Journal of
Materials Chemistry C
View Article Online

Downloaded by Central Electrochemical Research Institute (CECRI) on 21 December 2012
Published on 07 November 2012 on http://pubs.rsc.org | doi:10.1039/C2TC00315E

PAPER

Cite this: J. Mater. Chem. C, 2013, 1,
831

View Journal | View Issue

A new route for the formation of Au nanowires and
application of shape-selective Au nanoparticles in
SERS studies†
Subrata Kundu*
A new route for the formation of shape-selective Au nanoparticles (NPs) has been demonstrated. The
reduction of Au(III) ions was done with alkaline 2,7-DHN in CTAB micellar media under 30 min of
continuous UV-irradiation. The reaction results in uniform Au nanospheres and Au nanowires. With the
change in Au(III) ion to CTAB molar ratio, the particles’ size and shape can be tuned. Au nanorods and
nanoprisms are synthesized via seed mediated growth and microwave heating methods and the
particles are characterized by several spectroscopic tools. The shape eﬀects of the four diﬀerent types of
Au NPs were investigated using surface enhanced Raman scattering (SERS) studies. The results showed
that the SERS intensity increases with the change in NPs’ shape from nanospheres to nanorods to
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nanowires to nanoprisms. The highest enhancement observed for the nanoprisms is due to the
presence of a maximum number of sharp edges or surface active rough surfaces compared to the
smooth surfaces of the nanospheres. This high enhancement factor (EF) of these multiple shaped Au
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NPs might ﬁnd potential application in detection of single molecules or in many other ﬁelds like
detection of bio-molecules, bioassays, bio-diagnosis or even clinical diagnostics and in medical therapy.

Introduction
Over the past decade, nanoparticles (NPs) research has found
tremendous importance in the eld of science and technology
because of their unusual optical, thermal, chemical, and physical properties compared to their bulk elements. Among the
various NPs, noble metals, especially gold NPs, have attracted
more interest due to their fascinating physical and chemical
properties and promising applications in nanoelectronics,1
sensors,2 photonics,3 imaging,4 catalysis,5 biomedicine6 and in
surface enhanced Raman scattering (SERS)7 studies. It is
generally accepted that all the above properties of NPs are
strongly dependent upon the size, shape, and dimensionality of
the materials and therefore, intense research on the synthesis of
size and shape-selective metal NPs of various morphology is
triggered and accelerated.
The synthesis of Au NPs in aqueous solution is still the
general route. The most popular and easy method of preparation of Au NPs in aqueous solution is either reduction of Au salt
with NaBH4 at room temperature (RT) under N2 atmosphere or
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the reduction of Au salt using tri-sodium citrate under boiling
conditions.8 Using the citrate route, the particles’ size can be
tuned in a wider range just by controlling the concentration of
the reagents. For the shape-selective synthesis, several routes
are generally involved, like hard template, so directing agents,
organic surfactants, or polymers. Diﬀerent anisotropic Au nano
architectures such as rods,9 wires,10 belts,11 cubes,12 polyhedra13
and stars,14 for example, have been widely achieved by certain
methods. Various alcohols have also been used widely as
reductants for the synthesis of Au NPs.15,16 Several methods like
chemical reduction,17 microwave heating,18 sonochemical
deposition,19 laser irradiation,20 electrochemical deposition21
have been used for the synthesis of Au NPs. For the faceted
nanostructures, the ne tuning of reaction parameters or the
use of specic templates nally determines the shapes of the
NPs. Au nanorods of specic aspect ratio have been synthesized
by Murphy's group using cationic surfactant media.22,23 In that
synthesis they rst prepared smaller sized spherical Au NPs
using the citrate method called ‘Au seeds’ and nally, these ‘Au
seeds’ were used for the synthesis of larger Au nanorods. Kundu
et al. synthesized Au nanoprisms previously in aqueous solution
using a microwave heating method.18 Dendritic Au NPs were
prepared by Huang et al. using cationic bolaform surfactant
[mpy-cn-mpy] Br, where cn ¼ 8, 10, 12.24
Recently, UV-photoirradiation techniques have been widely
used for the synthesis of NPs with signicantly higher speed
compared to conventional chemical routes.25,26 In the photoirradiation process, the reaction rate increases signicantly,
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and generates uniform and homogeneous nucleation sites
compared to conventional routes. Au NPs have recently been
synthesized by Kundu et al.,25 Mandal et al.,27 and Pal28 using
photochemical routes. Similarly, shape-selective Pt and Ag NPs
have also been synthesized using a photo-chemical
approach.29,30 Chirea et al. synthesized an Au NPs network by
direct reduction of HAuCl4 with NaBH4 powder in deep eutectic
solvent.31 Among these diﬀerent shapes reported, the formation
of uniform 1-D Au nanowires is very rare compared to other
shapes. Among the few reports of nanowires via diﬀerent
routes, the reactions need either the addition of seed particles,
the use of a hard template or need multiple steps to complete,
and result in various shapes with inhomogeneous particle size
distributions. So an easy and general route for the formation of
shape-selective nanowires is always challenging.
The specic applications of size and shape-selective NPs has
been demonstrated in catalysis reactions5,32 and other studies,
but there are fewer investigations done on SERS studies. SERS is
a surface sensitive technique where the Raman signal gets
enhanced by a few orders of magnitude when a dye molecule
gets adsorbed onto a rough metal surface. The size and shape of
the NPs were shown to inuence the enhancement of the
Raman signal through their optimum excitation wavelength
that is implied by the position of the plasmon extinction band
of the metal NPs.33,34 There are two primary mechanisms of
enhancement described in the literature; one is the electromagnetic eﬀect and the other is the chemical eﬀect. In the case
of metal NPs, the electromagnetic eﬀect predominates which
predicts that the excitation energy is not distributed uniformly
over the particles, but is localized in ‘hot spots’ oen much
smaller than the excitation wavelength. Creighton et al.
described the SERS eﬀect on spherical aggregated Ag colloids.35
There are several other studies which have been done on the
dependence of electromagnetic contributions to SERS
enhancement on NPs’ size using several theoretical studies.36,37
SERS experiments of NPs’ arrays made from diﬀerent sized
particles have been reported.33,38 As discussed earlier for Au,
diﬀerent sizes and shapes can be prepared by controlling the
reaction parameters, and thus it is possible to examine their
surface properties if they are close in size and synthesized under
similar reaction environments. The size eﬀect (mainly spherical
shapes) of metal NPs, mainly Au and Ag, has been studied a lot
via SERS but the shape eﬀect has been studied only a few times
and needs vast investigation for a general conclusion.39 Wang
et al. studied the SERS eﬀect with anisotropic Au NPs using
4-amino thiophenol as a molecular probe.40 Li et al. studied the
shape dependent SERS activity of a SiO2–Au nanocomposite
using malachite green isothiocyanate as a molecular probe.41
Although, in most of the above SERS studies, researchers used
NPs that were either not uniform or they mixed with other
diﬀerent shapes with non-uniform particle size distributions.
In this present study, we demonstrated for the rst time the
synthesis of shape-selective Au nanowires using a simple photochemical approach. The uniform Au nanowires were synthesized in cetyl-trimethyl ammonium bromide (CTAB) surfactant
media using alkaline 2,7-dihydroxynaphthalene (2,7-DHN) as
reducing agent under 30 min of continuous UV irradiation. The
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process exclusively generates Au nanospheres and nanowires
just by altering the Au(III) ion to CTAB molar ratio. Two other
diﬀerently shaped Au nanostructures were synthesized by using
the reported routes. We prepared Au nanorods using a seed
mediated growth approach, and Au nanoprisms by a microwave
heating method. The SERS activity of the four diﬀerently shaped
Au NPs has been investigated using Rhodamine 6 G (R6G) as a
model dye molecule. The results indicated that Au nanoprisms
showed much better SERS enhancement compared to other
shapes with an enhancement factor (EF) value of 3.46  105.
So this present study deals with three important ideas; (i) new
synthesis of shape-selective Au nanowires using UV-photoirradiation route within only 30 min; (ii) synthesis of uniform
Au nanorods and nanoprisms by seed mediated growth and
microwave heating routes; (iii) a comparative study of four
diﬀerently shaped Au NPs for SERS activity using R6G as the
Raman probe. The careful observations reveal that the SERS
enhancement follows the order: Au nanoprisms > Au nanowires
> Au nanorods > Au nanospheres. This superior SERS activity of
these diﬀerently shaped Au NPs might make them a promising
candidate for the trace level detection of many biologically and
chemically important species.

Experimental section
Reagents
Hydrogen tetrachloroaurate, trihydrate (HAuCl4$3H2O, 99.9%),
cetyl trimethylammonium bromide (CTAB, 99%), and sodium
hydroxide (NaOH) were purchased from Sigma-Aldrich.
2,7-Dihydroxynaphthalene (2,7-DHN) was also purchased from
Sigma-Aldrich and used as received. Sodium borohydride
(NaBH4), tri-sodium citrate, and ascorbic acids were purchased
from Sigma-Aldrich and used as received. Rhodamine 6 G (R6G)
was purchased from the local Shree Shastha enterprise, Karaikudi, Tamilnadu and used as received. De-ionized (D.I.) water
was used for the entire study whenever required.
Instruments
The synthesized shape-selective Au NPs were characterized
using several spectroscopic techniques, as discussed below. The
UV-visible (UV-Vis) absorption spectra were recorded in a
Hitachi (model U-4100) UV-Vis-NIR spectrophotometer equipped with a 1 cm quartz cuvette holder for liquid samples. The
high resolution transmission electron microscopy (HR-TEM)
analysis was done with a JEOL-JEM 2010 and a Tecnai model
TEM instrument (Tecnai G2 F20, FEI) with an accelerating
voltage of 200 kV. The energy dispersive X-ray spectroscopy
(EDS) analysis was done with the same TEM instrument as a
separate EDS detector was connected with that instrument. A
thin lm of the Au nanospheres and nanowires was made in a
glass substrate and the fabricated thin lms were characterized
by X-ray diﬀraction (XRD), and Fourier transform infrared
spectroscopy (FT-IR) analyses. The XRD analysis was done with
a scanning rate of 0.020 s1 in the 2q range 30–80 using a PAN
analytical Advanced Bragg–Brentano X-ray powder diﬀractometer (XRD) with Cu Ka radiation (l ¼ 0.154178 nm). The FT-IR
This journal is ª The Royal Society of Chemistry 2013
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analysis was done with a model Nexus 670 (FTIR), Centaurms
10 (Microscope) having the spectral range 4000 to 300 cm1
with a MCT-B detector. The surface enhanced Raman scattering
(SERS) study was done with a Renishaw inVia and Lab RAM HR
(Jobin Yvon) Raman microscope using an excitation wavelength
of 632.8 nm (He–Ne laser) and 488 nm (Ar ion laser) respectively. The excitation light intensity in front of the objective was
10 mW with a spectral collection time of 1 s for both Raman
and SERS experiments. The integration time for our measurements was set to 10 s. The UV-photoirradiation was done with
an approximately 260 nm UV-lamp (UVP-Black Ray, B-100, AP
High Intensity UV lamp) having a lamp power of 100 watt cm2
and working in 230 V–50 Hz. The distance of the sample stage
from the light source was approximately 14 cm. The sample
solution was kept over a hard iron box such that UV light falls
directly onto the sample solution. A domestic microwave (MW)
oven (Samsung Company, DE68-03714B) was used for MW
irradiation for the synthesis of Au nanoprisms. The output
power was 100–900 W and the operating frequency was
2450 MHz.

Shape-selective synthesis of Au nanowires by photochemical
approach
Shape-selective Au nanospheres and Au nanowires were
synthesized by varying the concentration of CTAB to Au(III) ions
in a solution mixture containing 2,7-DHN and NaOH under 30
min of continuous UV-irradiation. For a typical synthesis, 40 mL
of 0.1 mol L1 CTAB was mixed with 4 mL of aqueous HAuCl4
solution and stirred for 2 min. Aer complete mixing, 10 mL of
freshly prepared 2,7-DHN (102 mol L1) solution and nally
500 mL of 1 mol L1 NaOH solution were added and the whole
reaction mixture was irradiated by UV light for 30 min. The
resultant solution turns pinkish black in color. Then the solution was centrifuged for 6000 rpm for 15 min and then 4000 rpm
for 10 min to remove the excess CTAB and other by-products
from the solution mixture. Finally, the precipitated pinkish
color Au NPs solutions were re-dispersed in D.I. water for
various spectroscopic and microscopic characterizations. The
solution exclusively contains Au nanowires. For the synthesis of
Au nanospheres, we varied the concentration of CTAB to Au(III)
ions. The pink colored Au NPs solutions were found to be stable
for more than three months while stored in a refrigerator
without changes in their optical properties.

Seed mediated growth techniques for the formation of short
aspect ratio Au nanorods
The uniform Au nanorods were synthesized using the seed
mediated growth approach reported by the Murphy group.22,23
In the synthesis, we rst prepared the small Au seed particles
(shown in ESI†) and those seed particles were used for the
preparation of Au nanorods. The gold nanoprisms were
synthesized using a microwave heating method.18 The detailed
synthesis procedures for both nanorods and nanoprisms are
given below.

This journal is ª The Royal Society of Chemistry 2013
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Synthesis of spherical Au seed particles8
A solution of 2.5  104 mol L1 HAuCl4 and 2.5  104 mol L1
tri-sodium citrate was prepared in a ask and they were mixed
in certain ratios. Next, 1 mL of ice-cold 0.1 mol L1 NaBH4
solution was added to the solution all at once with continuous
stirring. The solution turned pink immediately aer adding
NaBH4, indicating particle formation. The particles in this
solution were used as Au seeds within 1–3 h aer preparation.
The UV-vis spectrum showed an absorption band maximum at
508 nm, whereas the TEM image shows the average particle
size 3 to 5 nm (shown in Fig. S-1, ESI†). The citrate serves only
as capping agent since it cannot reduce gold salt at room
temperature (30  C).
Synthesis of CTAB stabilized short-aspect ratio Au nanorods22
The seed-mediated growth techniques were used to prepare short
aspect ratio Au nanorods. The growth solution was prepared by
mixing 40 mL of 0.1 mol L1 CTAB solution with 4.5 mL of 102
mol L1 of Au(III) solution and shaking well for thorough mixing.
Then 2 mL of 0.1 mol L1 freshly prepared ascorbic acid was
added to the solution mixture containing the CTAB and Au(III)
solutions. The reddish colored CTAB–Au(III) solution turns
colorless aer the addition of ascorbic acid. Finally, 0.2 mL of Au
seed solution was added, stirred a bit and the solution was kept
without further stirring. Aer the addition of the Au seed solution, the color of the resulting mixture slowly changed from
colorless to bluish pink over a period of 40 min. This solution was
centrifuged at 6000 rpm for 20 min and 4000 rpm for 10 min to
remove the excess CTAB. Finally, the precipitated Au nanorods
were re-dispersed in D.I. water for characterization. The aqueous
solution containing Au nanorods exhibited two surface plasmon
resonance peaks, one at 529 nm, and the other at 722 nm
having an average aspect ratio of 5.
Synthesis of CTAB stabilized Au nanoprisms18
The Au nanoprisms were synthesized by slight modication of
previously reported microwave heating methods. We prepared
Au nanoprisms by mixing of 20 mL of 0.1 mol L1 CTAB, 1.6 mL
of 102 mol L1 Au(III) solution, 1.2 mL of 102 mol L1 2,7DHN, and 80 mL of 1 mol L1 NaOH. The solution was stirred for
20 s and irradiated by microwave for 90 s. The Au particles’
formation started aer 15–20 s of microwave irradiation, as
observed from the color change of the solution mixture and
from the UV-vis spectrometry. The resulting solution was
centrifuged at 6000 rpm for 20 min and 400 rpm for 10 min for
the removal of excess surfactants. Finally, the precipitate Au
NPs were collected and re-dispersed in water. Aer completion
of the reaction, the solution color became pinkish red containing the Au nanoprisms. The color remained stable for at
least a month under ambient conditions while stored in a
refrigerator. The formation of diﬀerently shaped Au NPs, their
detailed concentrations, UV-irradiation time, particle size and
shapes are given in Table 1. From Table 1 we can see that apart
from nanoprisms, other shapes formed with almost 100%
uniformity (conrmed from TEM analysis). For nanoprisms, we
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The detailed concentrations of the reagents, UV-irradiation time, size and shape of the Au NPs are summarized

Set Final conc. of
no. CTAB (mol L1)
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Final conc.
of Au(III)
ions (mol
L1)

Final conc. of 2,7DHN (mol L1)

Final conc.
of NaOH
(mol L1)

Time of UV photoirradiation
Shape of the
(h)
Au NPs
Size of the Au NPs (nm)

1

7.54  104

4.71  104 1.88  103

9.43  103 30 min

Spheres

2

3.66  101

7.33  104 1.83  103

9.17  103 30 min

Wires

3

Seed mediated growth approach for Au nanorods22

4

CTAB capped Au nanoprisms18

got ~95% particles having same shapes and very few other
shapes are also mixed with the particles.
Preparation of samples for SERS study using variously shaped
Au NPs
The SERS study was done using the CTAB capped Au nanospheres, nanorods, nanowires, and nanoprisms. For typical
sample preparation, a stock solution of R6G of 0.1 mol L1 was
made and other diﬀerent concentrations were prepared by
appropriate dilution with D.I. water as necessary. A measured
volume of dye solution at a specic concentration was mixed with
the Au NPs solution and nally deposited over the glass slides
and dried in air. The dried samples were used for SERS
measurement. The detailed discussion is given later in the ‘SERS
studies with shape-selective Au nanospheres, nanorods, nanowires, and nanoprisms’ section under the results and discussion.

24  2

Shape
distribution
100%
spheres
100% wires

Diameter 15  3 and
length 650  100
Nanorods Length 75  5 and
100% rods
diameter 15  5; aspect
ratio 5
Nanoprisms Side length 65  8
95% prisms

under 30 min of continuous UV exposure of the solution
mixture containing CTAB, Au(III) salt solution, 2,7-DHN, and
NaOH. Fig. 1 shows the UV-Vis spectra at diﬀerent stages of the
synthesis process. Curve A in Fig. 1 shows the absorption band
of aqueous Au(III) solution having an absorption maximum
(lmax) at 304 nm due to metal to ligand charge transfer (MLCT)
spectra from the AuCl4 complex.42 The aqueous 2,7-DHN
solution shows three intense absorption bands at 282 nm, 311
nm, and 325 nm, respectively, due to the presence of aromatic
benzene rings in its skeleton (curve B, Fig. 1). The colorless
CTAB solution has no specic band in the UV-Vis spectrum (not
shown here). The yellowish colored Au(III) solution when mixed
with aqueous CTAB solution, changes its color to orange red
which has two intense peaks at 258 nm and 393 nm (curve C,
Fig. 1) due to the formation of a CTAB–Au(III) complex. The peak
at 258 nm is assigned to the vibrational frequencies of [AuBr2]
and the peak at 393 nm is from the [CTA]+[AuBr4] complex,
where [CTA]+ ¼ cetyl-trimethyl ammonium ion.43,44 Aer the

Preparation of samples for other characterizations
The shape-selective Au NPs were characterized with UV-Vis,
TEM, EDS, XRD, and FT-IR measurements. The aqueous Au NPs
solution was used for the measurement in a UV-Vis spectrophotometer. The samples for TEM analysis were prepared by
placing a drop of the corresponding Au NPs solution onto a
carbon coated Cu grid followed by slow evaporation of solvent at
ambient conditions. The EDS analysis was done during the TEM
analysis from the same instrument. For XRD and FT-IR analysis,
glass slides were used as substrates for thin lm preparation.
The slides were cleaned thoroughly in acetone and sonicated for
about 20 min. The cleaned substrates were covered with the Au
NPs solution and dried in air. Aer the rst layer was deposited,
subsequent layers were deposited by repeatedly adding more Au
NPs solution and drying. The nal samples were obtained aer
6–8 depositions and then analyzed using the above techniques.
The preparation of samples for SERS measurement was already
discussed above.

Results and discussion
UV-Visible spectroscopic study
Spherical and wire shaped Au NPs were synthesized by the
UV-photoirradiation techniques in CTAB surfactant media

834 | J. Mater. Chem. C, 2013, 1, 831–842

Fig. 1 The UV-Vis spectra at the diﬀerent stages of the synthesis process. Curve A
shows the absorption band of aqueous Au(III) solution; curve B shows the
absorption band for aqueous 2,7-DHN solution; curve C shows the absorption
spectrum of a mixture of CTAB with Au(III). Curve D and curve E show the SPR
bands for spherical and wire shaped Au NPs solutions.
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addition of 2,7-DHN and NaOH solution to the reaction mixture
containing CTAB and Au(III) and subsequent UV exposure, the
solution changes color to pinkish black. Aer successive
centrifugation of the pinkish black colored solution and redispersion in water, a deep pink color solution resulted which
shows a new absorption band at 528 nm (curve D, Fig. 1) for
spherical Au NPs and 548 nm (curve E, Fig. 1) for Au nanoprisms
with a small hump above 660 nm due to surface plasmon
resonance (SPR) of Au NPs.25,45,46 This successive formation of
Au nanospheres and nanowires having diﬀerent colors was
shown schematically in Scheme 1. From Scheme 1, one can see
two diﬀerent colored Au NPs solutions, one for Au nanospheres
and the other for Au nanowires. The UV-Vis spectrum and
transmittance electron microscopy (TEM) images of the citrate
stabilized Au seed particles are shown in the ESI as supporting
Fig. S-1.† From the UV-Vis spectrum (supporting Fig. S-1A†), the
SPR of the Au seed particles is found at 508 nm, and the average
particle size calculated from the TEM images is 3 to 5 nm
(supporting Fig. S-1B and C†). Fig. 2 shows the UV-Vis spectra of
four diﬀerently shaped Au NPs. Curve A and curve B are the SPR
of Au nanospheres and nanowires, as discussed earlier in Fig. 1.
Curve C and curve D are SPR for the Au nanorods and Au
nanoprisms. The Au nanorod solution in curve C shows two
plasmon bands peaking at 528 nm (for transverse oscillations)
and 721 nm (for longitudinal oscillations). The Au nanoprism
solution shows a broad absorption band at the higher wavelength side at 598 nm. These absorption bands for nanorods
and nanoprisms match with the previous reports.18,22,23 The
insets of Fig. 2 show the corresponding camera images of the
four diﬀerently shaped Au NPs solutions indicated with A1, B1,
C1 and D1.

Scheme 1

Fig. 2 The UV-Vis spectra of four diﬀerently shaped Au NPs. Curve A and curve B
are the SPR of Au nanospheres and nanowires; curve C and curve D are SPR for
the Au nanorods and Au nanoprisms. The insets (A1, B1, C1 and D1) show the
corresponding camera images of the four diﬀerently shaped Au NPs solutions.

Transmission electron microscopy (TEM) study
Fig. 3 shows the TEM images of four diﬀerently shaped Au NPs
solution synthesized using the described procedure, as given in
detail in the Experimental section. Fig. 3A and B show the TEM
images of the spherical Au NPs at low and high magnication.
The average particle size was calculated as 24  2 nm. The
inset of Fig. 3B shows the selected area electron diﬀraction
(SAED) pattern of the spherical Au NPs, indicating the single

The stepwise formation of Au NPs using UV-photoirradiation route are schematically shown in Scheme 1.
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Fig. 3G and H show the TEM images for the Au nanoprisms.
Fig. 3G shows a low magnied image where we can see a few
prisms and the average side length of the prisms is 65  8 nm.
Fig. 3H shows the TEM image of a single nanoprism and the
inset shows the SAED pattern, indicating the crystalline
behavior of the particles. In all the four diﬀerently shaped
particles, their surface is stabilized by CTAB surfactant which
prevents them from unwanted agglomeration in the nano stage,
which is extremely necessary to obtain mono-dispersed uniform
particles and to use them in various application purposes for a
longer period of time.

Energy dispersive X-ray spectroscopic (EDS) and X-ray
diﬀraction (XRD) analysis
Fig. S-2 (in ESI†) shows the results obtained from the energy
dispersive X-ray spectroscopy (EDS) analysis of the Au NPs and
the spectrum consists of the expected peaks for Au, C, Cu and Si
(details given in ESI†). The X-ray diﬀraction patterns (XRD) of
the synthesized Au nanospheres and Au nanowires are shown in
Fig. 4. Fig. 4A shows the XRD pattern of the Au nanospheres and
Fig. 4B shows the XRD pattern of the Au nanowires. The XRD
patterns of the Au nanorods and nanoprisms are discussed
elsewhere. Both the XRD patterns in Fig. 4A and 4B show

Fig. 3 The transmission electron microscopy (TEM) images of four diﬀerently
shaped Au NPs solutions. (A) and (B) show the images of spherical Au NPs at low
and high magniﬁcation. The inset of (B) shows the corresponding selected area
electron diﬀraction (SAED) pattern. (C) and (D) show the images of Au nanowires
at low and high magniﬁcation. The inset of (C) shows its corresponding high
magniﬁcation images and the inset of (D) shows the SAED pattern. (E) and (F)
show the images of Au nanorods at diﬀerent magniﬁcations. The inset of (F)
shows the corresponding SAED pattern. (G) and (H) show the images for the low
magniﬁcation Au nanoprisms and a single nanoprism, respectively. The inset of
(H) shows the corresponding SAED pattern.

crystalline nature of the particles. Fig. 3C and D show the TEM
images of Au nanowires at low and high magnication. From
the image we can see that the average diameter of the nanowires
are 15  3 nm and the nominal length is 650  100 nm. The
inset of Fig. 3C shows its corresponding high magnication
images and the inset of Fig. 3D shows the SAED pattern. From
the SAED pattern it is clear that the particles are of crystalline
nature. Fig. 3E and F show the TEM images of Au nanorods at
diﬀerent magnications. The aspect ratio of the rods is 5
(length 75  5 and width 15  5 nm). The inset of Fig. 3F
shows the SAED pattern, indicating the crystalline behavior.

836 | J. Mater. Chem. C, 2013, 1, 831–842

Fig. 4 The X-ray diﬀraction pattern (XRD) of the Au nanospheres (A) and Au
nanowires (B).
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diﬀraction peaks characteristic of Au NPs. The peaks are
assigned for the diﬀraction from (111), (200), (220), and (311)
crystal planes of face-centered cubic (fcc) gold NPs (JCPDS data
card number: 4-0784).31,47 All the diﬀraction peaks match with
the previous report for Au NPs.18,46 In both the diﬀractograms, a
small intense peak at a 2q value of 46.48 appears due to
diﬀraction of Si (220) that came from the glass substrate, as we
used that substrate for depositing the Au NPs for XRD sample
preparation. In our synthesis, we used CTAB as surfactant so
that the interaction between CTAB and diﬀerent crystal facets of
Au NPs might reduce the growth rate along the h100i direction
and increase the growth rate along the h111i direction.
Fourier-transform infrared (FTIR) analysis
Fig. 5 depicts the FTIR spectra of pure CTAB and CTAB bound
Au nanowires. We made a comparison study of the drop dried
samples of washed CTAB capped Au nanowires over glass
substrate with that of pure CTAB which not only supports the
presence but also reveals the nature of the interactions of CTAB
molecules with the Au nanowires’ surface. As examples, we are
discussing the results here with only CTAB capped Au nanowires, but as all the other shaped particles were also capped by
CTAB, so similar types of FTIR results might be expected. It is
already accepted that CTAB has a positively charged ammonium
group on its polar head side which can bind with Au NPs via
Au–N bond formation. Fig. 5, curve A and curve B show the
FT-IR spectra for pure CTAB and CTAB capped Au nanowires,
respectively. The C–H stretching and anti symmetric stretching
vibration frequencies were observed for pure CTAB at 2873 and
2977 cm1, while this absorption bands shied to 2882 cm1
and 2983 cm1 for CTAB capped Au nanowires. So the presence
of methylene vibrational frequencies on the Au nanowire
surface clearly indicates the capping action of CTAB over the Au
nanowires surface. Moreover, the shi of the C–H stretching
vibration modes in CTAB bound Au nanowires’ surface clearly
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indicates some kind of disorder in the hydrocarbon chain of
CTAB on the Au nanowire surface.48 The broad band at 3450
cm1 in CTAB corresponds to N–H stretching vibrations from
pure CTAB. Now, for CTAB capped Au NPs, the N–H stretching
band blue-shied to 3370 cm1, which indicates that CTAB
binds with the Au nanowire surface via its head group due to
Au–N bond formation. These results signify that the CTAB head
group faces towards the Au nanowire surface. The broad peak at
3655 cm1 in pure CTAB is due to the O–H stretching frequency
of water solvating the surfactant CTAB. This O–H stretching
vibration peak is blue shied to 3588 cm1 for CTAB bound Au
nanowires. The region 1300–1650 cm1 is observed due to the
CH2 scissoring mode of vibration and the O–H bending mode of
water around the bound head group. All the peaks in this region
for CTAB and CTAB bound Au nanowires are similar in nature,
but there is some shi or broadening observed for CTAB bound
Au nanowires’ surface, indicating the interaction of CTAB with
the Au nanowires. A strong intense peak is observed around
1206 cm1 is due to the stretching vibration originating from
the glass substrate used for sample deposition. In the lower
wave number regions also we can see some sort of changes, as
one can see in Fig. 5. The peak in pure CTAB at 976 cm1 shied
to 938 cm1 in the CTAB bound Au nanowires and the peak at
630 cm1 for pure CTAB shied to 543 cm1 for the CTAB
capped Au nanowires, clearly indicating the interaction of CTAB
with the Au nanowire surface. All the peaks discussed above
have some similarity with earlier reports by others for CTAB
bound nanomaterials.48,49 Hence, from the FT-IR analysis it is
conrmed that the shis are observed for the Au NPs as they are
bound with CTAB compared to pure CTAB, but not due to the
solid matrix eﬀect. As we discussed earlier that Au nanowires
are bound by Au–N bond formation towards the CTAB head
groups, so we believed that the CTAB molecule gives rise to
unfavorable interactions by putting the hydrophobic tail groups
towards the aqueous environment by forming a double layer
arrangement with another layer of CTAB molecules pointing
their head group towards the water environment. So, from the
above FTIR analysis, we clearly see that CTAB molecules stabilize the Au nanowires, rather than all the diﬀerently shaped
Au NPs, via Au–N bond formation due to the presence of
ammonium ions on its surface.

Mechanism of formation of shape-selective Au NPs

Fig. 5 The FTIR spectra of pure CTAB (curve A) and CTAB bound Au nanowires
(curve B).
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The shape-selective Au nanospheres and nanowires are
synthesized by the reduction of Au(III) ions with alkaline
2,7-DHN in CTAB micellar medium under 30 min of UV exposure. The total synthesis experiment was performed at room
temperature (approximately 30  C) under ambient conditions.
In our present approach, both the presence of CTAB and
2,7-DHN are extremely necessary, as we observed some
discrepancies in the absence of them. Keeping the other reaction conditions the same, in the absence of CTAB, the synthesized Au NPs are precipitated immediately aer the synthesis
due to the absence of a specic stabilizer. Similarly, in the
absence of 2,7-DHN, no Au NPs are formed in our experimental
time scale as there is no reducing agent in the solution. So an
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appropriate mixture of all the reagents gives rise to uniform Au
NPs. The presence of NaOH increases the pH of the solution
and enhances the reducing power of the hydroxylic compound,
and facilitates the formation of anisotropic shapes. It was
reported that compounds having hydroxylic groups such as TX100,28 PVA30 or ascorbic acid,50 etc. can act as a reducing agent
and reduce the metal ions to form metal NPs. During UV
exposure of the solution mixture containing hydroxylic
compounds, they undergo hydroxylic cleavage to generate
solvated electrons or radical species.28,30,50 These radical species
are responsible for the reduction of metal ions to metal(0). The
reduction of Pt(IV) and Ag(I) ions to their corresponding NPs via
hydroxylic compounds has been reported earlier.29,30 It was also
reported that bio-molecules like deoxy-ribonucleic acid (DNA)
which has hydroxylic groups on its sugar part can act as
reducing agents to reduce metal ions.51 So in our present
scenario, the radical species or the solvated electrons generated
from the solution containing 2,7-DHN reduce the Au(III) ions to
Au(0). Once the Au(0) is formed they grow in the CTAB surfactant and generate diﬀerent shapes that in turn depends upon
the growth conditions. The detailed concentration of each
reagent, the UV-exposure time, particle size/shape, etc. is given
in Table 1 and their formation of diﬀerent shapes is schematically shown in Scheme 2. From Scheme 2 we can see that the
CTAB–Au(III) complex aer UV-exposure formed Au NPs and
their size/shape depends upon the concentration of CTAB to
Au(III) ions. From Scheme 2, we can also see that at higher CTAB
concentration of 0.5 mol L1, the Au nanowires formed,
whereas at lower CTAB concentration of 103 to 105 mol L1,
mostly spherical Au NPs are formed. It was reported previously
that at higher CTAB concentration (0.1 mol L1), CTAB itself
can form a rod or worm shaped micellar template, and when the

Scheme 2
Scheme 2.

The formation mechanisms of shape-selective Au NPs are shown in
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NPs grow on that template, they produce rods or wires which in
turn depends upon the adsorption of CTAB on the various
crystal facets of Au NPs.22,23 So in our current study, we believe
that at higher CTAB concentration Au NPs grow in the CTAB
micelles in a diﬀerent way and generate nanowires, while at
lower CTAB concentration mostly spherical Au NPs are formed
as there is no restriction of growth like higher concentration.
Murphy's group reported earlier that a higher CTAB concentration facilitates the formation of Au nanorods in a seed
mediated growth approach22 where the initially prepared Au
seed particles are used in the growth process to generate Au
rods. In the growth process, ascorbic acid acts as a reducing
agent and the amounts of Au seed added determine the aspect
ratio of the rods. Small amounts of Au seed result in long aspect
ratio rods whereas large amounts of Au seed normally generate
short aspect ratio rods. The Au nanoprisms are synthesized by a
previously reported method where the nanoprisms are formed
in the same CTAB micellar media under a microwave heating
method.18 So all the four diﬀerently shaped Au NPs we prepared
are stabilized by the CTAB and used for the surface enhanced
Raman scattering (SERS) study under similar reaction conditions as discussed below.

SERS studies with shape-selective Au nanospheres, nanorods,
nanowires, and nanoprisms
Surface enhanced Raman spectroscopy (SERS) was discovered
in 1974 where the Raman signal gets enhanced by a few orders
of magnitude from a Raman active analyte molecule which is
adsorbed onto a specially prepared metal surface.52 The EF has
been regularly observed on the order of 104 to 106 or sometimes
can be as high as 108 to 1012 depending upon the systems. There
are two primary mechanisms of SERS enhancement although
they have been a matter of considerable debate.53,54 The electromagnetic eﬀect is mostly dominant for large enhancements
whereas the chemical eﬀect contributes only on the level of an
order or two of magnitude. The electromagnetic eﬀect is mostly
caused on the presence of metal surfaces’ roughness featured
whereas the chemical eﬀect is involved through to the absorbance electronic state due to chemisorptions of the analytes.
The SERS eﬀect is normally observed for analytes adsorbed onto
coinage (Au, Ag, Cu) or alkali (Li, Na, K) metal surfaces with an
excitation wavelength near or in the visible region.55 The
sensitivity of SERS obtained from noble metal NPs strongly
depends on the size and shape of the NPs.56 Nie's group
observed the size-dependent SERS enhancement in single metal
NPs.34 Suzuki and coauthors reported that Au NPs lms with
diﬀerent size can generate diﬀerent intensity SERS signals.57
Spherical Au NPs used as SERS active substrates usually give an
enhancement on the order of 103 to 105 which is still not
suﬃcient for some specic applications like trace bio-molecule
detection. So to get better enhancement and to check the shape
eﬀect of NPs on SERS studies, is becoming a growing interest to
researchers. There are a couple of studies where researchers
studied the shape eﬀect on SERS.24,39,41,58,59 El-Sayed’s group
studied the eﬀect of aggregated Au nanorods on SERS.58 Huang
et al. studied SERS on dendritic shaped Au NPs.24 Very recently,
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Vigderman and Zubarev’s group described that starfruit shaped
Au NPs showed better SERS activity compared to spherical Au
NPs.59 Recently, Li et al. used a monolayer colloidal crystal
(MCC) template to fabricate micro/nanostructured arrays for
better SERS enhancement.60 The same group recently showed
that special hierarchically structured arrays further demonstrate better SERS activity compared to conventional lithographic techniques.61 However, some of the described methods
above are not very promising in terms of EF or the NPs shape
they used are not uniform and studied with mixed shaped
particles.
In our present study, we prepared four diﬀerently shaped
uniform and mono-dispersed Au NPs to study their SERS
activity. We synthesized Au nanospheres, Au nanorods, Au
nanowires and Au nanoprisms for the SERS study. Similar types
of synthetic conditions and centrifugation process for facile
surfactant removal has been used so that a comparable study of
the SERS activity is more reliable. We used the same amount of
freshly prepared diluted NPs solutions for the preparation of
SERS samples. As the concentration of NPs solution used is very
low, so we assumed that the particles are not aggregated or
agglomerated and they formed a homogeneous uniform
monolayer on the substrate. For our study, we used R6G as the
model dye molecule. Fig. 6A shows the chemical structure of the
R6G in the middle, whereas the le image shows only the R6G
dye and the right side image shows the mixed R6G and Au NPs
solution. Fig. 6B shows the UV-Vis absorption spectrum of the
R6G and R6G mixed with Au NPs. For an example, we used only
wire shaped Au NPs. Curve a in Fig. 6B shows the absorption
spectrum of R6G which shows several band maxima at 526, 347
and 246 nm due to the presence of aromatic benzene rings.
Curve b shows the SPR of the Au NPs solution which showed a
band at 548 nm. Curve c, Fig. 6B shows the absorption spectra
for the mixed R6G and Au NPs solution where we observe a
change of absorbance value and a shi of the base peaks of
both, which signify the interaction or adsorption of the R6G on
the Au NPs’ surface. The insets show their corresponding
camera images. Fig. 7 shows the Raman spectra of R6G and the
SERS spectra of R6G dye mixed with the same amount of variously shaped Au NPs solution. The Raman signal is strongly
enhanced, which can clearly be observed from the spectra.
Curve a is for only aqueous R6G solution while curve b, c, d and
e are the spectra of R6G mixed with Au nanospheres, Au
nanorods, Au nanowires, and Au nanoprisms, respectively. The
strong Raman signals are assigned to the C–C–C ring in-plane
bending (615 cm1), C–H out of-plane bending (774 cm1), C–H
in-plane bending (1181 cm1), C–O–C stretching (1310 cm1)
and C–C stretching of aromatic rings at (1360, 1507, 1575 and
1647 cm1).62 The EFs for the diﬀerent shapes are calculated
mainly considering three peaks at wave numbers 1360, 1507
and 1647 cm1 which are given in detail in Table 2. The surface
EF is calculated using the equation,
EF ¼

ISERS =CSERS
IRS =CRS

where, ISERS ¼ intensity of enhanced spectrum, CSERS ¼
concentration of the SERS spectrum, IRS ¼ intensity of the
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Fig. 6 (A) shows the chemical structure of the R6G in the middle whereas the
left side camera image shows the color of the R6G dye and the right side image
shows the color of mixed R6G and Au NPs solution. (B) shows the UV-Vis
absorption spectrum of only R6G and R6G mixed with Au NPs. Curve a shows the
absorption spectrum of R6G itself; curve b shows the SPR of Au NPs solution;
curve c shows the absorption spectrum for the mixture of R6G and Au NPs
solutions. The insets show their corresponding camera images.

normal Raman spectra (without NPs) and CRS ¼ concentration
of normal Raman spectrum. From Table 2, we can clearly
observe that EF is greater in the case of nanoprisms and lower in
the case of nanospheres. The order of EF is nanoprisms >
nanowires > nanorods > nanospheres. Our results agree with

Fig. 7 The Raman spectra of R6G and SERS spectra of R6G mixed with the same
amount of shape-selective Au NPs solution. Curve a is for aqueous R6G solution
only, while curve b, c, d and e are the spectra of R6G mixed with Au nanospheres,
Au nanorods, Au nanowires and Au nanoprisms, respectively.
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Table 2 The enhancement factor values for diﬀerent shapes of Au NPs are
summarized in Table 2
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Enhancement factor (EF) values at a
peak position
Nanomaterials used

Dye used

1360 cm1

1507 cm1

1647 cm1

Au nanospheres
Au nanorods
Au nanowires
Au nanoprisms

R6G
R6G
R6G
R6G

8.9  104
1.3  105
2.30  105
3.46  105

1.1  105
2.2  105
3.45  105
4.73  105

3.9  104
6.6  104
1.2  105
1.58  105

the previous results where researchers compared the shape
eﬀects of anisotropic Au NPs with Au nanospheres.41 We also
studied the concentration dependent SERS activity of four
diﬀerent shaped Au NPs. Fig. 8A–D show the SERS spectra at a
concentration of 106 mol L1 and 105 mol L1 using nanospheres, nanorods, nanowires and nanoprisms respectively. In
all four cases we compare the SERS spectra with blank dye
molecules. From Fig. 8A–D we can see that in all cases the
enhancement is greater at a concentration of 105 mol L1
compared to at a concentration of 106 mol L1, although the
EF value is diﬀerent for the diﬀerently shaped Au NPs with
changes in concentration. This high enhancement at higher
concentration (105 mol L1) is probably due to a greater
number of molecules being available and the chance of
adsorbing on the NPs’ surface is greater, which in turn produces
a greater number of ‘hot spots’ compared to lower concentrations (106 mol L1). From Fig. 8 and Table 2 we can see
diﬀerent EF values for diﬀerently shaped Au NPs. The nanoprisms showed stronger intensity compared to other shapes. It
was reported earlier that the lightning eﬀect can result in the
largest electric eld near the sharpest surface or at the sharp
ends of the NPs63 and Raman enhancement reaches its
maximum value at the sharpest surface. The SERS intensity
induced by shape-selective Au NPs intimately depends on the
number of sharp ends present. In our case, as the number of
sharp ends decreases from prisms to spheres, the relative
intensity also decreases. Another factor which might play a vital
role is the generation of greater numbers of ‘hot spots’ in the Au
nanoprisms’ surface due to presence of a greater number of
edges, which can interact strongly with R6G compared to the
smooth surface of the nanospheres. However, at this point we
are not fully clear about the detailed reasons for diﬀerent EF
values and further study is warranted. The strong EF data for
these shape-selective Au NPs might nd potential application in
single molecule detection, application in SERS based technology or trace detection of bio-molecules.

Conclusion
In summary, we have demonstrated a new route for the
formation of shape-selective Au nanowires using a simple
UV-photoactivation technique. The Au nanospheres and Au
nanowires are formed by the reduction of Au(III) ions with
alkaline 2,7-DHN in CTAB micellar media under 30 min of
continuous UV-irradiation. With the change in Au(III) ions to
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Fig. 8 A, B, C and D shows the Raman spectra of R6G and SERS spectra at a
concentration of 106 mol L1 and 105 mol L1 using nanospheres, nanorods,
nanowires and nanoprisms, respectively.
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CTAB molar ratio, the particles’ size and shape can be tuned.
The Au nanorods and nanoprisms are synthesized via reported
methods and characterized. The shape eﬀects of four diﬀerent
types of Au NPs on SERS studies have been investigated. The
results showed that the SERS intensity increases with the
change in NPs’ shapes from nanospheres to nanorods to
nanowires to nanoprisms. The highest EF for nanoprisms is due
to the presence of a maximum number of sharp edges or surface
active rough surfaces compared to the smooth surfaces of the
nanospheres. This high EF of these shape-selective Au NPs
might nd potential applications in detection of single molecules or in many other elds like the detection of bio-molecules,
bioassays, bio-diagnosis or even clinical diagnostic and in
medical therapy.
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