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Fig. 1 Photographs of the famous Lycurgus cup (left . under
dark condition ; right . under the visible light
irradiation) 3.
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Fig. 3 Mechanism of a localized surface plasmon resonance.
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Fig.4 Visible absorption spectra of dispersions with different Au
particle sizes®.
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Fig.5 Particle size dependence of TOF with Au and Pt catalysts
in CO oxidation reaction (TOF : turnover number).

HaCat healthy cells HSC cancer cells

Fig. 6 Molecular-specific imaging of cancer cells using gold
nanoparticle/anti-EGFR conjugates. Dark-field micro-
graphs shows (right) HSC cancer cells clearly defined
by the strong LSPR scattering from (top) gold nanos-
pheres and (bottom) gold nanorods bound specifically to
the cancer cell surface, whereas (left) HaCat healthy
cells have (top) gold nanospheres and (bottom) gold
nanorods randomly dispersed without specific binding.
The scattering color (LSPR frequency) of the nanos-
pheres and nanorods can be clearly distinguished!.
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Fig. 7 Synthetic methods of nanoscale particle.
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Fig. 10

Schematic image of bimetal nanoparticle alloy (left)
core-shell (center) hetero junction (right)27).
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Fig. 11 Classification of electromagnetic waves.
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BT RFERICERYPRET B L, TOEEYICHERT 2
T Y ERELGREE DS, BH ORI T 100512 LA T S
HExfALTWwh, O—% 326Gl 1314, 1364, 1512,
1651 cm ~ NZH\W T < Y EELEASBI S B A5, AgF /RTA
BIZBWT, =¥ 3IV6GERRASE, T~ /flELE ZDY
L7z, ~A 7 DR 100805, -5 I 6GOE— 2728
W L7, SRR L7z Agh RIS T — 5 3 ¥ 662G
L, U=4%3IY6GDT~ v HTLMEISMmI N 720TH D
LEZOND, ZOEE, A 7 UEETIHCHEEONE &
BEH O 7~ ¥ FEELIRE A AR R B/ 2R L7272, F /RT0
R AREARSNTH— b e FHTE S (Fig. 12),
=7, A A NWNZNELTIISULE RO YL L ) BEE O1Z ) A320 7
B —=% 3 Y6GHRD T~ VRELDSBIH S L7z,

A7 OREERIBT BRTFOY—ALERE T 5720, + A
WNZMEL L < A 7 DE MO Fh & GRS, ART 5 Ag
FIRT OB EIT 5723 A NNRETA 7 BRITHN,
MBN=RDTE L (BN &S, SO LOME L4 A VI
FIG## 2R L, SNt ik, 5oMo~ 1 7 aingk
2B 5 AgF /WA O TEMIE L RFHEA M %R T (Fig. 13),
A APEICL D Ag T/ RFERTIE, 1~4 nmDH—72
WTAE STz, —H, A MNIMETIE, KA X5
fi 1~9nm) &b o7zAg T/ RFDBR SNz, FLIRES
HThHhoTHh~YA 70z Vs L TH—DRTEE S o7
FIORTE#ERTE L EATRENT,

A OREB LA NNREEZAVAg T S RFOE
BAZ BT, INERER S 530 RInA 2 % Fig. 141275 (UG
WHITED BV 2B OB ), <A 7 0TI B RNERIC
MEBOHENINE T HIETH ST (Fig. 14a), F A VA
CIIAIRNHARETIRAE IR L7z (Fig. 14b), ¥4 7 1k
B EHAATEEINZIC L ) HORET 5720, KB4
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Raman scattering intensity at 1,521 cm ~ ! with time
observed at center position (black line) and wall-
side position (gray line) of reactor by microwave
irradiation3? .
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Fig. 13

TEM images and particle size distribution
methods33).

Fig. 14
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of the silver nanoparticles produced by (a) microwave and (b) oil bath heating
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Photographs of the reactor after the sample discharge (a) after 5 min of microwave irradiation, and (b) after 5 min of oil bath heat-

ing. Tllustrations represent the temperature distribution in the reactor (c) by microwave and (d) oil bath heating®® .

100nm | 100nm

Fig. 15 TEM images of the synthesized gold nanoparticles after MW irradiation for 30 s and 90 s34,

A= EN D, L L, ZOBHHMOBRIIEFLRZMEL T
KA ENB 720, <A 7 aPEns TN L Y S5
BE OB IS TR 20, F 7 R 3E8m 0l TR A B
BT 5 (Fig. 14c)o —77, F A NWNAMBTIE, SMERL Y 28
ol L CHURE L IS L ) A A VOB KB MEET 5,
L72h%o T, HaOMNEEA I THRIICAgHERL, 20—
TN ICHEE L TR T 2 (Fig. 14d). ¥ 7 VKB
DRELEOECD LB L7z F /T OMEzRER 572 &%
AbNDb,

7.2 FERHIEOEBAE

Kundu & (3 AuHTBRfE & S8 DR G EZMLSE L2 LT,
BRIR, vy MR, ZARROF 2R 2 ERER L2, &5
12, A 7 ORI T 5+ R OBEZEIZoWT
BHF L Cnb, 72k 21E, 30MMD~ 1 7 1k B L 72
B s, BRIRK TSRS 525, 90O~ A 7 aiEst it
Bl b o R TICEILT 5 (Fig. 15), ~ 4 7 T ¥IEE
BN T A 2 EDTTEL T LD, BRI
BICET 5720, SEENC X ATIREIBMAES & b, 508
FNZ & AR HIE 1 Mohamed 5 12X 5 Td, 4 LA VEEGHFH
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Formation of Ag nanoparticles in PVP network under
microwave irradiation®”) .

Fig. 16

Wz AuF S RTFOEBICBWTHE SN TW5E ¥,

7.3 BENLGERE (SFms) [CK5E6H

A7 OEINBAORFRN LB L LT, SWFERKE LD
SN % BOBICHW 5 &, ZF OYPEARL CRFTINE E 584 S &
BIENTEDLIENPWEENTVDE®, L 2IE, v1/71
EIMEENEWN-AF LT RCOELSARTHALAR) Y=
VEBY F¥ (PVP) 20#ENCHWS L, v/ 2782k D
PVPASEIRINEL SN, &/ A+ > DBILRF /K F Ok T4
FAEMET L EEZONTVWE, 2OL) RBARIE, v 0
WEIC BT 5 F /T ORI LKEEZF SR THEETH
BERESNTVDEY, <A 7 TEBHEIEICE b2V Agt A
F > & PVP A O A CRATMEALDHELT L, R T DBHE
PRSI, 7)) XL B~ ) KT 2ERT 5 (Fig.
16) o Mk FDBERETIX 7Y X LK F OFEIEIIER SN v
D, ERIRK TSR Lo, BREAGEIT T A EEE 2
bMb, —F, RIEMED AgNOs DERREMRVIGEIL, BRIR
F I RFDERT 5,

74 RUCEEDERL

Fig. 141Z7RL72&BY, <A 70+ / HT-ARTIEIRIBE
WOHLDOLF IRTHPERT A L0, #YRELAKIIH
L KIBEm OGN EABEL T LI LN TEL, v 7 0%
7@ T alEE L RIEL, Agt /BT DA
Ao/, RYAYRY TEBCCTHREERE < A 7 ujkl
TWENICRE L72ES (E&13.5cm) 600 mL min ~ ! D #
THEAL, ¥4 70 zEfERE L7 (Fig. 17), ¥4 7 0
MELOIF T H 2 BB ML FIHT 5 2 & T, FUBERANE
I CEA L 73RS OB A# R I T 100 CIT#E L, Ag
F ) RT-DERDPBOZLH S B S N ze KIBAR S HEH
ENFcAgT /T aa A FARBEIDKBICE ) 2% LS %
SERE S 72 TEMBIED Ol 2 W Tb¥—% Ag S/
KT (07~28nm) PAEKT S DRSNS, ZOEBED
P, OB, BAR-ARLH LA L HDET S
NBD, S5ICHEFEZICBWTY T/ RMFORNEIC L 255

— (Q
|
e

Reactor (b)
Ag nanopartlcl Peristaltic pump
Wavegmde @ |j

lce water bath Solution tank
(a) Photograph of the continuous flow reactor system
for the microwave-assisted synthesis of silver nanoparti-
cles with TEM image of the resulting silver colloids is
also displayed, and (b) schematic image of the overall
experimental setup®?.

Fig. 17
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(a) Visible absorption spectra of Au nanoparticles (5.8
GHz and 2.45 GHz microwave irradiation at 45 W)
and (b) TEM image of the Au nanoparticles produced
after 15 min by 5.8 GHz microwave radiation*" .

Fig. 18

WEBICTHEND RN L h s, BHNICERORENLE R E
WO FE SRS O,

7.5 <A ORAKEERE

Nyutu 5 13 BaTiOs & IC BV T~ A 7 Tk JE W E 2.45 ~
5 GHz \IZZAL S, TOREEEIREMET L7, 245 GHz D
<A 7 BERECE X 2 — TIROR T AT 575, Bk E
ELT AR LR FIIAAZTHF L Z L RE SN TVD
T/, BEERBEEASE RS F RADEREIT) LRk
FESATDF I RA DT D EIRENT, BELL, &
FEBRNE L THERB OB IE DY, ERT 55 KT
CHEBESGREEILND,
JE¥%52.45 GHz D~ A 7 T in#k C 1L A 4 a1 o nzh
LW RS, INLEHWF 2 RTAREIT) 2 & 6i
T&Zv, LL, YA 7 0lEREHE&HCTHIET, ¥4
IO OBRREENE 2, FBREEHETH - TH T
BIENTELIENHONTVSEY, WA THL AL
ANT I VHTAuT /R T%58GHz < A1 7 T INEEEE (2 &
DAB L7240, SIBEEE LTHW A LA VT I Vi, &I
FlB L OGEA L LCOHEET 5, 5.8 GHz~ A 7 1 % IR 4t
L72BKTIE, Aut /R TOERE 77 XE L RBOEETH S
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528 nm |2 R 28 S /- (Fig. 18a), 72, TEM
BEIVIEL2 MmO THIERENT VLI LRI NTL
(Fig. 18b)s —, 2.45 GHz TIEEHADIRE LS IZ L A & I
AT, KH7TIAEVHBOY -7 SBMS NG h o7z,

(a) Au core (b) Au@Ag: [Ag]/[Au]=5 (c) Ratio=7

(d) Ratio=8

-

50 nm 50 nm 50 nm 50 nm
ST s srannza  CHSATERSI
(e) Ratio=9 (f) Ratio=13 (g) Ratio = 18 (h) Ratio = 30
50 nm 50 nm 50 nm

EVESCSIIRE  EeT——— e

(i) Aucore  (j) Au@Ag (k) Au@Ag () Au@Ag

~

Fig. 19  TEM photographs of (a) the triangular twin Au core
and (b~h) Au@Ag nanocrystals prepared by
addition of various amounts of AgNOs to Au cores with MW
heating for 2 min. Dotted lines are triangular twin Au
core plates, which can be observed using photographs
with better contrast. (i~1) Growth mechanism of
triangular-bipyramidal Au@Ag crystals from triangular
twin Au cores*?.

Table 2  Yield, average particle size, and surface area of o-Fe;O3
particles prepared with Fe (NOs); (Concentration :
0.02M and 0.1 M ; Reaction temperature at 100 ‘C and
120C) .

. Reaction | Yield | Average size | Surface area

Concentration .. -

conditions | (%) (nm) (m*g ")
100C-24h | 57 21 539
(Elec?r.i?:zfllrr[nace) 100C-48h | 79 31 46.5
100C-72h | 84 28 48.2
100C-2 h 4 18 62.6

.02 M 9

(M(i)c(r)owave) 100C-4 h 12 24 54.8
100C-48h | 29 23 50.5
0.1 M 120°C-4 h | 83 53 39.6
(Electric furnace) 120C-6h | 90 64 36.0
120C-8h | 96 65 33.8
0.1 M 120 COZ—O.S h| 43 32 48.6
(Microwave) 120C-1h | 60 41 40.3
120C-2h | 86 38 42.5

8. A7 Y T IF/HTFDEK

TS5, A 7R F—IVETER L A /R
Bl I AgRTBRAZ I L ~ A 27 Oz 2479 2 & TAu
TAgY 2NV I RTDOEREITo 72 TOHRETIE, Aua 7
DR D B I3 AuBTERE (HAuCl, - 4H,0) & Ag Rl BRfk
(AgNO;) DHEOZEALH;R A DOILEICEET L 2 L2 B
L7414 = MHCRD Au T/ K- OWRET2 5, =MAHEIKD Ag
I VHEET AT % Fig. 19127R" T, Agd AuDEE0513 .
LU LTI CEEMASERO TR 2 a7 ¥ 2 VT ET 5,
=AW, AEE, FEEOAuT 7RSS, ¥ 3y PR,
Sk, By KIRO a7y o VkiF %2R L, S8 E LTR
L7z PVP S REE QRS ST~ E 5 2 & TRESLIR Z il L
TWB I LEHEL TS,

9. £ERtYT/HFDEK

<A 7 alikEe o SRR T oD, SEF
JRFERBRICSEIRE SN TWE, & IS, ¥4 7 afikE
B L) HBIREE T TORIBR, VIV, & )k
FABUHEBL L 72 F — VR X B A ATEAICAT b T
&7z, Table 2ICfCEN LB F /KT 2 Lo/l T
BHEL TV X720,

<A 7 aPKBEROME LT, SFEFRBIROKT %
BB ERE AR T E BB ONG, 72E 2, %47
O KA B & I\ 72 0-Fer03 - / RET-O A T, FedtB
L UPOS~DENVHERE TS 2 &T, IR FOT7 AR
bR 1.1 ~6.3) 2SHIE S ki (Fig. 20) D5 A
BRI LT 5 9,

— R VIV R W2 TIO F /BT OERIZB W T,
<A 7 ainEe BEE L CRIBT 5 2 L TR RS OBk,
Y 4 XORFDEKTE D Z & DEHEE ST\ 5 440,
T, AF R EEBE Lo~ A 20X B TiO F /KT
DEBRDE S B %4, A % VBERIBAEDEEI R~ (71
WIBRIRSENTB Y, ~ A 7 DiARERS & T Emm
WCHWONTE Tz, 44 Vilifke F/ RFoEEe LTHW A
ZET, RFEEOTy FL— e LThH#REL, KA X
RLEABEHOHIE LT 2 LT E B89,

10. VA 7 ORBEKERICH T HETUFE DR

4T 513 Fe (NO3) s Z AiBMA & L7z 0-Fe,0s D& E~ 4 7 10
WnE L EAIF MBS EZ AT, S F SE A BRE (100 ~

Fig. 20 SEM images of a-Fe;O3 nanocrystals (a . no HyPOy 5 b © 0.02 mmol H,POy ; ¢ & 0.04 mmol HoPO,) 43,
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1407C) R RIBFEHE (0.5~ 728H) (23T 5 EBR T OILE,
SPYRAE, MR OE NI DO WTHE L2, <A 7 ik
INEL BRI IS LR BUS R EE B A3 ~ SR E IR
TEHIEREETET AT/ HTPERTEL I LxiFLTW
% (Table 2), F72, WEFEMLHiZ THEBLKIFMEIZILN,
~ A 7 BEINE I AR T OBENTHE S NS,

11. EEHNVASFFA KT/ BFOER
<A 7 EAVEEEI VIS AL ROSKE LT dH
HENTWEFEER, KBERRL R —VETHE, 72&2
X, CdTe/CdS T 7 ¥ z VDERTIE, ~A 7 Tk o BRI 12

J. Jpn. Soc. Colour Mater., 85 (8) (2012)

ELBWVCAS Y T VDEREI Y PO — LT B ENTELT:
O, SESELBOUOT IRTEREHIERTLIENTES
(Fig. 21) 3V, BEAFTE T, #5E20 B2 E 0 mifli 20 fL il
WEE LA, <A 7 aEdECIRIER ICHM R TR T &
BT EESN TS,

12, YA 7AEEERAVEF/RFOERE

<A 7 agEEE Az RO ARSI L D5 % Table 3
CF LDy YA 7 8EEHVINSDF KT OHE
FINDIMZ D S HIRE SN TWED, FO—EH%ERT,

Table 3 Composition of the nanoparticle prepared (or produced) by the microwave method.

Shape (size) Precursor Dispersing Reduction Reactior? temp. Ref.
agent agent/solvent and time
Ag Spheres (50 nm) AgNO; PVP EG 150°C, 15 min 52)
Ag Rods (10~20 nmX50~200 nm) AgNO; NaCitrate H,0 100°C, 10 min _ |53,54)
Ag Rods (40~120 nmX1~8 um) Ag,0 1,2-Ethanedithiol 1,2-Ethanedithiol 80~140°C, 10 min | 55)
Au Wires (20 nmX1~3 pm) HAuCl, DNA DNA/EDTA/H,O <100°C, 3 min 56)
Au Spheres, Triangulars, Rods HAuCly CTAB 2,7-DHN/NaOH/H,O 30~90 s 34)
Au Plates (30 nm) HAuCl, PVP EG 196C, 1 min 57)
Au Spheres (9£2 nm) HAuCly Oleylamine Oleylamine 245 G<HIZSOT;I; GHz 40)
Ni Spheres (6£3 nm) Ni(OH), PVP EG/H,0 150°C, 5 min 58)
Ni Polyhedrons (40~100 nm) Ni (CH;CO,), PVP, DDA EG 195°C, 45 min 59)
Pt Spheres (5 nm) H,PtCl, PVP EG 150C, 15 min 60)
Cu Spheres (10 nm) CuSO, PVP NaH,PO,/EG 5 min 61)
CuO, Cu,0| Spheres (30 nm), cubes (300 nm) Cu(OAc),-H,0 — EG/H,O 15 min 62)
CuO Spheres (4 nm) Cu(OAc), PEG NaOH/EtOH 10 min 63)
Cu,0 Ellipsoids (300 nm) Cu(OAc), - glucose/H,0 70°C, 30 min 64)
CeO, Cubes (50 nm) Ce(NO3), oleic acid EG/t-butylamine/H,0 60 min 65)
TiO, Cubes (5 nm) TTIP — EtOH/[bmim] [BF,] ~ 3~40 min 66)
. Cubes (25 nm) , Rods (4X17 nm) . NH; or NaCl or .
TiO, Spheres (8 nm) TiCl, — NH.CUH,0 20~60 min 67)
TiO, Spheres (10 nm) , Rods (10X100 nm) TiOCl, — H,0 195°C,5~60 min | 68)
Fe,0 Cubes (240 nm) , Ellipsoids (300 nm), FeCl, _ NH.H,POJH,O 220°C )
Spheres (300 nm)
Fe,0, <20 nm FeCl, — EtOH/AcOH 150°C, 15 min 69)
Fe;0, Wires (30~50 nmX1 um) FeSO, PEG H,0 180°C, 8 min 70,71)
Fe;0, Spheres (6 nm) Fe (acac) ; L Z?JZQZ?CIZE’(liOI [}Ehm;;l}]/][j}l:i/ 250C,5~10min | 72)
100~200C,
ZnO Rods, Wires, Spindles Zn (NO;),*6H,0 - NaOH/H,0 10~20 min, 73)
0.5~4.0 MPa
T1L,0; Spheres (20 nm) TICl, — NH./H,0 60 min 74)
SnO, Spheres (5 nm) SnCl, — HCI/H,0 180°C, 45~120 min | 75)
CeO, Spheres (3 nm) Ce (NO;); hexamine diethylene glycol 60 min, 10 bar 76)
PbTiO; 50 nm Pb (Ac),, Ti(OPri) , — EG 1 min 77)
BiO, Rods (2X30 um) Bi(NO;) 5 PVP NaOH/H,O 6 min reflux 78)
Cd(OH), Wires (5~30 nm0.3 um) Cd(NO;), — NH,/H,0 5 min 79)
BaTiO; 50~100 nm BaCly, Ti (OPri) 4 — EG 5 min 80)
CdSe Spheres (200 nm) Cd (Ac), Se (powder) — EG 60 min 81)
CdS Spheres (<5 nm) Cd(0Ac), — thiourea/DMF 18s 82)
CdTe Spheres (4.5 nm) CdO, TeTBP - ODE/TDPA 180~280C,1~90s| 83)
CuS 5~10nm Cu(OAc)., - formaldehyde/H,0 reflux, 20 min | 84)
thioacetamide
PbS Spheres (10 nm) Pb(0Ac),, S — NaOH/EtOH reflux, 20 min 85)
PbSe Cubes (5~15 nm) Pb(OAc),, selenourea|  olaylamine phenyl ethet/DMF | 160°C, I min, 3 bar | 86)
7ZnS Spheres (7 nm) Zn (OAc) ,, thiourea PVP DMF 1~12 min 87)
ZnSe Spheres (2.5~4 nm) ZnCl,, Se (powder) MPA NaBH./H,O 140°C, 5 min 88)

EG  ethylene glycol, FA © formaldehyde, DHN : dihydroxy naphthalene, DDA : dodecylamine, MPA : 3-mercaptopropionic acid,
ODE : l-octadecane, PVP : polyvinylpyrrolidone, TDPA : tetradecylphosphonic acid, TTIP : titanium isopropoxide
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Fig.21  Photograph of the wide spectral range of bright lumi-

nescence from a sample of microwave-assisted synthe-
sized CdTe/CdS NCs aqueous solution without any
postpreparative treatment under irradiation with 365-nm
ultraviolet light from a UV lamp’".
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Abstract

The number of the report concerning the nanoparticle synthesis using microwave heating is remarkably increasing lately. Since the high

quality nanoparticles can be obtained by the simple operation compared with the conventional nanoparticle synthetic method, many researches

intended for industrialization have been carried out (or proceeded, or on the move). In this review, various features and examples of the

nanoparticle synthesis by microwave were summarized. Moreover, in order to clarify the feature of the microwave method, we also added

general description of nanoparticles.
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