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Substrate-supported noble metallic nanoparticles have received intense attention owing to their great

potential in various applications. In this work, silica nanotube-supported metallic nanoparticles (i.e.,

Au, Ag, and Pd) are synthesized by in situ reducing metal ions into nanoparticles on the nanotube

surface. The silica nanotubes are prepared through the traditional sol–gel approach using laminated

nanoribbons as soft templates, which are self-assembled from dipeptide-amphiphiles. The surface of

silica nanotubes is functionalized to display amino groups, which serve as active sites to host metallic

particles. By changing the preparation conditions, the wall thickness of silica nanotubes is adjusted and

the density of metallic nanoparticles on silica surface is facilely tuned. Finally the metallic nanoparticle-

coated silica nanotubes are proven to be applicable in recyclable catalysis of 4-nitrophenol (4-NP)

reduction.
Introduction

Nanostructured noble metallic particles are attracting tremen-

dous attention owing to their versatile applications as catalysts

and sensors and may prove important in optical, biological, and

electronic devices.1–5 It has been realized that the metallic parti-

cles in the nanometer size regime show characteristic size-

dependent properties (e.g., electronic, optical, catalytic, and

thermodynamic properties) different from bulk metals with

significant size-effects occurring for 1–10 nm diameters. For

example, the position of plasmon band from metallic NPs and its

bandwidth is greatly influenced by the particle size.6 Also size

effect is observed in surface-enhanced Raman scattering (SERS),

where metallic nanoparticles are frequently exploited as

substrates for signal enhancement.7,8 Therefore a facile route to

synthesize nanosized metallic particles has become highly

desirable.9–13

On the other hand, the stability of metallic nanoparticles is

another crucial issue for their further application. As the particle

size is reduced, the surface energy of nanoparticles increases,

making them unstable with high tendency for inter-particle

aggregation. This will severely hinder the applications of metallic

nanoparticles. For example, the aggregation of nanoparticles will

greatly reduce their specific surface area and consequently lower
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the catalytic efficiency. Due to the high cost and limited supply,

however, the improvement of the catalytic efficiency and the

reduction of the amounts used are the top priorities for practical

applications. To solve these problems, organic molecules or

polymers usually act as protective groups to prevent nano-

particles from coagulating by binding to the particle surface and

enhance their stability. Frens pioneered the work of using

sodium citrate to reduce chloroauric acid and stabilize the as-

synthesized Au NPs.14 The other capping reagents include thiol-

derivative containing hydrophilic groups,15 4-(dimethylamino)

pyridine,16 sodium cholate,17 etc. Alternatively, this problem can

be solved by immobilizing metallic nanoparticles on supporting

substrates such as silica dioxide (SiO2), titanium dioxide (TiO2),

carbon nanotube (CNT), graphene, microgel, and polymer.18–45

This is regarded as a conventional way to stabilize metallic

nanoparticles and particularly it combines the unique mechanical

and electronic properties of nanotubes, wires, or fibers with the

rich, size- and shape-dependent physicochemical properties of

metallic nanoparticles. These hybrid nanomaterials have proven

to have promising applications in catalysis, surface enhanced

Raman spectroscopy (SERS), and sensors.22,35,46–48

Inspired by these considerations, this work aims to synthesize

silica nanotube (SNT)-supported noble metallic nanoparticles

(i.e., Au, Ag, and Pd) under ambitious conditions and explore

their catalytic activity in the reaction of 4-nitrophenol reduction

by sodium borohydride. The silica nanotubes are prepared via

soft template-directed sol–gel method using tetraethylorthosili-

cate and 3-aminopropyltrimethoxysilane as precursor.

Compared with the other strategies in synthesizing nano-

materials, soft template method exhibits remarkable advantages

such as the rational controls on the size, shape, and composi-

tion.20,49–56 In this work, self-assembled laminated nanoribbons
This journal is ª The Royal Society of Chemistry 2012
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from a dipeptide-amphiphile are exploited as the soft templates

to rationally design silica nanotubes in a controllable manner.

Particularly, amino groups are displayed on silica surface as

active sites to in situ deposit metallic nanoparticles. Finally, the

recyclable catalytic activities of SNT-supported metallic NPs are

evaluated in the reaction of 4-nitrophenol reduction.
Materials and methods

Materials

The dipeptide-amphiphile C4AzoGlyGly was synthesized

according to our previous work.57 Tetraethylorthosilicate

(TEOS), 3-aminopropyltriethoxysilane (APS), and sodium tet-

rachloropalladate (Na2PdCl4) were bought from Sigma-Aldrich.

Hydrochloroauric acid trihydrate (HAuCl4$3H2O, 99.9%), silver

nitrate (AgNO3) and the other reagents were obtained from

Beijing Chemical Reagents Co. and used as received. Aqueous

solutions were prepared using Milli-Q water of 18 MU.
Synthesis of silica nanotubes

The silica nanotubes were synthesized through a sol–gel process

using self-assembled laminated nanoribbons as the soft template.

First, laminated nanoribbons were obtained in the C4Azo-

GlyGly/NaCl solution, which was prepared by adding C4Azo-

GlyGly powder into sodium hydroxide solution and

subsequently introducing desired amount of NaCl. The mixture

was heated under stirring until the powder was completely dis-

solved. The sample was then slowly cooled to room temperature.

Then, desired amounts of APS and TEOS were simultaneously

introduced into C4AzoGlyGly/NaCl solution followed by

intense vortex on a vortex mixer. The mixture was kept at room

temperature for 12 hours. Finally, the product was separated by

centrifugation and purified by water/ethanol washing several

times.
Synthesis of metallic nanoparticles on silica nanotubes

To prepare gold and silver nanoparticles-decorated silica nano-

tubes, the purified silica nanotubes were dispersed in 10 mM

hydrochloroauric acid or silver nitrate solution. The mixture was

kept at room temperature for 6 hours to reach equilibrium. The

excess hydrochloroauric acid or silver nitrate was removed by

centrifugation and water washing. After that, silica nanotubes

were dispersed in water again and freshly prepared NaBH4

solution was added to the suspension. After reaction for five

hours, the products were isolated through centrifugation and

purified by water washing to remove excess NaBH4. To prepare

palladium nanoparticles, silica nanotubes were rinsed in 10 mM

hydrochloride solution for 10 min. After centrifugation and

water washing, silica nanotubes were dispersed in 10 mM

NaPdCl4 solution at room temperature for 3 h. The unbound

NaPdCl4 was removed through centrifugation. After that,

freshly prepared NaBH4 was added to reduce Pd nanoparticles.
Fig. 1 (a) Molecular structure of a dipeptide-derived amphiphile

C4AzoGlyGly and the schematic illustration of supramolecular self-

assembled laminated nanoribbons. (b) TEM image of laminated nano-

ribbons from C4AzoGlyGly/NaCl (2 mM/20 mM). The sample is stained

by 1.0 wt% uranyl acetate. The scale bar is 50 nm.
Characterization of self-assembled laminated nanoribbons

Self-assembled laminated nanoribbons were characterized using

a JEM-100CXII transmission electron microscope (working
This journal is ª The Royal Society of Chemistry 2012
voltage of 80–100 kV) by the negative-staining method with

uranyl acetate solution (1 wt%) as the staining agent. One drop of

the C4AzoGlyGly/NaCl solution was placed onto a carbon

Formvar-coated copper grid (230 mesh) for 5 min. The excess

liquid was sucked away by filter papers. Then one drop of the

staining agent was placed onto the copper grid for 3 min. The

excess staining agent was also sucked away by filter papers.
Characterization of silica nanotubes (SNT) and metallic

nanoparticle-SNT composite

Silica nanotubes or metallic nanoparticles-decorated silica

nanotubes were characterized by JEM-100CXII and JEM-2100.

The inorganic nanotubes were initially dispersed in water and a

drop of the dispersion was placed onto carbon Formvar-coated

copper grid (230 mesh) dried in air. Energy dispersive spec-

trometer (EDS) results were obtained from Scanning Electron

Microscope (SEM, Hitachi S4800). The UV-vis absorption

spectra of the nanomaterial dispersions were collected on a Cary

UV-vis spectrophotometer with incident light normal to the 1 cm

path length quartz cuvette.
Evaluation of catalytic activity

The catalytic reduction reaction was carried out in a standard

quartz cell with a 1 cm path length. The procedure entailed

mixing excess NaBH4 solution (2 mL, 50 mM) with a 4-NP

solution (100 mL, 2 mM) in the quartz cell. After that 50 mL

0.40 mg mL�1 silica nanotube-supported metallic nanoparticle

suspension was added to the solution and the absorption spectra

were recorded immediately by Cary UV-vis spectrophotometer

with a time interval of 30 s at 25 �C.
Results and discussion

Supramolecular self-assembled laminated nanoribbons by a

dipeptide-amphiphile

In our previous work,57 a novel dipeptide-amphiphile C4Azo-

GlyGly consisting of a hydrophobic part (i.e., azobenzene and

butyl group) and hydrophilic part (i.e., glycylglycine) is synthe-

sized (Fig. 1). Driven by the multiple weak intermolecular forces
J. Mater. Chem., 2012, 22, 18314–18320 | 18315
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including hydrophobic interactions, hydrogen bond, and

aromatic stacking, this molecule is found to self-assemble into

laminated nanoribbons in water. In particular, self-assembled

nanoribbons formation is promoted in the presence of sodium

chloride. The nanoribbons are several micrometers long and tens

of nanometers wide. As shown in Fig. 1b, the laminated nano-

ribbons are composed of well-aligned parallel nanofibers with

obvious alternating bright and dark bands. The diameter of each

fiber is calculated to be approximate 5 nm. These 1D ribbons

further entangle with each other into 3D network, giving birth to

robust elastic hydrogel. Owing to its responsiveness towards light

and ionic strength, the hydrogel also shows its potential as a

smart material.
Synthesis of silica nanotubes from laminated nanoribbons

It is expected that C4AzoGlyGly nanoribbons can be exploited as

a soft template to synthesize 1D inorganic nanomaterials since

the nanoribbons are stable and can be facilely prepared. In this

work, tetraethoxysilane (TEOS) sol–gel polycondensation is

conducted in C4AzoGlyGly/NaCl solution at room temperature.

The silylating agent 3-aminopropyltrimethoxysilane (APS) is

used as a catalyst. In a typical synthesis, 10 mL APS and 30 mL

TEOS are added into 1.5 mL C4AzoGlyGly/NaCl solution

(2 mM/20 mM) with intense vortexing. The mixture transforms

into a rigid gel in a short time and is kept at room temperature for

12 h to complete the sol–gel reaction. As shown in the TEM

image (Fig. 2), a large amount of silica nanotubes are obtained,

in which the open ends of hollow nanotubes are clearly noted.
Fig. 2 Transmission electron microscopy (TEM) images: (a and b) silica

nanotubes after completely removing the organic template by washing

with ethanol and water; (c–f) silica nanotubes before removing the

organic template. The enlarged TEM images in Fig. 2d–f show

the laminated bands on silica nanotubes. The scale bars are 100 nm. The

silica nanomaterials are synthesized in 1.5 mL C4AzoGlyGly/NaCl

(2 mM/20 mM) with the addition of 10 mL APS and 30 mL TEOS.

18316 | J. Mater. Chem., 2012, 22, 18314–18320
The enlarged TEM image in Fig. 2b indicates the wall thickness

of silica nanotubes is 20–30 nm.

To verify the templating effect of C4AzoGlyGly/NaCl nano-

ribbons, the as-synthesized silica nanotubes without template

removal are characterized by TEM. As shown in Fig. 2c and d,

laminated bands with well-aligned alternating dark stripes and

bright stripes can be observed on silica nanotubes. The total

width of these bands is 50–60 nm, while the width of each stripe is

calculated to be 5–6 nm. This is in well agreement with the

structural characteristics of C4AzoGlyGly laminated ribbons

(Fig. 1b). It is believed that these bands are ascribed to the

laminated ribbons consisting of parallel nanofibers inside silica

nanotubes. We therefore confirm the existence of laminated

nanoribbons encapsulated inside the as-synthesized silica nano-

tubes and their role as a soft template in the sol–gel transcription.

The influence of TEOS and APS concentration on the

morphology of silica nanotubes is investigated. Herein, the

concentration of C4AzoGlyGly/NaCl solution is kept at 2 mM/

20 mM and the volume is 1.5 mL. When the amount of TEOS

and APS is relatively small (APS/TEOS ¼ 4 mL/12 mL), the as-

prepared silica nanotubes look like thin sheets with the wall

thickness of �5 nm (Fig. 3a). When the amount of precursor

APS/TEOS is 14 mL/42 mL and 20 mL/60 mL, the wall thickness of

silica nanotubes increases to 30 nm and 45 nm respectively

(Fig. 3b and c). The nanotube wall thickness further grows to

�60 nm with the addition of 40 mL APS and 120 mL TEOS

(Fig. 3d). It is therefore demonstrated that the wall thickness of

silica nanotubes can be effectively tuned by simply adjusting the

amount of silica precursor APS/TEOS.

It seems that APS is indispensable as a catalyst in template-

directed sol–gel transcription in this work. To further evaluate

the role of APS in this process, two control experiments are
Fig. 3 Morphological variation of silica nanotubes synthesized in

1.5 mL C4AzoGlyGly/NaCl mixture (2 mM/20 mM) with different APS/

TEOS volume ratios. (a) 4 mL/12 mL; (b) 14 mL/42 mL; (c) 20 mL/60 mL; (d)

40 mL/120 mL.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 (a–b) High-resolution TEM images of silica nanoparticles coated

with gold nanoparticles (scale bar: 20 nm); (c) UV-vis spectrum of Au-

SNT suspension. The insets are the macroscopic photos of (A) HAuCl4/

SNT suspension and (B) Au-SNT suspension; (d) EDS spectrum of Au-

SNT nanocomposite. The silica nanotubes are prepared from 1.5 mL

C4AzoGlyGly/NaCl (2 mM/20 mM) solution with APS/TEOS ¼ 10 mL/

30 mL.
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performed. First, the TEOS hydrolyzation reaction is studied in

C4AzoGlyGly/NaCl/TEOS mixture in the absence of APS, in

which TEOS hydrolysis is not detected. This result suggests the

importance of catalyst in this reaction. In the second experiment,

ammonia solution is introduced into C4AzoGlyGly/NaCl/TEOS

mixture as a catalytic reagent. According to the literature, TEOS

will be hydrolyzed into the intermediate species (i.e., oligomeric

siloxanes) in the presence of ammonia.53,58 However, no silica

nanotubes are observed under TEM, implying the special role of

APS in this experiment. It is speculated that anionic oligomeric

siloxanes cannot absorb onto the negative C4AzoGlyGly nano-

ribbons due to electrostatic repulsion and consequently silica

nanotubes are not obtained. Hence APS is supposed to play dual

functions in the process of silica nanotubes formation. On one

hand, the amino group on APS serves as a basic catalyst to

trigger TEOS hydrolysis into oligomeric siloxanes in water. On

the other hand, the positive charge on the amino group enables

APS as well as its hydrolyzed product to absorb onto negative

C4AzoGlyGly nanoribbons through electrostatic attraction,

forming layers of hydroxyl groups (Si–OH) on nanoribbons

surface. This will reduce the negative charge on the template and

greatly facilitate the adsorption of oligomeric siloxanes onto

nanoribbons. As a result, sol–gel transcription from nanoribbons

into silica nanotubes are realized. In addition, the introduction of

APS also functionalizes silica nanotubes with amino groups on

the surface.
Fig. 5 (a–b) TEM images of silver nanoparticles-loaded silica nanotubes

(Ag-SNT). The scale bar is 50 nm. (c) UV-vis spectrum of Ag-SNT

suspension. The inset shows the macroscopic picture of (A) silica nano-

tube/AgNO3 suspension and (B) Ag-SNT suspension in water; (d) EDS

spectrum of Ag-SNT composite. The silica nanotubes are prepared from

1.5 mL C4AzoGlyGly/NaCl (2 mM/20 mM) solution with APS/TEOS ¼
10 mL/30 mL.
In situ synthesis of metallic nanoparticles on silica nanotubes

Since the silica nanotubes are functionalized with amino groups

by APS, they are expected to serve as substrates for reducing

noble metallic nanoparticles.22,26 In this work, the amino-modi-

fied silica nanotubes are exploited to in situ synthesize gold

nanoparticles, in which amino groups are the active sites. In

detail, silica nanotubes are rinsed in HAuCl4 solution to allow

complete adsorption of HAuCl4 on amino groups. After

removing the unbound HAuCl4 by centrifugation, the nanotubes

are further dispersed in water followed by the addition of fresh

NaBH4. As shown in Fig. 4a and b, silica nanotube-supported

gold nanoparticles (Au-SNT) with the mean Au NPs diameter of

5 nm are observed in TEM. The formation of gold nanoparticles

is also confirmed by surface plasmon resonance (SPR). The UV-

vis spectrum of the as-prepared Au-SNT suspension shows a

typical absorption profile with a well-resolved peak located at

540 nm (Fig. 4c). The change of sample appearance fromwhite to

a wine-red color is also supportive of Au NPs formation (inset in

Fig. 4c). The energy-dispersive X-ray spectrum (EDS) confirmed

the existence of gold on silica nanotubes.

Owing to the expecting coordination between silver ions (Ag+)

and amino groups (–NH2), the amino-modified silica nanotubes

are utilized as a scaffold to reduce silver nanoparticles by

NaBH4. As shown in Fig. 5a and b, an abundance of Ag nano-

particles with the diameters ranging from 3 nm to 8 nm on the

SNT surface can be seen in TEM images. The reduction of silver

ions is accompanied by the appearance of yellow color in silica

nanotubes suspension, which is caused by Ag nanoparticle

surface plasmon resonance. This can be manifested from the UV-

vis spectrum in Fig. 5c, in which Ag NPs plasmon peak is located

at 416 nm. Although it is difficult to quantify the Ag particles
This journal is ª The Royal Society of Chemistry 2012
density on SNT, the coverage of Ag nanoparticles on silica

nanotubes is significantly higher than that of Au-SNT nano-

composite. This is because strong silver/amino coordination

enables better adsorption of silver ions on silica surface, leading
J. Mater. Chem., 2012, 22, 18314–18320 | 18317
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Fig. 7 (a) Time-dependent UV-vis absorbance of 4-NP catalyzed by

silica nanotube-supported gold nanoparticles (Au-SNT). (b) Time-

dependent conversion of 4-NP reduction catalyzed by Au-SNT, Ag-SNT,

and Pd-SNT. (c) ln(Ct/C0) versus reaction time. (d) Catalytic conversion

of 4-NP by using recycled Au-SNT at different cycle times. The silica

nanotubes are prepared from 1.5 mL C4AzoGlyGly/NaCl (2 mM/

20 mM) solution with APS/TEOS ¼ 10 mL/30 mL.
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to higher loading effectiveness of Ag NPs. The result of EDS

analysis is presented in Fig. 5d, in which the intense peak at

around 3 keV supports Ag NPs existence.

In addition, the amino-functionalized silica nanotubes are

exploited to synthesize palladium nanoparticles. However, the

synthetic process is different from the protocol of Au or Ag

nanoparticles. In this work, silica nanotubes are treated with

hydrochloride solution (�pH 2) to allow completely protonation

of amino groups. The acid-treated silica nanotubes are rinsed in

NaPdCl4 solution for 3 h at room temperature. It is believed that

protonated silica nanotubes will adsorb anionic PdCl4
2�

benefiting from electrostatic attraction. Subsequently, the

precursor PdCl4
2� is reduced into Pd0 with the addition of

NaBH4, giving rise to a clear-brown suspension (Fig. 6a and b).

The TEM image clearly shows that Pd nanoparticles deposited

on silica nanotubes (Pd-SNT) are almost-monodisperse and their

shape is roughly spherical (Fig. 6c). Unbounded Pd NPs are

hardly observed. The purity of Pd-SNT nanocomposites is

verified by energy-dispersive X-ray analysis (EDS, Fig. 6d).

Catalytic activity

The catalytic activity of silica nanotubes-supported metallic

nanoparticles is tested by the reduction of 4-nitrophenolate

(4-NP) to 4-aminophenolate (4-AP) in the presence of NaBH4. It

is well-known that 4-nitrophenol solution exhibits a strong

absorption peak at 317 nm which is remarkably red-shifted to

400 nm when treated with an aqueous solution of

NaBH4.
23–25,37,40,41,59 The absorption at 400 nm comes from the

formation of 4-nitrophenolate ions owing to an increase in

solution alkalinity upon the addition of NaBH4. In the absence

of metallic nanoparticles, the peak at 400 nm stays unchanged.

However, this peak starts to decrease with reaction time in the

presence of Au-SNT, suggesting the reduction of 4-NP (Fig. 7a).

The catalytic activities of the heterostructures with different

nanoparticles (i.e., Au, Pd, and Ag) on silica nanotubes are
Fig. 6 Macroscopic appearance of the suspension: (a) Na2PdCl4-SNT

and (b) Pd-SNT. (c) TEM image and (d) EDS spectrum of palladium-

decorated silica nanotubes (Pd-SNT). The scale bar is 50 nm. The silica

nanotubes are prepared from 1.5 mL C4AzoGlyGly/NaCl (2 mM/

20 mM) solution with APS/TEOS ¼ 10 mL/30 mL.

18318 | J. Mater. Chem., 2012, 22, 18314–18320
compared in the reaction of 4-NP reduction. The reaction

conversion is calculated from Ct/C0, which is measured from the

relative intensity of UV-vis absorbance (At/A0) at 400 nm.

Herein, Ct is the concentration of 4-NP at the reaction time t and

C0 is the initial concentration. As Fig. 7b shows, the reaction is

hardly noticeable in the absence of metallic nanoparticles. In the

presence of Au-SNT and Pd-SNT, the reaction proceeds rapidly

with the conversion exceeding 90% at a reaction time of 200 s.

However, the catalytic activity of Ag-SNT is significantly lower

and the conversion is lower than 60% even when the reaction

time reaches 600 s. In our experiment, the concentration of

NaBH4 is significantly higher than that of 4-NP and can be

considered as constant during the reaction period. So the pseudo

first-order kinetics can be applied to evaluate the reaction

rate constants. As shown in Fig. 7c, the linear relationship of

ln(Ct/C0) versus reaction time (t) indicates that the reduction of

4-NP by these heterostructures follows the pseudo first-order

kinetics. The reaction rate constants are calculated to be kPd-SNT

� 0.0131 s�1, kAu-SNT � 0.0116 s�1, and kAg-SNT � 0.00175 s�1.

The rate constants are comparable to24,60,61 or higher than25,36,62,63

that of substrate-supported metallic nanoparticles in the litera-

ture. It is realized that the rate of electron transfer (from BH4
�

ion to 4-nitrophenol) at the metal surface can be influenced by

the diffusion rate of 4-nitrophenol to the metal surfaces, diffu-

sion rate of 4-aminophenol away from the surface, and the

interfacial electron transfer rate.42 When heterogeneous charge

transfer is faster than diffusion, the diffusion rate of 4-nitro-

phenol and 4-aminophenol plays an important role. Compared

to dendrimer or microgel protected metallic NPs, or silica coated

NPs, the Au NPs on Au-SNTs in this work are largely exposed to

water without coating polymers or silica shells, and hence the

reactant diffusion to metallic surface and product diffusion away

from particle surface is not hindered. In addition, the large

exposed particle surface of our Au-SNTs may also contribute to
This journal is ª The Royal Society of Chemistry 2012
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the relatively high reaction rate. Specifically, the catalytic activity

is compared with that of silica nanotubes immobilized Au NPs in

the literature. Shao reports Au NPs assembled on electrospun

silica nanotubes with the reduction rate constant of 10.64 �
10�3 s�1.61 Jan uses layer-by-layer polypeptide assemblies to

mediate the synthesis of Au/mesoporous SNTs with the apparent

rate constant of 3 � 10�4 and 8 � 10�4 s�1 for Au/SNTs

obtained from (Lys340/Glu125)5 and (Lys340/PLT)5 coated

membranes.64 It is therefore proposed that our Au-SNTs nano-

composite shows good catalytic activity for 4-NP reduction. In

addition, the catalytic efficiency of the nanocomposites with

different metallic NPs coverage is studied. It seems that the Au

NPs coverage on silica surface does not significantly affect the

reaction rate although high Au NPs coverage yields slightly high

reaction rate constant (Fig. S1†).

The reusability of the Au-SNT nanocomposite as a catalyst is

also investigated. As shown in Fig. 7d, the Au-SNT catalyst

could be recycled five times without any significant loss of

reaction conversion. In the fifth run, the conversion yield of 4-NP

is still as high as 95% after the reaction time of 2000 s. The high

conversion after five cycles is probably ascribed to good disper-

sion of gold nanoparticles on silica nanotubes and their high

stability.
Conclusions

This work presents a cost-effective experiment to design silica

nanotubes (SNT) with tunable wall thickness through a sol–gel

method by using self-assembled laminated nanoribbons as a soft

template. The surface of silica nanotubes is functionalized to

display amino groups, which serve as active sites to deposit

metallic nanoparticles (i.e., Au, Ag, and Pd) under ambitious

conditions. The metallic nanoparticle-SNT composites are

employed in recyclable catalysis of 4-nitrophenol reduction by

NaBH4. Considering the fact that amino groups can host a series

of metal ions (e.g., Ni2+, Cu2+, and Pt2+), our silica nanotubes

are anticipated to be exploited as a platform to synthesize more

metallic nanoparticles, such as Ni, Cu and Pt. We hope this work

can shed a light on the versatile applications of supramolecular

nanostructures in nanochemistry and provide new recyclable

catalysts for heterogeneous catalysis.
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