저작자표시-비영리-동일조건변경허락 2.0 대한민국
이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게
l
l

이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.
이차적 저작물을 작성할 수 있습니다.

다음과 같은 조건을 따라야 합니다:

저작자표시. 귀하는 원저작자를 표시하여야 합니다.

비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다.

동일조건변경허락. 귀하가 이 저작물을 개작, 변형 또는 가공했을 경우
에는, 이 저작물과 동일한 이용허락조건하에서만 배포할 수 있습니다.

l
l

귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.
저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.

저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다.
이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.
Disclaimer

이학석사 학위논문

빛을 조사하여 증가된 촉매성과 구조를 가진
실리카 코팅된 금 나노막대에 대한 연구

Light Treatment of Silica-Coated Gold Nanorods to Have Enhanced
Catalytic Performances and Structures

2014년 2월

서울대학교 대학원
화학부 물리화학 전공
손 명 희

Light Treatment of Silica-Coated Gold Nanorods to Have Enhanced
Catalytic Performances and Structures

by Myounghee Son

Supervisor: Professor Du-Jeon Jang
Major: Physical Chemistry

Department of Chemistry
Graduate School of
Seoul National University

February 2014

빛을 조사하여 증가된 촉매성과 구조를 가진
실리카 코팅된 금 나노막대에 대한 연구

Light Treatment of Silica-Coated Gold Nanorods to
Have Enhanced Catalytic Performances and Structures

지도교수 장 두 전

이 논문을 이학석사 학위논문으로 제출함
2013년 12월

서울대학교 대학원
화학부 물리화학 전공

손 명 희

손명희의 이학석사 학위논문을 인준함
2013년 12월
위 원 장

강

헌

(서명)

부위원장

장 두 전

(서명)

위

민 달 희

(서명)

원

Abstract of Dissertation

The optical, structural, and catalytic properties of silica-coated gold nanorod structures
treated by light have been investigated using the time-dependent and static UV-Vis absorption
spectroscopy and electron microscopy.
Chapter 1 describes the enhanced catalytic performances of light-treated mesoporous
silica-coated gold nanorods via the reduction of 4-nitrophenol in the presence of sodium
borohydride. The light treatment of mesoporous silica-coated gold nanorods prior to catalytic
experiments improves the catalytic activity of the nanocatalyst extensively without
deteriorating the encapsulation effect of mesoporous silica that enhances the stability and
reusability of the nanocatalyst by preventing the aggregation and dissolution of gold nanorods.
Irradiation increases the catalytic rate constant largely with reducing the activation energy
and the induction time of the catalytic reaction substantially; surface atom restructuring
induced by photothermal annealing during irradiation has rendered the metallic surface to
adsorb reactants easily and to facilitate rapid electron relays from BH4- to 4-nitrophenol,
lowering the kinetic barrier of the catalytic reaction considerably.
Chapter 2 presents laser-induced welding of linearly assembled gold nanostructures to
fabricate silica-coated gold nanowire structures using the nanosecond laser. Self-assembled
chains of end-to-end linked gold nanorods can be fabricated in isopropanol solution in the
absence of linker molecules. End-to-end assembled gold nanorods could be directly
encapsulated with silica in mixture solution of IPA and aqueous colloids of gold nanorods. In
order for the assembly to have electrical ohmic contact, the assemblies of gold nanorods are
irradiated by nanosecond laser and welded to have nanoconjunction, producing gold
i

nanowire structures. The thermalized photon energy of surface-plasmon excitation of coupled
gold nanochains has induced gold nanorods to electrically weld together within silica shells,
generating silica-coated gold nanowires.

Keywords: Catalysis, Core-shell, Gold, Laser welding, Light treatment, Nanorod, Noblemetal, Self-assembly

Student Number: 2011-20295

ii

Contents
Abstract of Dissertation

i

List of Figures and Table

1

Chapter 1. Light-Treated Silica-Coated Gold Nanorods Having Highly Enhanced
Catalytic Performances and Reusability
1.1.

Abstract

5

1.2.

Introduction

6

1.3.

Experimental Section

9

1.4.

Results and Discussion

12

1.5.

Conclusions

28

1.6.

Acknowledgment

29

1.7.

Supporting Information

30

1.8.

References

34

Chapter 2. Laser-Induced Welding of Self-Assembled Gold Nanorods to Fabricate
Au@SiO2 Core-Shell Nanowires
2.1.

Abstract

38

2.2.

Introduction

39

2.3.

Experimental Section

42

2.4.

Results and Discussion

44
iii

2.5.

Conclusions

53

2.6.

Acknowledgment

54

2.7.

References

55

Appendices
A.1.

List of Publications

61

A.2.

List of Presentations

62

63

Abstract (Korean)

iv

List of Figures and Tables

Figure 1-1.

(a) TEM image of Au@mSiO2 NRs and (b) STEM image and EDX elemental

maps of a Au@mSiO2 NR.

Figure 1-2.

Area-normalized EDX elemental profiles of a Au@mSiO2 NR scanned along

the line in the STEM image of the inset. Squares indicate Au while circles and crosses do Si
and O, respectively.

Figure 1-3.

Absorption spectra of (solid) Au@CTAB NRs, (dotted) Au@mSiO2 NRs, and

(dashed) irradiated Au@mSiO2 NRs suspended in water.

Figure 1-4.

Absorption spectra at 25 ˚C of 69 μM 4-nitrophenol(aq) in the presence of 33

mM NaBH4 after addition of (a) Au@mSiO2 NRs and (b) irradiated Au@mSiO2 NRs to be 13
pM, measured at elapsed times indicated in the units of min.

Figure 1-5.

First-order kinetics, ln (At/A0) vs t, for the catalytic reduction of 4-

nitrophenol(aq) via 13 pM nanocatalysts of (a) Au@mSiO2 NRs and (b) irradiated
Au@mSiO2 NRs in the presence of NaBH4 at temperatures indicated in the units of ˚C.

Figure 1-6.

Arrhenius plots of rate constants for the reduction of 4-nitrophenolat(aq)

catalyzed by 13 pM of (squares) Au@CTAB NRs, (circles) Au@mSiO2 NRs, and (triangles)
irradiated Au@mSiO2 NRs in the presence of NaBH4.
Figure 1-7.

The compensation law plot of the activation energies and the frequency

factors obtained from the slopes and the intercepts, respectively, of the Arrhenius plots of Fig.
6.

Figure 1-8.

Conversion of 4-nitrophenol measured at 35 min in five successive catalytic
1

reduction cycles via 9 pM of (squares) irradiated Au@mSiO2 NRs and (circles) Au@CTAB
NRs in the presence of NaBH4.

Table 1-1.

Rate constants, induction times, frequency factors, activation energies, and

activation entropies for the catalytic degradation of 4-nitrophenol via nanocatalysts in the
presence of NaBH4.

Figure 2-1.

Schematic for the fabrication of a silica-coated gold nanowire.

Figure 2-2.

(a) TEM image and (b) HRTEM image of a gold nanowire. Nanowelding of

silica-coated gold nanorods on a TEM grid has been carried out by 6 ns laser pulses of 1064
nm for 5 min at fluence of 0.38 mJ cm-2.

Figure 2-3.

STEM images and corresponding EDX elemental maps of (a) a silica-coated

gold nanochain and (b) a silica-coated gold nanowire.

Figure 2-4.

Area-normalized EDX elemental profiles of (a) a silica-silica coated gold

nanochain and (b) a silica-coated gold nanowire scanned along the lines in the STEM images
of the insets.

Figure 2-5.

TEM images of (a) gold nanorods and (b) gold nanochains. (c) Extinction

spectra of 0.5 mL gold NR colloid recorded as a function of time indicated in the units of min
after adding 2.5 mL isopropanol. The arrows indicate the direction of time increase.

Figure 2-6.

(a) Typical low-magnification TEM image of silica-coated gold nanochains.

(b) Extinction spectrum of the nanochains suspended in ethanol.

Figure 2-7.

TEM images of silica-coated gold nanochains with shell thickness values of (a)
2

20 nm, (b) 35 nm, and (c) 55 nm. Each scale bar indicates 50 nm.
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Chapter 1. Light-Treated Silica-Coated Gold Nanorods Having Highly
Enhanced Catalytic Performances and Reusability

4

1.1.

Abstract

A simple post-treatment method of irradiation with a Xe lamp for 2 h has been observed
to enhance the catalytic performances of a nanocatalyst on a large scale. The light treatment
of mesoporous silica-coated gold nanorods having an average diameter of 17.5 nm and a
typical aspect ratio of 4 with a uniform shell thickness of 20 nm improves the catalytic
activity of the nanocatalyst for the reduction of 4-nitrophenol in the presence of NaBH4
extensively without deteriorating the encapsulation effect of mesoporous silica that enhances
the stability and reusability of the nanocatalyst by preventing the aggregation and dissolution
of gold nanorods. Irradiation increases the catalytic rate constant largely with reducing the
activation energy and the induction time of the catalytic reaction substantially; surface atom
restructuring induced by photothermal annealing during irradiation has rendered the metallic
surface to adsorb reactants easily and to facilitate rapid electron relays from BH4 - to 4nitrophenol, lowering the kinetic barrier of the catalytic reaction considerably.
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1.2.

Introduction

Nanostructured materials with functional properties have been widely explored as they
can be employed potentially in a diverse range of technologies [1,2]. In particular, the control
of the sizes, shapes, and compositions of noble-metal nanostructures has been broadly studied
for applications such as catalysts, optoelectronics, and biomedicines [3,4]. Unique properties
of noble-metal nanoparticles compared with bulk metals, due to their quantum effects and
extremely high surface-to-volume ratios, facilitate catalytic performances in synthesis
reactions [5]. Among the nanostructures of noble metals, gold nanoparticles have attracted
widespread interest in the field of nanocatalysis as gold exhibits unique catalytic activity for
important chemical reactions such as selective reduction and oxidation reactions [6-8].
The reduction of 4-nitrophenol (4NP) by NaBH4 to form 4-aminophenol has been used as
a model reaction to estimate the catalytic performances of noble metal nanoparticles [9-11].
The reduction mechanism of 4NP has been demonstrated based on the LangmuirHinshelwood model in previous reports [9,12] that the catalytic reaction takes place when
both of the electron donor BH4- and the electron acceptor 4NP are adsorbed onto a catalyst
surface. Zeng et al. [10] have compared the catalytic activities of gold-based nanocages,
nanoboxes, and nanoparticles in the reduction of 4NP, suggesting that a high surface area
enhances catalytic efficiency. So far, although a few studies have been reported about the
catalytic reactivity of gold nanorods [5,11], their stability and reusability have been hardly
reported yet. Bai et al. [11] have studied the dependence of catalytic performances on the
aspect ratios of gold nanorods, revealing that short gold nanorods have excellent catalytic
efficiency.
6

For catalytic applications, nanoparticles need to be highly stable against the surrounding
medium, heat, and recycling while being catalytically active. The surface of gold nanorods
(NRs) is often surrounded by the surfactant of cetyltrimethylammonium bromide (CTAB).
Positively charged gold NRs surrounded by a CTAB bilayer are prevented from their
aggregation in an aqueous solution via electrostatic repulsion [13]. However, in the case of an
organic solution, the desorption of CTAB into the surrounding medium can induce the
aggregation of CTAB-stabilized gold nanorods (Au@CTAB NRs), losing their catalytic
properties.

Also,

due to

higher

surface-to-volume ratios,

Au@CTAB NRs are

thermodynamically unstable and tend to reduce their surface energy, transforming into
spherical nanostructures [14]. To overcome the aforesaid disadvantages, it is necessary to
design stable and reactive nanocatalysts by coating an additional material on the surface of
gold NRs to lower the overall price of the noble-metal nanocatalysts. In principle, the shellcoating method should be straightforward to form a deposit on the surface of a catalyst and to
give chemical and thermal stability to the catalyst, ensuring the reuse of the catalyst after a
reaction. The shell structure should not hinder reactants from access to the catalyst surface in
order to preserve catalytic reactivity. For example, nonporous shells generally result in
separation between the core surface and its solvent environment [15,16], making it difficult
for outside reactants to diffuse in and out [17]. However, a porous shell, especially
mesoporous silica, does not cover the entire active surface of a nanocatalyst, enabling
reactants to penetrate through pores [15-21]. A mesoporous silica shell has many advantages.
First, the silica shell provides high stability in tough conditions such as heat, solvent
exchange, and centrifugation. Moreover, it does not deteriorate the optical properties of the
core noble-metal nanoparticle because silica is transparent in the visible. Last, mesoporous
silica shells have large pore volumes so that reactant molecules can diffuse through pores into
7

the surface of catalysts [22,23]. For the first time, Gorelikov et al. [16] have reported a
method to coat mesoporous silica on Au@CTAB NRs directly without having any
intermediary coating step. Gold nanorods with a mesoporous silica shell have attracted
numerous interests in diverse fields such as bioimaging and photothermal therapy [13,23,24].
However, the catalytic performances of mesoporous silica-coated gold nanorods (Au@mSiO2
NRs) have not been studied so far.
In this paper, we have demonstrated a facile and effective post-treatment strategy to
enhance the catalytic performances of Au@mSiO2 NRs highly by simply irradiating light to
the colloidal solution. First of all, we have synthesized gold nanorods and coated them with
mesoporous SiO2 to provide stability for the metallic nanocatalysts. Then, Au@mSiO2 NRs
have been irradiated by a Xe lamp for 2 h. Finally, we have chosen the reduction of 4nitrophenol with NaBH4 to produce 4-aminophenol as a model reaction to investigate the
catalytic efficiencies of Au@CTAB NRs, Au@mSiO2 NRs, and irradiated Au@mSiO2 NRs.
It is found that the nanocatalyst of irradiated Au@mSiO2 NRs exhibits highly enhanced
catalytic performances as well as excellent catalytic reusability.

8

1.3.

Experimental Section

Chemicals. Ascorbic acid (s, 99.9%), CTAB (s, 96%), HAuCl4·3H2O (s, 99.9%), 37%
HCl(aq), methanol(l), 4-nitrophenol (s, ≥99%), AgNO3 (s, ≥99%), NaBH4 (s, 96%), NaOH (s,
≥98%), and tetraethyl orthosilane (TEOS, l, ≥99%) were used as purchased from SigmaAldrich. Ultrapure deionized water (>17 MΩ cm) was obtained using a Millipore Milli-Q
system.
Preparation of Gold Nanorods. Au@CTAB NRs were synthesized using a seed-mediated
and CTAB-assisted method [25]. 0.25 mL of 10 mM HAuCl4(aq) was added to 9.75 mL of
0.10 M CTAB(aq) with gentle shaking for 10 s. Then, 0.60 mL of freshly prepared ice-cold
10 mM NaBH4(aq) was added quickly to the mixture solution under vigorous stirring for 2
min. This seed solution was kept in a 27 ˚C water bath for at least 2 h before further use. 3.0
mL of 10 mM HAuCl4(aq) and 0.40 mL of 10 mM AgNO3(aq) were first mixed with 40 mL
of 0.10 M CTAB(aq). 0.80 mL of 1.0 M HCl(aq) was added to adjust the pH of the growth
solution, and 0.32 mL of 0.10 M ascorbic acid(aq) was then added to the mixture. After the
growth solution was shaken gently, 96 μL of the gold seed solution was added. The mixed
solution was gently mixed and then left undisturbed overnight at 27 ˚C. The aqueous
colloidal solution of as-synthesized gold nanorods was centrifuged at 8500 rpm for 8 min, the
supernatant was discarded carefully, and the precipitates were dispersed in 16 mL of water.
The centrifugation and dispersion processes were repeated. The concentration of CTAB in the
finally purified gold colloidal solution was estimated to be 0.12 mM. During centrifugation,
temperature was maintained at 26~30 ˚C to prevent the crystallization of CTAB in the
solution.
9

Preparation of Mesoporous Silica-Coated Gold Nanorods. Mesoporous silica coating
was performed according to the previously published procedures [16,24] with some
modifications. 30 μL of 0.10 M CTAB(aq) was added to 3.0 mL of the gold colloidal solution
described above and stirred for 30 min at 27 ˚C. Then, 30 μL of 0.10 M NaOH(aq) was added
with vigorous stirring and then 30 μL of 20% TEOS in methanol was injected under gentle
stirring three times at a 30 min interval. The mixture was allowed to react under gentle
stirring for 24 h. The resultant solution was centrifuged and washed with ethanol repeatedly,
and then the precipitate of Au@mSiO2 NRs was dispersed in 3.0 mL of water.

Irradiation of a Xe Lamp to Mesoporous Silica-Coated Gold Nanorods. The colloidal
solution of as-prepared Au@mSiO2 NRs containd in a cuvette having a path length of 2 mm
were irradiated with a 300 W Xe lamp for 2 h at room temperature to produce irradiated
Au@mSiO2 NRs. The cuvette was 10 cm away from the light source and the entire face of
the sample facing the light source (1 cm × 3 cm) was uniformly irradiated by the Xe lamp. To
prevent the sample from evaporation, the top of the cuvette was sealed with paraffin film.

Catalysis Experiment. The catalytic properties of gold NRs were measured by monitoring
the reduction reaction of 4-nitrophenol in the presence of NaBH4 [26]. 0.12 mL of 2.0 mM 4nitrophenol(aq) was diluted with 1.6 mL of water in a polyphenyl cell having a path length of
10 mm, and then 0.30 mL of a colloidal diluted solution containing Au@CTAB NRs,
Au@mSiO2 NRs, or irradiated Au@mSiO2 NRs was added, making the final concentration of
a nanocatalyst as 13 pM (2.6 ng L-1). The resulting solution was shaken gently and 2.0 mL of
ice-cold 60 mM NaBH4(aq) was added at once. Then, the absorption spectral changes of 4nitrophenol were measured at scheduled intervals using a temperature-controllable
10

spectrophotometer. The concentration of gold nanorods was estimated using the wavelengths
at the surface-plasmon maximum and the associated extinction coefficient of gold NRs
obtained from an optical spectrum [27]. We have assumed that the concentration of gold
nanorods remains invariant during the silica coating process. So, the concentration of gold
nanorods in each as-prepared colloidal solution of Au@CTAB NRs or Au@mSiO2 NRs was
found to be 0.63 nM. 1.0 mL of each as-prepared colloidal solution was diluted by adding 2.5
mL of water to be used as a nanocatalyst. To study the reusability of nanocatalysts, used gold
NRs were separated from the reaction mixture by centrifugation (13000 rpm, 3 min) at the
end of each run and then re-dispersed in water.

Characterization. Transmission electron microscopic (TEM) images were obtained by a
Hitachi H-7600 microscope. High-resolution TEM (HRTEM) and scanning TEM (STEM)
images and energy-dispersive X-ray (EDX) line-scanned elemental intensity profiles were
measured by a JEOL JEM-2100F microscope. UV/vis absorption spectra were measured
using a temperature-controllable Scinco S-3000 spectrophotometer.
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1.4.

Results and Discussion

1.4.1.

Preparation of Mesoporous Silica-Coated Au NRs

Figure 1-1. (a) TEM image of Au@mSiO2 NRs and (b) STEM image and EDX elemental
maps of a Au@mSiO2 NR.

CTAB-stabilized Au NRs (Au@CTAB NRs) with an average diameter of 17.5 ± 0.2 nm
and an average aspect ratio of about 4 were synthesized via the seed-mediated method [25].
The as-synthesized solution of Au@CTAB NRs was centrifuged twice to remove excess
CTAB, leaving enough CTAB behind to prevent gold nanorods from aggregation. Assynthesized Au@CTAB NRs in our experiment exhibit a molar extinction coefficient of 5.3 ×
10-9 M-1 cm-1 at 835 nm [27]; the concentration of Au@CTAB NRs in the as-prepared
12

colloidal solution was calculated to be 0.63 nM and the average number of gold atoms in a
gold nanorod was estimated to be 9.1 × 105. Au@CTAB NRs have been coated with
mesoporous silica to improve the structural stability and the reusability of gold nanorods. Fig.
1a shows that gold nanorods have been coated with mesoporous silica with a typical
thickness of 20 nm; disordered mesopores are clearly visible in the TEM image. The lowmagnification TEM image of Fig. S1 in Supporting Information also shows clearly that all
the gold NRs were individually and uniformly coated by mesoporous silica. The STEM
image and the EDX elemental maps of Fig. 1b support the above description of Au@mSiO2
NRs as well. The core of a Au@mSiO2 NR consists of gold atoms while the shell of the
nanostructure is composed of silicon and oxygen atoms.

Figure 1-2. Area-normalized EDX elemental profiles of a Au@mSiO2 NR scanned along the
line in the STEM image of the inset. Squares indicate Au while circles and crosses do Si and
O, respectively.

The EDX elemental profiles of a Au@mSiO2 NR scanned along the indicated solid line
of the insetted STEM image in Fig. 2 show that gold is present at the core of the
nanostructure whereas silica consisting of silicon and oxygen atoms surrounds the gold core.
13

The shapes of the intensity profiles of elements Si and O suggest that the gold nanorod is
coated homogeneously by a mesoporous silica shell. It has been reported that the CTAB
concentration in the aqueous colloid of Au NRs affects silica coating [28,29] because
positively charged CTAB on a Au NR serves as a template for the hydrolysis of TEOS and
thus helps to form a mesoporous silica layer onto the surface of a Au@CTAB NR [16]. By
carefully examining the volume ratio of the centrifuged pellet to the supernatant of the assynthesized colloidal solution, the CTAB concentration was estimated to be 0.12 mM. Then,
additional 30 μL of 0.10 M CTAB(aq) was added to 3.0 mL of the aqueous colloid of
Au@CTAB NRs to keep sufficient CTAB at the surface, which acts as a template for
successful mesoporous-silica deposition. In our experiment, if silica was tried to deposit onto
gold nanorods without adding additional CTAB, gold nanorods were aggregated within 30
min after the first addition of TEOS. If the CTAB concentration in the colloidal solution was
too high, gold-free aggregated particles of mesoporous silica were also produced (Fig. S2 in
Supporting Information). Therefore, it is important to control the CTAB concentration
precisely for the proper coating of mesoporous silica onto Au@CTAB NRs.

1.4.2.

Light Treatment of Au@mSiO2 NRs

An aqueous colloidal solution of as-prepared Au@mSiO2 NRs contained in a cuvette
having a path length of 2 mm has been irradiated at room temperature for 2 h by a 300 W Xe
lamp to produce irradiated Au@mSiO2 NRs. The TEM and STEM images and the EDX
elemental maps of irradiated Au@mSiO2 NRs in Fig. S3 in Supporting Information, as well
as the EDX spectra of Fig. S4 in Supporting Information, indicate that neither the structure
nor the composition of Au@mSiO2 NRs has been changed apparently by light treatment
although their catalytic performances have been improved greatly (see below). Thus, this also
14

supports that mesoporous-silica coating protects Au NRs from structural and compositional
deformation.

Figure 1-3. Absorption spectra of (solid) Au@CTAB NRs, (dotted) Au@mSiO2 NRs, and
(dashed) irradiated Au@mSiO2 NRs suspended in water.

Fig. 3 shows that the wavelength at the surface-plasmon maximum (λmax) of Au@mSiO2
NRs (880 nm) is shifted to the red by 45 nm from the λmax of Au@CTAB NRs (835 nm),
indicating that silica coating affects the localized surface-plasmon resonances of Au NRs
significantly. The red shift of λmax with silica coating has been attributed to the increase of the
refractive index of the surrounding medium [23,30]; the refractive indices of water and silica
are 1.33 and 1.45, respectively. On the other hand, the λmax of irradiated Au@mSiO2 NRs
(875 nm) is shifted to the blue by 5 nm from the λmax of Au@mSiO2 NRs. This slight blue
shift suggests that the aspect ratios of mesoporous silica-coated gold nanorods have been
decreased very slightly by the photothermal annealing effect of gold nanorods during light
irradiation. Nonetheless, Fig. 3 also supports that light treatment has hardly changed the
apparent structure of Au@mSiO2 NRs.
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1.4.3.

Catalytic Performances

Figure 1-4. Absorption spectra at 25 ˚C of 69 μM 4-nitrophenol(aq) in the presence of 33
mM NaBH4 after addition of (a) Au@mSiO2 NRs and (b) irradiated Au@mSiO2 NRs to be 13
pM, measured at elapsed times indicated in the units of min.

We have investigated the catalytic performances of three different nanocatalysts of
Au@CTAB NRs, Au@mSiO2 NRs, and irradiated Au@mSiO2 NRs by monitoring timedependent absorbance changes of 4-nitrophenol(aq) in the presence of NaBH4. This catalytic
reduction study is important from the industrial point of view because nitroaromatic
compounds are known as the most toxic and refractory pollutants. In contrast to their toxicity
in water, they are extensively produced by industrial organic reactions to synthesize dyes,
pesticides, and explosives [31-33]. The absorption peak of 4-nitrophenol shifts from 317 to
400 nm due to the formation of 4-nitrophenolate ions in an alkaline condition caused by the
16

addition of NaBH4(aq). After nanocatalysts were added, the catalytic conversion of 4nitrophenolate ions to 4-aminophenol with increasing time was monitored as a gradual
decrease of the absorption peak at 400 nm and the appearance of a new absorption peak at
300 nm. Fig. 4 reveals that the catalytic activity of irradiated Au@mSiO2 NRs is much more
efficient than that of Au@mSiO2 NRs. The absorbance of 4-nitrophenolate(aq) at 400 nm has
been found to decrease much more rapidly in the presence of irradiated Au@mSiO2 NRs (Fig.
4b) than in the presence of Au@mSiO2 NRs (Fig. 4a). Whereas the catalytic reaction via
irradiated Au@mSiO2 NRs was completed within 21 min, only 21% of the dye was reduced
catalytically via Au@mSiO2 NRs.
During the catalytic reduction reaction, the concentration ratio of NaBH4 to 4-nitrophenol
was kept high to ensure that pseudo-first-order kinetic conditions could be applied to obtain
reaction rate constants [26]. Hence, Fig. 5 shows good linear relationships between ln(At/A0)
and the reaction time, where At and A0 are the absorbance of 4-nitrophenolate(aq) at the times
t and 0, respectively. Fig. 5 also demonstrates that after a certain time, called the induction
time (t0), the reaction follows pseudo-first-order kinetics and the slope of the straight line
gives the rate constant of the catalytic reaction. In the absence of nanocatalysts, the
thermodynamically favorable reduction of 4-nitrophenolate has not been observed to take
place and the absorption peak due to 4-nitrophenolate ions at 400 nm has remained
unchanged even in a couple of days, even though BH4-(aq) is known to be a strong reducing
agent (E0 for 4-nitrophenol/4-aminophenol = -0.76 V and H3BO3/BH4- = -1.33 V versus NHE)
[34]. The rate constants of reactions carried out at four different temperatures have been
calculated from the slopes of the straight lines of Fig. 5, revealing that as the reaction
temperature increases, the catalytic performances of nanocatalysts become enhanced (Table
1). Fig. 5 and Table 1 reveal that the catalytic rate constant and the induction time of
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irradiated Au@mSiO2 NRs are substantially larger and shorter than the respective ones of
Au@mSiO2 NRs (see below).

Figure 1-5. First-order kinetics, ln (At/A0) vs t, for the catalytic reduction of 4-nitrophenol(aq)
via 13 pM nanocatalysts of (a) Au@mSiO2 NRs and (b) irradiated Au@mSiO2 NRs in the
presence of NaBH4 at temperatures indicated in the units of ˚C.

From Fig. 6, activation energies (Ea) values of 6.5, 12.9, and 7.4 kcal mol-1 have been
obtained for the reduction reaction of 4-nitrophenolate(aq) catalyzed by 13 pM of Au@CTAB
NRs, Au@mSiO2 NRs, and irradiated Au@mSiO2 NRs, respectively (Table 1). The Ea value
with Au@CTAB NRs is close to that of Au nanocages (6.7 kcal mol-1) with high catalytic
activity [10]. The Ea value with irradiated Au@mSiO2 NRs (7.4 kcal mol-1) is much smaller
than that with Au@mSiO2 NRs (13.1 kcal mol-1); it is rather close to that with Au@CTAB
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NRs. This implies that light irradiation to Au@mSiO2 NRs lowers the barrier of the catalytic
reduction reaction of 4-nitrophenolate(aq) substantially to enhance the catalytic performances
of Au@mSiO2 NRs largely.

Figure 1-6. Arrhenius plots of rate constants for the reduction of 4-nitrophenolat(aq)
catalyzed by 13 pM of (squares) Au@CTAB NRs, (circles) Au@mSiO2 NRs, and (triangles)
irradiated Au@mSiO2 NRs in the presence of NaBH4.

Table 1-1. Rate constants, induction times, frequency factors, activation energies, and
activation entropies for the catalytic degradation of 4-nitrophenol via nanocatalysts in the
presence of NaBH4.
Nanocatalyst
Au@mSiO2

Concentration
of nanocatalyst
pM (ng L-1)
9 (1.8)

Rate constant
at 25 °C
min-1

Induction
time at 25 °C
min

Frequency
factor
min-1

Activation
energy
kcal mol-1

Entropy of
activation
cal mol-1 K-1

0.059

20.0

1.47 × 108

12.9

-23.2

8

Au@mSiO2

13 (2.6)

0.086

16.4

2.43 × 10

12.9

-22.2

Au@mSiO2

17 (3.3)

0.105

10.1

8.74 × 108

Au@CTAB
Irr. Au@mSiO2

13 (2.6)
13 (2.6)

1.232
0.121

1.6
6.9

13.5

-19.7

4

6.5

-38.2

4

7.4

-39.4

7.57 × 10

3.33 × 10

Table 1 gives a comparison of rate constants, induction times, frequency factors,
activation energies, and activation entropies when the reduction of 4-nitrophenolate(aq) is
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catalyzed by three different gold nanocatalysts. As seen in Table 1, Au@CTAB NRs have a
better catalytic activity than silica-coated gold nanorods catalysts at the first cycle of catalytic
experiment, suggesting that the access of reactants to the surface sites of core gold nanorods
is disturbed by silica coverage. This implies that the deposition of mesoporous silica onto
Au@CTAB NRs raises the barrier of the reaction. Table 1 shows that the frequency factor of
the catalytic reduction of 4-nitrophenolate(aq) via irradiated Au@mSiO2 NRs is much smaller
than that via Au@mSiO2 NRs, suggesting that the large increase of the catalytic rate constant
by the light irradiation of Au@mSiO2 NRs is due to decrease in the activation energy of the
reduction reaction. The detailed mechanism of light treatment for the enhancement of the
catalytic performances of Au@mSiO2 NRs will be discussed later. Eyring plots [35] using
temperature-dependent rate constants have revealed that the entropies of activation for
catalytic reactions via Au@CTAB NRs and irradiated Au@mSiO2 NRs are similar to each
other and have large negative values whereas the entropy of activation for the catalytic
reaction via Au@mSiO2 NRs has a relatively smaller negative value. This also indicates that
the catalytic mechanism of irradiated Au@mSiO2 NRs is similar to that of Au@CTAB NRs
in spite that Au NRs are surrounded by silica shells.
The dependence of catalytic performances on the concentration of Au@mSiO2 NRs in the
reduction of 4-nitrophenol in the presence of NaBH4 has been reported in Table 1 and Fig. S5
in Supporting Information. The rate constant increases almost linearly with the concentration
of the nanocatalyst. On the other hand, the frequency factor also increases linearly with the
catalyst concentration whereas the activation energy remains almost invariant regardless of
the concentration. This suggests that the rate constant increases as the frequency factor, which
depends on the total surface area of the nanocatalyst, increases with the concentration, and
that the catalytic mechanism are the same regardless of the dosage of the nanocatalyst.
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Figure 1-7. The compensation law plot of the activation energies and the frequency factors
obtained from the slopes and the intercepts, respectively, of the Arrhenius plots of Fig. 6.

Fig. 7 is a plot of frequency factors versus activation energies for the reduction of 4nitrophenolate catalyzed with three different catalysts used. Fig. 7 shows the existence of a
good compensation relation in the catalytic systems of gold nanorods. The following
empirical linear relationship has been found to hold between the frequency factor (A) and the
activation energy (Ea): ln A = α + Ea / (RTθ) where α is a constant and Tθ is called the
fictitious isokinetic temperature, at which the catalytic rates of all the nanocatalysts become
equal [36,37]. In our experiments, Tθ has been found to be 396 K. Fig. 7 suggests that both
nanocatalysts of Au@CTAB NRs and irradiated Au@mSiO2 NRs have a smaller
concentration of active sites where the reaction requires small Ea, whereas the nanocatalyst of
Au@mSiO2 NRs has a large concentration of active sites that have high Ea for the same
catalytic reaction. This implies that light treatment has converted the catalytic mechanism of
silica-coated gold nanorods into that of uncoated gold nanorods, enhancing the catalytic
performances of Au@mSiO2 NRs on a large scale.

1.4.4.

Induction Time
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As mentioned earlier, Fig. 5 demonstrates that a certain period of time was required for
reactants to adsorb onto the surfaces of core gold nanorods before the catalytic reaction was
initiated. This period is well known as the induction time (t0) [9,10,31,38-42]; it has been
attributed to a slow diffusion of reactants onto the catalytic surfaces [40] or a dynamic
restructuring of the surface of the nanocatalysts due to adsorbate-surface interactions [42,43].
Fig. S6 in Supporting Information shows that in our experimental conditions, the induction
time with Au@mSiO2 NRs is much longer than that with Au@CTAB NRs. The reduction
reaction of 4-nitrophenolate via catalysts has been explained based on the LangmuirHinshelwood mechanism that the catalytic reaction takes place when both species of electron
donor BH4- and electron acceptor 4-nitrophenolate adsorb onto the catalyst surfaces [9]. Thus,
the induction period with Au@mSiO2 NRs is observed to be much larger than that with
Au@CTAB NRs because it takes a longer time to diffuse through the mesoporous silica shell.
Furthermore, the induction time with Au@mSiO2 NRs decreases sharply with increasing
temperature whereas that with Au@CTAB NRs changes hardly. This suggests that the
penetration of reactants through the silica shell requires going through a considerable energy
barrier. Fig. S6 reveals that the light treatment of Au@mSiO2 NRs reduces the induction time
substantially while it hardly diminishes the activation energy of the induction process. Thus,
we suggests that light treatment reduces the induction time mainly by reducing the surface
restructuring time of gold nanorods induced by adsorbed reactants [42,43] while it does
hardly reduces the diffusion time of reactants through silica shell [40]. These results imply
that light treatment does not deteriorate the protection of gold nanorods by silica shells while
it decreases the induction time largely and enhances the catalytic rate constant greatly.

1.4.5.

Catalytic Reusability
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Figure 1-8. Conversion of 4-nitrophenol measured at 35 min in five successive catalytic
reduction cycles via 9 pM of (squares) irradiated Au@mSiO2 NRs and (circles) Au@CTAB
NRs in the presence of NaBH4.

The reusable ability of the nanocatalysts of Au@CTAB NRs and irradiated Au@mSiO2
NRs has been measured by repeating catalytic experiments. For these studies, the
concentrations of nanocatalysts as well as other conditions were held constant. Catalysis
recycle experiments were performed five times to prove the catalytic stability of nanocatalyts.
Both nanocatalysts were separated by centrifugation and reused for consecutive catalysis
reactions. The reusability of nanocatalysts shown in Fig. 8 displays that Au@CTAB NRs do
not have catalytic efficiency at all from the second cycle, whereas irradiated Au@mSiO2 NRs
maintain similar catalytic performance so that the catalytic conversion efficiency is still as
high as 91% in the fifth cycle. These results also suggest that the encapsulation effect of
mesoporous silica, which enhances the stability of nanocatalysts by preventing the
aggregation and dissolution of gold nanorods, remains intact in irradiated Au@mSiO2 NRs
regardless of light treatment.

1.4.6.

Effect of Light Treatment on Catalytic Performances
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Fig. 9. Surface-plasmon resonance spectra of the nanocatalysts of (a) Au@mSiO2 NRs and (b)
irradiated Au@mSiO2 NRsafter mixing (1) nothing, (2) 4NP, (3) 4NP and NaBH4 at 0 min,
and (4) 4NP and NaBH4 at 30 min.

As already discussed in the section 1.4.2, the λmax of irradiated Au@mSiO2 NRs (875 nm)
is shifted to the blue by 5 nm from that of Au@mSiO2 NRs (880 nm). This suggests that the
aspect ratios of mesoporous silica-coated gold nanorods have been decreased very slightly by
the photothermal annealing effect of gold nanorods during light irradiation. On the other hand,
it is well-known that the metal nanoparticles catalyze the reduction reaction of 4NP in the
presence of NaBH4 by facilitating electron relays from the donor BH4- to acceptor 4NP to
overcome the kinetic barrier [34]; the rate of electron transfer on the Au NR surface could be
influenced by the following two-step mechanism [12] :

BH4- →

BH3 + H* (on Au NR surface) + e-

6 H* (on Au NR surface) + 4-nitrophenol → 4-aminophenol + 2H2O
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(1)
(2)

The nucleophile BH4- can donate electrons to gold nanocatalysts, and the electrophile 4NP
can capture electrons from the gold nanocatalysts. Therefore, the reduction of 4NP takes
place on the surface of the gold nanocatalysts by the reaction of adsorbed 4NP with surfacehydrogen species [9] and gold nanocatalysts serve as electron relays. We have monitored
changes in the surface-plasmon resonance spectra of the nanocatalysts to understand
differences in the catalytic mechanisms of Au@mSiO2 NRs and irradiated Au@mSiO2 NRs.
Because the movement of electrons on the surfaces of gold nanorods is directly related to
surface-plasmon resonances (SPR), the monitoring of SPR band positions can provide
information on the quantity of electrons on the metallic surface during a catalytic reaction
[12]. Fig. 9 shows that the SPR band did not shift at all after the addition of 4-nitrophenol to
the nanocatalyst of either Au@mSiO2 NRs or irradiated Au@mSiO2 NRs. However, as soon
as NaBH4(aq) was added, the SPR bands of Au@mSiO2 NRs and irradiated Au@mSiO2 NRs
shifted to the blue by 12 and 17 nm, respectively. These SPR band shifts right after the
addition of NaBH4(aq) strongly support the fact that the silica shells have the mesoporous
structure, because immediate SPR band shifts imply that BH4- reactants have reached rapidly
onto core surfaces through the pores of the silica shells. The blue shift of irradiated
Au@mSiO2 NRs, which is much larger than that of non-irradiated Au@mSiO2 NRs, indicates
that more electrons exist on the core surface of irradiated Au@mSiO2 NRs [12]. It is reported
that a nanocatalyst having a higher electron density catalyzes the conversion of 4-nitrophenol
more rapidly [12]. Therefore, it is suggested that light treatment has induced the metallicsurface restructuring of Au@mSiO2 NRs that facilitates electron transfer form BH4 - to the
metallic surface during the catalytic reaction. This can also partially explain the increased rate
of the catalytic reaction via irradiated Au@mSiO2 NRs. In addition, at 30 min after adding
NaBH4 (aq), the SPR band shifts of Au@mSiO2 NRs and irradiated Au@mSiO2 NRs become
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30 and 43 nm, respectively, to the blue, compared SPR in the absence of NaBH4. These
results also illustrate that although excess NaBH4 has been added in the catalytic reaction
mixture to ensure pseudo-first-order kinetic conditions, BH4- species adsorbs onto irradiated
Au@mSiO2 NRs more readily than onto non-irradiated Au@mSiO2. Taking everything into
consideration, we could say that the surface atom restructuring, resulting from photothermal
annealing during irradiation, renders the metallic surface easy to adsorb reactants and to
facilitate electron relays from electron-donor BH4- to electron-acceptor 4-nitrophenol. This
makes irradiated Au@mSiO2 NRs catalytically much more active than non-irradiated
Au@mSiO2 NRs, lowering the kinetic barrier that depends on the structure of catalytic active
sites [38].
We have also taken into consideration of the role of the CTAB surfactant in the formation
of the mesoporous silica shell to explain the enhanced catalytic performances of the irradiated
nanocatalyst. Negatively charged silica sols are reported to bind to positively charged
cetyltrimethylammonium ions adsorbed on the surface of Au NRs via electrostatic
interactions [29,44]. Thus, CTAB surfactants strongly localized on individual Au NR surfaces
act as templates, promoting mesoporous-shell deposition directly onto the NR surfaces [16].
Extensive decrease in the induction time of Au@mSiO2 NRs via light treatment could be
explained by the suggestion that a large amount of remnant CTAB resulting from the
formation of mesoporous silica shells desorbs from mesoporous silica shells during
irradiation to be soluble in the solvent. As already shown, the average aspect ratio of
Au@mSiO2 has decreased slightly by irradiation, demonstrating that surface reconstruction
has taken place during light treatment. The thermal-induced melting of gold NRs starts at
their surfaces [45] and surface atoms are known to get mobility at the Hüttig temperature
(0.3Tmelting) [46]. Thus, the movement of atoms on the surfaces weakens the bond strength
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between CTAB and gold surfaces and renders the surfaces to have strong interactions with
reactants, making the adsorption of reactants on catalytic metal surfaces easy. Thus, it is
suggested that light treatment reduces the induction time largely because it can make
reactants penetrate through CTAB-reduced silica shells rapidly and adsorb onto restructured
metallic surfaces easily.
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1.5.

Conclusions

CTAB-stabilized gold nanorods (Au@CTAB NRs) with an average diameter of 17.5 nm
and a typical aspect ratio of 4 have been encapsulated by mesoporous silica shells having a
uniform thickness of 20 nm to form silica-coated gold nanorods (Au@mSiO2 NRs), which
have been further treated by being irradiated with a Xe lamp for 2 h to produce irradiated
Au@mSiO2 NRs. The catalytic studies of three different nanocatalysts of Au@CTAB NRs,
Au@mSiO2 NRs, and irradiated Au@mSiO2 NRs by monitoring the time-dependent
reduction of 4-nitrophenol in the presence of NaBH4 have indicated that light treatment
enhances the catalytic performances of Au@mSiO2 NRs on a large scale without
deteriorating the encapsulation effect of mesoporous silica that enhances the stability and
reusability of the nanocatalyst by preventing the aggregation and dissolution of gold nanorods.
Irradiation has increased the catalytic rate constant largely and reduced the activation energy
and the induction time of the catalytic reaction considerably; surface atom restructuring by
photothermal annealing during irradiation has rendered the metallic surface to adsorb
reactants readily and to promote rapid electron relays from BH4- to 4-nitrophenol, lowering
the kinetic barrier of the catalytic reaction substantially. Thus, it is suggested that post light
treatment introduced here is a simple and green method applicable widely in the field of
nanocatalysis.
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1.7.

Supporting Information

Fig. S1. Low-magnification TEM image of Au@mSiO2 NRs.

Fig. S2. TEM image of Au@mSiO2 NRs prepared at a high concentration of CTAB.
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Fig. S3. (a) TEM image of irradiated Au@mSiO2 NRs and (b) STEM image and EDX
elemental maps of a irradiated Au@mSiO2 NR.
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Fig. S4. EDX spectra of (a) Au@mSiO2 NRs and (b) irradiated Au@mSiO2 NRs, showing
the presence of Si, O, and Au.

Fig. S5. Arrhenius plots of rate constants for the reduction of 4-nitrophenol(aq) catalyzed by
(squares) 9 pM, (circles) 13 pM, and (triangles) 17 pM of Au@mSiO2 NRs in the presence of
NaBH4.
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Fig. S6. (a) Temperature-dependent induction times and (b) Arrhenius plots of inversed
induction times for the reduction of 4-nitrophenol catalyzed by 13 pM of (circles)
Au@mSiO2 NRs, (crosses) irradiated Au@mSiO2 NRs, and (squares) Au@CTAB NRs in the
presence of NaBH4. Ea values are estimated as 14.1, 13.4, and 4.0 kcal mol-1 from the
Arrhenius plots of Au@mSiO2 NRs, irradiated Au@mSiO2 NRs, and Au@CTAB NRs.
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Chapter 2. Laser-Induced Welding of Self-Assembled Gold Nanorods to
Fabricate Au@SiO2 Core-Shell Nanowires
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2.1.

Abstract

Au@SiO2 core-shell nanowires have been successfully fabricated by irradiating infrared
nanosecond pulses to linearly self-assembled and silica-coated gold nanorods. Gold nanorods
have been self-assembled linearly by adding isopropanol in the absence of any assembling
agents to form gold nanochains. The end-to-end assembled gold nanorods then have been
directly encapsulated with uniform silica shells having tunable thickness to produce silicacoated gold nanochains. The irradiation of the nanostructures loaded on a TEM grid for 5 min
with nanosecond laser pulses of 1064 nm at fluence of 0.38 mJ/cm2 has produced Au@SiO2
core-shell nanowires. This is a novel and straightforward synthetic approach for the
production of silica-coated gold nanowires having strong near-infrared absorption, high
stability, and easily functionalizable surface.
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2.2.

Introduction

The design and fabrication of nanostructured materials with functional spectroscopic,
electronic, and chemical properties have been widely explored because of their potential
applications in catalysis, optoelectronics, and transistors.[1-4] Particularly, noble-metal
nanoparticles have attracted much attention in the field of catalysis,[5-7] optoelectronics,[8]
and biological and chemical sensing[9] especially due to their tunable optical properties
originating from their surface-plasmon resonance (SPR); it is the collective oscillation of
conducting electrons on a metallic surface and can be tuned by controlling the sizes, shapes,
and compositions of nanoparticles.[10] There is considerable attention to assemble these
nanoparticles as building blocks into an ordered structures and further into functional devices
through a bottom-up approach because it offers the promising properties that are absent in the
corresponding individual nanoparticles.[11-13]
Gold nanorods (NRs) exhibit rich SPR-derived properties, which have made them useful
for many interesting applications such as optical and optoelectronic devices,[14,15]
sensors,[16] and biomedical technologies.[17] Gold NRs possess two distinctive, transverse
and longitudinal, SPR modes, the latter one of which exhibits a strong peak tunable from the
visible to the near-infrared region with increasing aspect ratios. Gold NRs also have a unique
property that converts light efficiently into heat through so-called a photothermal
effect.[18,19] Increasing attention has been paid to the assembly of gold NRs in solutions,
and a variety of techniques have been developed to induce the assembly of gold NRs in an
either end-to-end or side-by-side manner in solutions by functionalizing the surface of gold
NRs preferentially; the assembly has been reported to occur through electrostatic
interactions,[20-22] hydrogen bonding,[23] covalent bonding,[24,25] or biorecognition
39

interaction.[12,26,27] Recently, spontaneous self-linking has been obtained in the absence of
any assembling agents by diluting the concentration of cetyltrimethylammonium bromide
(CTAB) in gold NR colloidal solutions.[28,29] As gold NRs are assembled especially in an
end-to-end orientation, a new hybridized plasmon mode appears in the longer-wavelength
region of the gradually disappearing longitudinal SPR mode due to the coupling of surfaceplasmon resonances between the nanorods.[23] These plasmon coupling properties of linearly
assembled nanostructures give rise to extend the application of gold NRs to areas such as
optoelectronics,[30] surface-enhanced Raman scattering and sensing,[31,32] and near
infrared-resonant biomedical fields.[33-36] These assembly approaches, often induced by
organic molecules as an assembling agent, require organic environment such as an
acetonitrile-water (4:1 v/v) mixture because the solubility of the assembling agent is low in
water.[20,23-25,37] Thus, the assembled structures are often structurally unstable during
storage and purification, being aggregated irreversibly and losing their desirable optical
properties.[38] Although significant progresses have been made in the self-assembly of gold
NRs, the in situ stabilization methods of as-prepared assemblies in solutions have to be
developed to utilize the assemblies for a further process, which is important in the fabrication
of functional nanostructures. The encapsulation of assembled gold nanoparticles within a
silica or polymer shell to stabilize products has been demonstrated.[13,38-42] However, a
direct encapsulation method of anisotropically assembled gold NRs with uniform shells still
remains to be designed since direct shell coating onto CTAB-stabilized gold NRs, via a solgel process as an example, requires sensitive conditions.
In this paper, we report a straightforward approach to fabricate a silica-coated gold
nanowire via self-assembly of gold NRs to form a gold nanochain, followed by encapsulation
of the nanochain in a uniform silica shell and nanowelding of the silica-coated nanochain by
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laser irradiation to produce a Au@SiO2 core-shell nanowire (Figure 1). We have observed
that gold nanorods can be assembled spontaneously in an end-to-end orientation upon
addition of isopropanol without using any assembling agents and that direct in situ coating
with silica has made the assembled gold nanochain stable in ethanol over a year. The simple
irradiation of the silica-coated gold nanochain by nanosecond laser pulses of 1064 nm for 5
min has been found to yield a Au@SiO2 core-shell nanowire.

Figure 1. Schematic for the fabrication of a silica-coated gold nanowire.
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2.3.

Experimental Section

Ascorbic acid(s, 99.9%), CTAB(s, 96%), HAuCl4·3H2O(s, 99.9%), isopropanol(l),
ethanol(l), AgNO3(s, ≥99%), NaBH4(s, 96%), ammonium hydroxide(aq, 33%), and tetraethyl
orthosilane (TEOS, l, ≥99%) were used as purchased from Sigma-Aldrich. Ultrapure
deionized water (>17 MΩ cm) was obtained using a Millipore Milli-Q system.
CTAB-stabilized gold nanorods dispersed in water, having an average length of 42.5 nm
with a typical aspect ratio of 4.2 and the absorption maximum of longitudinal surfaceplasmon resonances at 830 nm, were synthesized according to a reported seed-mediated and
CTAB-assisted method.[43] The aqueous colloidal solution of as-synthesized gold NRs was
centrifuged at 8500 rpm for 8 min to remove excess CTAB, and the precipitates were
redispersed in 16 mL of water. The centrifugation and dispersion processes were repeated.
The concentration of gold NRs in the finally purified colloidal solution was calculated to be
1.0 nM based on their extinction coefficient[44] while the concentration of CTAB in the
colloidal solution was estimated to be 0.12 mM.
The end-to-end self-assembly of gold nanorods was obtained by adding 1.0 mL of the
above-prepared gold NR colloidal solution into 5.0 mL of isopropanol under continuous
stirring. It is important to note that the gold NR colloid had been stored at least for a month
prior to the addition of isopropanol. After being stirred for 20 min, gold nanochains, which
were linearly self-assembled gold NRs, were subsequently coated with silica by following a
reported method[45] with some modifications. The resulting assembled colloidal solution
was slowly added with a specific volume (0.50 mL if not specified otherwise) of 3.8%
ammonium hydroxide in isopropanol under vigorous stirring to produce silica-coated gold
nanochains. Then, 20 μL of 20% TEOS in isopropanol was added immediately and stirred for
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2 h at room temperature. The mixture was left undisturbed and aged for 20 h in a refrigerator.
The resultant colloid was centrifuged at 3500 rpm for 25 min, the supernatant was washed
away 3 times with ethanol, and the final products were stored in ethanol.
1.2 μL of the colloid containing silica-coated gold nanochains in ethanol was loaded onto
a TEM grid and irradiated to weld gold nanorods for the fabrication of silica-coated gold
nanowires by using 0.74 mJ nanosecond laser pulses of 1064 nm having a duration of 6 ns
from a Quantel Brilliant Q-switched Nd:YAG laser run at 10 Hz. The spot diameter of the
irradiation laser beam was 3 mm, and the laser power was measured by using an energy
detector (Gentec-EO, UP 19K-15S-VH-DO) connected to a power and energy monitor
(Gentec-EO, SOLO PE). While transmission electron microscopic (TEM) images were
obtained with a Hitachi H-7600 microscope, high-resolution TEM (HRTEM) and scanning
TEM (STEM) images and energy-dispersive X-ray (EDX) elemental maps and profiles were
measured by using a JEOL JEM-2100F microscope. Absorption spectral changes of surfaceplasmon resonances with the self-assembly of gold nanorods were monitored by measuring
absorption spectra at scheduled intervals using a UV/vis spectrophotometer (Scinco, S-3000).
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2.4.

Results and Discussion

Figure 2. (a) TEM image and (b) HRTEM image of a gold nanowire. Nanowelding of silica-coated
gold nanorods on a TEM grid has been carried out by 6 ns laser pulses of 1064 nm for 5 min at
fluence of 0.38 mJ cm-2.

Figure 2a shows that linearly assembled gold NRs in a silica-coated gold nanochain
loaded on a TEM grid have been welded together by nanosecond laser pulses of 1064 nm to
have nanocontact, producing a Au@SiO2 core-shell nanowire. Although neighboring gold
NRs in a silica-coated gold nanochain did not have ohmic contact on each other, they have
been well nanojoined together by laser irradiation to form a silica-coated gold nanowire. The
HRTEM image of Figure 2b reveals the detailed crystalline structure at a welded
nanojunction of a Au@SiO2 core-shell nanowire; two gold NRs at the conjunction are well
fused together in a single phase to have ohmic contact. An interlayer spacing of 0.235 nm
observed in the core region of a Au@SiO2 nanowire agrees well with the literature spacing
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value of 0.2355 nm between the (111) lattice planes of the fcc Au crystal (JCPDS 04-0784).

Figure 3. STEM images and corresponding EDX elemental maps of (a) a silica-coated gold
nanochain and (b) a silica-coated gold nanowire.

The STEM image of Figure 3a reveals that gold NRs in a silica-coated gold nanochain
have their original nanorod shapes without being connected via metallic bonds; they are
separated from each other by a distance of 8 nm, which has been maintained by linearly
assembling CTAB molecules. However, the STEM image of Figure 3b indicates that gold
NRs in a silica-coated gold nanowire have been fused together with showing ohmic
nanocontact. The EDX elemental maps of Figure 3 show the detailed structures of the silicacoated gold nanostructures. Silica consisting of Si and O atoms encapsulates both the gold
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nanochain and the gold nanowire well with uniform shell thickness. The EDX elemental
maps also display that irradiation with nanosecond pulses of 1064 nm for a short time of 5
min has transformed a silica-coated gold nanochain into a Au@SiO2 core-shell nanowire
indeed.

Figure 4. Area-normalized EDX elemental profiles of (a) a silica-silica coated gold nanochain and (b)
a silica-coated gold nanowire scanned along the lines in the STEM images of the insets.

The EDX elemental profiles of a silica-coated gold nanochain and a Au@SiO2 core-shell
nanowire scanned along the indicated solid lines of the insetted STEM images in Figure 4
also show that the gold nanostructures are present at the cores of the nanocomposites while
silica consisting of silicon and oxygen atoms surrounds the gold assemblies. The detailed
EDX analysis of Figure 4a indicates that gold nanochain structure is capped by silica with
showing discontinuity at a position of 130 nm. However, Figure 4b clearly shows that the
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gold atoms are continuously present without showing any discontinuity at the conjunction
positions. The continuous intensity profile of gold in the longitudinal direction of the welded
gold nanowire also reveals that the contacting surfaces between the initial gold nanorods have
been fused by laser irradiation to be welded together.
It has been already reported[46] that a Au@CdS core-shell nanowire can be obtained by
exciting the surface-plasmon resonances of gold nanospheres, priorly connected by dithiol
molecules as an assembling agent and coated with a CdS shell, using picosecond laser pulses
of 532 nm, suggesting that laser irradiation can melt or reshape metal nanoparticles without
causing any significant perturbations in the surrounding media.[47-50] Because laser
irradiation can heat contacting regions selectively,[47,51,52] the laser-induced transformation
of metal nanoparticles has provided a controlled mean to modify the shapes of the
nanoparticles precisely. The laser-induced welding mechanism of gold NRs encapsulated in a
silica shell is not understood, although the laser-induced size and shape alterations of metal
nanoparticles in solutions have been explained to occur through melting and vaporization.[53]
Nanosecond laser pulses of 1064 nm are selectively absorbed strongly by the hybridized
surface-plasmon resonances of linearly assembled gold NRs in a silica shell. Then, the
thermalized photon energy of surface-plasmon excitation induces the contacting surfaces of
the gold nanorods to fuse and weld together within a silica shell, transforming a silica-coated
gold nanochain into a Au@SiO2 core-shell nanowire. This approach of connecting
nanostructures to have ohmic contact at room temperature is anticipated to have potential
applications in electric nanodevices and functional circuits.[54-56]
While Figure 5a shows the TEM image of gold NRs, Figure 5b displays the TEM image
of gold nanochains which have been formed by the linear self-assembly of gold NRs with the
addition of isopropanol. This suggests that gold NRs, initially dispersed well in water, have
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been connected in an end-to-end orientation to form gold nanochains with the addition of
isopropanol. The time evolution of the linear assembly has been monitored by measuring the
extinction spectra of Figure 5c. While the longitudinal SPR band of individual gold NRs at
830 nm decreases gradually, a new SPR band arises at 1100 nm due to the formation of gold
nanochains after adding isopropanol. The new band results from the coupling of longitudinal
surface-plasmon resonances between linearly assembled gold NRs.[23,31] Thus, our results
clearly indicate that isopropanol can induce the end-to-end assembly of gold NRs indeed in
the absence of any assembling agents.

Figure 5. TEM images of (a) gold nanorods and (b) gold nanochains. (c) Extinction spectra of 0.50
mL gold NR colloid recorded as a function of time indicated in the units of min after adding 2.5 mL
isopropanol. The arrows indicate the direction of time increase.
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It is well-known that cationic CTAB surfactants form a bilayer on the surface of gold
NRs, making the NRs positively charged and therefore stabilizing them against aggregation
by interparticle electrostatic repulsion. CTAB binds preferentially to the {100} facets of the
sides, rather than the {111} facets of the ends, of gold NRs.[28,29,42,57,58] Because the
CTAB bilayer is less ordered at the curved ends than on the flat sides, the local density of
CTAB is lower at the ends of the NRs than on the sides; the selective binding of assembling
agents to the ends of gold NRs has often led to an end-to-end arrangement of gold NRs.[2028] The CTAB bilayer adsorbed on a gold NR surface is destabilized by adding ethanol,
leading CTAB to be dissolved in the surrounding medium.[41] With increase in the
composition of organic solvent content, the CTAB bilayer structure has been found to
collapse to a monolayer, resulting in the loss of CTAB from the surface of the gold NR.[24]
In our experiment, the linear self-assembly process of gold NRs was triggered by adding
isopropanol to a colloidal aqueous solution of gold NRs, thereby increasing the solubility of
CTAB molecules and reducing the CTAB coverage of the rods. Considering that the CTAB
bilayer binds to the side surface of a gold NR with large affinity, the positively charged
CTAB bilayer along the rod ends is locally destabilized and removed primarily from the end
surface of the gold NR by the increase of CTAB solubility to reduce the electrostatic
repulsive potential.[41] Further removal and dissolution of adsorbed CTAB molecules into
the surrounding environment allows the end surface of a gold NR to have only a CTAB
monolayer, leading to the reduction of electrostatic repulsion and increasing the probability
for a close approach between the ends of gold NRs by attractive van der Waals forces. As two
NRs with a depleted CTAB monolayer on their end surfaces approach toward to each other,
chains of CTAB most likely merge to form a new bilayer between the gold NRs, forming an
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end-to-end assembly. This restored CTAB bilayer minimizes energy when the CTAB
molecules on two neighboring NRs join together.[37] Thus, we suggest that the
restabilization of a CTAB bilayer caused by the attractive van der Waals interactions of
CTAB chains between the end surfaces of gold NRs plays a key role in the isopropanolmediated end-to-end self-assembly of gold NRs.
The in situ encapsulation of silica onto gold nanochains suspended in 5:1 (v/v)
isopropanol and water has been achieved following the Stöber process: the direct deposition
of silica onto CTAB-stabilized gold nanoparticles using TEOS as a precursor in the presence
of ammonia as a base catalyst.[45] Figure 6a shows that most gold nanorods are assembled in
an end-to-end orientation although the lengths of connected gold nanochains are quite diverse.
Each of the gold nanochains has been encapsulated separately in a silica shell having typical
thickness of 55 nm. The comparison of Figure 6b with the spectrum measured at 30 min after
the addition of isopropanol in Figure 5c reveals that the extinction spectrum of gold
nanochains changes hardly by silica coating, although the hybridized SPR band of gold
nanochains shifts to the red slightly because of increase in the refractive index of the
surrounding medium; the refractive indices of water and silica are 1.33 and 1.45,
respectively.[38] This demonstrates that the linearly self-assembled structures of gold
nanochains remain intact during the immediately following in situ silica coating process. It is
well known that the composition of a mixed solvent is critical for uniform silica coating onto
nanoparticles.[59] The alcohol-rich environment of 5:1 (v/v) isopropanol and water has been
found to be very essential not only for the linear assembly of gold NRs but also for the silica
coating of gold nanochains. It has been reported that the aging of the initial gold NR solution
is important to guarantee the reproducibility of the subsequent steps.[37,41] We have also
found that a freshly synthesized gold NR solution does not undergo linear assembly when
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isopropanol is added and that the assembly can take place with adding isopropanol when the
gold NR solutions have been aged at least for a month. As mentioned above, the CTAB
coverage at the ends of the NRs is likely lower and less robust due to the higher curvature of
the end surface and decreases with aging. This, in turn, could lead to significant increase in
the dissolution rate of CTAB molecules at the ends of the rods, resulting in a faster selfassembly.[37]

Figure 6. (a) Typical low-magnification TEM image of silica-coated gold nanochains. (b) Extinction
spectrum of the nanochains suspended in ethanol.

Silica shells with different thickness have been obtained by controlling the amount of
ammonium hydroxide as a base catalyst. The TEM images of Figure 7 show that assembled
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gold nanorods encapsulated in silica with average shell thickness values of 20, 35, and 55 nm
have been prepared by adding 0.45, 0.48, and 0.50 mL of ammonium hydroxide, respectively,
suggesting that the concentration of ammonium hydroxide in the sol-gel process plays an
important role in controlling the deposition thickness of silica on gold NRs.[45,60] As the
concentration of ammonium hydroxide increases, the silica shell thickness of Au@SiO2 coreshell nanocomposites increases because the hydrolysis of TEOS requires hydroxide ions
provided by ammonium hydroxide;[61] a high concentration of hydroxide ions hydrolyzes
TEOS more readily, thus resulting in fast nucleation of silica to form smooth and uniform
silica shells.[62]

Figure 7. TEM images of silica-coated gold nanochains with shell thickness values of (a) 20 nm, (b)
35 nm, and (c) 55 nm. Each scale bar indicates 50 nm.
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2.5.

Conclusions

Au@SiO2 core-shell nanowires have been fabricated at room temperature simply by
irradiating infrared nanosecond pulses to linearly self-assembled and silica-coated gold
nanorods just for 5 min. Gold nanorods have been self-assembled linearly by adding
isopropanol in the absence of any assembling agents to form gold nanochains. Isopropanolmediated linear assembly takes place as CTAB monolayer molecules on the end surfaces of
gold nanorods tend to form a bilayer for the enhancement of colloidal stability. Then, the endto-end assembled gold nanorods have been directly encapsulated with uniform silica shells
having tunable thickness to produce silica-coated gold nanochains. It has been found that
isopropanol can not only induce the linear assembly of gold NRs but also provide co-solvent
environment, which is important to direct silica coating on CTAB-stabilized gold nanochains.
The thickness of a silica shell has been controlled by adjusting the supplied amount of
ammonia hydroxide. The irradiation of the nanostructures loaded on a TEM grid with
nanosecond laser pulses of 1064 nm at fluence of 0.38 mJ/cm2 has produced Au@SiO2 coreshell nanowires. Laser pulses, selectively absorbed by the hybridized surface-plasmon
resonances of linearly assembled gold nanorods in silica shells, are thermalized to heat
selectively the contacting surfaces of the gold nanorods, which then fuse and weld together.
This is a novel and straightforward synthetic approach for the production of silica-coated
gold nanowires having strong near-infrared absorption, high stability, and easily
functionalizable surface.
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Abstract (Korean)

금 나노막대에 실리카 쉘을 쌓은 나노구조체에 나노초 펄스 레이저나 제논
램프를 조사하여 제작된 구조가, 기존의 구조보다 더 나은 광학적, 구조적,
촉매적 특성을 지님을 연구하였다. 제조한 나노구조체의 특성은 전자 현미경
이미지와 시간 의존적 자외선-가시광선 영역 흡수 분광학을 이용하여 분석하고
평가하였다.
1장에서는 다공성의 실리카가 코팅된 금 나노막대에 제논 램프를 조사하여,
조사 전보다 4-nitropheonl의 환원반응에 대하여 향상된 촉매 활성을 가짐을
확인하였다. 다공성 실리카가 코팅된 금 나노막대를 고해상도 전자현미경으로
관찰한 구조는 빛 처리를 한 후에도 변화가 없었지만, 촉매반응성과 재사용성은
증가됨이 관찰되었다. 빛을 조사하면 금 나노막대의 광열효과에 의하여 막대
표면 원자들의 재구조화가 일어나게 되고, 이로 인하여 촉매 반응이 일어나는 금
표면에 반응 분자들이 더욱 쉽게 흡착될 뿐만 아니라, 촉매 반응의 키네틱
장벽을 낮추기 때문에 촉매 반응의 전자 전달의 속도가 증가되어 촉매반응성이
증가된다는 것을 표면 플라즈몬 공명의 변화를 통해 설명하였다.
2장에서는 실리카 쉘을 쌓은 자기조립된 금 나노막대 구조체에 나노 초 펄스
레이저를 조사하여 나노 막대를 접합시킨 나노와이어 구조체의 제조에 대해
논하였다.

기존에

보고된

금

나노막대의

자기조립에는

조립을

시켜주는

접합물질이 필요하지만, 본 연구에서는 접합물질 없이도 isopropanol 용매와
계면활성제 Cetyltrimethyl ammonium bromide의 작용에 의해 막대의 끝과 끝이
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연결되는 자기조립이 유도된다는 사실을 처음으로 밝혔다. 또한 이 구조체를
용액상에서 안정화시키기 위한 실리카 쉘을 쌓는 최적의 합성 조건을 제시하였다.
나노 초 레이저를 조사하여 자기조립된 금 나노막대가 전기적인 옴 접촉을
가지는 금 나노 와이어 구조체를 제조하였다.

주요어: 귀금속, 금, 나노막대, 레이저 접합, 빛 처리, 자기조립 촉매, 코어-쉘
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