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Q Solution-Liquid-Solid (SLS) Growth
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T.J. Trentler, Science 270 (1995) 1791.
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Q Solution-Liquid-Solid (SLS) Growth
Ex) GaAs (In catalyst)
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Fig. 1. TEM images of GaAs nanowire specimens of various mean diameter:
a) dyire =35.99 nm, b) dyire=7.25 nm, ¢) dyire= 11.83 nm, d) dyire = 16.84 nm. H Yu’ AdV Ma‘ter 15’ 416 (2003)
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Q Solution-Liquid-Solid (SLS) Growth
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1 Template-based

- anodized alumina membrane
radiation track etched polymer {
membrane

surfactant
complete molecule
filling I
Semee | l
iz | REEH Fig. 8. Schematic illustrations showing the formation of nanowires by templat-
{ bR \ ing against mesostructures self-assembled from surfactant molecules: A) forma-
; tion of a cylindrical micelle; B) formation of the desired material in the aqueous
phase encapsulated by the cylindrical micelle; C) removal of the surfactant mol-
incomplete ecules with an appropriate solvent {or by calcination) to obtain an individual
filling nanowire. D-F) Similar to the processes illustrated in (A-C), except that the

- . . . . . . exterior surface of an inverted micelle serves as the physical template.
Fig. 7. Schematic drawings illustrating the formation of nanowires and nano- y

tubes by filling and partial filling the pores within a porous membrane with the

desired material or a precursor to this material [70,79]. SurfaCtant mOIeCUIeS Self-organized
N into rod-shaped micelles
- concerns. _Wettab”'ty of the pore Hydrophobic cationic surfactants:
inert template - CTAB (cetyltrimethylammonium bromide)
control of shrinkage during - TOAB (tetraoctylammonium bromide)

solidification- nanorod/nanotube ~ AmPhiphilic Block Copolymers:
72 Nanomaterials - hydrophilic-hydrophobic segments

Y. A1g, Adv. Mater. 15, 353 (2003).
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SYAESISIoF Nano Materials- 1D from Liquid
d AAO (anodized aluminium oxide) template
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75 Nanomaterials

V.P. Parkhutik, J. Phys. D 25 (1992) 1258.

1. Regime 2. Regime

Electrolyte

ALO, AP+ 0Z/OH§

3. Regime 4. Regime

1. Regime : initially oxide growth dominates.
2Al + 30H" AlLLO, + 3H* + 6e
2Al + 307 ALO, + 6e-
2. Regime : dissolution becomes competitive,
barrier layer thin, and pore initiate.

3 & 4. Regime : approaches steady state where both
mechanisms occur at roughly the same rate.
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SyeEsIsioff Nano Materials- 1D from Liquid
d AAO (anodized aluminium oxide) template
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O Template-based (direct filling)-sol-gel

- filling of the template with a stable sol (capillary force)
- drying, firing (400, 120, 550°C), and dissolving in NaOH
ex) TiO,, ZnO, WO, (tltanlum |sopropox0|de zinc acetate WCIG)

immersion time 5, 25, 60s & “...':"“f; BN

tubules - fibrils : 3
crystalline (anatase)
c-axis oriented

Figure 6. SEM image of 200 nm diameter ZnO fibrils. Figure 8. SEM image of 200 nm diameter WO- fibrils.

B.B. Lakshmi, Chem Mater. 9 (1997) 857.
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O Template-based (direct filling)-melt

ex) Bi (AAO, 325°C (T, z=271.5°C) for 5h, Ar of ~300 bar)
dissolving AAO in H;PO,+CrO;,
| (a)

exposure to air for 4h

4 um

- 109nm

—_——
—

.

exposure to air for 48h
amorphous oxide

79 Nanomaterials
empty Z. Zhang, Chem Mater. 11 (1999) 1659.
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O Template-based (direct filling)-solution
ex) Au, Ag, Pt (mesoporous silica (SBA-15), HAuCl,, AgNO,, Pt(NH,),(NO,),)
aqueous solution, CH,CI, treatment, reduction in H,

—— o
Séna

Figure 3. TEM micrographs of the unsupported Pt nanowires
Figure 2. TEM micrographs of nanowires within the frame- ebtained by removal of silica framework with aqueous HF

. ; ”(“ HS§ R work of SBAI5: (a) AwSBA-15; (b) Ag/SBA15: () PUSBA- solution.
E:( A - £ Baiahe- ®eT 15 TEM micrographs were taken with a 2000 FX JEOL
- g : = instrument operating at 200 kV.

98 548. Y .-J. Han, Chem. Mater. 12 (2000)2068.

.

D. Zhang, Science 279 (19
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SYAESISIoF Nano Materials- 1D from Liquid
d Template-based (direct filling)-solution

'\, - (Gasification) -
eX) @arbon coahn@ w Melai salt | Hydrothermal = of =
f 'l.' ﬁ +' : # E ﬁ, —
¢' Prnpwene CVD +, 4 NIINOS)/CHOH it -‘f‘ 10M-NaOH sol. = Q,/600C B
g ‘)j it 150°C, 2ah = 2
L ' g = =
1/ g7-30nm (—=) = — —
Anodic aluminum  Carbon coated film Ni'C/ALO: composite  Ni/carbon nanotube  Nanorods
oxide film composites

Fig. 1. Schematic illustration of the synthesis of nanorag
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K. Matsui, Adv. Mater.
14 (2002) 1216.




@D U-IEa7EY

Korea Nano Technology Research Society

SYAESISIoF Nano Materials- 1D from Liquid
O Template-based (direct filling)-polymerization
ex) polypyrole polyacetylene

Figure 1. Scanning electron micrograph of template-synthesized poly-
acetylene fibrils.

Figure 1. Electron micrographs of surfaces of 1.0 um pore diameter
82 N Nuclepore membrane: (A) virgin membrane and (B) after 1 min poly-
pyrrole polymerization period (see text).

Z. Cai, J. Am. Chem. Soc. 111 (1989) 4138. W. Liang, J. Am. Chem. Soc. 112 (1990) 9666.
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SYAESISIof Nano Materials- 1D from Liquid
Ag/polypyrole

100 nm
A nm

O Template-based (direct filling)-polymerization

ex) composite
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83 Nanomaterials
S. M. Marinakos, Chem Mater. 10 (1998) 1214
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O Template-based (direct filling)

ex) silica (TEOS)-surfactant (PEO-PPO-PEQ)

Figure 1 SEM images of PAA membrane and TEM images of free-standing mesoporous silica fibres and silver mesostruetured nanowires. a, SEM image of the Y WU, AdV M ater.
starting PAA membrane. b, SEM image of the PAA membrane cross-section after loading with mesoporous silica. ¢, TEM image of free-standing mesoporaus silica fibres,
d, TEM image of Ag nanowires with inverted mesostructures after their release from the oxide matrix. Scale bars: 100 nm in a and b, and 50 nm in ¢ and d. 3 (2004) 816
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jJano Materials- 1D from Liquid

ex) silica (TEOS)-surfactant (PEO-PPO-PEOQ)
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Figure 3 Representative TEM images of mesostructures formed inslde alumina nanochannels with ditfering confinement dimensions. The confining nanochannel
diameter is indicated underneath each image. a1, Silver inverted mesostructures prepared by backfilling the confined mesoporous silica; |-k, free-standing mescporous
silica fibres; 1, mesoporous sllica embeddad inside the alumina nanochannels obtained using a focused ion beam for sample preparation. The structures are a, three-layer
stacked doughnuts; b, S-helix; ¢, core—shell D-helix, In which the core and the shell are both S-hellx; d, core—shell triple-helix, In which the shell is a D-helix and the core

is a 5-helix; e, D-helix; 1, g, S-helix with a straight core channal; h, D-helix; I, ] inverted paapod structure with two lines of spherical cages packed along the long axis of the
alumina nanochannel; k, I inverted peapod with one line of cages.
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Y. Wu, Adv. Mater.
3 92004) 816.
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 Template-based (electrochemical deposition)
Basic Terminologies

U Reduction/Oxidation, Electron Accepter/ Donor,

 Anode/ Cathode
Oxidizing/ Reducing Agent &

U Half cell reaction/ Overall reaction ) T _ El )
Anode A » AT+ e ' CA By
Cathode B + e » B- Anode A7 B_Cath{:-de

A+ B - A" + B
Oxadized Reduced A B
Electron donor  Electron acceptor e- % e e
Reducing agent Oxidizing agent 16
< -
A B-

86 Nanomaterials
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 Template-based (electrochemical deposition)

Electrochemical Cells — Two Electrode System

 Components of the cell
- Electrodes
- Anode
- Cathode
- Solution
- Electroactive species — =S
- Supporting electrolyte s
- Solvent o
- Separator WHietd g4 I
- Wire
- Voltmeter, Ammeter T
Zn— Zn* + 2 Co* +2e - Co

)= - +)=3

B
b

1T Fii7a 44
w /T
Cu?*

* Electron transfer (or redox reaction)
always accompanies ion transfer.

87 INarrndterials
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d Template-based (electrochemical deposition)

When a metallic salt is dissolved in water, it dissociates to form positively
charged ions. The solution that contains these charged ions is referred to as an
electrolye or a plating solution. By passing a sufficient amount of electric
current through this electrolyte, one can reduce the metal ions to form solid
metal. This process is most commonly referred to electroplating or
electrochemical deposition.

Electrodeposition is carried out in a three electrode electrochemical cell
that contains a ""working electrode™ (PAA template), a "'reference electrode"
(Ag/AgCl), and a "'counter electrode™ (platinum gauze). For
electrodeposition to occur the working electrode must be conducting.
Unfortunately, PAA is a ceramic and so a 100 nm layer of platinum (or some
other conducting metal) must be deposited on the back side of the PAA
template prior to beginning electrodeposition.

g8 Nanomaterials
http://cobweb.ecn.purdue.edu/~mdasilva/Electrodeposition.shtml
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SYAESISieirNano Materials- 1D from Liquid

d Template-based (electrochemical deposition)

This in turn allows the positively charged ions to be accelerated towards the
bottom of the pores once the open side of the template is exposed to the
electrolyte and the current is applied to the conducting layer. When the ions
reach the bottom of the pores, it sees the electrons that are supplied from the
applied current and gets reduced to its metallic form. This is shown by the
following reaction where ""M"" represents some metal of ''n"* valency. In can
therefore be expected that for a 3+ gold cation in solution, 3 electrons would
be required to reduce the cation into its metallic form.

Power supply

—1|=
M*" + ne- ==> M e
| Amperometer

o]

Valtmeter

|
—
|

Metal anode

| Metal-solution
| interface

Metal cathode |
Metal-solution
interface

89 Nanomaterials
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O Template-based (electrochemical deposition)

For the electrodeposition of nickel in PAA for example, we might use a nickel
chloride salt which dissociates in water to form positively charged nickel
cations and negatively charged chloride anions. The platinum conducting
layer located on the bottom of the PAA template is negatively charged and so
It attracts the positively charged nickel cations. The electrons flow from the
platinum layer to the cations to reduce them to metallic form. Meanwhile, the
negatively charged chloride anions are attracted to the positively charged
platinum electrode (the counter electrode or anode). At the counter electrode,
electrons are removed from the platinum grid, oxidizing it to the platinum
cations.

The thickness of the nanowire is roughly directly proportional to the time
duration of the electrodeposition. In other words, the longer time the
specimen remains in the electrolytic bath, the thicker the resulting
electrodeposited layer will be. The thickness of a nanowire or nanowire

segment can vary from 5 nm to 50 um.
90 Nanomaterials
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 Template-based (electrochemical deposition)
ex) Ni

B

_|| NiCL6H,0 po .
: - - -

| H;BO, Fig. 2. SEM images of (A) a plan view
and (B) a cross-sectional view of an

array of 60-nm diameter Ni nanowires
embedded in the polycarbonate matrix.
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T.M. Whitney, Science 261 (1993) 1316.
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d Template-based (electrochemical deposition)
ex) Sb (pulsed) single crystal

I [,

WL 17

Fig. 1. a) A typical FEM image showing the general morphology of the antimony nanowire array. b) A typ-
ical FEM image showing the filling depree of the template and height variation of the nanowires. ¢) A

TEM image of antimony nanowires showing the morphology of individual nanowires. d) XRD pattern of ( )
the antimony nanowire array: the sole diffraction peak indicates the same orientation of all the nanowires. Y Zhang’ AdV Mater 14 227 2002 *
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Dimensions of nanowires synthesized by electrodeposition into AAO pores

Manowires Electrolyte Cell voltages (V) vs Diameter Length Aspect
Ap/AgC] electrode {nm) {pum) ratio

Aun 40 g/1 KAu(CN)z, 100 g/] —1 40 30 750
KH7POy4 aqueous solution 100 50 500
200 17 85
Cu 256 g/1 CuS0y aqueous —0.05% 40 20 500
solution 200 50 250
Ag Commercial Ag plating —0.9 40 1o 250
solution 200 50 250

93

4 —0.05 V vs a saturated calomel reference electrode (SCE).

B. Wu, J. Colloid Interf. Sci. 303 (2006) 611.
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O Template-based (electrochemical deposition)
diblock copolymer, cobalt nanowire

Al
" Spin casting

PMMA

- annealing above T, under E

Au
Kapton

cylinderical microdomain

speel away upper ele
UV exposure
rinse with acetic aci

} \acuum

> Unfilled Portion of
MNanoporous Film

Manowires COSO45H20
H;BO,

Co Manowire Array in
Copolymer Matrix

T.P. Russel, Science 290 (2000) 2126.
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O Template-based (electrochemical deposition)

gold coating = anode

Polypyrrole
nanotubules Polypyrrole film

95 Nanomaterials
L.Piraux, Nucl. Instrum. Meth. Phys. Res. B131 (1997) 357.
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O Template-based (electrochemical deposition)
- graphite surface (Pd, Cu, Ag, Au, MoO,~> MO)

* 73.nm
SCHEME 1: Two Methods for Implementing : N
Electrochemical Step Edge Decoration To Produce Metal SCHEME 4: Three Phases of Nanowire Sl
Nanowires Electrodeposition at Step Edges
e
. . step edd
graphite graphite N phase 1 .
Electrodeposition of Electrodeposition &:ﬁ." 107 nm o
metal oxide of metal .. _&-&u e
o = , PLALY

Reduction in Ihydrogen

to meta
Electrodeposition of Direct Electrodeposition of
Metal Oxide Nanowires Noble and Coinage Metal
Followed by Reduction Nanowires

Figure 2. Scanning electron micrographs of copper nanowires. These
nanowires were electrodeposited from the solution indicated in Table
1, using Epyy = — 800 mVscg and Egpy = —5 mVsce. The growth times
employed in each experiment were (a) 120 s, (b) 180 s, (c) 300 s, (d)
600 s, (e) 900 s, (f) 2700 s.

96 Nanomaterials
R.M. Penner, J. Phys. Chem. B106 (2002) 3339.
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Figure 19. (a and b) Scanning electron micrographs (SEMs) of Pd
mesowires prepared by electrodeposition from aqueous 2.0 mM PdCl,.
0.1 M HCL Egep = 0.3V, t3ep = 900 s; (¢ and d) from aqueous 2.0 mM
Pd(NO3);. 0.1 M HCIOy. Egep = 0.3 V, fgep = 150 5.

flﬂmg? RN&ﬂ@mt@ﬂal’&Cmﬂ Il‘ﬂCIOUIa]JIh of (7 ) nickel. Figure 15. SEMs of graphite surfaces following the electrodeposition

(b i 1( id dbv th t t tic donbl of MoO: nanowires at —0.75 V wvs SCE from a plating solution
| S1IVET, and C Z0ld nanow res prepared Dy the poten IO static Uil i containing 1.0 mM MoO4~. Nanowires obtained using a deposition
pulse method. ter, J. Phys. Chem. B106 (2002) 11407 duwton. @) e = 105 () fu =40 5: ©) ty = 16.0 5 @) tup =

256 s.
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O Template-based (electrochemical deposition)
- cleavage-edge overgrowth (CEQO)
- multilayer structure by MBE+ cleavage
- electroplating in citrate-complexed nickel-iron electrolyte

Cleaved edge of sample

[]Undoped INy oAl 40AS MBE grown layers InP substrate
[ Undoped In,s,Ga, ,;As -

@ Insulating N doped Undoped @

InP subsirate I AbeAS  InAs

nm=| 200

(—) | Cleaved edge
I S

s o~
® 9 oSV o
Wt Y . Depos

o cHCig metal nanowire

98 Nanomaterials
G. Fasol. Appl. Phys. Lett. 70 (1997) 2467.
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1 Electrokinetic Phenomena

Name of Property Mobile Example
Procedure Measured Phase
Microelectrophoresis
Electrophoresis Particle Particle Moving boundary
Mobility Electrophoretic transfer
Sedimentation Potential Liquid Sedimentation
Potential Potential
Streaming Potential Liquid Streaming
Potential Potential
Electroosmosis Pressure None Electroosmosis
Velocity Liquid

99 Nanomaterials
http://en.wikipedia.org/wiki/Electrophoresis
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ESIS off Nano Materials- 1D from Liquid

O Electrophoresis

electrophoresis is a motion of
Influence of that is

space non-uniform electric field is called

= Electric field strength

+ "‘___ _____ -
i +
+ i -

i i . ,+,_+._ : 5 +
electrostatic force 1 friction force
+ pr

: —_ }'_¥_..-+ -

clectrophoretic +
retardation force

+ = +

100 Nanomaterials

relative to a fluid under

. Alternatively, similar motion in

Strengthening
Pt black rod
electrode

c. 8cm

6/////////////7/////////// L,

Observation tube™

(Internal diameter: c. 2Zmm
Wall thickness: ¢. 0.05 mm)

Cross-section of

Microscope electrophoresis cell
objective

Light = .,/f -
= - ~_ Thermostat

http://en.wikipedia.org/wiki/Electrophoresis
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101 Nanomaterials
http://www.micromeritics.com/ http://www.lavallab.com/eng/zeta-eng/zeta-meter.htm
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L Template-based (electrophoretic deposition)

=A characteristic feature of this process is that particles suspended in a
medium migrate under the influence of an ( ) and
are deposited onto an . All colloidal particles that can be used to form
stable and that can carry a charge can be used in electrophoretic
deposition. This includes material classes such as , , ,
and

=The process is useful for applying materials to any electrically conductive surface.
The materials which are being deposited are the major determining factor in the
actual processing conditions and equipment which may be used.

102 Nanomaterials
http://en.wikipedia.org/wiki/Electrophoretic_deposition
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L Template-based (electrophoretic deposition)

. ] Negative
Positively c;arﬁed sol particles ____counter ions
- P -
& _ & K &
+ - &
Py L

I
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AT T T T R

7 //HWWW/?’J//?’/Z? T

103 Nanomaterials
S.J. Limmer, Adv. Func Mater. 12 59 (2002).
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Pdycarbonate membrane
Sel
Pt electrode
Precursors Solvents / Other chemicals pH
Ti0, Titanium (TV) isopropoxide Glacial acetic acid, water, -2
lactic acid, glycerol, ethylene
alycol
BaTi0, Titanium (IV) isopropoxide,  Glacial acetic acid, ethylene ~5
barium acetate glyeol
510, Tetraethy] orthosilicate Ethanol, water, hydrochloric ~3
acid
SrNbO, Strontium nitrate, niobium Ethylene glycol, ethanol, ~1
chloride citric acid, water
PW(Zr.,Ti)O, Lead (II) acetate, titanium Glacial acetic acid, water, ~4

isopropoxide. zirconium
n-propoxide

lactic acid, glycerol, ethylene
glyeol
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SYAESISIoF Nano Materials- 1D from Liquid

@i8183

Fig. 3. SEM images of a) BaTiO,, b) 510,
¢) Sr;-Nb,04, and d) PZT nanorods grown in a PC
membrane with 200 nm diameter pores by sol—gel
electrophoresis.

S.J. Limmer, Adv. Func Mater. 12 59 (2002).
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L Template-based (electrophoretic deposition)
ex) Pb(Zr,Ti)O,
- track-etched hydrophilic PC

101110y

PET powder

(112)(211)
@02)/¢200) A
(111
(L02W(201)4210) l
j\ PET manow ires

30 35 40 45 50 55 60

Relative intensity

20 (deg)

no preferred orientation

Fig. 1. a) PZT nanowires grown in a 100 nm diameter membrane. b) PZT nanowires grown in a 200 nm
diameter membrane. ¢) Close up showing the films to which the nanowires are attached. d) Image showing
the large area over which the wires are grown. The scale bar on all four images is 1 pm.

105 Nanomaterials
S.J. Limmer, Adv. Mater. 13 1269 (2001).
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 Template-based (electrophoretic deposition)
ex) ZnO

ZnO colloidal sol, AAO template -

(b)

25— Be 50mm .
|
T Fig. 6 Typical TEM images for ZnO arrays showing (a) a nanofibril
% and (b) a nanotubule.
E 00— .
o .
5
a 100 —| o®¢
& 15— . - ' — # - Solution A
.ﬂ gl —&—  Solution B
Co L o
10— . g
- %
i i R s Rt Ui AR A =
] [ T ] 9 10 2
pH =
Fig. 3 SEM micrographs of the deposited ZnO nanowire arrays T T T T T T
[1} 100 200 00 400

obtained at (a) 20 and (b) 200 V.
Voltage(v)

106 Nanomaterials
Y.C. Wang, J. Mater. Chem. 12 (2002) 2439.
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L Template-based (coating+dissolution)

polyelectrolyte (PDADMAC/PSS)-layer by layer deposition
PDADMAC/TALH(titanium bisQammonium lactato) dihydroxide)

é C(Ni)=—48

Nickel Nanorods

c1 PDADMAcb 1.PDADMAC
/ 2 TALH

A

1. Reflux
2. Dissolve Ni

™

Dissolve Ni

HCI

Figure 3. TEM images of (A) a nickel nanorod coated with
Figure 2. TEM images of (A) uncoated nickel nanorods, (B) ¢ t1tm:i1a-P;_') ADM?C co(;atn_lgk: EB) t1tz?11c1la-b2‘5; ccllr?aﬁot:ubes c:»?talr%ef
Polymer Nanotubes Titania-based Nanotubes nickel nanorod coated with eight layers of polyelectrolyte [(PDAD on dissolution of coated nickel nanorods, (C) a higher magnificatio
E ' - image of a nanotube, and (D) a high-resolution image of a com

MAC/PSS)q]. (C) polymer nanotubes obtained upon dissolution o: B S SE |
Figure 1. Schematic illustration of the preparation of pelymer and  {he sacrificial nickel nanorod. and (D) a higher magnification image p.oi'lte (titania PDADMAC) nanotube showing the titania nanopar
’ = = = ticles.

inorganic—organic composite nanotubes by the LbL-CT strategy. f 5 polymer nanotube

107 Nanomaterials
K. Subramanya, Nano Lett. 1 (2001) 727.
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SYAESISIoF Nano Materials- 1D from Liquid

O Template-based (coating+burn-out)

- suction filtering unit
- Zr(OnPr), in C,HOH, Al(O**¢Bu), in CCl,, SiCl, in CCl,
- calcine at 1023 K

1000

BOO —

monoclinic/tetragonal

600 —

h r (a)
y—AI%O(b)

,f N,, amorph®ls

| I I ] | 1
10 20 30 40 50 &0 70 a0

20 / degree
Figure 2. XED patterns of (a) ZrOs, (b) Al:Os, and () 5107 nanotubes.

intensity / cps

Figure 1. TEM images of (a) VGCF, (b) ZrO: nanotubes, (c) AlLOs
nanotubes, and (d) 510> nanotubes. The number of coating processes 1s 20.
The scale bars represent 200 nm.

108 Nanomaterials
VGCF (vapor grown carbon fiber) H. Ogihara, Chem. Mater. 18, 21 (2006).
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SYAESISIoF Nano Materials- 1D from Liquid

EI Template based (coatlng+burn out)

CNC1: carbon nanocoil
CNC2: carbon nanotube

Figure 3. TEM and SEM images of (a) CNT. (b) ZrO; nanotubes
synthesized using CNT (the number of coating processes 1s 40). (c) CNCI1,
(d) ZrO; nanotubes synthesized using CNC1 (the mumber of coating
processes 1s 40), (e) CNC2, (f—1) 5107 nanotubes synthesized using CNC2
(the number of coating processes 15 20). (§ and k) ZrO:; nanotubes
synthesized using CNC2 (the number of coating processes 15 10). and (1)
Al;O3 nanotubes synthesized using CNC?2 (the number of coating processes
15 20). The scale bars shown i panels a and b; e; and c. d, and {1 represent
30 nm, 1 gm, and 200 nm, respectively.

H. Ogihara, Chem. Mater. 18, 21 (2006).
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Ethylene glycol

Cation Exchange Ag*I Cd>* PVP

methanol

110 Nanomatt

U. Jeong, Chem Phys. Lett 415 (2005) 246
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Galvanic Replacement Reaction
1. Alloy formation

2. Hollow structures

Ex) Ag+HAUCI,

3. dealloying

Cross
section

IIU

Anade Reaction: 3Ag — 3Ag" + 32 \ (D}

B Aulag Cathode Reaction: AuCld + 3@ ——= Au+ 4C1°

{11}
(G) . (F) ‘ (E)

I._.__l

Y. Sun, J. Am. Chem. Soc. 126 (2004) 3892.
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SYAESISIof Nano Materials- 1D from Liquid
O Template-based (galvanic replacement)

Figure 7. TEM images taken from silver nanowires (A) before and
(B—F) after they had reacted with different volumes of 1 mM HAuCly

112 vanivinawee s iwao solution: (B) 0.3, (C) 0.6, (D) 1.5, (E) 2.3, and (F) 3.0 mL. The mset of A
Y S J. A Ch S 126 2004 3892 shows TEM tmage taken from the microtomed sample of silver nanowires.
.oun, J. m. em. S0C. ( ) . The insets of C—E are SEM images of the corresponding products.
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SYAESISIof Nano Materials- 1D from Liquid
O Template-based (galvanic replacement)

ppp-----

v‘-’v]"’

Mggg&g =9

Figure 10. Photographs of aqueous dispersions of silver nanoparticles with spherical shape (see Figure 9A for a TEM image) before and after they had
reacted with different volumes of 1 mM HAuCly solution (from left to nght): 0, 0.15, 0.25. 0.4, 0.6, 0.8. 1.0. 1.15, and 1.2 mL. Their major extinction peaks
were located at 4235, 451, 665, 705, 751, 793, 885, 990, and 1030 nm, respectively.

113 Nanomaterials

Y. Sun, J. Am. Chem. Soc. 126 (2004) 3892.
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SYAESISIoF Nano Materials- 1D from Liquid

O Template-based (self assembly, surfactant)
Ex) BaCrO,

- aqueous solution of sodium AOT (sodium bis (ethylhexylsulfosuccinate)+ BacCl,
—->Ba (AOT),

- Ba(AQOT), in isooctane = Na,CrO,-containing NaAOT microemulsion

- Surfactant induced self assembly of nanoparticle chains and superlattices

L e
) X el

Ze —— 1M
% A

114 Nanomaterials

H. Colfen, Angew. Chem. Int. Ed. 42 (2003) 2350.
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SYAESISIoF Nano Materials- 1D from Liquid
O Template-based (self assembly, surfactant)
Ex) BaCrO,
J Rl

-
]

Table 1 Mean dimensions for individual prismatic BaCr0O4 nanoparticles

w value Chain-like stacks Superlattices Microemulsion
(Hz0/MasioT) (i} (i} radius (nm)
5 145+12x56+04 B4+06=x53x£05 1505
10 160£15=xE60+x04 BB +06=x58+05 22+06
15 17614 xE63+x04 74+07=61x08 -

20 183 +15xB4+08 10011 =81 07 3.2+06

The nanoparticles were viewed side-on (chains) and end-on (superlattics) by electron microscopy.
The nanostructures were synthesEed in ACTAwaterfscoctans reverse microemulsions  at
[Baf*] : [Crf=]==1 : 1, [Na&OT] : [BaidlTie] = 50, and various water content w values. Skes
of the corraspanding microemulzion water droplets were determined by small-argle X-ray scatter-
ing. o= 10% for all data.

Barium bis(2-ethylhexyl)sulphosuccinate (Ba{AOT),) reverse
micelles were added to sodium chromate (Na,CrOy)-containing
NaAOT microemulsion droplets, to give final molar ratios of
|Ba*"] : [CrO;™ | = 1 and water content w = [H,O| : [NaAOT| = _
10. This produced a vellow precipitate —3h after addition of the M. Li, Nature 402 (1999) 393.
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SyeEsIsioff Nano Materials- 1D from Liquid

O Template-based (self assembly, surfactant)

- electrochemical synthesis (Au: anode, Pt: cathode
C,s TAB-cationic surfactant, TC8 AB-rod-inducing cosurfactant)

surfactant
molecule

%
L‘\”’

Figure 1. TEM images of Au nanorods with different mean aspect Figure 2. TEM images of gold nanorods taken from solution {A) at room temperature (B) after heating the solution sample to 100 °C.

ratios: 2.6 (top) and 7.6 (botton). -
116 Nanomaterials temp T aspect ratio |

Y.Y. Yu, J. Phys. Chem. B101 (1997) 6661. M.B. Mohamed, J. Phys. Chem. B102 (1998) 9370.
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SYIIUIESIS
O Template-based (block copolymer)
Ex) Ag nanowire carboxylic acid group- interact with Ag*

double hydrophilic block copolymer
poly(ethylene oxide)-block-poly(methacrylic acid) (PEO-b-PMAA)

AgNO, @)

117 Nanomaterials

D. Zhang, Chem. Mater. 13 (2001) 2753.
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SYAESISIoF Nano Materials- 1D from Liquid

O Template-based (DNA-templated assembly)
Ex) Ag wire (Ag*/Na* ion exchange)

100um
-

12-16pm
—

OligoA Oligo B
'R-5-S-R - ‘R-S-S-RET= Hydroguinone/OH"

Agt ions + Hydroquinone/H+

f

2Ag*+ Hg  2Ag0 + Bq+2H*

Conductive silver E. Braun, Nature, 391 (1998) 775.
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aterials- 1D from Liquid

(A)

LI e I /4 patterned
f 88888 f hooresist
PWZANS s w7/ top substrate
$%is Mytar film
bottomn substrate

/"~ small channels

Fig. 21. A B) Structures that were assembled from 150 nm polystyrene beads
(A), and 50 nm Au colloids (B), by templating against 120 nm-wide channels
patterned in a thin photoresist film (see the inset) [161a]. C) An L-shaped chain
of Au@5i0; spheres assembled against a template (see the inset) patterned in a
thin photoresist film [161c]. D) A spiral chain of polystyrene beads that were
119 Nanomaterials assembled by templating against a V-groove etched in the surface of a 5i(100)

wafer [161d].

Y. Xia, J. Am. Chem.Soc. 123 (2001)8718. Y. Xia, Adv. Mater. 15, 353 (2003)
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d Self- Assembly

@& r)lsa el
5i0fif Nano Materials- 1D from Liquid
metal-polymer amphiphile
(AAO+electrodeposition)

strong interaction between organic polymer ends
bundle

tube (1:4)

/
¥

S | |
gx\}\\&\\\\\\i\!//ﬁ///@ Sl /J///// e Yl

S. Park, Science 303 (2004) 348
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51S/01 Nano Materials- 1D from Liquid

Q Nanofibers from Electrospinning
High viscoelastic solutions under Electric Field

- Viscous polymer solutions
- Sol-gel processable metal oxides

syringe
polymer solution Taytor cone
needle —> v
liquid jet -
1~30 kV [V] high voltage :

power supply

collector

-

Figure 2. Schematic illustration of the basic setup for electrospinning.
The insets show a drawing of the electrified Taylor cone and a typical
SEM image of the nonwoven mat of poly(vinyl pyrrolidone) (PVP) nanofi-
bers deposited on the collector.

121 Nanomaterials
D. Li, Adv. Mater. 16 1151 (2004)

ngh voltage l High voltage “

Figure 5. A droplet of a 5% solution of poly(ethylene oxide) (PEO) in
water, dyed with fluorescein: A) in the absence of an applied voltage;

B) at an applied voltage of 20 kV, with a jet perpendicular to the
counter electrode; C) at an applied voltage of 20 kV, with a jet diagonal
to the counter electrode.

Figure 7. Left: Photograph of a jet of PEO solution during electro-
spinning. Right: High-speed photograph of jet instabilities””

A. Greiner, Angew. Chem In. Ed. 46 5670 (2007)
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SIS .0 Nano Materials- 1D from Liquid

L Nanofibers from Electrospinning

A

- TiO,/PVP composite nanofiber

- Ti(OIiPr), in (acetic acid+ethanol)
+ PVP in ethanol

- electrospinning

| 500°C
-: anatase

Figure 3. (A) TEM image of Ti0,/PVP composite nanofibers fabricated by electrospinning an ethanol solution that contained 0.03 g/mL
PVP and 0.1 g/mL Ti(O:Pr),. (B) TEM image of the same sample after 1t had been calcined in air at 500 °C for 3 h. (C, D) TEM images
of nanofibers made of anatase that were prepared under the same conditions except that the precursor solution contained (C) 0.025 g/mL
and (DY) 0.15 g/mL Ti(OiPr), respectively. (E. F) High-magnification SEM images taken from the samples shown in C and D, respectively.

No gold coatings were applied to the samples for all SEM studies. D Ll, NanO Letters 3’ 555 (2003) .
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Q Nanofibers from Electrospinning

Composite fibers

PVP+iron oxide

*— SWNT

PAN fiber

Figure 6. A) TEM image of poly(vinyl pyrrolidone) (PVP) nanofibers

whose interiors had been encapsulated with iron oxide nanoparticles by Figure 7. SEM images of anatase nanofibers whose surfaces had been
directly adding this material to the electrospinning solution. B) High-res- decorated with gold (A) and silver (B) nanoparticles via photocatalytic
15 olution TEM image showing the alignment of CNTs in a poly(acryloni- reduction of HAuCl, and AgMNO, in aqueous solutions, respectively.

< trile) fiber with the diameter of about 50 nm. The inset shows a sche-

matic illustration of the orientation of CNTs in a fiber. This figure was .
rdapted fom [odal ¢ D. Li, Adv. Mater. 16 1151 (2004)
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Q Nanofibers from Electrospinning

Hollow fibers Porous

Al

plastic syringe

metal needle

silica capillary

coaxial jet

oy L=

Fllg].lre 8. .A) ISchem Eatn: illustration of the setlup used for ‘.:I”.Ed fabrication °.f hollo:w nlanoﬁ bers by Figure 9. A) SEM image of porous poly(ilactide) (PLA) fibers fabricated
electrospinning. It involves the use of a spinneret consisting of two coaxial capillaries, through o . A
which mineral oil and an ethanol solution containing poly(vinyl pyrrolidone) (PVP) and titanium by E|ectr05p|r1lr1|r1g a solution of PLA in dlch|or0methar!e (adapted from
tetraisopropoxide were simultaneously ejected to form a compound jet. B) TEM image of the as- [60]). B) SEM images of porous anatase nanofibers fabricated by co-elec-
spun hollow nanofibers whose walls were made of a composite of PVP and amorphous TiO,. The trospinning an ethanol solution of Ti{OiPr),/PVP and a poly(styrene)
oil cores had been extracted with octane. C) TEM image of anatase hollow nanofibers that were (PS) solution in a mixture of N N-dimethyl formamide (DMF) and tetra-
obtained by calcining the composite nanotubes at 500°C in air. These figures were adapted from hydrofuran (THF) (1:1 by wolume) through a coaxial, two-capillary
spinneret. The sample had been calcined in air to remove both PS and

[21b] with permission. Copyright American Chemical Society, 2004,
PWP. The inset shows a cross-sectional SEM image of the nanofiber,

clearly indicating the formation of a mesoporous structure. This figure
was adapted from [21b] with permission. Copyright American Chemical

124 Nanomaterials Society, 2004.

D. Li, Adv. Mater. 16 1151 (2004)
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Q Nanofibers from Electrospinning

Alignment

A

Figure 10. A) Schematic illustration of the setup used for electrospinning
nanofibers as uniaxially aligned arrays. The collector was constructed
from two conductive substrates separated by a void gap. B) The electro-
static force analysis of a charged nanofiber spanning across the gap. The
fiber experiences a strong stretching force (F) due to the Coulombic

Figure 11. SEM images of uniaxially aligned
nanofibers (A-C) and nanotubes (D) made of

interactions between the positive charges on the fiber and the negative, various materals: A) carbon; B) TiOy/PVP
image charges on the two grounded electrodes. C) Dark-field optical composite; C) Sb-doped SnO,;; and D) ana-
micrograph of poly(vinyl pyrrolidone) (PVP) nanofibers collected across tase. These figures were adapted from
the void gap between two silicon strips. D) SEM image of another sam- [21b,40b] with permission. Copyright American
ple taken from the region close to the edge of a void gap. As indicated by Chemical Society, 2003, 2004,

12 arrows, some nanofibers near the gap took sharp turns to position them

perpendicular to the edge of the silicon strip. These figures were adapted D. Li, AdV. Mater. 16 1151 (2004)

from [40b] with permission. Copyright American Chemical Society, 2003.
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 Nanofibers from Electrospinning- conducting fiber

Polyaniline doped with d,l camphorsulfonic acid (Pan.HCSA)
Polyethylene oxide (PEQO)

100.0

10.0 |-
E
3
b
10
Wy . I
| o ~ 0.1 — : ; r— ynulcoatc d polyacrylonitril
Figure 1. 50 wt% Nanofiber blend of PAn. HCSA fabricated from 2 50 100 150 200 250 300 350 '3‘“;;’&“ S’Ld"‘:‘!":f_ m = Patynaylonditle
wi% PAn, HCSA and 2 wt% PEO from chloroform solution at ol . e g .
25,000 V (anode/cathode separation, 25 cm). Scale bar: 100,000 nm. T (K)
6
(6] Figure 6. Conductivity/temperaturc relationship for a 72 wi%

blend fiber of PAn,HCSA in PEO (see text).

126 Nanomaterials
A.G. MacDiarmid, Synthetic Metals 119 (2001) 27.
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 Nanofibers from Electrospinning - Biopolymer Fibers
poly(rL-lactid-co-e-caprolactone) [P(LLA-CL)]

' Syringe

Rotating disk collector ===

used for cell growth scaffolds

127 Nanomaterials

C. Y. Xu, Biomaterials 25 (2004) 877
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SYAESISIof Nano Materials- 2D from Liquid
O Self Assembly

Surface grou
Eokp Alkyl, or derivatized-
alkyl group

Interchain van der Waals and

electrostatic interactions : :

thiol on gold

e ' Sy )
. emisorption
Surface-active headgroup atthe surface Au A Au
surface

_L 43 £fy 5y ATy By SRy 4By L5 AT, 4 A £ 0

23am | /| | (- o tilt angle: Au

[ L | 30° on Au £
T!%’%it.ttitii (6-7 on Ag) S
area per molecule — S'S spacing is 4.97 {3
S-S spacing is 4.97 A 214 A Au-Au spacing is 2.88 A

2x 1014 molecules fem2

V. Chechik, Adv. Mater. 12 (2000) 1161. T.P. Sullivan, Eur. J. Org. Chem 17 (2003).



O Self Assembly

a=5d
>
—

+ N o Si-0—Si-O-8i-0— 80—
OH OH OH OH o o]
ey v 23R8

Si Si

—Si—0—S8i—0—§i—0—§i—0—Si—
o 0] 0] 0} O

129 Nanomaterials
S.J. Limmer, Adv. Mater. 13 1269 (2001).
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SYAESISIof Nano Materials- 2D from Liquid

OH OH OH OH OH
7z Hydroxylation

_SI_O_SI_O_SI_O_SI—O_S!_

// T T, 777  SA monolayer

mmw

—‘Sl—‘(}*S]—O“‘h—O—Qz—O—Sr—

Hydroxy-terminated
SA monolayer

o o o o 0 o o o o o o o 0 99 9 9 7 5 5

B gz SA multilayers
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SYAESISIof Nano Materials- 2D from Liquid

4 Langmuir-Blodgett Films

- Amphiphile
ex) stearic acid C;;H,: CO,H
hydrophobic  hydrophilic

Very weak Weak Strong Very strong
(no film) (unstable film) (stable LB film) (soluble)
Hydrocarbon —CH,0CH; -CH,0H -S0O;~
—CH,l —C¢H4OCH;, —-COOH —0S0;~
—CH,Br —COOCH; -CN —CgH4SO,4~
—CH,Cl —CONH, —-NR,4*
-NO, —-CH=NOH

-C¢H4OH

—CH,COCH;

—~NHCONH,

~-NHCOCH;

130 Nanomaterials
S.J. Limmer, Adv. Mater. 13 1269 (2001).
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SYAESISIof Nano Materials- 2D from Liquid

d Langmuir-Blodgett Films

amphiphilic molecule in a volatile %
solvent such as CHClI,
Q@
5

%%

gas—~>liquid->solid

S e e S
""" TR DG REENRT

RSN RES

PN

)77

131 Nanomaterials

%

S.J. Limmer, Adv. Mater. 13 1269 (2001).



@D U-IEa7EY

Korea Nano Technology Research Society

SYAESISIof Nano Materials- 2D from Liquid
d Langmuir-Blodgett Films

Soap Films and Blodgett-Langmuir Multilayers

The picture below shows four chromium-plated glass
microscope slides on which various thicknesses of barium-
copper stearate (soap) were deposited. The layers were built
up by repeated immersion into a trough filled with water, the
surface of which was covered with a monolayer of the soap
film1. Dr. Blodgett made similar slides to serve as gauges to
determine thicknesses of various films. For example one
could determine the thickness of an oxide film by color
comparison.

Consider the slide second from the right. The blue portion has
61 double layers and is 0.00003 cm thick. The yellow portion
has 80 double layers and is about 0.00004 cm thick. When a
slide travels down into the water it picks up one
monomolecular layer. Then, when the slide is brought up
again a second layer clings to the slide. Thus, a double layer
results after one complete cycle. The thickest film is on the
lower end of the second slide from the left. It consists of 247
double layers and is 0.0001 cm thick.

132 Nanomaterials
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 Electrochemical Deposition

133 Nanomaterials
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 Sol-Gel Films (dip-co

Capillary
pressure
exerted at final
stage of drying

as menisci

FiLl

recede into

getinterior
- Cp = 2y, y coa(8)
3 F] 3 F] K r
p .l ( 3 ; 3
N N 3 3 = NS b bt
y i 3 3 ALCOHOL/WATER &34 v
= : : e 3 EVAPORATION |3 (P < 1
Immersion Start-Up Deposition & Drainage e _“£~; o 5 GRAVITATIONAL
=  Kop s n S
@ SRR | 7 R EVAPORATION
/—f‘/ ‘T ; ;: ;:.; f}-s:vi
o~ | 7 N PORE SIZE CONTROLLED BY:
o \ T N |7 WS A= MUy "o (p )2 — SIZE, STRUCTURE, COMPOSITION
i i i L ENTRAINED DILUTE SOL - RATES OF CONDENSATION/
§ o B, RESERVOIR EVAPORATION
§ 8 | SURFACE
d — BILUTE SOL - CAPILLARY PRESSURE
3 — 3 3 (a)
3 3 3
3 3 u
e e e e e e e o n
Drainage Evaporation Continuous T o
(b) Z
Figure 5:  Stages in dip coating processes (after reference 44), /
A \w
1 .r"f 2 ////// \ S LiQuip
= g' BATH
1 0 % SURFACE
e
L.F. Francis, Mater. Manufac. Proc. 12 (1997) 963 o
134 Nanomaterlals Fig. I. (a) Schematic diagram of the steady state dip coating process, showing the sequential stages of

structure development that result from draining accompanied by solvent evaporation and continued

C J B ri n ker Th i n SO I I d F I I m 20 1 (199 1) 97 condensation reactions. (b) Detail of liquid flow patterns during dip coating. U is the withdrawal speed, §
WV ] ] *

is the stagnation point, 4 is the boundary layer, and A is the thickness of the fluid film.
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de/dt =0

A .

Deposition Spin-Up

&mj ; /&f):%

Y | Evaporation

Spin-Off

Figure 6:  Stages in the spin coating process (after reference 56).

135 Nanomaterials
L.F. Francis, Mater. Manufac. Proc. 12 (1997) 963
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SyEsIsioff Nano Materials- 2D from Liquid

 Sol-Gel Films (spin coating)
ex) gold/silica array

Metal, semiconductor

nanocrystals
i A 03
5 - L
D aTeLme
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= et @
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H. Fan, Science, 304 (2004) 567
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