), respectively.

From the spectrum of Au–TiO2 in Fig. 6B, crystalline Au struc-

tures are also evidenced by the additional peaks (denoted as

circles) along with the same feature from the TiO2, implying

that the presence of Au did not alter the crystalline form of

TiO2 domains. Here, the two theta(spacing) is assigned as

25.78(3.45Å), 33.24(2.69Å), 38.54(2.33Å), 44.76(2.02Å), and

48.46(1.88Å). The chemical identity of the surfaces of the hybrid

films was also investigated by XPS (see Fig. S2 in the ESI†).33,34

As a systematic approach to explore the photophysical prop-

erties in line with our previous works, the photoluminescence

(PL) properties of the porous hybrid PS-b-PEO/SG films as

well as the arrays of TiO2 nanobowls were measured with an

excitation wavelength of l ¼ 260 nm. Fig. 7 shows the represen-

tative PL spectra from a porous hybrid film and an array of TiO2

nanobowls. It can be seen from Fig. 7A and B, that the initial

hybrid sample exhibits strong PL with a main peak located at
Soft Matter, 2008, 4, 515–521 | 519



Fig. 7 (a) PL spectrum of a porous hybrid PS-b-PEO/SG film. (b) PL

spectrum from arrays of TiO2 nanobowls obtained after the removal of

the PS-b-PEO template by deep UV irradiation. The excitation wave-

length is 260 nm.
about l ¼ 333 nm upon photoexcitation at l ¼ 260 nm, which is

close to the emission band of nanocrystals of TiO2 and may be

attributed to the band-edge luminescence at room-temperature.35

However, the peak position is different from the PL spectra of

the TiO2 nanoparticles.36 After the removal of the block copol-

ymer matrix, the PL spectrum of the arrays of TiO2 nanobowls

exhibits a broad band with a main peak centered at about l ¼
473 nm upon photoexcitation at l ¼ 260 nm, which may be

attributed to the oxygen vacancies.37 We also investigated into

the photocatalytic activity of a representative hybrid PS-b-

PEO–HAuCl4–TiO2 film in terms of the decomposition of a

dye (methylene blue) and found out that such a hybrid system

exhibits comparable activity with similar nanostructured TiO2

(see Fig. S3 in the ESI†).
Conclusions

We presented a simple method to generate nanoporous organic–

inorganic hybrid films and arrays of TiO2 or Au–TiO2

nanobowls using PS-b-PEO block copolymers as templates in

combination with a sol–gel process. Nanoporous hybrid films

were obtained by spin-coating the mixture of the PS-b-PEO

solution and the titania sol–gel precursors on solid substrates.

Inclusion of other additives, such HAuCl4, essentially did not

alter the morphology of the porous hybrid films. The mechanism

of structural evolution was explained by several factors including

the selective incorporation of a titania precursor into the

PEO domains, the change of self-organization behavior of

PS-b-PEO, and complicated surface currents involved in the

spin-coating process. By removing the block copolymer

templates by deep UV irradiation or calcination, the arrays of

TiO2 or Au–TiO2 nanobowls could be obtained on the substrate

surface. The crystalline nature of the TiO2 or Au–TiO2 nano-

bowls was also analysed by HRTEM and XRD studies,

revealing a typical anatase phase of TiO2 nanodomains. Finally

such hybrid films exhibited characteristic PL properties and

photocatalytic activity.
520 | Soft Matter, 2008, 4, 515–521
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and G. Burri, Solid State Commun., 1993, 87, 847–850; (c) Y. Lei,

L. D. Zhang, G. W. Meng, G. H. Li, X. Y. Zhang, C. H. Liang,

W. Chen and S. X. Wang, Appl. Phys. Lett., 2001, 78, 1125–1127.
37 N. Serpone, D. Lawless and R. Khairutdinov, J. Phys. Chem., 1995,

99, 16646–16654.
Soft Matter, 2008, 4, 515–521 | 521


	One step route to the fabrication of arrays of TiO2 nanobowls via a complementary block copolymer templating and sol-gel processElectronic...
	Introduction
	Experimental section
	Materials
	Substrates
	Film preparation
	Characterization

	Results and discussion
	Conclusions
	Conclusions


