(CO—Of)  Hus

B
(% 2 &)

] &ﬁ.miﬁikk”‘”ﬂ&%” 2
.——O‘*“""“%ﬁaﬁ



\\\\\\\\\\\\\\\\\\\\\\“\\\\\\\\\\\\\\\\

2011639731



e | wIEE | b iR 3L e AUEA R A 1]
Ag| f fit
bﬂ*ﬂk ﬂﬁ 082 Synthesis of One Dimensional Gold Journal of 2010.962718
: {EBJE" ﬁy_ﬁﬂf Nanostructures Nanomaterials '
Tk it
7 K0 fE fii
Heisenberg—like ferromagnetism |Journal of
2 |#tiFrsE #HFZ| 082 |and percolative conductivity in |magnetism and 2010,Vol.322
the half-doped manganite Magnetic Materials
iti i f th
3 |stges sz | osg [CFitical properties of the PHYSICAL REVIEW B [2010,Vol.81
perovskite manganite
Invesrigation of charge order
By g | ogg [maneanites ica B 2010,V0l.405
! e %(Eé v Ndy. 5Cag, sMng_ 9580, 025B0. 02503 (A=Ti/Ru phywieq
:B=Cr/Ga)
5 |Burs Pz | 082 Magnetocalor}c ElaRLE Gh fmdis physica B 2010,Vol.405
doped manganite
s o Spin filter effect and large
Z:F/llbkl_‘ HIJ%( . " )
6 17 082 |magnetoresistance in the zigzag |Eur. phys. J.B 2010,Vol.73
- graphene nanoribbons
S = : :
7 A5 B 082 crossed.Andr(.eev reflection on a Jourr'xal of Applied 2010,Vol.108
% topological insulator Physics
y Spectroscopic investigations on
FHE 4+ o Journal of
i 2010,Vol.970
8 WL 082 the.blndlng of dle.lZOl to T T ———
bovine serum albumin
EFFE THE g e .
S K M IA T iU RENICoCrAITaReSIY | . o 2010,Vol.39,No.1
9 | 082 i erpyomps Bt @RIHS TR ]
L WARN o
FEFE ek
10 |G #ad% | 082 | mUBIRES RTFHF4 LU0 ek YyB S 2010,Vol.30,No.1
¥ MEEE #AZ
FEFHE P
11 |GG #HFz | 082 |/ il i Se 50 R v ie LB 53 2010,Vol.30,No.3
XI/INEE EIE
Hopf bifurcation in a synaptically Proceedings of the 9
12 |9KEIFE 4% | 082 |coupled fhn neuron model with two  |international FLINS 2010
delays conference
ESABoR L] . .
’[’:fiyj T‘k‘ii‘ Novel model for iteration step . —
13 i“ﬁ& HEz 082 [selection in image denoising using total = YRIBIDE eeince 2010,Vol.58
RN variation technique AR
A7
R P+ Study on serum fluorescence soectra |African j | of
14 |- - | 082 [ EARORE & 2010,V0l9(6)
AR 7 based on wavelet transform Biotechnology
kAR M
A Novel Measurement System for Dry
15 2/‘;\% fﬁ? 082 [Rubber Content in Concentrated Latex :Eoulrn:I o Triting and 2010,Vol.38,No.5
A WL Based on Y-type Optical Fiber vaiution
2135 A A novel image denoising algorithm in Engineetin
16 X ##% | 082 |wavelet domain using total variation o utatigns 2010,Vol.27,No.7
AR and grey theory .
P I ki Mz 39 S e ] o % e
ariedE Tl SR ARLE R RIEALT I L, v ;
18 |t sz | 082 | MWL |2010,V0l30,N0.3
B ER Ho% A novel measurement system for dry
L /NER hit rubber content in concentrated International Journal of
171, ) 082 ) . 2010,Vol.5(3)
gkAR A natural latex based on annular Physical Sciences
Al i1 photoelectric sensor




TRRTET B - o
A8 ST
£/ % . .
26 EAAE i+ g2 |AM Improved Partic‘le Swarm Journal oflnfo.rmatlon 2010,7,2
X 7 Optimization Algorithm Based K-means|and computational
FRAME i+ aaa 1A Novel Method of Medical Image Journal of information 2010.7.2
21 WX BT Registration Based on Feature Point _ |and computational "
BUALE A —— G
T O EASERE M Zernike EMT |,y ua o 4= snan
LY b £ 2 | 082 |F ; i - BANFR I 2010,Vol.31,No.4
2 (BEBHI | 082 | g3 et miy ik R
===
Priz 1+
. . P AL i A oy 025 i Y oo Sl
R it WiRrR) %
Attt
e
iy } ) ) . ) i e A
- [t & - A Novel Algorithm for Microcirculation ?@%%E%Th? 2010,Vol.19,No.3
=F Wt Image Enhancement R CHESCRRD
% L
KA T S A =
25 [sup s | osp [WIWSSRMMKIEIAANREN, ) 2010VolL31 N0
. r’ He
KM st ) .
TTODI4ZL ARYGAEREEWF |, 2010,Vol.31,No.1
26 |57 Hz _- %T ILLAM AR R G4 A 7R A o151 .
4 -
I o> PR R B R =% .
=B
A= BT CH+IABE T M REEMBHRE IR | o p e e
28 | 082 Bl Sl SR EMAREIRE 2010,Vol.29,No.2
5 %k BN i0h RS -
Magnetic and magnetostrictive
09 |miease i | os2 properties in high-pressure Journal of Alloys 9010. 506
synthesized DY,_,Pr,Fe; 3 (0<x< [Compunds ’
1) cubic Laves alloys
Near—field Coupling Effect
30 |#:EAF ElE | 082 |Between Individual Au Plasmonics 2010, 5
Nanospheres and their
T Surface-Enhanced Raman INEC
2 afi BlE
31 [9KRAL R | 082 Scattering from Different VOLSLAND 2010 2
Surface—enhanced raman
32 |9k P4l @S| 082 |scattering from silver Appl Phy A 2010, 100
nanostructures with different
- i A
él’fg‘ ﬁj‘;‘: Synthesis of High-Yield Gold Journal of
33 |’ 7;/ ﬂf 082 [Nanoplates:Fast Growth Assistant with R 2010.969030
i’ﬂi B Binary Surfactants S
s ﬂ& Formation of gold and silver !
FEK A+ L Journal of Solid State
34 AR it 082 |nanostructures within Chermlstry 2010,Vol.183
olyvinylpyrolidone (PVP) gel
gy polyvinylpy (PvP) g
W R f
T # B B P YR 28 2 HE O I8 B8 T TR [ ) g e
35 o 082 |5 “ et 201 ; .
7 5L 43 BT MR 010,Vol.30,No.5
XA SC #F%
F K A+ Gold Microplates with Well-Defined
082
3 | s s Small 2010,Vol.6,N0.16
Xal




MRIZES fil -t
T &0 Bl Electrically Controlled Transverse Symposium on

37 |32 082 |Superresolution Filter with Axial Focal |Photonics and 2010.978
B Shift Optoelectronics
g X
VFHaHE fin

oy o} = < Tl .
i [EFEER [T R R R B 2010,Vol.28,No.1
7 S N [
g o R 60
iR BT
A
FrE A foit
T R4 B
ﬁ NED b 0 Sl I8 e S e i i
39 |BEN 244 | 082 %u)r;iﬂﬂﬁLAAloav}K&y't’-’f# PR 2 2010,Vol.30,No.1
3210
B R -
M ¥4
AR Aot =
FRA EIE O . .
Study of Digital Silicon Piezoresistive SA e
FH4 ISE 201 : 2010.12
# f—}‘f&ﬁ e Pressure Sensor with High Precsion ICISE J0107 35
i ks e First-principle study on the
/\g 2 a
41 ?{;;i T;;; 082 |structure,electronic,and Physica E 2010,Vol.43
e magneticproperties of Mn-

49 ﬂ%ﬁfﬁﬁ? it _— Coupled effects of sgeC and. uniaxial T —— 2010,Vol.21
itk force on phase transitions in copper
PRerEs i+ Structure,electronic and magnetic

43 Wik e 082 properties of Cr- PHYSICS LETTERS A 2010,Vol.374
;;;;iﬁ ;z;; The circulating in an Aharonov-Bohm

44 |# J_“’i ~ | 082 [ring with a quantum dot:Role of Physics Letters A 2010,Vol.374
H# "”Uaﬁ transport current and phonons
Bt I
?Hj;f Q;‘; Size-dependent strain effects on APPLIED PHYSICS

45 :),‘A’»L"EL < | 082 |electronic and optical properties of Erine 2010,Vol.97
H ¥ B3 ZnO nanowires
[t 1 i#lJ‘fﬁ_

SR Electronic transport properties
AR € ) PORR PLOR SOLID STATE

46 | i 082 |of metallic graphene COMMUNTCATIONS 2010,Vol.150

Eif_ﬁ?”dﬁ nanoribbons with two vacanies
9 1 P o
gk & fiit Electronic structure and

A7 |Bile4r #F% | 082 |optical properties of single Physica E 2010,Vol.42
% o i walled ZnSe nanotubes
FHR it
Sl FARE 5 €574 Enhancement of blue emission in

DA = 3t 3+ A

48 ,ﬂ*/yt %&& 082 B NaYbF4Tm /Nd nanophosphors APPLIED PHYSICS B 2010,V0|101
g5 )y i+ synthesized by nonclosed LASERS AND OPTICS
SRR 65 hydrothermal synthesis method
24 B [

BB i+
" Curvature Effects on the
PRIRLL #4% . .

19 |permge i+ | 082 Magneism of Ultrashort Zigzag JOURNAL OF PHYSICS 2010.Vol. 114
. ; \'ﬁ : Carbon Nanotubes and CHEMISTRY C o
gKIe M B Nanographenes
M A7 B RS
HRHA AR T Spin-polarized current 1 of Aooli

50 |Fmesr ##% | 082 |generated by carbon chain and ggurr}a of Applied 2010,Vol.108
EEZ BB e finite nanotube L




EEE Mt

H 2Lz

HOARBOEE R T 7 AR B A

5 S TE R b g |PTAEA WA 2010,Vol.34,No.6
OL [EFFE YHIM | 082 |y ey A
I i v 2B
WEE e e aret | PSR AR 20108
52 | TFFX dhm | 082 |MobH K PAA 2 1k i) A PR o i vol.d? No.&
A7 M B #A%
e Electro-optic modulation on
53 XK #F% 082 nonlinear phase sh%ft.and. Opti?s~ ‘ 2010,Vol.283
REE fundamental transmission in Comminications
A 37 o quasi-phase—-matched second-
T WL
54 [FIE #HL| g, [Frequency-tunable J.Phys. D:Appl. Phys |2010,vol.43
et superconducting cloaking
kE2H =
?;%Si%%’ i+ Electrically controlled _ 2010,Vol.18,No.1
55 XA ##%| 082 |multifrequency ferroelectric OPTICS EXPRESS 5
F et cloak
R L
56 5{']7)21 HFz 082 AFrt'equency-.tunable?IoakWIth LiPhysD<AppLPhys. 2010,Vol.43,No.1
e semiconducting constituents 7
S SBFH
IS W F7 5B TR S AL S it K 2E P 2 s 0 U
57 |A&E Rl | 082 [FEBCFHEATR (2008480 M |WEE TR 2010,Vol.20,No.3
225 FlE T
gRAKHE BIE SPIN INTERFERENCE CAUSED BY )
2010,Vol.24,No.1
58 [mB4x2} 082 [SPIN-ORBIT INTERACTION IN Non- | odern Physics oLenio

MAGNETIC HETEROSTRUCTURES

Letters B

7




Hindawi Publishing Corporation
Journal of Nanomaterials

Volume 2010, Article ID 962718, 8 pages
doi:10.1155/2010/962718

Research Article

Synthesis of One Dimensional Gold Nanostructures

Hongchen Li,! Caixia Kan,' Zhaoguang Yi,'! Xiaolong Ding,'

Yanli Cao,' and Jiejun Zhu?

' College of Science, Nanjing University of Aeronautics and Astronautics, Nanjing 211100, China
2 National Laboratory of Solid State Microstructures and Department of Physics, Nanjing University, Nanjing 210093, China

Correspondence should be addressed to Caixia Kan, cxkan@nuaa.edu.cn

Received 25 September 2010; Accepted 2 December 2010

Academic Editor: Sherine Obare

Copyright © 2010 Hongchen Li et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Gold nanostructures with shapes of rod, dumbbells, and dog bone have been fabricated by an improved seed-mediated method.
It is found that the pH change (the addition of HNO; or HCI) and the presence of Ag* ions have a great influence on the growth
process and aspect ratios of these Au nanocrystals. UV-Vis-NIR absorption spectra for the Au colloidal show that the transverse
plasmon absorption band locates at ~520 nm, while the longitudinal plasmon absorption band shifts in a wide spectra region
of 750—1100 nm. The obtained Au nanostructures have been investigated by transmission electron microscopy, high-resolution
transmission electron microscopy, and X-ray diffractometer. Based on the characterizations and FDTD simulations, most of the
obtained Au nanorods are single crystals, possessing an octagonal cross-section bounded by {110} and {100} faces. One model for
the anisotropic growth has been proposed. It is found that slow kinetics favor the formation of single-crystalline Au nanorods.

1. Introduction

Noble metallic nanostructures are of great interest due to
their unique properties and promising applications in the
fields of optics, electronics, magnetism, and catalysis [1-
6]. Pt nanoparticles, for instance, were applied as catalyst
for the hydrogenation of organic and for selective reac-
tions depending on the crystallographic planes exposed by
their surfaces [5, 6]. For the case of optical properties,
absorption associated with the collective oscillation of the
conduction electrons or surface plasmon resonance (SPR)
has been studied for many decades. In recent years, several
special shapes and structures have been studied for Au
nanoparticles, such as nanorings, nanoplates, dog bones,
and nanoprisms. At present, the SPR absorption for arbi-
trary geometries can be theoretically calculated by discrete
dipole approximation or finite difference time domain
(FDTD) solutions (FDTD supplies a simple, convenient,
and systematic approach to calculate the optical response
of a nanostructure with arbitrary symmetry and geometry
by solving Maxwell’s equations on discrete grids). Both
experimental and theoretical studies show that the number
and position of the plasmon resonances as well as the spectral
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range for surface-enhanced Raman scattering (SERS) of
metal nanostructures have a strong correlation with their
exact morphology and the aspect ratios [1, 7-12]. For
example, cylindrical Ag nanowires show one resonance
whereas several resonances are expected for Ag nanorods
with triangle and other profiles [8, 9]. Two distinctive
plasma resonances usually appear in the optical absorption
spectra. In addition to a weak transverse surface plasmon
resonance (SPRt) roughly in the visible spectral region (500—
530 nm with different solvents), a strong longitudinal surface
plasmon resonance (SPR| ) shifts from the visible to the near-
infrared (Vis-NIR) region with increasing aspect ratios of
Au nanorods [10-12]. This strong polarization sensitivity of
SPR absorption in the NIR region is an efficient converter
of photon energy to thermal energy, which opens new
possibilities for many attractive applied fields. Due to their
facile synthesis, ease of functionalization, biocompatibility,
and inherent nontoxicity, Au nanoparticles are being devel-
oped as ideal biological applications, such as gene delivery,
cell imaging, photothermal therapy, and anticancer drug-
delivery technology [1, 13-17]. More recently, it is reported
five-dimensional (the wavelength, polarization, and 3 spatial
dimensions) optical recording mediated by the SPR of Au
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nanorods, which allow multiple patterns being stored in the
same volume [18]. Under irradiating recording layers doped
with Au nanorods of different aspect ratios, the selected
nanorods with a certain SPRy on resonance with the laser
light wavelength and polarization would melt. When the
readout laser light is implemented, the contrast exhibits.

For fundamental and applied interest, study on the well-
controlled shapes and novel structures of Au nanostructures,
therefore, has become a very important issue. For one
dimensional Au nanorods, different approaches have been
demonstrated for synthesizing Au nanorods, including hard
templates (such as ALO3; membrane and mesoporous silica)
assistant deposition approach [12, 19], electrochemical or
photochemical reduction with surfactants [20, 21], and seed-
mediated methods [22]. Recently, some groups reported the
synthesis of branched and multipod-shaped metal nanos-
tructures with sharp edges and corners [23-27]. Calculation
on the fields around nanoparticles show that surface charges
are accumulated at the sharp corners that exhibit strong
enhancement of an electromagnetic field [28], which makes
the nanostructure an excellent candidate as SERS substrates.
At the same time, contrast studies on the SPR of these quasi-
one-dimensional Au nanostructures demonstrate that the
shape and position of the SPRy was not only sensitive to the
aspect ratio but also influenced by additional details of the
rod shape and in particular by the natural transition from
cylindrical to flared, dog bone, bipyramidal, and dumbbell
[29-32].

Here, we report the synthesis of Au nanorods, dumbbells,
and dog bone through an improved seed-mediated at room
temperature. It is found that the addition of acid, Ag*
ions and a second surfactant is crucial in both improving
the shape and controlling the aspect radios of Au product.
A growth model was proposed based on the results.

2. Experimental Section

2.1. Materials. Hydrogen tetrachloroaurate (HAuCly-4H>O)
was purchased from Shanghai Chemical Reagents Company.
L-ascorbic acid (AA, 99.7%) and sodium borohydride
(NaBHy, 96%) were obtained from Sinopharm Chemical
Reagent Company. Cationic cetyltrimethylammonium bro-
mide (CTAB, 99%) and benzyldimethylhexadecyl ammo-
nium chloride (BDAC) were obtained from Nanjing Robiot
Company. All other reagents were used without further
purification. Deionized water used throughout the experi-
ments was purified by a MilliQ system (18.25 MQ).

2.2. Synthesis. Seed solutions were generated firstly with a
strong reducing agent (NaBH,), followed by preparation of a
growth solution with a weaker reducing agent (AA) to grow
Au nanorods. In the improved process, chemicals of HNOs,
AgNO;3, and BDAC were applied in the growth solution for
the understanding of growth mechanism of final product.
The details of the process are the following.

2.2.1. Synthesis of Au Seeds. 10 mL CTAB (with molar con-
centration [CTAB] = 0.1 M) was mixed with 0.05 mL HAuCly
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solution ([HAuCly] = 0.05M). Then, 0.6mL NaBH;4
([NaBH4] = 0.01 M) was injected into the solution under vig-
orous stirring. The as-obtained seeds are very active indi-
cated by the color change from brownish to red within one
day.

2.2.2. Synthesis of Au Dog Bones, Dumbbells, and Nanorods.
CTAB was dissolved into10 mL deionized water ([CTAB] =
0.1 M) as growth solution. Then, solutions of 0.2 mL AgNO3
([AgNOs] = 0.004M) and 0.1 mL HAuCly ([HAuCl] =
0.05M) were added to the growth solution. When 0.06 mL
AA ([AA] = 0.1 M) was added, the solution color changed
from orange to colorless. Finally, 12 uL of the as-prepared
seed solution was injected into the growth solution. Under
this condition, Au nanostructures with shapes of dog bones
and dumbbells were synthesized. In order to fabricate Au
nanorods, different amount (0.1 mL, 0.2mL, 0.3 mL, and
0.4mL) of acid (HNO3 or HCI with concentration of 1 M)
was employed in the growth solution. When BDAC was used
as a cosurfactant, Au nanorods with large aspect ratios were
obtained.

2.3. Characterization. The absorption spectra of the pre-
pared samples were collected using a UV-Vis-NIR spectrom-
eter (SP-752PC) in the wavelength range of 200-1100 nm.
The products were purified by centrifugation at 14000 rpm
for 20 min. Precipitates were centrifugated repeatedly with
deionized water. Then, the samples were deposited on copper
grids covered by an amorphous carbon film, HRTEM grids,
and glass slides for further measurements. Microscopic
observations were carried out using transmission electron
microscope (TEM: JEOL-100CX) and high-resolution TEM
(HRTEM: JEOL-2011). XRD measurement was performed
on a diffractometer (Ultima-III, Rigaku).

3. Results and Discussion

3.1. Microstructure and Optical Absorption of Au Nanostruc-
tures. As described in the experimental section, Au dog
bones and nanorods were prepared, respectively, in the
absence and with the presence of HNO; with CTAB as
surfactant. Figure 1(a) shows the UV-Vis-NIR absorption
spectra for the Au colloids of dog bones and nanorods.
In contrast to Au nanorods, the SPRr of dog-bones is
wide. Upon addition of HNO3, the SPR position changes
from 767 nm to 860 nm, indicating the aspect ratios of Au
nanorods increase. It is found that the reduction rate of
Au?" ions decreases when acid (HNO; or HCl) is added
in the growth solution, which facilitates the formation of
Au nanorods with large aspect ratios. The structures of
the products were characterized by TEM measurements.
The SAED patterns indicate the single-crystalline nature of
the obtained Au nanocrystals. The dog bone is measured
to be 50nm in average length and 11 nm in diameter for
the middle section, and some of the products take the
shapes of dumbbell and cube, as exhibited in Figure 1(b).
The aspect ratio for Au nanorods in Figure 1(c) is ~4.5.
Usually, Au nanorods were available over Au dog bones by
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Ficure 1: (a) Vis-NIR absorption spectra of Au dog bones (curve-1) and Au nanorods (curve-2) prepared in the absence and with the
presence of HNOs, respectively. (b) and (¢) TEM images and SAED pattern of Au dog bones and Au nanorods corresponding to spectra 1

and spectra 2, respectively.

decreasing the content of AA or increasing the content of
“seed” solution even in the absence of acid [33, 34]. Instead
of these two strategies, it confirms that the addition of
HNOs is more efficient in modifying the dog bone in our
current work. Additionally, the chemical CTAB purchased
from different supplies would lead to quite different results;
sometimes no Au nanorods were obtained [35]. This could
be attributed to the difference of capping ability which
significantly influences the morphology of the final products.

To produce Au nanorods with large aspect ratios, a
surfactant mixture contained CTAB and BDAC ([BDAC]/
[CTAB] = 1.25) was applied in the growth solution.
Figure 2(a) shows the UV-Vis-NIR absorption spectra for
the colloid of Au nanorods produced with the presence of
CTAB/BDAC sampled at different stages. It is clear that the
absorption intensity of Au nanostructure increases during
aging, suggesting the increase of number and (or) volume
of Au nanostructures. The red shift of the SPRy position
indicates that the aspect ratio of Au nanorods increases
with time, which is opposite to the reported trend [36].
The recorded spectra also show that Au nanorods maintain
their overall shapes during growth process, implying proper

rate of Au supply in the colloidal solution. Thus, proper
reduction rate favors the formation of nanorods. For the
growth of Au dog bones and dumbbells, the formation
originates additional deposition of Au cluster at the ends of
the as-formed nanorods which could act as seeds.

In our experiments, the presence of HNO3z or HCI plays
an important role in synthesizing Au nanorods. For fully
understanding the role of acid, a series of syntheses were
performed by altering the content of HNO;. As shown in
Figure 2(b) for samples after addition of seed solution for
~24h, the SPRy band blue shifts with increase the content
of HNO3 from 0.1 to 0.4 mL, which offers a useful means
to systematically control the shape and aspect ratios of
Au nanostructures. Further results show that HNO; can
slow down the growth rate effectively. For example, the
solution became light red after 3h when 0.2mL HNO;
was added, while 5h was needed for this change with
addition of 0.3 mL HNO;. When HCI was applied, similar
results were observed. In the TEM image of Au nanorods,
several Au nanocubes were also observed, together with some
small nanoparticles as byproducts, as shown in Figure 2(c).
The aspect ratio of these nanorods is estimated to be
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FiGURE 2: (a) Vis-NIR spectra of colloidal Au nanorods aged for various times. Spectra from bottom to top correspond to samples aged for
1-8 hour and 1 day. (b) Vis-NIR spectra of 4 identical growth solutions with increasing HNOj3 (curve-1: 0.1 mL, curve-2: 0.2 mL, curve-3:
0.3 mL, and curve-4: 0.4 mL). Insets of (a) and (b) are the calculated spectra using FDTD solution for Au nanorods with fivefold twin and
octahedron cross section (water as medium). TEM images of Au nanorods prepared with HNO; (0.1 mL) (c¢) and HCI (0.2mL) (d) in a

binary surfactants of CTAB and BDAC.

~7 (the average lengths and diameters of nanorods are,
resp., ~70 nm and ~10 nm for Figure 2(c) and ~84 nm and
~12nm for Figure 2(d)), corresponding to the SPRy band
position at 1050 nm. Inserted in Figures 2(a) and 2(b) are the
FDTD calculated optical absorption spectra for the fivefold
twined Au nanorods and Au nanorods with octahedron
cross section (with aspect ratios of 3, 5, and 7, using water
as medium). The simulations indicate that the obtained
Au nanorods are not five-fold twined crystal, but single-
crystalline Au nanorods with octahedron cross section.

Figure 3 shows HRTEM images of representative Au
nanorods and dumbbells. The SAED patterns indicate that
these structures are single crystals. Au nanorods appear to
grow along [001] direction with side faces bounded by {100}
and {110} facets. Clear fringes parallel and perpendicular to
the growth axis are shown in Figure 3(a). The fringe spacing
is 0.200 nm, corresponding well with the lattice spacing of
{200} planes for Au crystal (0.203 nm). Similar structures are
found for Au dumbbells. Occasionally, the presence of {111}
facets were observed at two ends of Au dumbbell, as detailed
in Figure 3(b).

To further determine the structure characterization of the
Au nanorods, an X-ray diffraction experiment was carried

out. Figure 4 shows the typical XRD result of one sample. [n
the XRD profile, four diffraction peaks can be indexed to fcc
Au crystal though the background information is clear due
to a very thin layer of Au nanorods covered on the quartz
glass substrate. The XRD profile of the Au nanorods shows a
strong (111) diftraction peak, and the intensity of the (200)
diffraction peak is also strong. The enhanced (111) and (200)
diffractions indicate that the stack and elongation of {111}
and {100} facets mainly account for the crystals growth.

3.2. Growths of One Dimensional Au Nanocrystals

3.2.1. The Role of Halogen Ions. According to [37], ion addic-
tives, such as NaCl, KCIl, and NaNOs3, can serve as useful
“tools” to tailor the shape, aspect ratio, and yield of Au
nanorods. These addictives caused the SPR; band red shift
within the critical concentrations. Tonic strength in colloidal
solution has an effect on the size of soft template and
suitable ionic concentration can improve micellar structure
through reducing the repulsion between the neighboring
head group of CTAB [38]. However, further increasing the
ionic concentration may prompt a template transfiguration
from rod to bone. A series of studies, concentrated on
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FiGure 3: (a) HRTEM image of two Au nanorods recorded along
[100] direction. The inset shows the corresponding SAED pattern.
(b) HRTEM image of one Au dumbbell recorded along [110]
direction. The inset shows the corresponding SAED pattern.

Br~ ions pointed out that Br~ ions aided the formation of
structures covered with {110} and {100} facets [39, 40]. We
suggest that the major function of halogen is chemisorption
on Au crystal surface or chemical interaction between Au
crystals and surfactant. Proper concentration of halogen ions
avails the formation of single-crystalline Au nanorods with
large aspect ratios.

3.2.2. The Role of Ag" Ions. Originally, the seed-mediated
method without addition of AgNO3; was reported by Jana et
al. Au nanorods with high aspect ratio (~18) were obtained
for citrate-capped seeds, but the yield was very low [41].
Then, this method was improved to increase the yield
of Au nanorods through adding Ag" ions to the growth
solution [42]. In addition to a high yield of Au nanorods,
the SPRy, can be tuned in a wide wavelength range upon
increasing the concentration of Ag" ions. Based on the
soft template of CTAB, AgBr will be formed with addition
of AgNOs, which would decrease the charge density of
adsorbed CTAB molecules on Au facets and the consequent
repulsion between the neighboring head groups, favoring
the CTAB template elongation. Another model is that AgBr
would adsorb preferentially on special facets and direct the
rod-shape growth [33, 39]. Therefore, ideas can be expected

(111)

(200)

Intensity (a.u.)

30 40 50 60 70 80 90
20 (deg)

FiGure 4: X-ray diffraction profile of the as-prepared Au nanorods.
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FIGURE 5: Schematic illustration of proposed growth mechanism
responsible for the formation of nanorods, dumbbells, and dog
bones.

for the application of AgNOj. (i) AgBr adsorbs on the single
crystalline Au “seed”, promoting anisotropic growth into
nanorods. (ii) AgNOj3 has an effect on making Au nanorods
stable and protecting them from evolving into other shapes.
Otherwise, when no AgNOs; was introduced, the growth
solution turned red within 1 min after the addition of “seed”
solution, and the product is dominated by Au nanospheres.
In the experiment results, no Ag nanostructures were
obtained. This should ascribe to the fact that Ag* cannot be
reduced in the slightly acidic growth conditions (due to the
fact that any AuCls~ present is an oxidant with respect to
Ag(0)).

3.2.3. The Role of CTAB and BDAC. Undoubtedly, the key
factor for prompting the formation of Au nanorods is the
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molecules of CTAB. CTAB possesses an ammonium head-
group and a hydrocarbon tail which maybe a driven force
for the combination between Au and CTA*. CTAB forms
micelles above its critical micelle concentration. It is widely
accepted that CTAB prefer to bind to the side surface of
Au nanorods through Br~ ions chemisorbing on the side
surfaces [43]. Thus, the side surface is well protected from
further deposition. When all conditions remained the same
except for the length of the surfactant tail, Au nanorods
with high aspect ratios were obtained upon increasing the
length of surfactant chain [39, 44]. Others proposed that
CTAB micelles acted as a soft template for controlling the
shape and size of particles. Au atoms reduced were trapped
by the preformed templates, leading to the formation of Au
nanorods [37, 38]. In our experiment, solutions of CTAB
and CTAB/BDAC were prepared and kept at 10°C. CTAB
precipitate was observed in the solution within 30 min, but it
took much longer time for the appearance of CTAB precipi-
tate in the mixture solution. This observation demonstrated
that the solubility of CTAB is improved dramatically in
the CTAB/BDAC mixture solution, and that the templates
became more flexible, as evidenced by the elongation of Au
nanorods upon aging. Moreover, it is found that the growth
of Au nanorods is more time saving in the single-component
surfactant than in the binary surfactant mixture.

3.2.4. Growth Model for Different Shapes. For the case of
crystal growth in solution phase, the final structure of
crystal is determined by both kinetic and thermodynamic
effect [9, 45—47]. It is known that thermodynamic control
always attempts to minimize the total interfacial free energy
of a crystal. However, in the chemical synthesis with the
presence of surfactant, the slow reduction rate of Au®* ions
provides the possibility for the highly anisotropic growth.
The coverage of {110} facets on nanorods seems to deviate
from thermodynamic control. This should ascribe to that
the surfactant CTAB molecular usually binds to {110} facet
with preference, and that the Au atom spacing on the side
faces ({110} or {100}) is comparable to the size of the
CTA™ headgroup [39, 48]. Therefore, the single-crystalline
Au nanorods have an octagonal cross-section covered by flat
1100} facets (the truncated corners are bounded by {111}
and {110} facets) with sidewalls of {110} and {100} facets.
In our postulation, the free Au and Au-CTAB complex
coexist in the growth solution with different affinity to
crystal facets. The Au-CTAB complex are preferred to the
{110} facets at the corner of Au rods, while the free Au to
the {111} facets. The deposition rate of free Au on {111}
facets is faster than that of the bonded Au on {110} facets,
which results in the elongation of {110} facets. The growth
mechanism of these Au nanostructures can be depicted as
schematically illustrated in Figure 5. The {110} facets are
not thermodynamically stable and easily evolve into {100}
facets with the aid of surfactants, forming the octagonal
cross-section covered by both {110} and {100} facets. With
increasing the kinetic rate, the rods change from a cylindrical
form to a dumbbell and further to dog-bone. A large kinetic
rate facilitates the appearance of {100} facets and thus, dog

Journal of Nanomaterials

bones dominate the products and then degrade into the
cubes.

4. Conclusions

In summary, we conducted the synthesis of single-crystalline
Au nanorods, dumbbells, and dog bones in solution phase
that contains surfactants with the addition of acid. Through
comparing the results, we can see that changes of PH value
(by adding HNO; and HCI) can modify the morphology
and tune the aspect ratios of the final products. The SPR
of Au nanorods can be tuned in a large spectra range of 750
1100 nm, which is important for the potential applications
related to this property. A growth model is proposed, in
which kinetics and thermodynamics are employed.
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1. Introduction

Perovskite manganites R;_,AxMnO3 (R=trivalent rare earth,
A=divalent alkaline earth) show a great variety of fascinating
properties such as colossal magnetoresistance (CMR) effect and
electronic phase separation [1-4]. It has been extensively
accepted that the double exchange (DE) effect in which eg
electrons hop between Mn®* and Mn** visa oxygen ions with a
strong on-site Hunds-rule coupling is essential for understanding
the magnetic and transport properties in manganites [5]. How-
ever, if the DE effect is solely considered, the calculated resistivity
obviously deviated from the experimental observations [6,7].
Then, a electron-phonon coupling was included due to
Jahn-Teller lattice distortion [8,9].

Besides CMR effect, another intriguing phenomenon of charge
ordering (CO) phase has been frequently observed in manganite. As
we know, for the half-doped manganites Rg sAg sMnQOs, the CO phase
reveals a periodic arrangement of Mn®>* and Mn** ions. Usually, the
CO state can be kept stably in manganites, except for some extreme
exoteric perturbations. For example, Tokunaga et al. [10] found that
the CO state still remained stable even under magnetic fields up to
27T in Pr(Nd)osCapsMnOs. In addition to the external field,
quenched disorder arising from the local lattice distortion and/or
doped impurities can significantly modify CO state. A few percent

* Corresponding author.
E-mail address: fanjiyu@gmail.com (J. Fan).

substitutions of Cr easily destroy the long-range CO phase and
induce the ferromagnetic phase locally, which results in the phase
separated ground state with both CO and FM clusters randomly
distributed [11-13]. However, our recent research shows that
the paramagnetism-ferromagnetism (PM-FM) transition and
insulator-metal (IM) transition are observed in the half-doped
manganite Ndg 551025Cag25Mn0O3 [14]. Due to the large mismatch of
ionic size between Ca?* and Sr** (rq,=1.18A, rs=131A), a
considerable disorder on A-site causes inhomogeneous strain field
so that it is impossible to form a long-rang CO phase. However, for
the reason of PM-FM phase transition and IM transition, it is not
very clear in the present system. In this paper, we measured the
static magnetization around Curie temperature (T¢) and investigated
the critical properties. The obtained critical exponents are close to
that predicted by a three-dimensional (3D) Heisenberg model. It
suggests that the observed ferromagnetism is short-range magnetic
interaction.

2. Experiment

Polycrystalline sample Ndg sCag255r025Mn03 was synthesized
by the conventional solid-state reaction method with high pure
Nd;03, SrCO3, CaCO3, MnO,. The detailed experimental process
has been reported in Ref. [14]. The Powder X-ray diffraction was
employed on Japan Rigaku D/max-ya rotating powder diffract-
ometer using Cu Ka radiation to check the structure and phase
purity. The samples were proved to be single-phase orthorhombic

0304-8853/$ - see front matter Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
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structure. The resistivity (p) was measured by standard four-
probe method. The magnetization (M) measurement was
performed using the Quantum Design Superconducting Quantum
Interference Device under 0.01 T magnetic field in the range of
5-300 K. The M(H) curve was measured with sweep field from 0 to
3.0T. Moreover, in order to ensure a perfect demagnetization of
the samples, each measurement was performed only after the
sample was heated firstly above Tc.

3. Results and discussion

Fig. 1(a) shows the temperature dependence of magnetization
and resistance for Ndg 5Cag 255r0.2sMn0O3 sample. The conductivity
of Ndg5Cag.25Sr0.2sMn03 displays an IM transition at Tj,=175K.
Correspondingly, a PM-FM transition occurs at the same
temperature. Generally, as for the half-doped manganites, the
charge ordering state and antiferromagnetic phase are ubiquitous.
However, in the present materials, these characters have not been
observed. In our previous investigation [14], we have suggested
that the A-site cation disorder induced by the size mismatch
between Sr2* ion and Ca?* ion was mainly responsible for this
phenomenon. However, for further understanding the above
behavior, two important questions about PM-FM transition
should be firstly considered: one is the order of phase
transition, the other is the common universality class. To make
these issues clear, we investigated the critical exponents around
the region of the PM-FM transition based on the measurement of
isothermal magnetization as shown in Fig. 1(b).

As we known, the thermodynamic function around the critical
point can be expressed by a power law form. According to the
scaling hypothesis [15,16], a second-order magnetic phase
transition near Curie point is characterized by a set of critical
exponents, 8 (associated with the spontaneous magnetization M),
y (associated with the initial magnetic susceptibility y,),
o (associated with the critical magnetization isotherm at T¢).
The mathematical definitions of the exponents from magnetiza-
tion measurements are given below:

Ms(T) = Mo(—¢)#, €<0, T<Tc 1)
%' = (ho/Mo)e?, £>0, T>Tc )
M=DH'%, ¢=0, T=Tc 3)

where ¢ is the reduced temperature (T—T¢)/T¢, and Mo, ho/Mp, and
D are the critical amplitudes.
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In addition, near the critical point of a second-order transition,
the free energy G can be expressed in terms of the order
parameter M in the following form:

G(T,M) = Go +aM? + bM* —MH 4

where the coefficients of a and b are temperature-dependent
parameters. For the condition of equilibrium, ie. energy
minimization, 6G/éM =0, the magnetic equation of state is
obtained as

H/M = 2a+4bM? 5)

Thus, the relationship of M? vs. H/M should be shown as a
linear behavior around Tc. According to the criterion proposed by
Banerjee [17], the order of magnetic transition can be determined
from the slope of straight line. The positive slope corresponds to
the second-order transition while the negative slope corresponds
to the first-order transition. Fig. 2(a) is an Arrott plot of M? vs.
H/M. Clearly, in the present case the positive slope of M? vs. H/M
curves indicates the phase transition is a second-order PM-FM
phase transition. However, all the curves in the Arrott plot are
nonlinear and shows upward curvature even at high field
indicating the critical exponent of $=0.5 and y=1.0 is not
satisfied according to Arrott-Noakes equation of state
(H/M)'/? = (T=T¢)/Tc+(M/M;)'/# [18]. Namely, the mean-field
theory [16,19], which exponent is of f = 0.5 and y = 1.0, cannot be
used to describe the critical behavior in present
Ndg 5Cag.255r025Mn0O3 system.

In order to determine the critical exponents accurately, a
modified Arrott plot with Arrott-Noakes equation is used. As the
critical exponents f and y are correctly chosen, the modified
Arrott plot will produce a set of parallel straight lines. Using a
polynomial fit with Eq. (5) and extrapolating the data in Fig. 2(a),
the intercepts of the isotherms on the H/M and M? axes give the
values of yg'(T) for T>T¢ and Ms(0,T) for T <T¢, respectively.
Thus, one can plot the Ms(0,T) vs. T and x5'(T) vs. T curves, as
shown in set of Fig. 2(b). Then, using Egs. (1) and (2), the fitting
results produce two new critical exponents f and y. These two
new values of # and y are used to make the Arrott plot. The
procedure is performed repeatedly until the values of f and y do
not change. Finally, the modified Arrott plot is shown in Fig. 2(b).
With the final value of f=0.386(2) and y=1.174(4), one can
obtain a set of parallel lines around critical region. The obtained
critical exponents are close to theoretically predicted values of
3D-Heisenberg magnets (f=0.365 and y=1.336) [20,21].
Alternatively, the critical exponents can be obtained from the

b
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Fig. 1. (a) Magnetization vs. temperature and resistivity vs. temperature of Ndo sCag25Sr0.2sMn03; (b) magnetization vs. magnetic field at different temperatures around

the Curie temperature (Tc=175K).
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Kouvel-Fisher (KF) method as well [22]:

MT) _T-Tc ©)
dM(T)/dT ~ B
x'TM  T-Tc 7
G\ /AT 7 7
According to this method, M;(dM;/dT)~' vs. T and

%5'(dxg'/dT)™" vs. T should yield straight lines with slopes 1/8
and 1/, respectively. When these straight lines are extrapolated
to the ordinate equal to zero, the intercepts on T axis just
correspond to Tc. As presented in Fig. 3, the fitting results with KF
method give the exponents and T¢ to be of f=0.419(3) with
Tc=176.47(8)K and y =1.11(2) with Tc=176.32(2)K. Obviously,
the obtained values of the critical exponents and T¢ using the KF
method are in agreement with that using the modified Arrott plot
of 3D-Heisenberg model. The value of é was obtained by plotting
the critical isotherm. The inset of Fig. 4 shows the M vs. H plot on
a log scale for the M(H) curve at T=176 K. According to Eq. (3), the
data of the high-field region can be fitted by a straight line with
slop of 1/4. This gives the value of § =2.71(6).

Here, the obtained critical values can be compared with the
prediction of the scaling theory. In the critical region, the

magnetic equation can be written as
M(H,e)e™# =f. (H/eP+7) (8)

where f. for T>T¢ and f_ for T < T are regular functions [23].
Eq. (8) indicates that Me=# as a function of He~#+? yields two
universal curves: one for temperature T > T¢ and the other for
temperature T < Tc. As shown in Fig. 5, the experimental data fall
on two curves, one above T¢ and the other below T, in agreement
with the scaling theory of Eq. (8). This result indicates that the
obtain values of the critical exponents and T are reliable.
Moreover, the characterization of the critical properties with the
3D-Heisenberg model is appropriate in the present system.
Based on the results above, we can understand the PM-FM and
IM transition from the following scenario. In the present
Ndg5Cag25Sr02sMn0O3 system, even though it is a half-doped
manganite with the ratio Mn®>*:Mn** =1, CO characteristic is not
observed. On the contrary, its behavior is similar to that in the
ferromagnetic manganites Rp;A03MnO3 [24,25]. Due to the size
mismatch between Sr2* ion and Ca?* ion, the quenched disorder
causes Sr2* ions congregate some regions while Ca®* ions
accumulate in other ones. In the former region, it prefers to form
the FM coupling which produce a short-range PM-FM phase
transition as the decrease of temperature, but in the Ca?* rich
region, it tends to suppress the Mn®>*-Mn** DE and form
CO-antiferromagnetic (AFM) phase. Therefore, it is nature to form
the short-range FM interaction and the local CO-AFM phase. In
fact, from Fig. 1(a), one can find the magnetization exhibits a
noticeable decrease below T.. Moreover, in Fig. 1(b) and in our
previous research, the magnetization cannot reach saturation
around T¢ under 3 T magnetic field or at 5K under 6 T magnetic
field. It implied that the local AFM phase occurs at T <T¢. The
coexistence and competition between FM and CO-AFM phase
induces a spin glass state at low temperatures. According to
3D-Heisenberg model, the isotropic magnetic coupling belong to
short-range FM exchange interaction. Correspondingly, the
electronic transport should show an insulting behavior. However,
as shown in Fig. 1(a), the conductivity displays an IM transition.
We suggest that these phenomena can be understood by the
percolation model. With temperature decreasing, the thermal
fluctuation is weakened and the coupling between the short-
range FM phases is increased. The increasing FM component
forms a percolation channel around T. As it reaches the
percolation threshold, the electronic transport reveals an IM
transition even though the insulting CO-AFM phases are random



