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Au, Ag, Cu and their core-shell nanoparticles: synthesis,
self-assembly and tunable optical properties.

student : Chia-Lun CHANG Advisor : Chun-Hua CHEN, Ph.D.

Department of Materials Science and Engineering
National Chiao Tung University

ABSTRACT

This thesis contains three' main topics:”synthesis, self-assembling dispersions and
the optical properties of various metallic nanoparticles. Firstly, we have successfully
synthesized pure Ag, Au, and Cu nanoparticles as well'as core-shelled Au/Ag, and Au/Cu
nanoparticles by the polyol process. According to TEM analysis, the mean diameters of
nanoparticles prepared were found to be smaller than 20 nm with a narrow size
distribution. In the polyol process, PVP acts as a nucleation promoting agent for
nanoparticles, a stabilizer for mono-dispersion, and a protective agent for oxidation. By
varying the reaction temperature and PVP concentration, nanoparticles with different
structures can be obtained for the further study.

Nanoparticles usually exhibit distinct structures as well as properties comparing
with bulk materials. In order to distinguish these special structures, FCC, Decahedron and
Icosahedrons, by nondestructive characterization of X-ray diffraction, a serious of
theoretical X-ray diffraction patterns were calculated and compared with experimental
data. The results clearly show that X-ray diffraction can effectively distinguish these

structures and is in good agreement with the observation of HRTEM.
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For the optical examinations, the nanoparticles prepared were dispersed onto the
optical glass by two ways, i.e. typical spin-coating and block-copolymer self-assembling
methods. For the prior method, the washed Ag, Au, Cu, Au/Ag and Au/Cu nanoparticles
were dissolved in the ethylene-glycol, and then spun with low speed to obtain
nanoparticle thin film with various film thicknesses. For the posterior method,
PVP-coated Ag nanoparticles were added into the block copolymer PS-P2VP micellar
solution, and then spun with high speed to prepare self-assembly Ag nanoparticle thin
films. Following with annealing treatments, various periodic patterns of Ag nanoparticle
thin films were obtained.

The absorption spectra of nanoparticle solutions and the obtained nanoparticle thin
films with various thicknesses were then characterized by UV-vis spectrum spectroscopy.
In our research, we have successfully simulated the absorption spectra of Ag, Au, Cu,
Au/Ag and Au/Cu nanoparticle solutions based on/Mie theory. A dramatic change on the
absorption spectra was found - between raqueous. solutions of nanoparticles and
nanoparticle thin films. Thespeak positiont of'the thin filmis greatly red-shifted from the
general position observed- for ‘the nanoparticles in thewaqueous solution. With the

thickness increases, red-shifts werefinitially enhanced and then to reach a saturated value.

Keywords: Core-shell, XRD simulation, Self-assembly, Block-copolymer, Absorption
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combined electromagnetic wave and surface charge character as shown in the

scheme.
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Fig. 2-2 They are transverse magnetic in character (H is in the y direction), and the
generation of surface charge requires an electric field normal to the surface.
This combined character also leads to the field component perpendicular to
the surface being enhanced near the surface and decaying exponentially with

distance away from it:
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Fig. 2-3  The dispersion curve for a SP mode.
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Fig. 2-4 (a) When the excitation occurs far from the plasmon resonance frequency,
the energy flow is only slightly pertubed. (b) When the excitation occurs at
the plasmon frequency, the energy flow is directed towards the particle.
(c)Experimental (solid line) and Simulated by Drude theory (dash line)

absorption spectra of Ag nanoparticles.
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Fig. 2-5 The interaction of light with clusters can be describe in a simple way if A

>>2R, i.e. in the quasi-static regime.

Table 2-1 Extrinsic and intrinsic size effects of the optical response of metal clusters.

Cluster radius R R=10nm R=10nm
Electrodynamics of Mie theory Independent of R f (R)
Optical material functions e=¢e(R) Independent of R
Size effects intrinsic extrinsic
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Fig. 2-8 (a) Nanoparticle resonances. a range of plasmon resonances for a variety of
particle morphologies. (b) A list of silver and gold nanoparticles having
various morphologies, compositions, and structures, together with their
typical locations of SPR bands in the visible regime.
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S I SVET & G Eai .?a,§$+#[47,48] o

/

1:»

(b) terminal group

spacer group

head group

Substiale

(d)

{10 nm
Fig. 2-16 (a,b) Representation of SAM structure. (¢) Schematic illustration of the

surface-passivated nanoparticles. (d) TEM images of a self-assembled

monolayer of silver nanocrystals.
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p & Y.Masuda ##2 & 2005 # ** Advanced Material #f 7% 4 2. %~ ¢ > &
B g AIATH IR F e H A 5w HR(SAMS) 3 B £ 0 4 0 R B )
® 2R BRI p e EEA49] 0 B et o F 2 R AN TR
AT - HRB RS2 RMERWUET 0 L2 F Fehz BEA g4 ™

frov p e s 2 skl F o F ERAR 23 H7 RagdEy Feog o

lLll1

a

Fig. 2-17 SEM micrographs' of arm_ici‘op'at't'e'rh: of sphéfik:al—particles assemblies. (A)

Micropattern of sphériceiljparticles assembl_ies.'.’ (B) Magnified area of (A). (C)
Tilted micropattern of sApherical-parti,clesr assemblies. (D) Magnified area of

(C).
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II\D
w
N
k2
&h
T
kg
pa:
W

FEAEOEVAREMNANPERE R OET REME TR
2006 & #% I 7 F 7 p & %2 (Microcontact Electrochemical Conversion ; MEC) » =
AP FELT R GREE A bF iy > FHE 2 KR F[50] e 57 sCPREE
BT LB 1 B SRR M S B RS R T L A R
FoORFARI EWENI T RG G FF NN PR RER S

T Foob o AR A AR A AR - K AT d A S

-

B e LS AR fp BT R S o R A OIS R E T S 30
THHF F R DL TR o WHE ] 200~300 nm > g2 2 R AIF 210

nm e

Fig. 2-18 SEM images of site-controlled adsorption of Au nanoparticle arrays. The Si
substrate is preassembled with an APTMS monolayer before the MEC
process. The average density of nanoparticles on the selectively
adsorbed areas is 1080 + 90 nanoparticles per um” area. Also, ~99%
of Au nanoparticles are selectively adsorbed on the MEC-defined adsorption
sites.
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233 KABASp mE

N3 A~ 3 p KB (Diblock Copolymers)d] * #&?s (micelles) i 32 > i
EAR G AR BERd WRRER A F - e AR g
KRR A AR I HEREE A R R G RAREOTRRER 4 F A
PR % R A de Fig. 2-19[51-54] - 1% 2 A F EHAF 2 F 5 2 A
TR A (BRI AR G2 ) Mg MBHAG AT
* %-f(interaction parameter) & F2 2 K AFH B (S 2 Bip g 1 o

EEA D AT EY R B AR E A 3 0 B4e poly(styrene-b-
2-vinylpyridine) ~ Poly(styrene-b- methyl methacrylate)--- » B8 % » F p 253
ok F s B 0 A «‘r;&ﬁf E'%{P EF’“@«: - BETE R e

-.__"- L :-._' Lo

h e,
L
_*-'.,1-""‘ n——— Y

Au NPs in PAVEP

(Au NPs/P4VF)-5-FS in Bulk spherical Monolayer film of

pyridine micellar solution ¢4y NPs/P4VP)-5-PS (Au NPs/P4VP)-5-PS
Fig. 2-19 Fabrication of a self assembled(Au NPs/P4VP)-b-PS thin film through the

selective incorporation of dispersed presynthesized Au NPs into P4VP
domains,
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CORNING , PC-420D
HITACHI, CF15RXII

DELTA , DC200H

SIEMENS , D5000

WU R R O O THERMO:SCIENTIFIC , Evolution 300

Bt s R 4 7R SR ksl JEOL , JEM-2100F
BHF W R 3 D B AE JEOL , JSM-6500F
o R IAI Vie 5 JEOL , JSM-6700F
it 3¥ & 47 R (TEM/EDS) Oxford Instruments
4o 35 & B s Digital Instrument > Dimension 3100
X Stak 5 a2k (XPS)

S i
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32 HES

1. ¢ = p& (Ethylene Glycol, EG) : C;H4(OH), > 99+% » ACROS -

2. R gk (Polyvinylpyrrolidone, PVP) & (C¢HoNO),
(I) Average M.W. © 58,000 > ACROS -
(II') Average M.W. : 10,000 > SIGMA-ALDRICH -

3. ¢ fefi it Cu (Copper(I) Acetylacetonate) : Cu(CsH70,), » 99% > ACROS -

4. ' pa4L (Silver Nitrate) : AgNOs > 99% > MALLINCKRODT CHEMICALS -

5. = % Aups (Hydrogen Tetrachloroaurate(Ill), hydrate) : HAuCl 4« 3H 0 > 50+% -
ACROS -

6. #rfit Cu (Copper(Il) sulfate pentahydrate) : CuSO4 « SH>0 > 99+% » ACROS -

7. pep& Cu(Il)-k & # (Copper(Il) Acetate Monehydrate) : Cu(CH;COO), * H,O >
98% » SHOWA -

8. ®& #fpfs4r (Sodium Citrate, Dihydrate).: " HOC(COONa)(CH,COONa), + 2H,0 >
99.8% > J.T.BAKER -

9. # 3 it 4 (Sodium Borohydride) : NaBH, > 984+% > ACROS -

10.# % (Silicone Oil) @ = fo i’ % F ey le

11.%f& (Sulfuric Acid) : HoSO4 » 0.5mole/L » SIGMA-ALDRICH -

12.8# 3% -k (Hydrogen Peroxide solution) : H>O, > 30% > SIGMA-ALDRICH -

13.4 Cu (Acetone) : CH3COCHj3 » 99% » = fr EE’ I T S T

14.% & (Hydrochloric Acid) : HCI » 35~37% > SHOWA -

15.7 ¥ (Toluene) : C¢HsCH3 > 99.8% » TEDIA -
16.¢ fiz (Ethyl Alcohol) : CHsOH » 95% » 2 v % 3 A= & o
17.3.3% (Glass) : SiO; >
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33 FH%E

flr P ELEXFERE I AT NR L P RCERRE S AR
Hewe ik s picre 2 AR L S AR %R S AR LSS KRS e 2 BE(EG)
FlA g B R e P2 R A e R R e ST b A SR R
F B S r R etk ik (PVP)IE i REE A o M- & W Sp e 22 TREEA PVP

AR DR T A B BB R ST LR FI RS B 0 RIBR

PERT I EE - LFEE)CRIFRER YRR EEE KRS -

Tacle 3-1 The chemicals used for preparing Cu, Ag, Au, Au/Ag and Au/Cu core-shell

nanoparticles.
[y Ag Au Cu
S ASNO; HAuCly Cu(acac),
e A PVP PVP PVP
B R F Z Ethylene Ethylene Ethylene
% A Glycol Glycol Glycol
F~2% At/Ag Au/Cu
AgNO;3 Cu(CH3COO0); * H,O
SR
HAuCly HAuCly
i PVP PVP
& A Ethylene NaBH4
75 A Glycol Ethylene Glycol
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3-3-1 Agz Iy
(1) =%l 75ml £93.92mM  AgNO3i3 % @ £ 4= £ ¢ AgNOs 4r » ¢ = fig
(2) #PVP 4c x93 1 #rpefl2 i3 % 0 1.5 g h PVPooeo *ri& 4 AgNOs i3
d (ERAIY LR 2R PVP 2S5 12) -
(3) H P S 2 BRI FTM I UE LSS ICHLRE RS BRR
4) $BRERIEF BEAR 120C > 2 if- | pF o

(B) REAELIIFRYT A4 o

el AQNO; i3 i ‘

#-i%3E B PVP 4 » AgNO3 3 %

| 5 i
| 2 1°C/min g R i B 4 A ‘

]

-

Fig. 3-1 Process of synthesizing pure Ag nanoparticles by polyol process.
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3-3-2 AuZ F R 2 g2

(1) g%l 5ml e HAUCI, 3 % @ #-0.25mmole e HAuCl, 3 3t 2 = fig o

(2) F=® 70 ml A PVP 3% : B 5~Tg PVPigooo 3302 = FR(E k17 423
# £ $E§T et PVP i3 f3) -

(3) # PVP R4 3 120°C : $49 3= 2 PVP B i & o 46 3C e g
@RI 120 o

(4) # HAUCI4 % 3% 4 » 120°Ceh PVP i33% @ % HAuCl, 14 % 2 4 Iml 2

B R A or Jpl 2| AR PVP R R o
(5) #F iti3R & 120°Cieim= L] B¥ o

QEZFEELEP > &

Al PVP 33 i

g

12 3 C/min 2 8 4e k

g

‘ PVP 34 3 120°C‘T

| o=

#- HAUCI, r2 Iml /min
‘v » # PVP 3 %

-+

& 120°Cit im— /| P&

Fig. 3-2 Process of synthesizing pure Au nanoparticles by polyol process.
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B. # R R
(1) el HAUCI, -k %% @ B~ 0.025mmole 1 HAuCly i3 » &5 -k o
(2 peR5ml kAR 1% R IFREA B R -
3) 3’%‘)’9%— FIHAUCI, -RA R B R 443 80C -
(4) #1%:R HFEedh i3 R 284 » 80°C2 HAUCI, RiB % o

(5) & 80°CHiE— | & -

el HAUCL -k 3 % r

L1

s

¥he 43 80C

<——— | W 1%RFHeRR

R R 2
# HAUCIl, i3 %

Fig. 3-3 Process of synthesizing pure Au nanoparticles by sodium citrate.
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3-3-3 Cuz k32 9tz
(1) gl 32ml 7 Cu(acac), i3 i# : P~ 0.156 mmole =1 Cu(acac), i3 » ¢ = fig °

(2) #-PVP 4e» %38 1 »rfe ]2 3% © 116mg 1 PVPsgy 4r &2 Cu(acac),

¢ o

O
Tk

%
(3) ¥ipR4c# I 140°C 4% 5 4 48 F] Cu(acac), &2 B ™ ¢ - fh3
ﬁ;’}i i 5"3‘/'{?‘ P ,%(‘j_ 1400C ’ %TEI’ Cu(acac)z % PVPs5000 A /2,\

L o

=y
Y

o

(4) #-ARe4c$ 3 198°C > in 20 & 48 0 £ U ¥3 4o 0 JE140C 28 2
198°C(Fre = fi®8E)fs » i o 20 & 48 -

(G) REA£IE 144

‘ ﬁ"v'él C—t;(acac)z e ;‘n
J1

# PVP +4c » Cu(acac), 4 i#

1L

Se# 3 140°C P #FE 544

gs

XX g3 1987C -
i in 20 A 4B

e

RARRE 1AM

Fig. 3-4 Process of synthesizing pure Cu nanoparticles by polyol process.
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3-3-4 AUAgEEZ KR 2 WE 2
(1) =%l AgNOs % i% -
(2) p=#l HAUCL i3 i% -
3) Fefll PVP 3% : B~ 4~6g 7 PVPigoeo %302 = FRiZ AP
(4) %% Z=Afe2 PVP 3R ER»#1 120C -
(5) F pF#-AgNO; 2 HAUCI, % i% 4 » # PVP 3% o

(6) = 120°CH4%E 2/ FFF#® » £ = AU/AQ % F FF o

fe @l PVP i3 7% F

F. s i ",
PVP i % 4 # % 120°C '

_..‘.‘“"._ "
4¢ » AgNO3 ,HAUCI, .F

¥

% 120C#R 2] B+

Fig. 3-5 Process of synthesizing Au/Ag core-shell nanoparticles by polyol process.
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3-3-5 AU/Cu:# 2 ks + 2 @ik
(1) petl HAUCI; 3 i
(2) pe®l Cu(CH3COO),i3 % -
(3) #-Cu(CH3COO); ~ HAUCI, i3 % &7 F v GiR & i3 » PVPiooo ©
(4) B R 4c# 3 50C -
(5) & Npehf & Tiwimsedh— [ PF 1300 45 & 50 -
(6) #5372 % 3 T E 4 » NaBH,: % 0.022M 1 NaBH, 4c » i3 ;% § 84

Au/Cu 2 3 & & o

fic & % 5p4 Cu(CH3COO0); » HAUCI, 3% i%

T BRI AR P 4~ PVP F

e, b

BiRAe# I 50C F

Fig. 3-6 Process of synthesizing Au/Cu core-shell nanoparticles by NaBHjy-assisted

polyol process.
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7 KRS B B e

;\

(1) AXRFHEHI B2 H T 2BMB R T BHHEIFRY - &
FEv R # 24 R I EARAM HY BiERX TS 10,000
rpm. c B PFRE L 20 A 4h o MG (S REFARP Y TR D
ARG EATRC W A g kY o SR B E AR 346 X o
(2) B fs#t AT T8 cHwe @Y o

() HEAF TR 2 h > L k333 Y

3
4y
o
-

rt

(4) #-e R G oS P R ATH 2 AR

35 BB a3+ p BEINE

(1) 3445 dEH Bt d ool s 2 MR iR ~ T BHH ORI 2

FeprazapiSeR 2 iR EaRA RS Y iR i 10,000
» e PEARE 20 AR MBS (S KRG R AL 0 B 1 BEGR

2 b £ AT B KT e B f A 3~6 =

(2) # fie 3~5 Wt%:1 PS-b-P2VP &% o

(3) Bk E ez F R+ AF R TR SRS Iwthnz T B -

(4) # 1wt%2 3 FF 22 PS-P2VP 3 i %o 4 $§4L o

(5) FU* se g 5 eh= a7 F 2 k3 e PS-P2VP A el 2 A b o

(6) 35 7 ATENL 2P FEM» TH- Fiso 22 ET 140~2007C >

HiE P AL P il L A EIT o
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3-6 % F#F chEw s A

3-6-1 % #Fsk-¥ B sk ex fc sk 3 (UV-vis absorption spectra)
(1) i& {7 %#K T Photometric Mode:% # Absorbance > Band Width
2.0nm > Scanning Speed % 240 nm/min > #F 5 A2 2L £ 5 200 nm > #F
Y)akgd £ %900 nm > Data Pitch % 0.5 nm -

(2) #-73 BILBIRROE B I H (cel) &

»

[P B ST HERANS B
# ™ - £ baseline

(3) Htk & b AR

3-6-2

RS R
X sk g5+ 4 45 (XRD)

(1) z ‘f"""'/’t‘/iﬁﬁf S e ¥ )

T e b bd

/P /p?'é[' » j,r

BRASARY B
b+ A Mg > H P HiE R T
rp.m. > HLes FFRTL 20 A 48 o B S
F ok gt £ ATR R ¥ 3 AR e R e 3R E A 3~6 X

(2) #FP RT3 I B2 LT RS R F ar A 0 R

£_% 10,000

Rt i 0 E R 4F AR

FoERLICENHF LT 2B RE T L o

(3) # 4 5% 5 Detector Scan > 3% (T3 B 5 40kV > i % 40 mA > 4 >

3V 5 stepmode © #F ¥ iE & 5 0.02%sec > o b 5 30° & 90°
3-6-3 HF -7 #E T F B kE (Field Emission Transmission
Electron Microscope, FETEM)

(1) #tdeFmEha.

(2) 3& % #7621 3200 mesh 2 4858 Cu 42

)‘/Fz 3 1R
F2BRY - ks

EH-
&
[N
She
=
=M
peiis
=

Ak
_\_\_‘
B

(3) #-izie 2 4pt Cu P~ 1)
(4) *

G FENT T AN
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3-6-4 X ik § 3 it ¥ & (X-ray Photoelectron Spectroscope, XPS)
(1) &+ mEhan.
(2) FH AT
() #Hh7F 24+ 28 A% lomx lem °
(4) #32 2 F A% 45 Au s > (E 2% T 10mA ~ 10 ) o
(5) =~ KRB Fpl Wy 5 750X
(6) ¥ pedit8 Xpspeak 41 3 v #icdy » 7 707 4t o

37 X RFIHGFNWAF L LG VRAR

3-7-1 R+ 4 Bpgé (Atomic Force Microscope, AFM )

(1) £ %2 %2 -

(2) #F &k JRAE 5 5% . 250-350kHz 20 %o

T

(3) #i2 Pl At F R AR RN AFM BRI € Flp Y
Bom LR R e

(4) & ¥4 S8 0 5N % T Height #2 Phase % i - Integral gain = 1
Proportional gain = 2 > e #= @& "2 um » i@ FK L5 1.56 Hz > 2

1% B §_256 £ 512 Data scale > 20nm~50 deg. > Line direct 3% Z_% tracee°
3-7-2 ¥% 6-4F 5 ;8 &+ s ( Field Emission Scannig Electron

Microscope, FESEM )
(1) 2 HFxEH-
(2) P HIEE
(3) #HF » A+ 28 4= 0.5cm x 0.5¢m e

(4) #2322 F A48 Au o 7 23K 2. 20mA ~ 90 ) o

5%

(5) % » REP Fpl o Hh B FLF 5 10,000X ~400,000X # % o

3
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4 2 A e 2 A L .
Frd AR BRI BERT FA
v B2 &2 Au 2 F kS 2383
4-1-1 RIFEH BRI

5 A 1951 & Turkev1chﬁ*ﬂ’} REEmA > B R Au £ 25 [55]0 B M
WL EBR AU AR I LA A FE T AL N B e R

B i %Y 0 b HAUCL 33 33 R (W REEMSEP RF ) By 1A

I
s~
-
by
>’
3«&

@Q@Au—r‘}‘f °

PRkEd BRIEPH S T2

RIFFG 4 » B > B g2 Td &

F_*

N

A W R SRD S 0 T AuE KR

F1* UV-vis sk 34 Au 7 R+ R R+ B in-situ 4~ 7 > Fig. 4-1 >
HAUCly 3% i 4o T A 1Mo 0 RAFRA 5 B0 B 6 2 dkii- S ok A
150 BE B 30 B 5TR WE B 60 A SE(R] ¥ B e 2 W S F R
SRR 0 B R IR Awd F b d SRR e 2 B A2 o f€_in-situ UV-visu
Tk I Bt R G REE R BT s 4 0 d Bode i 532nm b

R E BB (ECH) F BT S BER TS = 3 522nm {8 o T R A £
MEFRER AT B4 é/f%v‘ Au % F B3 mu»]upwlﬁ 520~530nm > F]pt 57
LERRFBDFES ¥ UV-vis k@A v L £ 23R A% 28R Au

e

o
>

4 Au % 43 TEM 445 % » Fig. 4-2a 11 % Fig. 42b> ¥ R EF] Au
AR IE S A SRR R L HITHLTFE S AR E N2 Ag U E
Cu z ' #+ - Fig. 4-2¢ % # % % Au 2 £+ o HRTEM » # + -] ¥ 14nm &7
R R o - B Au 2 KT G A F B4 o Fig. 4-2d > B 38 Tk

% 9.5nm °
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<
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Fig. 4-1 In-situ UV-vis abserption spectra of-Au nanoparticles reduced with sodium

citrate.
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10 15 20
Particle size(nm)

Fig. 4-2 TEM analysis of Au nanoparticles reduced with sodium citrate. (a,b) TEM
images of Au nanoparticles. (c) High resolution TEM image of Au
nanoparticles. (d) Size distribution of Au nanoparticles measured by TEM.
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4-1-2 % ~pR

AT E L AR RIFEABR Auz KRS 2B5 0 P B RE R
22T R TR B AT P EERH o B PVP A R E R 5 A
2Bk Au 2 K83 c Au R R AT =5 034V &Mt Ag(0.78V) 11 2
Cu(1.6V)> *ir1B p Au 2 45+ R Ag 12 Cu K@% 5 o %2 = 3R ft
3 80°C X fFxw jin— /] BF » 4ate » HAuCI4 22 PVP (TR 7 J& » B iREES KA P
BIRAFEITREP P d EF L BET A S FL RS AVEF S o d 07 o e
EEE R REER S BB BN A AT 0 L u 5 5 04 40 A4 60 A4
™A 120 A4 e

B AR &L 2 R UV-vis Bof ki A~ 47 0 Fig. 4-3 > B¢ a-d & % 5 F P

BS54 ~40 45~ 60 ~ 4514 2 120 ~ 45 o A% 225 535nm > X5 ¥
TP RS ve @ G 5TiR A oW ST 535nmlH B g BR o T T A SR i
T LD Azl SF R AF R ALZ KR AN DY 0 AL R
i refractive index(n) 5 1.43 2 18 i el iaza3i8 A (2 8L+ -K)~ > F1 5 SPR Bt
W EMEFRMA A G A S Ao n B4 B SPRERYCE ¢ A 4 L inf o T AR
Bt & % Au 2 F fF SPR ST ¢ W R 7 kiR R iE 0 522nm i/ A I 535nme

- 1% XRD Hpt v 203 @ o ~ 4~ 47 (Fig. 4-4) » XRD #dz
fitting & > ¥ 1 {8 Pl S % 2. L 3 5 (FWHM) » % % 5 e Scherrer 2 5% )i
oo B gl 2 KRS R ) ot

ki
Bcos 6, (4-1)

HY CuKe $g5£ A 5 154A k3 - 5% %8 09 B 2L 3% - &9
% 8 1] 2. XRD 22 JCPDS(04-0784)2 4p - % > Bl ¥ T B SE64% P| & B 5 Au 3 K
3 2 (111)~(200)~(220)~(311)14 & (222)4 & & o %+ 1 18 5(111) 58544 1% fitting
Blp IR pHREZEF RS I O 41 REF AT 2800 TRk
Vpadr2o % 7 i Tabled-1° & EPER 5 4 4540 4 4560 4~ 4517 % 120
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ks B¥EE KRS 2 255 14.50m > 15nm > 15nm {e 15.8nm > £ £ 4
B2 X P ERSAHETTEINAUZ KT c IR2Z T > B TaAg 2
Kok FErZ & 30 A dEF BRFR 0 S _Au 2 k3R BT ) Ag BT

B AURRERBRAgE AR IS > T UEII%RE - F BRFERE 40

%

s E 60 A 4818 Fleh Au 3 F R RIS S ] BE R - PReg® A 15nm>- e L@ 'fg XRD

frt.
‘.

P B B

e

R AT BHREY R T U FH o ¥ K BRPEFERF L 120 A 480 F

Ell

Ple Au 2 F R F R lonm g A3 H B4R S o 1 P T U E ] - B L F R
4060 A 480 © K39 Au 2 o3 BRF et 7 - Fig 4-5 5 % it B R
Auz 43 HTEM A58 % > 2 F 5 Au % 3 #3 2 HRTEM » 7 5| 8
$7 decahedral 75 ; + B 5 Au 2t e+ i F A F R A > T3HP T 5 14nm o

(TEM A 548 & F Jo P& 60 4 48)

S

8

% ()
S

o ©
(@]

2 (b)
< B

300 400 500 600 700 800
Wavelength (nm)

Fig. 4-3 Absorption spectra of Au nanoparticles prepared by polyol process with
different reaction time. From a to d are Au nanoparticles with reaction time

of 5~ 40 ~ 60 and 120 minues.
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Table 4-1 XRD fitting result of Au nanoparticles (111) peak with different reaction

time.
Reaction time/mins FWHM of (111) Particle size
5 0.58 14.5 nm
40 0.56 15.0 nm
60 0.56 15 .0nm
120 0.52 16.1 nm
(111)

\ (200) (220) (d)(311) (222)

193" W,

e

Intensity (a.u.)

@ N

40 50 60 70 80
2 Theta/deg

Fig. 4-4 X-ray diffraction of Au nanoparticles prepared by polyol process with
different reaction time. From a to d are Au nanoparticles with reaction time
of 5 ~ 40 ~ 60 and 120 minues.
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Fig. 4-5 High resolution TEM 59%"&’?6 nanopatticles prepared by polyol process
(left) and size distri on of T
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Fig. 4-6 TEM image of Au nanoparticles prepared by polyol process.
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4-1-3 RFBHQBRZESAMEESIAUSFRFIZLEN

Be AR B LR BERA A R R Au 2 NS rd 2 RS (9.5nm) R § A AR R
(14nm)-|- » e ﬁ} Au %2 KR FErmiEa 3 0§ pgix (Fig. 4-6)P| 2% 013F 5 - o
Fig. 4-2b(% )™ M £ 22 K+ RN -4 f#b o @ 282y BRER
g A hE kS BFEEtR) 0 3 TEM # ik 2H FFEE S 1.5nm - %5 Fig. 4-7
FHUI AT fFAuz A3 EFRRZER - d 8- %% PVP & ez X
do AT PR A 0 2 H 2 ke B EER T R R A < o Tt 0 )
AR E A PVPE BAuZ KT HIT REH Y % D 300 E AR g

E R 3L e S

d

Fig. 4-7 The scheme of Au ﬁanoparticles with coalescence aggregattion(particle

sintering).
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4-2 % mpgiz &3 Ag- Cu 3 3

Q/,%“‘Fﬁg’“fﬁ R R eV WBF 5 E A blde( )R s R
friz sk VB2 BRICEZ EAN RV HShE oA AHYILIEL S A
Rz ke d gk e omRERLERHERRAOES o BS AE
BREBAG SRS )F Bt BN (422 4-3) 7 0 B R Ag 2k S
i £[56,57] -

2HOCH,CH,0H — 2CH,CHO +2H,0 (4-2)

2Ag"* +2CH,CHO — CH,CHO —OHCCH, +2Ag +2H* (4-3)
PREER BEET L o A B RN khAg BT ARKARS 0§ Ag B
kR TR R B e e B 15 0 AgUREE B4 0 B (cluster) 11 0 A 15 K

= Ag R AT e

4-2-1 R=®H

BRI FREFEHER D FEETFDERRERT) jpit R R Ag 2 A
Fd a5 0 UAHRAUAGNO) R FRE R R E L SR 0 AT &Y AgNO;
PP omizRR Ag 2 AR E RRSS R 50 &5 Cu kS o Rl

i % Cu(acac)y # W Bpdn o £ ¥ 2 T A2 A2 2 G R FEH S E R

il

o @R F T T r R etk ek PVP IE L REM  PVP B3R T &9
Bhdr o AR HI5 g B e 2 Y o ot e Y S0 IRGEA 2 SR K
B BINE GG PVP AT B A N RT 4 SR BB 0] itk
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Fig. 4-8 UV-vis absorption spectra of (a) Ag nanoparticles and (b) Cu nanoparticles.
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Fig. 4-9 X-ray diffraction of Ag nanepatticles! (LThe reaction time is 1 hour. )
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Fig. 4-10 X-ray diffraction of Cu nanoparticles. (The reaction time is 20 minutes. )
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Table 4-2 The XRD fitting result of Ag nanopaticles with different reaction time.

Reaction time FWHM Particle size
20 minutes 0.94 & nm
1 hour 0.75 11.2 nm
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=) (200)
5
=
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! | ! | ! | ! | ! |
30 40 50 60 70 80
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Fig. 4-11 X-ray diffraction of Ag nanoparticles. (The reaction time is 20 minutes )
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Fig. 4-12 (a) TEM images of Ag nanoparticles. (scale bar is 50nm) (b) TEM images of
Ag nanoparticles. (scale bar is 20nm) (¢) HRTEM image of Ag nanoparticle.

S e

The inset in the higher left is a 16nm Ag nanoparticle with decahedron shape.
(d) Size distribution of Ag nanoparticles.
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Fig. 4-13 (a) Typical TEM image of Cu nanoparticles.(scale bar is 10nm)
(b) High resolution TEM image of Cu nanoparticles.(scale bar is 2nm)
(c) Size distribution of Cu nanoparticles measured by TEM.
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Fig. 4-14 The LaMer phase diagram. 1 ~ 2 and 3 region in the phase diagram are

represented of prenucleation ~ nucleation and growth stage.
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Fig. 4-15 Schematic illustrating the reduction of silver ions by ethylene glycol (I); the
formation of silver clusters (II); the nucleation of seeds (III); and the growth

of seeds into nanocubes, nanorods or nanowires, and nanospheres (IV).

Fig. 4-16 From left to right side is ?c_tahed'ron . _fetradeca}iedron A ~ tetradecahedron
M - tetradecahedron B and T T g

. - | -_4-

Y Ly -

L " - o
) LW

L o === i 1
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Fig. 4-17 The growth time of Ag nanocubes is 15minutes. (a) TEM image of Ag

nanocubes (b) High resolution TEM of Ag nanocube (c) Size distribution of
Ag nanocube measured by TEM.
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Fig. 4-18 The same synthesized condition as in Fig. 4-17, except that the growth time
was expanded from 15 min to 30 min. (a) TEM images of Ag nanocubes (b)

HRTEM images of Ag nanocubes (c) Size distribution of Ag nanocube
measured by TEM.
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Fig. 4-19 X-ray differaction of nanocube Agy.(The reaction time is 30 minutes.)

Table 4-3 XRD fitting result of Ag with FCC and Decahedron structure.

Sample No. Peak(hkl) Int-intensity FWHM

Decahedron (111) 98.978 0.7165

Decahedron (200) 251798 0.3506
Cube (111) 51.588 0.5435
Cube (200) 20.009 0.5147

Table 4-4 Compare the differene of int-intensity ratio of peak (200) to (111) between
Ag nanoparticles with different shape.

. : . (200)
Sample Number Int-intensity ratio=———+
(111)
a 0.26
b 0.39
JCPDS(04-0783) 0.40
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Fig. 4-20 UV-vis absorption spectra of Ag nanopatrticles with different shape. (a)
nanosphere Ag (I4nm) (b) nanocube Ag (55nm) (¢) nanocube Ag (100nm).
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Fig. 4:21 The scheme of X-ray process.
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Fig. 4-22 User interface of atom number calculator program.
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Fig. 4-23 The Ag nanoparticle model with different shapes simulated by the computer.
(a)A completed decahedron model. (b)FCC model.
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Fig. 4-24 The Cu nanoparticle model with different shapes simulated by the computer.
(a)A completed Icosahedron model. (b) FCC model.
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Fig. 4-25 Simulated Xray diffraction of Ag nanoparticles. (a) Ag nanoparticles with
FCC structure. (b) Ag nanoparticles with.decahedral structure.
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Fig. 4-26 Simulated Xray diffraction of Cu nanoparticles. (a) Cu nanoparticles with
FCC structure. (b) Cu nanoparticles with icosahedral structure.
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Fig. 4-27 Xray diffraction experiment data of icosaheral Cu nanoparticles.

Table 4-5 Compare the differene. of int-intensity, ratio.of peak (200) to (111) between
Ag and Cu nanoparticles with different shape.

Composition Shape JCPDS+—Experiment data Debye scattering eqn.

Ag FCC 0.40 0.40 0.44
Ag Decaheron — 0.30 0.33
Cu FCC 0.46 0.43 0.44
Cu Icosahedron — 0.33 0.35
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Fig. 4-28 Absorption spectra for Au/Ag core-shellinanoparicles with different reaction
time. The reactionrtime are (a)10 (b)30 (c)60 (d)120 minutes.

540 -

I *
520 (-
500 -
480 *

. 460 -

/nm

ma

< 440 |
420 |-
a0 | Kk

380 I | 1 | 1 | 1 | 1 | 1 |
0.0 0.2 0.4 0.6 0.8 1.0

X au

Fig. 4-29 Variation of SPR peak position in the Au/Ag bimetallic

nanoparticles on the variation of Au/Ag molar ratio.
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Fig. 4-30 (a,b) Typical TEM ifnageA of Au/Ag ‘core-shell nanoparticles. (c) Au/Ag
core-shell nanoparticles measured by high resolution TEM. (d) Size
distribution of Au/Ag core-shell nanoparticles measured by TEM.
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Fig. 4-31 High resolution TEM/EDS results of Au/Ag core-shell nanoparticles.
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Table 4-6 High resolution TEM/EDS results of Au/Ag core-shell nanoparticles.

Element Atomic%
AgL 38.02
AulL 61.98
Ag 3d
——— —
3840 3800 760 720 2680 2640
Einding Enerzy 2V
Au 4f
100.0 5.0 520 550 540 500
EBinding Enerzy (2WV)

Fig. 4-32 XPS spectra of Au 4f and Ag 3d in AuAg nanoparticles.

Table 4-7 Peak positions of the XPS binding energy of Au 4f;, and Ag 3ds; in the

core-shell nanoparticles.

Peak position/eV Area FWHM
Au 4t 84.1 13169.49 1.05
Ag 3dsp, 368 14925.63 1.24
Au 4fs), 87.9 10926.9 1.04
Ag 3dsp 374 10389.61 1.24
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Fig. 4-33 Absorption spectra of Au/Cu core-shell nanoparticles.
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Fig. 4-34 X-ray diffraction of Au/Cu core-shell nanoparticles.
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Fig. 4-35 High resolution TEM/EDS results of Au/Cu core-shell nanoparticles.

Table 4-7 High resolution TEM/EDS results of Au/Cu core-shell nanoparticles.

Element Atomic%o Atomic%o Atomic% Atomic%
CuK 51.11 49.91 54.40 51.46
Au L 48.89 50.09 45 .60 48.54
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Fig. 4-36 (a) Typical TEM image of Au/Cu core-shell nanoparticles. (b,c) Au/Cu
core-shell nanoparticles measured by high resolution TEM. (d) Size
distribution of Au/Cu core-shell nanoparticles measured by TEM.
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Fig. 5-1 Typical SEM micrographs of (a) Ag ~ (b) Au ~ (¢) Cu ~ (d) Au/Ag and (e)
Au/Cu nanoparticles mixed with EG.
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Fig.'5-2 Chemieal'structure of PS-P2VP .

86



5-2-2 B\ A3 2 40 VRER

% PS-P2VP fic?e A i i fhdr + A5 2 0z 18 > B3R BB 2 50CE 2 BB
P RAMERF AP - FB R, 2B E Y - wmak H ik R E Ay
3 150°C hTR B ¢t 48 o] PP L EJR[74,75] 0 B (FiT L W LRI e B @

B BA T SEF NSRS EF TR RS 4 S AFM SRR A

4.4

B GV REAL B EATRE > L ABH $H N F AT PS-P2VP
oo BRI AFM A 3 B 4 o AFM G £ A BRIV A G o 4
M PR RERIAE I LE B Ak iR FAERF BRI AEY A5
P SRR R € R 0 @ AFM?I&%@? PR E DR A R

(height)?j 32 o 3 Fo 205 R £ B > & & J1 2 JF &5 5 4R 5 4p $40 Spe B £ 4R i
Ao g AR AT DRER~ e i iR T L S VS

%’fu’ 3R A H _ :"‘;- AT A 4.. 4 > ¢ ¥ phase 3L ELETH o

Tapping Tip

——Respense

Fig. 5-3 Phase shift over regions of different composition.
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Fig. 5-4 AFM topography (left) and phase (right) images of thin films from pure
PS-b-P2VP block copolymel_;;l jk_gl gr sp1n-coat1ng Z-range: 20 nm, 20°.

Fig. 5-5 AFM topography (left) and phase (right) images of thin films from pure

PS-b-P2VP block copolymer taken after thermal annealing at 150°C for two
days. Z-range: 20 nm, 20°.
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Fig. 5-6 Schematic illustrations of the structural evolution of the
PS-P4VPg,,/AuSC,PH mixture at different annealing times.
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Fig. 5-7 SEM microgra@’h_:_'.bf ghe PS=b-P2VP Ag nanopraticles as-spun film.

=t

Fig. 5-8 SEM micrograph of the PS-b-P2VP / Ag nanopraticles film after termal
annealing at 150°C for 48 hr.
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Fig. 5-9 Usertinterface of the MiePlot program.
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Fig. 5-10 User interface of the Mie theory calculator program.
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Fig. 5-11 Simulated spectra.of the. Ag nanoparticles.
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Fig. 5-12 Simulated spectra of the Au nanoparticles.
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Fig. 5-14 Comparison of the experimental data (solid line) and simulated spectra
(dotted line) for Ag nanoparticles.
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Fig. 5-15 Comparison of thesexperimental data (solid line) and simulated spectra
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Fig. 5-16 Comparison of the experimental data(solid line) and simulated spectra

(dotted line) for Cu nanoparticles.
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Fig. 5-17 Simulated spectra of the Au-Ag alloyed nanoparticles.
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Fig. 5-18 Simulated spectra of the Au-Cu alloyed nanoparticles.
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Fig. 5-19 Comparison of the ‘experimental data (solid line) and simulated spectra
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(dotted line) for Au=Ag alloyed nanoparticles.
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5-20 Comparison of the experimental data (solid line) and simulated spectra
(dotted line) for Au-Cu alloyed nanoparticles.
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Fig 5-21 Comparison of the experimental data (solid line) and simulated spectra
(dotted line) for Au/Ag core-shell nanoparticles.
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Fig 5-22 Comparison of the experimental data (solid line) and simulated spectra

(dotted line) for Au/Cu core-shell nanoparticles.
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Fig. 5-23 Simulated absorption spectra of 55nm Ag nanocubes.
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Fig. 5-24 Simulated absorption spectra of 100nm Ag nanocubes.
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Fig. 5-25 Spectra of thin films (dash line)as a function of the deposition cycle number
for several composition, and with the solution(solid line) used for deposition
shown for comparison. Each curve represents one extra layer of deposited
particles. Thin films are composed of (a) Ag ~ (b)Au ~ (c)Cu ~ (d)Au/Ag and

(e)Au/Cu nanoparticles.
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Fig. 5-26 Normalized spectra of thin films as a function of the deposition cycle
number for several composition, and with the solution used for deposition
shown for comparison. Each curve represents one extra layer of deposited
particles. Thin films are composed of (a) Ag ~ (b)Au ~ (¢)Cu ~ (d)Au/Ag and
(e)Au/Cu nanoparticles.
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Fig. 5-29 Absorption spectra of the solution (dash line) and thin films(solid line)

composed of Ag nanoparticles: (a) Ag NPs/PS-P2VP as-spun film. (b) Ag
NPs/PS-P2VP film aftef thermal annealingat 150°C for 48 hr.
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Fig. 5-30 Normalized spectra of the solution (dash line) and thin films(solid line)
composed of Ag nanoparticles. (a) Ag NPs/PS-P2VP as-spun film. (b)Ag
NPs/PS-P2VP film after thermal annealing at 150°C for 48 hr.
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