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Abstract Mesoporous silica thin films with highly

ordered cubic Pm-3n and three dimensional hexagonal P63/

mmc symmetries were synthesized by evaporation induced

self assembly (EISA) method controlling the ratio of HCl

and tetramethoxysilane in the initial sol solution and the

humidity in the dip-coating chamber. Using these opti-

mized mesoporous silica thin films, highly ordered Pt

nanodot arrays with cubic and three dimensional hexagonal

symmetries were synthesized by simple immersion in a Pt

precursor solution and photoreduction. These periodic

nanodot arrays in the silica thin film have a potential to be

applied to single-electron devices mediated by coupling

interactions with neighboring nanodots.

Keywords Nanostructures � Mesopore � Thin film �
Nanodots

1 Introduction

Ordered mesoporous silicas [1–3] have attracted significant

attention for their useful applications, to catalysis and

absorption but also as templates for fabrication of nano-

devices, due to their tunable pore size and pore-arrangement

structure. To date, a variety of nanoparticles and nanowires

of Pt [4–10], Ag [11–14], Pd [8, 15] and Au [7, 8] as well as

Fe2O3 [14] and In2O3 [16] metal oxides, have been syn-

thesized using mesoporous powders or thin films. In most

cases, the pores were partially filled with materials, and

nanoparticles and wires were randomly distributed in the

mesoporous silica matrices. Recently, the syntheses of

ordered nanoparticle arrays of CdS [17], Au [18], and Pt

[18] in mesoporous silica films have been reported. Fan

et al. reported the synthesis of gold nanocrystal/silica

mesostructured thin films with cubic symmetry (Fm3m) via

self-assembly of water-soluble nanocrystal micelles with

soluble silica [19]. These periodic nanodot arrays in silica

thin films could be applied to single-electron devices

mediated by coupling interactions with neighboring

nanodots. An ordered lattice and perfect packing of dots are

very important for three dimensional (3D) arrays of multi-

tunnel junctions, and it should be possible to control the

properties of single-electron devices by changing the pore

size and arrangement in the mesoporous silica thin films.

Very recently, we reported the synthesis of a highly ordered

Pt nanodot array with cubic symmetry, simply by immers-

ing a mesoporous silica thin film into a Pt-precursor solution

followed by photoreduction [20]. The cages of mesoporous

thin films were filled with Pt nanoparticles of approximately

4 nm diameter, and ordered cubic-lattice arrays of nanodots

were obtained. In conventional mesoporous films (fabri-

cated without optimized synthesis conditions), the order of

the pore arrangement is insufficient, and structural defects

have been observed in some cases.

Here, we report the optimization of the synthesis

conditions of mesoporous silica thin films with highly

ordered cubic Pm-3n and 3D-hexagonal P63/mmc sym-

metries, and the formation of highly ordered Pt nanodot

arrays by using the optimized films. The structural ordering
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of the mesostructured films strongly depended on the HCl/

Si ratio in the initial sol solution and on the humidity level

in the dip-coating chamber. Grosso et al. have reported

extensive studies on the synthesis conditions of mesopor-

ous silica thin films including HCl content in the initial sol-

solution [21] and humidity in the dip-coating chamber [22,

23]. However, there are no reports on detailed studies on

the relationship between structural ordering and these

conditions.

2 Experimental

2.1 Preparation of mesoporous silica thin films

Mesoporous silica thin films were prepared by sol–gel

synthesis under acidic conditions. Tetramethoxysilane

(TMOS), purchased from Tri Chemical Labs., Inc., was

employed as the silicon source. Octadecyltrimethylammo-

nium chloride (ODTMA), purchased from Tokyo Chemical

Industry Co., Ltd., was used as a surfactant template. For the

syntheses of cubic (Pm-3n) mesoporous silica, 2N HCl

(100–1250 lL) and H2O (50 mL) were added to the TMOS

(15.22 g), and the mixtures were stirred for 1 h at room

temperature to yield the first solution. ODTMA (5.80 g)

was dissolved in a mixture of EtOH (20 mL), H2O (30 mL)

and 12N HCl (100 lL). The mixtures were added to the

TMOS solutions and stirred for a further 40 min to yield

silica/surfactant sol-solutions. The final molar ratios of the

mixtures for cubic films were TMOS:ODTMA:HCl:H2O:

EtOH = 1:0.17:0.0022–0.0041:19:3.4. For the synthesis of

hexagonal (P63/mmc) mesoporous silica, 2N HCl (50–

500 lL) and H2O (30 mL) were added to the TMOS

(15.22 g), and the mixtures were stirred for 1 h at room

temperature to yield the first solution. ODTMA (3.41 g)

was dissolved in a mixture of EtOH (20 mL), H2O (10 mL)

and 2N HCl (100 lL). The mixtures were added to the first

solutions and stirred for a further 40 min to yield silica/

surfactant sol-solutions. The molar ratios of the mixtures for

hexagonal films were TMOS:ODTMA:HCl:H2O:EtOH =

1:0.10:0.0021–0.0034:7.7:3.4. The sol-solutions were dip-

coated onto a silicon wafer with a constant withdrawal

speed of 20 mm/min. The humidity in the dip-coating

chamber was kept at 5%, 35% (40% for cubic) or 70% (75%

for cubic) relative humidity. For the pretreatment to clean

the surface, the silicon wafers were immersed in a HF

solution (HF:H2O = 1:50 volume ratio) for 1 min at 298 K

and rinsed with ion-exchanged water and distilled water,

and then dried. The silica/surfactant thin film on the Si

substrates were dried at room temperature for 24 h and then

at 373 K for 1 h. Finally, the films were calcined in air at

673 K for 4 h to remove the surfactant and accelerate the

condensation of the silica framework.

2.2 Preparation of Pt nanoparticles in the mesoporous

silica thin films

H2PtCl6 aqueous solution (15 wt%) was purchased from

Tanaka Kikinzoku Kogyo. The mesoporous silica on Si

substrates were dried under vacuum for 24 h and immersed

into a platinum precursor solution of 15% H2PtCl6:EtOH:

H2O = 1:2:2 by volume. Ultrasonic irradiation was used

for an initial 10 min, and then the film was kept in the

solution for 24 h. The H2PtCl6/mesoporous film composites

were placed in a vacuum-cell equipped with a quartz glass

window and dried under vacuum for 24 h. After evacuation,

methanol vapor (10 Torr) and H2O vapor (10 Torr) were

introduced in the vacuum-cell. The H2PtCl6/mesoporous

film in the vacuum-cell was irradiated with UV light (300–

600 nm) for 72 h to reduce H2PtCl6 to platinum metal. The

Pt particles were deposited not only in the cages in the film,

but also on the surface of the film. The Pt particles deposited

on the film were removed by wiping with soft tissue paper

before HRTEM and XRD measurements.

2.3 Measurements

X-ray diffraction (XRD) patterns of the films were obtained

using a Rigaku Rint-2200 diffractometer using Cu Ka
radiation. Transmission electron microscopy (TEM) ima-

ges were obtained with a JEOL JEM2000EX instrument.

Film thickness was measured using the ULVAC Dektak

3ST instrument. The samples for TEM were scratched off

and microtome-cut mesoporous thin film on the substrate.

3 Results and discussion

3.1 Optimization of synthesis conditions

Cubic and hexagonal mesophases were prepared at typi-

cal conditions of ODTMA/TMOS of 0.17 and 0.10,

respectively [24]. We found that the HCl/TMOS ratio in

the initial mixture and the humidity in the dip-coating

chamber were crucial factors to improve structural ordering

of the mesoporous silica thin films. Figure 1 shows XRD

patterns of surfactant-free mesoporous silica thin films

prepared at different HCl/TMOS ratios. The figure shows

diffraction patterns in a low angle, assigned to cubic

symmetry with a lattice constant of a = 76.3 Å (Fig. 1a)

and hexagonal symmetry with lattice constants of a =

44.9 Å, c = 20.2 Å (Fig. 1b), respectively. The HCl/TMOS

ratio affected the peak intensity sensitively for both mes-

ophases. Figure 2 plots the peak intensities of 210 for the

cubic phase and 100 for the hexagonal phase as a function

of the HCl/TMOS ratio. Maximum peak intensities at
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HCl/TMOS ratios of 0.0023 and 0.0028 for the cubic and

hexagonal mesophases, respectively, were obtained. As the

film thicknesses are almost constant (cubic: 380–420 nm,

hexagonal: 480–530 nm), the highest intensity indicates

the highest structural ordering of the mesoporous thin film.

An increase in the HCl/TMOS ratio accelerates the

hydrolysis and condensation rates of the TMOS precursor

[21]. A high degree of hydrolysis of the TMOS precursor is

appropriate to form ordered mesostructures due to the

effective interaction between hydrolyzed TMOS species

and surfactant ions. However, too much condensation of

precursor is not appropriate because highly polymerized

silicate species is difficult to organize into the ordered

mesostructure.

Next, we studied the effects of humidity in the dip-

coating chamber. Figure 3 shows the XRD patterns of

mesoporous silica thin films with cubic and hexagonal

mesophases prepared under humidities of 5, 35, 70% and 5,

42, 74% respectively at the optimized HCl/TMOS ratios.

Figure 4 plots the peak intensities of 210 and 100 dif-

fractions as a function of humidity in the dip-coating

chamber. The peak intensities increased at high humidity

conditions. The film thicknesses were almost constant

between 400 and 560 nm for the cubic mesophase and

between 480 and 750 nm for the hexagonal mesophase.

The solvent-evaporation from the substrate after dip-coat-

ing was slow at high humidity conditions [23]. The slow

evaporation would be appropriate to form a highly ordered

mesostructure because it would easily reach the equilib-

rium state of the ordered micelle structure in the film

during the solvent evaporation.

3.2 TEM observations

TEM of the mesoporous silica thin films prepared at the

optimized condition showed clear images of highly ordered

mesostructures of cubic (Pm-3n) and hexagonal (P63/mmc)

symmetries, as shown in Figs. 5 and 6, respectively. The

samples which were scratched off the cubic mesoporous

thin film on the substrate show lattice images along [100]

(Fig. 5a), [210] (Fig. 5b) and a mixture of [100] and [210]

(Fig. 5c). Mesoporous materials with cubic Pm-3n sym-

metry consist of two types of cages, A- and B-cages,

wherein the A-cage is larger than the B-cage. The TEM

images clearly show ordered arrangements of the A- and B-

cages. The single domain size was estimated to be 200–

600 nm from the TEM image (Fig. 5c, d). The domains
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Fig. 1 XRD patterns of typical calcined mesoporous thin films with

a cubic (HCl/TMOS molar ratio = 2.16 9 10-3, 2.33 9 10-3,

4.05 9 10-3) and b hexagonal (HCl/TMOS molar ratio = 2.14 9

10-3, 2.82 9 10-3, 3.09 9 10-3) symmetries
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were closely packed and there is almost no gap among the

domains. A cross-section of the cubic film on the substrate,

prepared by microtome-cutting, shows a single crystal-like

uniform lattice image from the bottom to the top of the

film, as shown in Fig. 5d.

The hexagonal thin films also show a highly ordered

pore-arrangement structure. The samples which were

scratched off the hexagonal mesoporous thin film on the

substrate show lattice images along [110] (Fig. 6a, b) and

[100] (Fig. 6c). The single domain size was estimated to be

300–500 nm at least from the TEM images (Fig. 6a, d).

There is almost no gap among the domains.

3.3 Pt nanoparticles in mesoporous silica thin films

Figure 7 shows TEM images of Pt-filled mesoporous silica

thin films with cubic mesophase. Figure 7a, c show lattice
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Fig. 5 TEM images of cubic

(Pm-3n) mesoporous silica thin

films. Plan-view of [100] (a),
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Fig. 6 TEM images of 3D-

hexagonal (P63/mmc)

mesoporous silica thin films.

Plan-view of [110] (a, b), [100]

(c), and cross-sectional image

(d)

Fig. 7 HRTEM images of Pt/

mesoporous silica thin films

[100] (a, c) and [210] (b, d) of

cubic (Pm-3n)
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images along [100] and Fig. 7b, d show [210] of cubic

(Pm-3n). The cages of the highly ordered mesoporous thin

films are filled with Pt over a large area of the thin films. As

we reported the detail in last article [20], both the A- and

B-cages of the cubic mesoporous thin film were filled with

the Pt nanoparticles, and an ordered cubic-lattice array of

nanodots was obtained. The particle size of the Pt was

determined to be approximately 4 nm in diameter, which is

in good agreement with the pore sizes in the mesoporous

silica thin films. Also, the particle size of Pt was estimated

to be 2.7 nm from the XRD pattern using the Scherrer

equation.

Figure 8 shows TEM images of Pt-filled mesoporous

silica thin films with hexagonal mesophase. They show not

so clear images of ordered arrangements of Pt nanoparti-

cles compared to the films with cubic mesophases. It would

be attributable to decrease in the structural order of the

mesoporous film during the formation of Pt nanoparticles.

4 Conclusions

We optimized the synthesis conditions of highly ordered

mesoporous silica thin films with cubic and 3D-hexagonal

symmetries. The HCl/TMOS ratio of the initial sol solution

and the humidity in the dip-coating chamber are crucial

factors to improve the structural ordering of the cubic and

3D-hexagonal films. Using these optimized mesoporous

thin films, ordered Pt nanodot arrays with cubic and 3D-

hexagonal symmetries were synthesized. These periodic

nanodot arrays in the silica thin films have a potential to be

applied to single-electron devices mediated by coupling

interactions with neighboring nanodots.
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