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Study on synthesis of colloidal clusters by pulsed laser ablation

Teppei Nishi

The electronic states in small materials have discrete energy levels, resulting in the unique properties different from
bulk counterparts. Therefore, a lot of researchers have studied nano-sized materials. On the other hand, clusters defined
as an ensemble smaller than 10 nm also attract much attention due to the unique electronic states different from
nanoparticles and atoms. However, the preparation of clusters is generally a difficult task. Physical methods such
as sputtering or laser ablation in vacuum or in carrier gas can produce various clusters composed of desired
elements with various sizes, whereas the low production rate has prevented application such as electrocatalyst. On
the other hand, chemical methods with a combination of size separation method such as electrophoresis can
prepare atomically-precious size-controlled clusters at the cost of fine adjust of synthesis condition such as solution pH,
surfactants and reducing agents, which complicates the cluster formation of various materials.

Laser ablation has been used for material synthesis such as thin films, clusters and nanoparticles. Laser ablation in
vacuum or in carrier gas can produce clusters of various materials. In particular, laser ablation in liquid can produce
nanoparticles with the size ranging from 10 nm to 100 nm. This technique can be applied to nanoparticle synthesis of
materials, which is difficult to achieve by chemical method. However, the size distribution of the nanoparticles prepared
by laser ablation in liquid is generally broad, so that monodispersed nanoparticles and clusters smaller than 1 nm have
never been produced by laser ablation in liquid. In this dissertation, the improvement of nanoparticle yield and the
control of size distribution of clusters prepared by laser ablation in liquid were studied. A novel method proposed in this
study made it possible to produce colloidal clusters smaller than 1 nm. Additionally, the electrocatalytic activities of the
colloidal clusters smaller than 1 nm prepared by laser ablation were also investigated.

In Chapter 1, the properties, history and synthesis methods of clusters were briefly overviewed. In addition, the history
of laser ablation and its application to cluster and nanoparticle formation were also mentioned. Furthermore, the unique
properties of nanoparticles prepared by the conventional laser ablation in liquid were briefly reviewed. The low
nanoparticle yield and broad size distribution, which were serious problems of laser ablation for nanoparticle formation
were mentioned.

In Chapter 2, the improvement of nanoparticle yield in laser ablation in liquid was studied. For comparison, the laser
ablation experiments in liquid with a conventional setup or a flow cell were carried out. A novel laser ablation for
nanoparticle formation with a powder target precipitated on the bottom of a piriform flask filled with water was
proposed. This method can prevent the interaction of the incident laser light with produced nanoparticles, which leads to
low nanoparticle yield. As a result, the nanoparticle yield 30 times higher than conventional method was achieved.

In Chapter 3, a novel method of laser ablation created at the air-liquid interface for improving size distribution was
demonstrated. The confinement effect of liquid, which causes highly dense plasma formation, could be attributed to a
broad size distribution of nanoparticles or clusters prepared by laser ablation in liquid. It is expected to improve the size
distribution by utilizing sparser plasma. For this purpose, we proposed laser ablation at the air-liquid interface, which is
expected to produce single nanometer-sized Pd clusters with a narrow size distribution. To investigate the mechanism of

nearly monodispersed cluster formation, the laser ablation at the Ar-liquid interface was carried out for comparison. The



results revealed the influence of atmosphere on the cluster properties and cluster formation.

In Chapter 4, a combination of laser ablation technique proposed in Chapters 2 and 3 demonstrated the formation of ca.
1nm-sized Cu-based cluster with a narrow size distribution. The laser ablation of Cu powder target precipitated on the
bottom of a piriform flask filled with pure water produced a mixture of metallic Cu and Cu,O nanoparticles. The laser
ablation at the air-liquid interface using a colloidal target just after preparation produced very small cluster stably
dispersed in water without any chemical regents. The X-ray photoelectron spectroscopy (XPS) analysis of clusters
revealed the formation of NO; by a chemical reaction of N, and O, molecules in air indicating Cu(NO3), formation,
whereas UV-Vis absorption spectra of cluster colloid was quite different from that of Cu(NO3), aqueous solution. This
implied that the product was not Cu(NOs3), but Cu-based clusters.

In Chapter 5, the Ag-based sub-nanometer-sized cluster formation was demonstrated by a combination of the novel
methods discussed in Chapters 2 and 3. The laser ablation of Ag powder target precipitated on the bottom of a piriform
flask filled with pure water produced ca. 3 nm-sized clusters, which were stably dispersed in water. This cluster colloid
was used as a target for the laser ablation at air-liquid interface. A drastic change of the color of the colloid was
observed indicating the formation of very small clusters. In fact, the electrospray ionization mass spectrometry revealed
Agn(NO3)ne1 (n = 1-3) cluster formation, which indicates AgNO3 formation similar to the case of Cu-based cluster. In
addition, UV-Vis spectra of cluster colloid and AgNO; aqueous solution showed the formation of Ag,(NO3)n+1 (N =
1-3) clusters instead of AgNO3.

In Chapter 6, the electrocatalytic activities of the Cu-based clusters and Ag-based clusters were investigated. The
carbon paper (CP) coated by the Cu-based clusters was used as a working electrode to investigate the electrocatalytic
activity for oxygen evolution reaction in Na,CO3 aqueous solution and KBi buffer solution. After pre-electrolysis, the
Cu-based clusters were oxidized and the CP electrode coated with cluster derived CuO (LAAL-CuO/CP) was obtained.
The LAAL-CuO/CP electrode showed superior electrocatalytic activity compared with a reference electrode. In addition,
it showed the lowest onsetpotential among Cu-based electrocatalysts ever reported. In addition, the electrocatalytic
activity of the Ag-based cluster coated CP electrode was investigated for CO, reduction. It is well-known that Ag
catalyst can produce CO by CO, reduction. Although the reference electrode of single nanometer-sized Ag cluster
coated CP electrode and the commercially available Ag powder coated CP electrode produced mainly CO as previously
reported, the sub-nanometer-sized Ag cluster coated CP electrode produced HCOOH as a main product of CO,

reduction.



x-SR 1
L1 T RL T & T T R ettt 1
12 =P =T 7 L= 3 T E BB oo 3
13HPL—HF =T T L=z ATE DT 7 MBI e, 5
1.4 ARBFGED H BT & AGR SCDHERL oo 9
BEFE IR oottt ettt 10

2. WPL—H =TTV —a kDT RAFRIEIZBIT DUEEDM o 18
25 R o L OO 18
2.2 FEBRETTEE oot 19

221 L= =T T L= a2 N E D PAd T BRI s 19
222 77—k ERWEEF L —Y—T 7 L— 3 28D Pd kIR O R E
................................................................................................................................ 19

223 R RS —7 v bEAWERTL—F—T 7 L—3 3 12X % Pd T/ R 1IY
FRODTA]E oottt ettt ettt ettt ettt n e 21

224 EFRIF- DX A T 7 H U B3 T U e 20
2.3 FEFE L TR e 21
231EFL—H =T T L= a3 LB PAd T REABIEL e 21
232 77—k EHWZEFL——T 7 L— g 2L D Pd SRR L 23
233 WKL —5 > FERAWEERFL—Y =T 7 L—r 3 28D Pd T RLA
L ettt ettt ettt ettt a et e st et eeeas 25

24 FE LD e 29
BEFE IR oottt 30

B et 32
3L FE U DIT et 32
3.2 BEBRTTTE oo 33
3215 - AR EL—Y—T 7L —va ik bPd) ) 7T AL AL 33
322/ TAZ—DF X T T HZ U B3 T L e 33

323 Ar EHUT K D KAHDEEZETIAM .cooocvc s 33



B3 A L BB e 35

331K - AL —Y—T 7L —ra kb Pd) /) 7T AL —AIE 35
332V A AXNRY—70F ) 7 T AZ—RITRATT =K I e 40
B E B ettt ettt bbb ae bt e et s tereanas 42
B TUIR vt 43
R-WHREL—F =T T L= a ik 1Iomm YA XD Cu s 7 AL —A#lHE ... 44
T = D) OO 44
B.2  FEBRTTIE: oottt 45
A21 ENREF L —P =T T —ra kb Cut ) 7T AL —DER ... 45
422K - A mL—V—T 7L —va kB CuF 7 T AX—DOERL........ 47
A23FEMRI LT ) VT AL —DF v T I H VB3 T2 e, 47
B3 FEFELFEER et 47
431 CuyRE —7y VERWEAKPL—F =TT L —va itk s/ and
R ettt ettt ettt et s e n et et a et ettt ettt ettt st nen s 47
43255 - A EL—V—T 7L —va kb Cut /7 T AX—DOER ... 49
BA  FE LD et 53
BB TUIR et 54
R -BRAEL— =T T —2a XA 7T 7T AZ—RAIEL . 55
35 N o L PP 55
5.2 SEBRTTTE oot 56
521 AR L —7 > hEAWE KT L—Y =T T —Ta Nl bAg T/ 7T
A DHVEIL oo 56
522 & - WRE L —F—T T L—a ik B Ag YT 7T AX—DERL.......56
B23JFELE 7 T AF—DF XTI HZ U B =2 3L e 58
B.3 I L FE5ER e 58
5L AGHI R L —7 > AW KPP L——T T L —2a Nk bAgT /7T
A BRI oottt 58
5.32&% - AL —F—T T L —a i AT 7T A —AIRL ... 62
DA LB ettt ns 66
R TUIR oo 67
KRR LY =T T L— g VTR LT 7 T 2 2 — OB AIENE ... 69
B.1  FE L DIT coieiecieeee ettt 69

6.2 FEBRTTVE (oo 70



6.21Cu 27 7 2 Z — % AW ERULFRI IR K DBEACEUER oo 70

6.22Ag V7)) 7 T A2 —OMIEAERIC L 2 ESALFAI7R COLRITE ... 73

B.3  FEIL L TEER e 75
6.3.1Cu 7 7 A& —H kKD CuO OFtEIERIC & 5 BERALZFEM 2 K DBALSUE oo, 75
6.3.2Ag V7 7 T AL —OfEVERINC X D ERACLFEA e CO2 MRITSUE v, 85

B4 TE LD et 88
ZRZGTUHIR ovvoeere et 89
T FRERA oveve e eeeee e e et e e s et et et s st e e et a et et et et ettt st e e a et et ea et et e et et et ettt ana s e e et et eaetenas 93
T oottt 95



2A
1)

11 FIRFET T AL —

FORIVICH DSV LT AOME DY A X2/ SLT5 &, REIZITR 7231506
Nb, ZONNT ERFORIZIE, BENOEEERORTFREE ST TAZ— F /A
— M A DT JRIFBIAET D, T A ARBATBICo0, T OBTFIREITR ~ (2B
B2 5 (K11, ZORER, 7 7 AZ—=F JhiF1d, "7 IR LW ERD,
T YA RIZHRT DR AT LI HINZ, /77 /e o=, Hxprrx—
fbo/ Vi, miERE L7 &2 BRI, fRa s ollm 2 SIS S Tng, /T2
= I NEHNENTND, Bl A7 772103 Au T/ K72 E3 W
BTV, Zhid, K77 AEHBZFHLIZbOTHY , DO TIE 4 RIS
ET Iz T 2RO EAZICH LIEMPERI SN TV D, & ORI,
Faraday 512 & - Tl TR Szt
BAAEFIZIB N TR, 2307 TIEANEE TR ZE R Au 23, T/ A Kb T 5 2 LT
0 ARESETICBT D CO MLEISIZRTT D m W MIEE 2R 2 EARALIZL - T
WS TUM 2 T/ MR O MBS OBFE NIRRT T E 72, T OREE, W,
LFRIRER 2 IR G RRIEDSHESL S D L IS, ZOMMED Y A KR ERT~N 6N TE
Too BIZIE, BITEANC LD A AL EBTT D FIE P07V U~ —2 AT B0
I AH— DAL B RER Y, Ay Z ) o 7R —F =T T L=y g v O O
RMFO7 T A —AIRER ENMENTND, T E TICHEX I o XL/ T/ K

A T T A —=ERMTONTEEN, AuTF R, 7T AX—OF5EIIEICIER ICiTD



RF  99R%—  F/HF

11 T, 7T AF— F/RTFOBEFREOLE (R SAE, F E5AH0E)

BFEREL
T5X%

X 1.2 L—H%—T7 7 L— 3 OINX



NT & 28528 G2 3 (R % O TR B TIC K> TR LT Au E72132 0
—EMOTHICEMR L LTHK Y T AL —auA N3N o BT 2 B % 2 &
TRFEL DY A ZHIFRAIREIZ 2> TV D 4 RFE L~V TH A ARHIE S hor-
AUZ FAZ— LA DR Yy MR, AuBIBREO A X (FTH0) NS R D1E
EIEMEAIE B L, ARSI & 5K X OWHR ARBTG5 2 L AHE ShTn
%5, UL, (LM amkiE T, sEHRIC k> THEAT 280K B, WO pH 722
EO&ME BT 2LERD Y, ZLBERD T T AX—R0F )R OARIE L ) K

D EVHIRREND D,

12 L —H—T7 7 L— 3 02k AR

WEI\ZBIELL EOFRE DSV A L —YF =N T 5 L, ZOREMNLIEFR0TF. A4
Y.V TAZ IR ENBRITHHEND (K12), IR —F =TT L —a L
BENEBRBETHD, L—F—T T L—a 237 T A<k . B2egsoesst o b
SOGFHEL V70 Ehkx fe B - LRIBG A LS, 2RO OBIREIEH LIeeHohr . £
HOE 8, BRI S, WERL S J KT - 2 5 A X — B K OBFSENERICTATD
nNTns (X13), #lziE, L=V =T 7L —a kW ERLET T A~D5%E D
4228 T, =5y FOREOTHESMNZITO FEX, V-V —FETL—r o
G3YE EEEAL, NASA DORRERER IR ST D, MEHRIBA~OIEHICBEL T,
R E BRI ORI T T — L DR R P ORE R ER 5 TN D P, KR,
BEROL—W =77 L— 2 TR SR % FER BICHERE < & TR 2 ki,
7V A L —H—HEREEE (PLD : pulsed laser deposition) & FEIEHL, ERS/ERLOIN 722 Fik &
LTEZLOGHETHNLA TS P8, £ 7724 —F#IBNTH, L—F—T 7L
—¥ 3 VIIEMINLY T AL — ORI EE LTHW SR TWS 22, 7 5 24—

ABLCIWTIEL, MEZETFTEF Y VT HAL L THe R EORNEWT A ZWH L, #—F > b



— EZEENL BRRAR

— T ATER TR ALFRIG

L—H—F7TL—ar

— BERELE RENE

— V2R —HER (MR FiR ) — fofiin T, &R

(13 L—¥ =77 L —3 3 R WAL R BLG 0 s

He

€ 57552

=0~

14 L—YP =TT V=g Nk BRMET T AZ—AROWIEX




WSV AL—F—2RFT 5L T IR —%ART D (K 14), EREHRD T T AKX
—lE, REREHTRLF—ZF>TVDN, He REDF v VT H R LERLHRY KT F
TIZFRAX—2ROBEEND, TOHBRDOTEBEATCOREDHTAZEANTHZ LT,
HENTZKHMINLY T AZ— LB AT ANRT %, BEOFTHENZHWD 2 LT, TR
HBALESGEE, LBRWGAOEEANY M ERIRTHZ LICLD, ke Zofipk, ¥4
ADY FZAZ—DMEZE L EF N T AR Z E B E WO RERZ DD, Z
OEMiZ AWT, CO BLI 7 EITktd 2 7 T A X — DY A ARMBURAF SRR BT
o, BEOWHEINZEST 52T, BNET 04 X, Mo 7 7 2% — 2@ IREIC
R EA~HET2 2L BAMETH D, L L, EENEMICRDTEORMBINNLY T A X —
oA RGER LCTEMR BB R L. ZOREZ R DRITIROEN TN D, o, 7T A
Z—DERETD R FEMETHEIIAWOND LD Ra R Yy MG BCHEK D

ISP~ D BRI, EREFICH e EIINEETH o 2,

13 HEHL—HF—T T L — 3 kBT BRI

L= =TT L —2a VERERTITO) 2 LIk, B LTE 7 A Z =R TmA
SINDEHIIEL, F/RFLLTENTLSZENTES (M15), ZOFEZ, KT
(M) L—¥ =T 7 b—ra v b, T RERE S LTRSS T D, IR
L—HF =T T L—3 g A2k B F R FAIELT. Fojtik HIZk > THID THEEN 2, #
D%, FEMARBETOI, tOFEL B LSS, OMBIORIKR R, &)F 227,
B4 w3 B . LA ¥ &L oMEHGETE . @&
Ko TUIERT /KL FORENHE L. #ENIENZ L > THMAIZ ) —T b ZER =
1A RARASATRE ¥, A EORFRI RIS, £ OF R BNRF L —F—T T L—v 3
VTR SN T E 72, Fojtik & DORPIOHENS 20 FELL ERRSTZHETH, T ki 5K

DWENZEATONTND, £o, ERA T =X L0 Z BEE LI2HFE HIEFITITH



Lo X Ly X

MERE—7 vk

WRA—4 vk

X15 WRPL—F—=T 7L — g9 OIEX

A RALF
WA=
ERYEDHEEER

K16 WHL—H—T 7L — 3 U (E)BMRER & () ERRL R E _EFEREOBEN X



NTED, xR, ALFRRBIRPED 7o ORITEMTH D | FEMR AL
S ALRNIERTERE > T, —FH T, ERkOXMHET, BEFOL—F—T 71—
a9 EHE LGS OREIT. HONIEN TS, FHCEEZROIE, RAHOM CiIADR)
BThHD B, ZHE LT T L= a TR TERLET I X, WEL LS &

L CTHAMICHRIEDR & 272Dk T T, BUNERICHACAD DN LBRTH S, WHD
FIUIADBRICL Y, P L —H =T 7L —2a o TERLET T X<id, [P
R LT, miRmESEEREICRD ZEDNHLNTWD, ZOEMERMER, b7
7 1t 22BN T, WRPICE N 5B EEVEAR SoRANC L v . REO(L
ERBER BT D Z ENTHETH S B, KT, &OKFL—F =T T L— 3 12BN T
(X, KED AU-O L ERMEAHRCTNDD, TOFEFEINZE>THRMFAIZ Y —Than
A RRRET D Z L BHEShTng %,

WPV —Y =7 7 L—3 g CAR LT R OWPERHE & B A Tl CTE 7o, FF
IT. BEME PSR R BN D SRR T CE s, S, T R AR R
MIEFIRNZ LITERT 2 L EZ 265, #lxiE, Nichols 51X, PtilkazZ—7 v F& L
AL —F =7 7T L— 2 BT, T RFICRIZR A 4.4 mgh & LTV 5 2,
LinL, ZhFL— -GS 15 5 DA EZ A L2/ R CTh 5, ERRICRERM L
—YP—Z W LI25E . L O AR T SR FIRE N BRI S (K 1.6), £OfE
By LY=L AR R OMEERICLY . =5y MRS SN D L— P —TREE T

AR T 2720, EBRIZ LRERRT2 &, INEFSHITELS 2D L TPHREIND,

ERRRL YA RCERTHE, WPL—F—T 7L —va v CERLIET VR0 A
R ANE— AL <. 28 nm~100 nm FEE ORI 1- % G T E NS, B—7e T ki1
Rvultra small” ) Fi A D EEBT E & 5, il 21X Park &%, second irradiation (Z & ¥ “ultra
small”F / Kif &2 AR LI EME LTV %, UL, ZOFEHFA XE470im TH Y, &

A RGBT TV TF ) A— M A AOFEM TR X iz Fio C\bd, LVBHEYR (B



1) A ZREHFDLT-DITE, Lom L TFD 7 7 A% —AIREZf#ENL L, TR L~ r o
A KR & DY A A A T 2 MR H D, L, A X 1nm LD
TAZ—ZEP L —Y =T T L— g CCHERIL 2 mE BT R, £, T r—%—7
TL—2a NIV AERT DT ROV A Xz 7ol LT 20 MESNTND D
DD C A A RHAMRITT v — R TH D ALFEERE T D LY A RGN ER Sz &
L5 W,

FR L7 X 91T, 2 E TSI FRAEDTER TR ST E 72y 4R Tl
JEH B REANT 720 TG UL REMEOYE AR I B L ik, ZotR T/ R O ik A A
I BN TV D, (LFERREIE T, METRERBEP R D1EET /KA U N EEC
BB, INDOMRITRT L —F—T T L — g VOREETENLTR TH D L
2%, fRBLUSH T, @RCEBIb i E 0T ) R OMBHEENHS LTS, KRER
AR AL TIET Y, BB T /R FOABITSEHRE SN TWDER, [ LA XL
MR ORI - TH, P L —V—T7 7L —a U CER LT 2RO 0, AbFErIc A
L7 F 2R L i L TEWIESER G LN D560 5 5, Bl iX, L 6i3iPLr—9F—7
TL—varyTERLE Au 7 /R BiFeOs & 2R Yy MEL, HHRE Tz 5K
DERAGIZ K DT ERSINZ DWW TRz, R WA XD Au T/ K72 AL I Rl & Ff
L7icary Ry y MRS D8 P L——7 7L —a U CERIL T Au ) ki T
EARER L7208, BB EIIZ -2, £12. Miller 513, EHL—F—7 71— 3
V2 XY Coxo, Fe, Ni 72 EHiEK EOBEIRENEE 72 tR 0 IR S L5 EE 2K Ot
it DAIBUT R L7z **8, Bl Z1E, Co3047 / hit-Z AL AL & LTV BRI
H 72 K DR AR SOS I Z B O3 & 5 23 Miller D) ki HlEZin b a2 KR&EL EHS
PEREZ R L TWVWD, TNODOMERIT, P L—Y =TT —aid, 7/ RTFOHERER
BIENED—D2THDH I LERLTND, ZDI, A XAORE M, RWARZHEN

WEIN., NETHPL—HF—T 7L —> g VTCIXERHTE WY TS ) 7524



—AIENATRRIC 2, FOoEEMHRITE LA EL, TR 7 T RAZ—RFOHRTIE

< A TR B OB RN BICHEBRTE DA MR TS LS LD,

1.4 BHFZED BH & A5 SCORERL

WL —F =TT L= a kBT R AERTIE, OF LR DRT-A R53A 08—
BICIZ7 o —RFTHo &, @QF VRFIRERMENZ & PRERWETH L, ZNbD
A6 LT, Barcikowski & D 7 v —T 2 Ul 7 —&)Lig ERER R GEE 2 F 2T
B LRGN N E TITAThR T E 2 ¥, ZOER, IROm EIEGER ST
HZH0D, Y TIVRFETHHLEVIEPL—F—T T L—3 a VOO —oN LD
Mo, FPERREEE PN MBEIT o> TV D, AFETIR, L —Y—7 7 b —va itk s)
JRLFRIFIZ B W T RERBRE L 22> TV DT VR FDERNREO M & A X E—72
R AR ORESL 2 Rk e @ 2 OV TITAT ) 2L A ML T2, SHIC, ZhbOFIE
THRLNIET VKR r T A Z — OIS RIZ DWW THRGET 21T 9,

AL 7 ETHR SN D, 2 BTIE, WPL—YF—T T L —ra R DT R
AIEUC R T 2 HERMETH LT /R FIRO M EICOWTHE 21T 9, T /R FIRO
[ B2 oWTIE, 7 v —t a7 EEfl THEHEERIGE 2 WS RE M T T S, AET
X, L= =T T L= a VORI TH D7 TV TR MR L2 E IR A
THZLEEAME L, ARk L L—F—DOMAERICEH Lo kIR ok
AT O, BB THERE LT BkDFERE Y b7 v 7L 7o —t & AN TR 2170,
TeSE Lo PNV IREsh R T /R FRIBEDBAMEICOWTORT, & 3 ETIE, i Lr—
YW—=T T L= g CTCEEIINTHRY, A ANRE =72 T 27 —RIBEOHSLZ R
BE+s, KETIE, L—F =TT b—arTERSND T I A~DBEICERL, =
aA RRFVRIT - 7 7 A —OFHAIREE LT, R -EAEL—F—T 7 L—a v

AW 21T O, FHAETIE, H2,3E TN LI REliEkz VT, 1 X0 1



nmLLTFD Y T AR —EEOMN B E LR 2175, Cuby ke —>7 v h& LTH
W, B2 BTN L Y ne A TCanS K —Fy MEERT S, ERL7-av A K
3 ECHYLER -EREL—Y—T 7 L—rvaro¥—ry he LTHWS, anr
A RE—Fy FERWDZ EICED, R L —V =Tt 2T I E TITHRERIA 20,
YA RPN 1Inm TE =727 FAZ—anf RERPETH L Z LarT, H5ETIL Ag
MiKEZ =7 b LTHW, 7 F I A=A XD T A —RAI#ZITH, & 4 F
D Cu 2 7 AZ—AIfE LR CFNETIT O 23, 552 ETHESL LIz mk 2% Ag FioRIZiE A
ToHE, HBondanAS NIRMAIZ ) —CLETHL & THREND, ZORKER, L—F
—DOREFFFRR S Lo Tans FOREZMEST 52 LNARETHY, XKML —F
—T 7=y ary TCERT LTI AROEEEa L bu— L TEL SN, B 6 =
TIX, ML LTEHTe R b OFREZHNTELNTL Y XX —DIcH & LT, EXbT

R ETEVE 2R~ D,

2255 3CHk

1. Faraday, M., The Bakerian Lecture. —Experimental relations of gold (and other metals) to
light. Philos. Trans. R. Soc. London, 1857, 147, 145-181.

2. Haruta, M.; Kobayashi, T.; Sano, H.; Yamada, N., Novel Gold Catalysts for the Oxidation
of Carbon Monoxide at a Temperature far below 0-DEGREES-C. Chem. Lett. 1987, 16 ,
405-408.

3. Gawande, M. B.; Goswami, A.; Felpin, F. X.; Asefa, T.; Huang, X. X,; Silva, R.; Zou, X.
X.; Zboril, R.; Varma, R. S., Cu and Cu-Based Nanoparticles: Synthesis and Applications
in Review Catalysis. Chem. Rev. 2016, 116 , 3722-3811.

4, Negishi, Y.; Takasugi, Y.; Sato, S.; Yao, H.; Kimura, K.; Tsukuda, T., Magic-numbered Au,

10



10.

11.

clusters protected by glutathione monolayers (n = 18, 21, 25, 28, 32, 39): Isolation and
spectroscopic characterization. J. Am. Chem. Soc. 2004, 126 , 6518-6519.

Negishi, Y.; Matsuura, Y.; Tomizawa, R.; Kurashige, W.; Niihori, Y.; Takayama, T.; Iwase,
A.; Kudo, A., Controlled Loading of Small Au, Clusters (n = 10-39) onto BaLasTi,O15
Photocatalysts: Toward an Understanding of Size Effect of Cocatalyst on Water-Splitting
Photocatalytic Activity. J. Phys. Chem. C 2015, 119 (20), 11224-11232.

Imaoka, T.; Kitazawa, H.; Chun, W. J.; Omura, S.; Albrecht, K.; Yamamoto, K., Magic
Number Pt;3 and Misshapen Pty, Clusters: Which One is the Better Catalyst? J. Am. Chem.
Soc. 2013, 135 (35), 13089-13095.

Imaoka, T.; Akanuma, Y.; Haruta, N.; Tsuchiya, S.; Ishihara, K.; Okayasu, T.; Chun, W. J.;
Takahashi, M.; Yamamoto, K., Platinum clusters with precise numbers of atoms for
preparative-scale catalysis. Nat. Commun. 2017, 8, 688.

Watanabe, Y.; Wu, X. Y.; Hirata, H.; Isomura, N., Size-dependent catalytic activity and
geometries of size-selected Pt clusters on TiO,(110) surfaces. Catal. Sci. Technol. 2011, 1,
1490-1495.

Beniya, A.; Isomura, N.; Hirata, H.; Watanabe, Y., Lateral displacement in soft-landing
process and electronic properties of size-selected Pt; clusters on the aluminum oxide film
on NiAl(110). Chem. Phys. Lett. 2013, 576, 49-54.

Koyama, K.; Kudoh, S.; Miyajima, K.; Mafune, F., Stable Stoichiometry of Gas-Phase
Manganese Oxide Cluster lons Revealed by Temperature-Programmed Desorption. J. Phys.
Chem. A 2015, 119, 8433-8442.

Himeno, H.; Miyajima, K.; Yasuike, T.; Mafune, F., Gas Phase Synthesis of Au Clusters
Deposited on Titanium Oxide Clusters and Their Reactivity with CO Molecules. J. Phys.

Chem. A 2011, 115, 11479-11485.

11



12.

13.

14.

15.

16.

17.

18.

19.

Imamura, M.; Miyashita, T.; Tanaka, A.; Yasuda, H.; Negishi, Y.; Tsukuda, T., Electronic
structure of dendrimer-encapsulated Au nanocluster. Eur. Phys. J. D 2007, 43, 233-236.
Mafune, F.; Kohno, J.; Takeda, Y.; Kondow, T., Dissociation and aggregation of gold
nanoparticles under laser irradiation. J. Phys. Chem. B 2001, 105, 9050-9056.

Negishi, Y.; lgarashi, K.; Munakata, K.; Ohgake, W.; Nobusada, K., Palladium doping of
magic gold cluster Ausg(SC,H4Ph),4: formation of Pd,Auss(SC,H4Ph),4 with higher
stability than Auzg(SC,H4Ph),4. Chem. Commun. 2012, 48, 660-662.

Nishi, T.; Sakka, T.; Oguchi, H.; Fukami, K.; Ogata, Y. H., In situ electrode surface
analysis by laser-induced breakdown spectroscopy. J. Electrochem. Soc. 2008, 155,
F237-F240.

Azuma, H.; Takeuchi, A.; Kamiya, N.; Ito, T.; Kato, M.; Shirai, S.; Narita, T.; Fukumori,
K.; Tachi, K.; Matsuoka, T., New surface treatment of polymers by simultaneous exposure
to vacuum ultra-violet light and nanometer-sized particles. Jpn. J. Appl. Phys. Part 2 - Lett.
Express Lett. 2004, 43, L1250-L1252.

Matsutani, R.; Ozaki, F.; Yamamoto, R.; Sanada, T.; Okada, Y.; Kojima, K., Preparation of
polyynes up to C,,H, by liquid-phase laser ablation and their immobilization into SiO, gel.
Carbon 2009, 47, 1659-1663.

Nishimura, Y.; Kitagawa, Y.; Mori, Y.; Hioki, T.; Azuma, H.; Motohiro, T.; Komeda, O.;
Ishii, K.; Hanayama, R.; Sekine, T.; Sunahara, A.; Kajino, T.; Nishi, T.; Kondo, T.; Fujine,
M.; Sato, N.; Kurita, T.; Kawashima, T.; Kan, H.; Miura, E.; Sentoku, Y., Multilayered
polycrystallization in single-crystal YSZ by laser-shock compression. J. Phys. D-Appl.
Phys. 2015, 48, 325305.

Hioki, T.; Takahashi, N.; Kosaka, S.; Nishi, T.; Azuma, H.; Hibi, S.; Higuchi, Y.; Murase,

A.; Motohiro, T., Inductively Coupled Plasma Mass Spectrometry Study on the Increase in

12



20.

21.

22.

23.

24.

25.

26.

27.

28.

the Amount of Pr Atoms for Cs-lon-Implanted Pd/CaO Multilayer Complex with
Deuterium Permeation. Jpn. J. Appl. Phys. 2013, 52, 107301.

lijima, S., Helical microtubules of graphitic carbon. Nature 1991, 354, 56-58.

Sato, H. K.; Bell, C.; Hikita, Y.; Hwang, H. Y., Stoichiometry control of the electronic
properties of the LaAlO3/SrTiO3 heterointerface. Appl. Phys. Lett. 2013, 102, 251602.
Williams, B. A.; Siedle, A. R.; Jarrold, C. C., Evidence of CF, Loss from Fluorine-Rich
Cluster Anions Generated from Laser Ablation of Graphite Fluoride. J. Phys. Chem. A
2018, 122, 9894-9900.

Shoji, M.; Miyajima, K.; Mafune, F., lonization of gold nanoparticles in solution by pulse
laser excitation as studied by mass spectrometric detection of gold cluster ions. J. Phys.
Chem. C 2008, 112, 1929-1932.

Nagata, T.; Miyajima, K.; Mafune, F., Gold Atoms Supported on Gas-Phase Cerium Oxide
Cluster lons: Stable Stoichiometry and Reactivity with CO. J. Phys. Chem. A 2016, 120,
7624-7633.

Fojtik, A.; Henglein, A., Laser Ablation of Films and Suspended Particles in a Solvent -
Formation of Cluster and Colloid Solutions. Ber. Bunsen-Ges. Phys. Chem. Chem. Phys.
1993, 97, 252-254.

Kabashin, A. V.; Meunier, M., Synthesis of colloidal nanoparticles during femtosecond
laser ablation of gold in water. J. Appl. Phys. 2003, 94, 7941-7943.

Nishi, T.; Takeichi, A.; Azuma, H.; Suzuki, N.; Hioki, T.; Motohiro, T., Fabrication of
Palladium Nanoparticles by Laser Ablation in Liquid. J. Laser Micro Nanoeng. 2010, 5,
192-196.

Ishikawa, Y.; Kawaguchi, K.; Shimizu, Y.; Sasaki, T.; Koshizaki, N., Preparation of Fe-Pt

alloy particles by pulsed laser ablation in liquid medium. Chem. Phys. Lett. 2006, 428,

13



29.

30.

31.

32.

33.

34.

35.

36.

426-429.

Zhang, J. M.; Oko, D. N.; Garbarino, S.; Imbeault, R.; Chaker, M.; Tavares, A. C.; Guay,
D.; Ma, D. L., Preparation of PtAu Alloy Colloids by Laser Ablation in Solution and Their
Characterization. J. Phys. Chem. C 2012, 116, 13413-13420.

Ishikawa, Y.; Shimizu, Y.; Sasaki, T.; Koshizaki, N., Preparation of zinc oxide nanorods
using pulsed laser ablation in water media at high temperature. J. Colloid Interface Sci.
2006, 300, 612-615.

Nishi, T.; Hayasaka, Y.; Suzuki, T. M.; Sato, S.; Isomura, N.; Takahashi, N.; Kosaka, S.;
Nakamura, T.; Sato, S.; Morikawa, T., Electrochemical Water Oxidation Catalysed by
Co0-C0,03-Co(OH), Multiphase-Nanoparticles Prepared by Femtosecond Laser
Ablation in Water. ChemistrySelect 2018, 3, 4979-4984.

Popov, A. A.; Tselikov, G.; Dumas, N.; Berard, C.; Metwally, K.; Jones, N.; Al-Kattan, A.;
Larrat, B.; Braguer, D.; Mensah, S.; Da Silva, A.; Esteve, M. A.; Kabashin, A. V.,
Laser-synthesized TiN nanoparticles as promising plasmonic alternative for biomedical
applications. Sci. Rep. 2019, 9, 1194.

Asahi, T.; Sugiyama, T.; Masuhara, H., Laser Fabrication and Spectroscopy of Organic
Nanoparticles. Accounts Chem. Res. 2008, 41, 1790-1798.

Sylvestre, J. P.; Poulin, S.; Kabashin, A. V.; Sacher, E.; Meunier, M.; Luong, J. H. T.,
Surface chemistry of gold nanoparticles produced by laser ablation in aqueous media. J.
Phys. Chem. B 2004, 108, 16864-16869.

Mafune, F.; Kohno, J.; Takeda, Y.; Kondow, T.; Sawabe, H., Formation of gold
nanoparticles by laser ablation in aqueous solution of surfactant. J. Phys. Chem. B 2001,
105, 5114-5120.

Amendola, V.; Riello, P.; Meneghetti, M., Magnetic Nanoparticles of Iron Carbide, Iron

14



37.

38.

39.

40.

41.

42.

43.

44,

Oxide, lron@Iron Oxide, and Metal Iron Synthesized by Laser Ablation in Organic
Solvents. J. Phys. Chem. C 2011, 115, 5140-5146.

Kanitz, A.; Hoppius, J. S.; Sanz, M. D. M.; Maicas, M.; Ostendorf, A.; Gurevich, E. L.,
Synthesis of Magnetic Nanoparticles by Ultrashort Pulsed Laser Ablation of Iron in
Different Liquids. ChemPhysChem 2017, 18, 1155-1164.

Liang, Y.; Liu, P.; Xiao, J.; Li, H. B.; Wang, C. X.; Yang, G. W., A general strategy for
one-step fabrication of one-dimensional magnetic nanoparticle chains based on laser
ablation in liquid. Laser Phys. Lett. 2014, 11, 056001.

Yoshimura, F.; Nakamura, K.; Wakai, F.; Hara, M.; Yoshimoto, M.; Odawara, O.; Wada, H.,
Preparation of long-afterglow colloidal solution of Sr,MgSi,O;: Eu**, Dy** by laser
ablation in liquid. Appl. Surf. Sci. 2011, 257, 2170-2175.

Wang, H. H.; Odawara, O.; Wada, H., Morphology and optical properties of YVO,:Eu®*
nanoparticles fabricated by laser ablation in ethanol. Appl. Surf. Sci. 2017, 425, 689-695.
Scaramuzza, S.; Badocco, D.; Pastore, P.; Coral, D. F.; van Raap, M. B. F.; Amendola, V.,
Magnetically Assembled SERS Substrates Composed of Iron-Silver Nanoparticles
Obtained by Laser Ablation in Liquid. ChemPhysChem 2017, 18, 1026-1034.

Gellini, C.; Muniz-Miranda, F.; Pedone, A.; Muniz-Miranda, M., SERS active Ag-SiO,
nanoparticles obtained by laser ablation of silver in colloidal silica. Beilstein J.
Nanotechnol. 2018, 9, 2396-2404.

Nichols, W. T.; Sasaki, T.; Koshizaki, N., Laser ablation of a platinum target in water. Il.
Ablation rate and nanoparticle size distributions. J. Appl. Phys. 2006, 100, 114912.

Park, H.; Reddy, D. A.; Kim, Y.; Lee, S.; Ma, R.; Kim, T. K., Synthesis of Ultra-Small
Palladium Nanoparticles Deposited on CdS Nanorods by Pulsed Laser Ablation in Liquid:

Role of Metal Nanocrystal Size in the Photocatalytic Hydrogen Production. Chem.-Eur. J.

15



45.

46.

47.

48.

49.

50.

51.

52.

2017, 23, 13112-131109.

Marzun, G.; Nakamura, J.; Zhang, X. R.; Barcikowski, S.; Wagener, P., Size control and
supporting of palladium nanoparticles made by laser ablation in saline solution as a facile
route to heterogeneous catalysts. Appl. Surf. Sci. 2015, 348, 75-84.

Hunter, B. M.; Hieringer, W.; Winkler, J. R.; Gray, H. B.; Muller, A. M., Effect of
interlayer anions on NiFe -LDH nanosheet water oxidation activity. Energy Environ. Sci.
2016, 9, 1734-1743.

Hunter, B. M.; Blakemore, J. D.; Deimund, M.; Gray, H. B.; Winkler, J. R.; Muller, A. M.,
Highly Active Mixed-Metal Nanosheet Water Oxidation Catalysts Made by Pulsed-Laser
Ablation in Liquids. J. Am. Chem. Soc. 2014, 136, 13118-13121.

Blakemore, J. D.; Gray, H. B.; Winkler, J. R.; Muller, A. M., Co30, Nanoparticle
Water-Oxidation Catalysts Made by Pulsed-Laser Ablation in Liquids. ACS Catal. 2013, 3,
2497-2500.

Li, S.; Zhang, J. M.; Kibria, M. G.; Mi, Z. T.; Chaker, M.; Ma, D. L.; Nechache, R.; Rosei,
F., Remarkably enhanced photocatalytic activity of laser ablated Au nanoparticle decorated
BiFeO3 nanowires under visible-light. Chem. Commun. 2013, 49, 5856-5858.

Dong, W. W.; Reichenberger, S.; Chu, S.; Weide, P.; Ruland, H.; Barcikowski, S.; Wagener,
P.; Muhler, M., The effect of the Au loading on the liquid-phase aerobic oxidation of
ethanol over Au/TiO, catalysts prepared by pulsed laser ablation. J. Catal. 2015, 330,
497-506.

Hunter, B. M.; Gray, H. B.; Muller, A. M., Earth-Abundant Heterogeneous Water
Oxidation Catalysts. Chem. Rev. 2016, 116, 14120-14136.

Barcikowski, S.; Menendez-Manjon, A.; Chichkov, B.; Brikas, M.; Raciukaitis, G.,

Generation of nanoparticle colloids by picosecond and femtosecond laser ablations in

16



liquid flow. Appl. Phys. Lett. 2007, 91, 083113.

17



WP —H—T 7L — g 02
L BT ki FRIENZ B 1T B IR
DIl

21 XL ®IZ

Fojtik B DEELIKE L iih L —F—T 7 L— a I kB F R AR T 2 BZe
EANATION TN D 20 ZHETICER S, Wi * °. A O LR« et Bl /R
FAERNEF L —F =T T L= a v EHVTITbRTEL T, UL, T OAERDRITH
mg/h EFERITNE WS, 20Tz, F kIR E 1 ESEDRAMTHOR TN DA, £ 0
% IZ 7 a—k i CEHRREREEZHNTONS Y L L, 2RO OFEITEM A ERHERK
L0 L= —Z RIS 5721 TH I RTF RN EONE L IARTE] LVl L—
P=T T L= g VOFIEO—D2R Kb TS, RIFETIE, I ARFEEZHWE
F RO m EORF RIS, WL —F—T T L— g S kDT R AR DB
FTREWFRE LT, ERbr & L—VF—OMEERICERT5, —eEREY b7
v T EROIET L—F—T T L—a T, AR LT RS L — K RIS
BT 5, FOPEEEIT L —F—MREHRE & L2NT 5720, L—%— L ARk 7O/ AL
MAPWRBITEBATERL 2D, TORE, V=P —RENMRLIIHEREL, —7 v MIEF
ET AL —F—RENME FT 5720, 77— a VEEME T TS Y, AL CIE. 20
L — LR O AAEREZR S Z & TH 2R FIEON EE2RAa s, ks LT,
BEICHWONL 7 n—k L EIEROERE v I T v T2 HWIERORT L —F—T 7

L—y g X BT 2 RAARICBT 5T 2 RAINROF 21TV, #7727 1

18



A DEANEE R

2.2 FEERJTiA

221 P L—Y—T T L —1 a3 2L D Pd T RLTAIR
oo, —RiRERE Y V7 v T nciRP L —Y =7 7L —v g 2k D Pd
T KRR SER AT o 7o, ERMIEI A X 2.1 1T T, #—F >y MIXPdR(=7 2) &
M U7z, MK CHi7e L7oF4NIS, PAd#RAZFEE LTz, 7SV A1 8ns, 5K 532 nm, /LA
/L —400 md/pulse, 4 V) I U JEHE £k 10 Hz @ Nd:YAG L — " —(Spectra-Physics, Pro-290)
D 2 BTl 2 S IEEE 50 mm OB AIEL v X2 WTH —4 y MR EICECBE L
oo ZOROHENY A X T d3 mm Th o7, L—F—N% 60 /MM L, PdF k1%

R U7, AR L7e T 2RI S RICEBZNE L, /AR Z R L,

222 Zua—Ev LAWK PL—F—7 1L —T g 0285 Pd S

J RO\ L

g e LT, 7r—v WP L= =7 T L—a 2 X 5 Pd T R TAIR A
1Tolc, EEFEAZK 22 18T, EEIZEE L2 PdRZ—F > M=T a)icb—H—HE4
AT OMEET & WIRE TR ST LR 7 AR F Z BT 5 7 4 Vv Z —In bR S I D,
T4 A=A IO OO = frtrun—RXA T g vE— (7 Fay) M LR,
2L AME 8 ns, £ 532 nm, 7L A = 3L —400 m/pulse, # 0 3% U JEH %L 10 Hz @ Nd:YAG
L— - —(Spectra-Physics, Pro-290) D& 2 & ik 2 F S FEHE 100 mm DA A9 L o X & v
THZ =7y b RIS Lz, 60 2K E, 7 V2 —ZFEI L CHRBESE%, #H

BAMETDHZ L TF 2R FINERZE L LT,

19



i 7K

Pdk

X 21 —REREY N7y T ERHWERFL—Y =T 7L — g 2k b Pd /KL
TR FEER NG X

X 22 7a—vLEZHWEETRL——T7 7L — g VIEEOTE

20



223 LIRS —7 v hEHWEERFP L —YF—T 7L — 3 T
&% Pd /KU OmH

LA LRI T DR E AR 2 B ST L —F =T T L—va v & LT, IEEBRY
— 7y FEHWERTL—Y =T 7L —y g VERRT S, T OEBRIIXK Z X 2.3 (277,
MARD Pd MyR(=7 2) &K Tz LT 7 ARGNICTILEE S BT, U7 AR, K
WA L—F— KLY bREL, 7Ty MU TAREFT T 2 az iz, 7LV AR 8
ns, K 532 nm, /UL AT )L F—400 mi/pulse, # VK UJEREL 10 Hz @ Nd:YAG L —H
— (Spectra-Physics, Pro-290)D % 2 il 2 JEENE TREZFDIEN S 60 7 H L=, 551

TeanmA NIHEECi S, T /R FOEREZAES 2 2 & TIERZFHE L7z,

224 R FOXY T 72V E—T g v

EERY Y b Ty T EANERT L — T T L— 3 U CAER LR T, WS
HEAZWET D2 TH /R TINEERH L,

B K 2 — 7y R R L —F—T 7 L—3 3 VT, AR OV 1 R & RS

TBAMEE (TEM : Transmission electron microscopy) % W CHEIZ LTz,

23 MERLER

231 EHhL—HF—T7 7L — g 102k B Pd F ki AL

kDt VT v T ERANWEES, 60 SR L—F—7 7L —2 g o TtHE NS
SRR, BEEFHMESREECH 7=, T, ErE 4 BTV, SN T-RTF O
AFEAZNE LR, SEHIRIL 075 mgh Th -T2, 4 —4 v MEEHECIRET L —3 —

DR RN X =T EOSMEN R D=, BT TE 720 A3, Nichols & 234

21



MERI—47 vk

MERI—47 vk

Nd:YAG laser

23 (B)EEHDPHTL—HF—HRI0REWT T AN, (AT T A3z Wik

R Z — s NEAWEER L —F—7 7 L —3 3 v OB X

22



LTWD Pt&—ry haEHWEPL—F—T 7L —ya rTRLND T RFIELY
HIRW, TOFKE LT, b— —MRERFRINAARIEER TIX 60 43 TH Y | Nichols 5 DFEERD
AfEERWZENERLTWD EHEZE I NLD, EBRIC, b——REBIRERIZ, 77 L—
Va kDT T A FEABPBE I N, B TERNZIE Y 7 A R HGE T 7
Moty ZHUL, LW —ERRL T E OMAEAIC Lo THESN, ¥—7 v h RicE
BT DLV —0REN, 77—y a VBB FICholciod b HER SRS, Tb b,
L— =N R 2213 8 ALY 720 O BT OUERPMELS 2> 7272

Nichols & D& & it L CIRVMEIC /22 o7z EHER SN D, 2O ORERIL, — 72255
Yy N7y TERAOERP L= =T 7 L= 3 VTR, TR O A RS K B AR

DRSS TIIRNWZ L ERLTWD,

232 7a—kv LWL —Y—T 7L — 3 1285 Pd
J Ri-Al) i

— R FERY Y bT v TEHOWEER L= =T T L— g Lk B kAR
PR RO BT & L= —DOMEMEMZY S Z LR TSR, T/ KA IUERD W
EFDLHfTED, TNETICT RFIERORE LIS BT, Eic7o—&ri
ExHWTThhTng, 22 THEE LT, 77—t ZHWTKEZHEEL, 714
—IZ Ko TR 2 [EI S 5 FBRASE 25 LT, AR 713) ) A— LA X TH
L7120, ERRL T ZEBIT 572007 4 v 2 —%, LR E/NL0 nm)DTHRD 7 4 V& —
A L7z, 60 43 L—H —ZMH L T oo am A OISR A ~2 b L%

4R T, KABENENTNE I DEHERT DD, 74 NVF =72 LOFKMIETH LN
an A ROEI-FAHEBIA SR MV AR ORT, 70 2 —&AVRngaIcix, %
S B AIIC RN D D03, 7 4 v Z—EAND Z L2 LY F R EROWOLE X
FEERIZRoTWD, T, L= =TT L —Ta Ko TER LT K235,

23



0.12
0.10

0.08

0.06 TAILE—TEL

RSB

0.04
0.02F

T4V E—F
0.00 - A 1 I I

300 400 500 600 700 800
K =/mm

24 7uo—tLEHAWE 60 SRIOET L —Y—T 7 L—3 a3 U ORIRD LRS- ] 1%

AT kv

25 BMERY—7 v bERWEREROWET L —F—T7 7 L— a3 > OIKK

24



T ANA—TIREETCHIR SN2 EEZRLTWD, T T, 7 4 V¥ —% BRERE S,
R OEREEZPETHZ LT, TR TONEEZFEH Lz, BoizT kI
)37 mgh THY ., R FERYE Y b Ty TR HAWESE L LT, K5 fFicm k
L7z, LIrL, ZA4NMZ—=000RFORIUIREETH Y . /-, ASREb+oicmn

LIFFEAR, LI T, HRFECHON TR EIT o7,

233 LY RZ —4 v AW L —F—T 7 L — 3 102
X % Pd 7/ ki+AIHL

MRS =57y MERAWIGEROEF L —F =T 7 L— g COERBEIMXK A X 2.5 [IR
T, MRY =7y NEAWDLHA, A4 —T7—CHIT L2 L CREREE L, WP
L— =R EEH BT ORI TIETH D, ZOFEOEE K26 18T X912,
T =g VBEUTO 7 L— o R TIE L — =2 — 4y MR, ARk T
COMAEERICE>THEL, 77— a VAIERMEL D, —FH., EBHERZ —4
FERHWS L BEOBBEZESBENL 7L —2 0 A2 RELTERVEWVI REITH
DN, L= —NHEHLELIL L =7y MERICIBIT 5 Z ENARETH 5, JEMH S T-HH 72
AT ABERNTT 7 L—3a VEREZITVD., T RFICERZJIE LTciE R, 6~21 mg/h
(F¥152+50mg/h) b N KENh-72, BT, BT 7L —va %179 2
LT, b= —RERKRy b2 =7y MRB 2L 20  FEOKMRENEM Lz, Z
ix, U TOL S ICHLEIND, L—HF—T 7L —va Lo TAELIEREFICLD,
H—7y MR FICE T 5, B S TR I LR i E I K o
THREL T 223, 20— L L —F—BIBIITLRE L RWizd, b—3 — RS
DMRENR 2D LTz, ZOBRICEVIELDENKREL Rolm b HREND, ZD
MEE R T H7-0121F, L—VF—T7 7L —ra U CHESNIERFICL > THEHLE

=0y FBRD, L= —RESICIEET D X0 ICT O RERDH D, T T, HAT

25



7IL—a BELT

- 8

IR, FRELGE 1L DBE

} PIL— 2 bEk

26 BWRA—F v rEHWERTL—Y—T 7L —y g BT S L ——LhiF LD

FRAEAEH ORI

(Y]
-

()
S

7/ RFURE/mg-h!
S

-

MATIS2T0 HSRHE

27 LBIIRS —7 >y FERWIRT L —P =T 7 L—v a3 X8 DH Pd F ) RLIR
D FLig

26



T A ar WGt 21T o 70, ORGSR, BT R FIEIL 22.8£3.8 mg/h 12\ E L,
EooX IR L (K 2.7), Ziud, — iRy —7 Y bERWZRP L — =77
L= g v DF PRFIEROK 30 f5DOMFETHY | LM RZ —7 > Falnbd Z LIk
ST, T /RFIRIT KBS #E Sz, b—W— LT b1 O AR OB 58
Wil lpnleZ &, b= =TT L — a U CRAE LLEERIC X > TEH LR,
BORBEIZ L > T —F =B R > 72 Z LR EORKRO—>EFEx bbb, £
DOHLDIFIR & LT, 77 b= a ARV AER LT T X~ OB R OB E 2 i
Do TOMMEAEX 2.8 1" T, RZ—F y hEHWEETL—Y—T T L —2 3 TR, A&
7T Ax & =0y FOEMEIZS =7y FREDOHTHY . 7T X~ OIMEGHRILR
EWTH D, BRI =7y b E—RERY Y b7 v T2t L —F—7 7 L —
var T, T L=y a VEBELTO 7 - RERICB IS L= DR E T
TL— g VIS DRI ORBEMEN LR, T L—3a 7T X< LD INE
REARBEL TV D EHEIND, — 5T, WBMRY —7 > MEHWZRP L—F—7
Tl—va TR ART T ARERHFICE OF =0y MORBIFET D, hv—9—
TT7L—varyTHERLET I AvOREIR, BT KA—F—225720 1, Zb0H
RIFEMARFE L, 7 7 22 =R D05, FAEHOBIKIZ L > TWHAEIS I, T/ R 123 ARk
T2, Thbb, 77 ARIZIDMBGHRS T/ RAINEER RICF S Lo R In 5,
Wiz, BT Z 2 ah DR RY — 7y MERWEESRRTFL—F—T 7L — 3
Y TCRONIRLA Do R T o7, K29 126z /kiF O TEM % ~3, TEM #l
LORER B om~E+ nm OFLF-DEG Lo T 2R FOAERRDHEER STz, ZOREN D
RS —7 >y e RWDZ LT, BITH 72T 2RO FIEER Sz 8,
YA ADRBE—MITHES NN ERH N E ol kDY M7 v T2 Ve
E. b — AR O AAERIZ K0 R A RBE LT D ATREME b HESR S e A8,

ORI L v a v NRENC K > TER S D T R F DA RN ARE)—Th 5 AlhE

27



TS5SXTIZKYERE
DH:MINEEN S

TS2XIHRDEZLD
RIFMNMEESND

28 L—H =TT VL =g Nl AEKRLET T X~ X =4y SO AAER O

20 nm

2.9 WEBHRS—7y FEHVWERTL—YF =T 7L —va k0 GE6 Pd S/

ki -0 TEM #

28



PHZRLTWD, T2bb, (EkOFERE Y M7 v T2 lnicthr—F—7 71— 9
YTHELD LS, L—F— LK OB, /B A AORE—MHOARE
7R TIE RV, e, KMFREZEFOL—F =T 7 L—a T BHIT T AL
—NERSNDZ LD, WHRL—F =T T L —va rThEKINAS T ROV A XD
R —VEIE, JEFAOIRENEE L TERT 2EEET I AITER L TR, 77 X<
BT DRER 2T D 2 ENY A ADE)—72F S kT 77 AZ—ERIZITEETSH

D EHERREND,

24 FL W

BHRL—Y =TT L — 3 R DT S RFARIZEBN T, RERRETH 72T /KL
TR EIZOWTHRET 21T o 7, 1ERDER® v M7 v T2 WG, T /R IR
1£0.75mgh THo7el, 7r—8LEZHNLZ ETHSHED3Tmgh ETHELE, 7+«
NWE =% D ET, ARKLF BT NTT 4V Z—IZ Lo TEIRENT 72D, LT
& O EAER ORBMER LI R e RSNz, SO0 /R IEE R LS 5720
R R Y — 7y NEAWERFPL—Y =T 7 L— a3 U EiTo e, EKHEAAFHOKE 722
Baew MWD& TR FOIEER LT 5083, 77 Lb—3a A Lo TRA L i

2k, F—Fy MRFBSRIETICER T 5720, b— P —REEIR O & — 7 MR
eI L, T/ RAOWNEDOITLDENRKREN-Tz, 22T, T I 2arx 5
LT EH LA~y MRS, L IREEIRIC IR D EBRR A LT,
ZORER, F 7 RAICRIT 22.8 mg/h (2B B L=, LasL, ki DY A X5 A51E 7 v —

RTHY, REY—ETSE SR 2T,

29



275 3R

1. Fojtik, A.; Henglein, A., Laser Ablation of Films and Suspended Particles in a
Solvent — Formation of Cluster and Colloid Solutions. Ber. Bunsen-Ges. Phys.
Chem. Chem. Phys. 1993, 97, 252-254.

2. Oko, D. N.; Zhang, J. M.; Garbarino, S.; Chaker, M.; Ma, D. L.; Tavares, A. C.; Guay,
D., Formic acid electro-oxidation at PtAu alloyed nanoparticles synthesized by
pulsed laser ablation in liquids. . Power Sources 2014, 248, 273-282.

3. Oko, D. N.; Garbarino, S.; Zhang, J. M.; Xu, Z. M.; Chaker, M. H.; Ma, D. L.; Guay,
D.; Tavares, A. C., Dopamine and ascorbic acid electro-oxidation on Au, AuPt and
Pt nanoparticles prepared by pulse laser ablation in water. Flectrochim. Acta 2015,
159, 174-183.

4, Nishi, T.; Hayasaka, Y.; Suzuki, T. M.; Sato, S.; Isomura, N.; Takahashi, N.; Kosaka,
S.; Nakamura, T.; Sato, S.; Morikawa, T., Electrochemical Water Oxidation
Catalysed by Co0-Co203-Co(OH)2 Multiphase-Nanoparticles Prepared by
Femtosecond Laser Ablation in Water. ChemistrySelect 2018, 3, 4979-4984.

5. Usui, H.; Shimizu, Y.; Sasaki, T.; Koshizaki, N., Photoluminescence of ZnO
nanoparticles prepared by laser ablation in different surfactant solutions. /. Phys.
Chem. B2005, 109, 120-124.

6. Jeon, H. G.; Sugiyama, T.; Masuhara, H.; Asahi, T., Preparation and
photoconductive property of electrophoretically deposited film of quinacridone
nanoparticles prepared by laser ablation in water. Jpn. J. Appl. Phys. Part 2 - Lett.
FExpress Lett. 2007, 46, 1.733-1.735.

7. Zhang, D. S.; Goekce, B.; Barcikowski, S., Laser Synthesis and Processing of

Colloids: Fundamentals and Applications. Chem. Rev. 2017, 117, 3990-4103.

30



10.

11.

Nichols, W. T.; Sasaki, T.; Koshizaki, N., Laser ablation of a platinum target in
water. II. Ablation rate and nanoparticle size distributions. . Appl Phys. 2006,
100, 114912.

Barcikowski, S.; Menendez-Manjon, A.; Chichkov, B.; Brikas, M.; Raciukaitis, G.,
Generation of nanoparticle colloids by picosecond and femtosecond laser ablations
in liquid flow. Appl. Phys. Lett. 2007, 91, 083113.

Tsuji, T.; Iryo, K.; Nishimura, Y.; Tsuji, M., Preparation of metal colloids by a laser
ablation technique in solution: influence of laser wavelength on the ablation
efficiency (I1). JJ. Photochem. Photobiol. A-Chem. 2001, 145, 201-207.

Saito, K.; Sakka, T.; Ogata, Y. H., Rotational spectra and temperature evaluation of
C-2 molecules produced by pulsed laser irradiation to a graphite-water interface. ¢J.

Appl. Phys. 2003, 94, 5530-5536.

31



- WA mT oL ——=77
L—y g LAY A XN
72 PdJ T A K —AlHE

3

31 (XL ®HIT

B2 BmTHEH, BPL—Y—T 7L —ra i b R rRAIBICEBIT 2 EERFETH
ST S RFIEO R LIZOW TR ZITV, RN ERE Yy M7 v T ERWEES L
EER LTI 30 5N R A fa LS5 2 SITEh Lz, LarL, Fonm~%+ nm O A XD
BiF-DER L, A AR =) 2R 7 A F —AIfILT&E erolc, T THIE
Tl VA Xy —F K F - 7 T A2 —RIREORF 2175, L—F—T 7L — 3
YT, AR VA= EN D EEDPRTWEN, KL —Y—7 7 L —
varciondand PRI, IRALREEND I EERE LTV, T,
HL—HF =77 L=y a Lo THRHENTZR TR0 1. 7T A =N, GERETSTX
~HTF ) A= MY A RETHRET DO LHHERSND, —F, B% (Fv VT HRA)
POL—H—=7 7= a TR BFEPBEBEO 7 722 =6 K5 ZEM L, L7
7T AL —AIfEE LTHOBRTWS 2 2 b OfERIE, JEPHOB D iR 1Ok
FBICKREREELERFILTWVWDLZLEZREBELTND, BRL—F—T 7L — 3 THER
T27 7 X=1E. SHFRTFIEC L > THON S, IRIEOH LADZIRIZE D . KA
LHET S L EmIREEEEERIEICRD Z ERMBNTWD YT, mEBET T X~ NAERT
DR, BZE (XX VT HR) O —HF =T 7L — 3 L U TR ENER,
J A= MY A ZXORABERT D & TRIND, AR TIE, VA B —7nr 7242

—RIBRUE LY D70, 7T ASEEIER Lic, AT TIZHEIA O TiA DRI &

32



DEEEREBICR D0, INEMEIT 2 ULERS D, £ T, BRY—5 Y MRS
THILT 22 L TREREL L, KMEORBETTY 7 L—ra 21795, K- @ mE L —
P=T 7 —=va 2R ET5, [ -EREV—Y =T 7 b—va T, AT T X~
DEAHFIZ O RETE 5720, RO LIADZIROZEMNME SN D LI SN, &
HIZ, Ar BIRRZITS TR - R L ——7 7 L— a3 VRV, A AR o

G AR —IERRD A T = R NCHDONTELET S,

3.2 SEBR 51k
321 K -EAmLr—y—7r7 L —>a kA Pd S T T AE—

jllE
SBR[ 22 [X] 3.1 127”7, HilRD Pd yR(=T7 2) & BHMKEZRE L. <7/ T 4 v 7 R
A —F = HNTHRIT D2 &L CREIRREL Lz, 7L AIE 8 ns, # K 532 nm, /UL AT
L% —800 ml/pulse D Nd:YAG L — " —(Spectra-Physics, Pro-290) D 2 =il % F S i
200 mm OERRATE L R EHWTELRKF L, [ - EAmHTr 7 v—ya v &1iTo72, 60

SRR, v FRY I A7 —&1F1,

322 AR FAX—DX ¥ T/ XV E— 3
AR LT T A% —an A RITESN-FTHERIN A~ FVIIE, &A% E B
(STEM : scanning transmission electron microscopy) #8123, X #5147 6 (XPS @ X-ray

photoelectron spectroscopy)iZ & W 3#r & 17> 7=,

3.2.3 Ar {&E#C K D &FE D BB

R-MWREHL—T =T 7L —a rTlh, KR T AX—OERICET D EHEERE

33



31 R-ERmEL—Y—T 7 L— g o OFEBRBKX

34



No, T T, Ar FIHKFOR - ERE L —Y =T 7 L—a U270, KA EZH
N T TGABERD AT = AL ONWTELE LT, X 3.2 [ZEHMI 2R3, Bk &
Pd ¥y R(=T7 ) EIRE Lz, HHEEE L TWARWIRIET, & - IR EAE S Ar %2 2 mL/min
T30 L, Ar E#iZTo7c, €O’ Ar Zifl LIRINE Y TR T 4 v J AL =T =T
R L. 2L AU 8 ns, IR 532 nm, /XL AT RLF—800 mi/pulse D Nd:YAG L —H—
(Spectra-Physics, Pro-290) D5 2 ik 2 # S EEEE 200 mm D& A IE L o X & LT

FRE L 72,

33 MR LELE
331 R -ikA\EHLL—Y—T TV —a kB Pd ST TAK—

Al
RARFENC L—YP = a4 2 2 & T, KRR EANEIC Y 7 A= RERT 7V
—va VERREAE L, K33V AT RLX—800 m/pulse TS L THRLMN-arA
ROBELZRT, 7 7AZ—D0"oBLiEfEINLIEOADOan A, RREGELNATL, arA
b =% =R A =2 L T, FUXNLBIRIIMR TERhoTe, TDH, &
2 T AL =D A XL, FEFIPSWEHREIND, auA ROENI-AHIILA <Y b
NDORSF LTIV AT R X — (KA A X 3.4 12-T, RTDanrA FT, & 380 nm

W — 7 DR ST, Flo, 7L AT R —ZEO IO TREE TR L
e, WINE —27 OWRY 7 MIMGR TERD o7, 7T AZ—RF i OWRIN AT
FUIE, 2OV A ZRLBRITIKFEL T, E—ZHERT T M THZEBMLATND,
NWAZRINX—2BEZ THE— RN L 205722 &id, B L —F—Dx L%

IERT TAZ =DV A AGMIRES B LN LR LTINS, — 5T, ©

FNF—NREL DL, WHEITREL 2oz, WO IFA(L)IZ7R T Lambert-Beer HIjIZ

35



32 ArFHRTICBT %N E L —Y—7 7 L—1 3 o OFEBREIEX

33 R-EARAmHL—Y—T7 7L —T g ERILEPdF ) oA K°

36



800 mJ/pulse
700 mJ/pulse
4 600 mJ/pulse
) 500 mJ/pulse
c% 3 400 mJ/pulse
O
o)
& 2F
<
1

0
300 400 500 600 700 800 900
wavelength/nm

34 REREL—Y—T T L — g TAERLEPDdT 2 a4 ROESN-ATHEIRIT 2~

7 bv

1.5 nm

!

2.5nm

[ 20k

3.5 (a)800 mJ/pulse, (b)700 mi/pulse D L —H—ZHW\W oG- Af mH L —F—7 7L — 3

VTR L= Pd T/ 7 T A X —D(Q)TEM 4 & (b)STEM £ °

37



eV, amA RHRO7 FAZ—REIZIHI L TREL 2D,

A= logIT0 = ecl 1)
T Ty, HFZENETNASDGE, FEERE, e, ¢ HIZTNZNENARIPUFE, 7 T A F —
BE, REIOESTHD, 772bb, WAV AZIAF—PRELRD EMMENRKEL AR
HRERIT, L= =D/ VATV X —=RNRELSRD L LB, ansf RHEDT T AL —
BENEALTNDHZ EETRELTWD, X 351279V A R/LF—T700, 800 ml/pulse T
BT T AKX —D STEM 8% ~d, BIEAOREIZERT 288, 7 7 A% =P EEL
TR EINDRFAPBIREINTZ, Ll WARZRALX—ITL->T, ZOHA XD
PR ZBACITHEGR TE R o 2 e WNE D/ SV AT R F—(KFMET, 7T A Z —
DERRNER SV AT RNV —IRFT D720, 7SV AT R AT —=RDREWVITE, AR
MR E LT SR I N D, 7L AT RLF—73 800 ml/pulse THASH L7=H5. 7 7 A
B — DN A X — 7 NROBE TIN5 &L 20 mgh BLEDE W7 T A X —IL
ERE LN, ARERENOIL, 2 EOLEMARY —7 y MERWZRT L —F—T 7
L—yay EFUT, AlY TAX—L L—Y —OMAEROEEN NS W o EHER S
N5, TOEREXEZX 3.6 1ZRT, AEBRTIZ, 4—47 v MR 3 g &iiflik 200 mL & $i
HRG L, BH—0BEETD L. TOREITI5gL &Y, @RETH D, T2RDL,
KRR AT, 7B Pd RS PG SN D, L— P kITR - R T
T7L—va  BEEBLDL L OICERLTVEED, & - AT L —ya
TAELD, LoT, AR o4 —% v MR L OMAEERICL 5 L —P—SoREIT A
W, 77— arTALRET T ATBICIE, < OX =5y NI FET D720,
7T R DIMBGNRIZ KV EGERARRE L. 7 T AL —=NERT D720 BB nneg
b, WIZ, VA AR~ FRAZ—EfE aa A RNLERA T =X LEHTHN
B2, Si RIS PR L= Pd 7 7 A% —D XPS 5t &1T -7, T OFEREX 3.7

W27, Pd X 4 iR THY ., PAdO, TH D Z &ENHERSINLTZ, S HIZ, NOg& NO,

38



TREEDYR

B—FyNRLF

D36 K-EREL—HF—T7 7 L —3 3 O

Il Pd
NO, PdO, = M@ PAO

RFE/a.u.
paE/a.u.

410 405 400 395 350 345 340 335 330
HEIRILE—/eV HEEIRILT—/eV

X 37 R-RREHL—Y—T 7L —arTHERLEPDT ) 7T AHX—0D XPS A7 kL,

R DH 7 —FRET =4 —_—=2ADKLEWM O — 7 fLHE,

39



AR SN E e o7z, N JRIZZERTO Nor. O JRIZZER T D 0551, KHD H0 43
F. OHA AL EDRH 5, & - BRI —F—2 AT L2 LICEY, ZhHBEES
W, 77 A TAR LI EHESND, IO DORIERMN Pd LEEL LTI T A X —
DRI L T D, 61T, Pd 7 7 AZ —DRIERIIC L > TIRiESIN D Z LT &
ST, FEPIHI SN WD b &5, an A FOLERBEGIZLY 7 724

—NHEL, BEREINCLVEE LTINS LRI 8

332 YA RXBY—IpF ) 7T AKX —RIIL A F = X L

Ar FHHATOR - R E L —Y—T7 7L —ya kAR LIz, ROBEZK
8l d, ERHTIIHADar A RRG LA, Ar 5 T CidEaEraa A R
NEELNTZ, ZORERIT, TAFAKZNL—F =T 7L —a VICRESEEL TR,
R[RCMERAETT 7= a PRI TNDIEERB LTS, XI5, ERAFPOR-R
R L —P =TT L—varTcibiizanf REFRZRY | Ar BHA T ORI HE L —
P—=T 7L —va rTRbNZanA RIIRLET, RT3 SICEELRE L7z, Ar 25
[FEOR- R mEH L —Y—T 7 L — a3 VTR LR 7D XPS A7 ML &K 39ITRT,
ZEEHOK - BRI — =T T L—va EEA LN R D AT MR EL T,
ZORERDPE PAIIA ZVREETH U Ar EHUC L > TR L ZHIH CT& 5 Z &R ST,
Thbb, ZRXHOR - AL —Y—7 7 L— 3 T, PO, BERKT D DIE, 2R
DERFEDBBACAERRIZTF G L TEY | KFOEFIRFELCKDF8 EDRBIT/NE N &
LMl ole, £z, EfanAd RRRLETH-T2Z LB, NO3<° NO, & DERE
2, anrA ROZEMEIZHFSG L TWD ERBIhi,

INHORERNL, K- ERRL—Y—T 7 L—va kb7 7 AZ—HERD AT =
AL OWTEEST D, 77—y a VEEU EO 7 L—2 0 2D L—F =13 - R

S s &, RETY 7 L—2a URNEZ D, ZOMEK, REfhio 2 —57 > M

40



38 Ar FHK FOR-KRE L —F—T 71— a o TAEKLE Pd /20 A ROF

EQ
M PdO
NO, NH PdO, we m Pd
Pd3d Ardp
ZERH
S S
= =
iid #
i 15
| T TN T TN SO N T T | L 1 PR T T T 1 1

410 405 400 395 350 345 340 335 330
HEAIRILEX—/eV HEAITRILE—/eV

B 3.9Ar FFHA T L OER PO L —Y =7 7 L— g AR LIZPDd T/ R

D XPS A7 hu°

41



FIRIBHIME S N5, ZORAERTSE 7T X<, ST LTRSS 2 LR HET
b5, FERRFPTITARWZD, IBHOH CADHREOREN NS JRPL—Y—T 7
L—ya rEHRT 5 & 7T ASITIRE LTV, ZORER, BT DT T A~ DB,
BV —H—T 7L —va T 5 /hEL b EHRIND, TV —va Ui
I, JFTR0 1. 7 7 AZ—BEENDN, 77 A~ Pl sEMH S,
RERLFAERDPHEE L 70D, FTo, & - RFEAFITDOKAT D NoX° 0,50 F b L—HF—H
Hicko Tt SND 72, 77 A PICERCHmEOREENEEEENDE, b
B LT NO,R° NOs 3ERR T 5 & 36T, Pd 7 7 A% — AL L, RIEZIHIT 5, &
DFER, Y T A X —NEREH O, FEXENCL>Tanf RRLETLHE L BIT,

RIS RN SND T, A AR —727 T A =N ERLTIC LR SN D,

34 FLO

A TIE, L= =TT L —va kDA ANRYE 727 72X —RIROBG 217
ol WEROWEFL—HF—T T —a T, REEDCT I ARERL, 7T AKX —
DRIRRE T D72 DI, A ARARE IR0 E T 5 RS hiz, 22T, FifinT
B AL LT, KAEREL—F =T 7= a U ERE L, TORE, A ANE—7
Pd 7 7 24 —RIBUZRD LTz, iU, P L—F =T 7 b—a LU TERT T
R BENNSNZ LITRRNT S EHfRENT, SDIC, HROBRTL—F—T 7T L—
I UNCED T IR AEREE LT, 7 7 AZ—OERERL KgIC EF Lz, 2,
RARRENC L —Y—ZENT D720, Ky T AL — & L—P—DHAEEADOEEN /NS

Wb EHEE X LT,

42



275 3R

1. Himeno, H.; Miyajima, K.; Yasuike, T.; Mafune, F., Gas Phase Synthesis of Au Clusters
Deposited on Titanium Oxide Clusters and Their Reactivity with CO Molecules. J. Phys.
Chem. A 2011, 115, 11479-11485.

2. Shoji, M.; Miyajima, K.; Mafune, F., lonization of gold nanoparticles in solution by pulse
laser excitation as studied by mass spectrometric detection of gold cluster ions. J. Phys.
Chem. C 2008, 112, 1929-1932.

3. Koyama, K.; Kudoh, S.; Miyajima, K.; Mafune, F., Stable Stoichiometry of Gas-Phase
Manganese Oxide Cluster lons Revealed by Temperature-Programmed Desorption. J. Phys.
Chem. A 2015, 119, 8433-8442.

4, Saito, K.; Sakka, T.; Ogata, Y. H., Rotational spectra and temperature evaluation of C,
molecules produced by pulsed laser irradiation to a graphite-water interface. J. Appl. Phys.
2003, 94, 5530-5536.

5. Sakka, T.; Nakajima, T.; Ogata, Y. H., Spatial population distribution of laser ablation
species determined by self-reversed emission line profile. J. Appl. Phys. 2002, 92,
2296-2303.

6. Oguchi, H.; Sakka, T.; Ogata, Y. H., Effects of pulse duration upon the plume formation by
the laser ablation of Cu in water. J. Appl. Phys. 2007, 102, 023306.

7. Nishi, T.; Sakka, T.; Oguchi, H.; Fukami, K.; Ogata, Y. H., In situ electrode surface
analysis by laser-induced breakdown spectroscopy. J. Electrochem. Soc. 2008, 155,
F237-F240.

8. Sylvestre, J. P.; Poulin, S.; Kabashin, A. V.; Sacher, E.; Meunier, M.; Luong, J. H. T,
Surface chemistry of gold nanoparticles produced by laser ablation in aqueous media. J.

Phys. Chem. B 2004, 108, 16864-16869.

43



9.

Nishi, T.; Suzuki, N.; Takahashi, N.; Yano, K.; Preparation of monodispersed Pd
nanoparticles by laser ablation at air-suspension interface. J. Nanopart. Res. 2013, 15,

1569.

44



- WA mLr—Y =77 L —
g LA 1Inm A XD Cu V7
7 AKX —FAl|f

A

41 XL ®IZ

2, 3 BT, EROEFL—Y—T 7 L—ra ik bt ki FAIRICE T 5 KX 725)
BTH DT RFIERDE e | A AR —Te 7 T AL —AIBLZOWTHRE LTz, ik
ICEBBACADIIRICE D | BT T AVEENRKE D 23 RR L0 2 L8,
YA AR =R AERDIRK E B X, Filc/e7 v LTR -kt E Ly ——77
L—va VEREL, YA AR —lean A MR I 27 —AIRICK LTz, L—F—7
TU—va AFFEENIEE A EOMBHZEANFTRE TH D720, LR an A Rk
TAL—AIRETHD LI END, L L, 7T AL —FAIRT D03, & - R
FZH =7y ML ERISEE LRIT OMERDY , ~ I RT 4 v I AF—F— T
I 22 LT, REEBIITR—RIBEIRBICR 2 Z PN ETH H 72D, w0 KR
Bnd s & PREND, EBIC, KATFEEZYA ZXH3100 um 7213 1 um O Cu #RIZHEAH L
L9 ELTEYA. A =T =L L DB TITY—RBEES SN oT-, ZOREE
RS D15 E LT 2,3 ECHFE LI 2 DOFHlL —F— 7 b A& MA G b7 2 B
DL =P =TT L= a NIONTHRET 5, T2bb, ILBHRY —7 v MWK
HL—H =77 L —va kb, 7R TORBIRA(FRT 5, ZOMEBIKRE A X —7
—TH#L, [ -BAEL— =T 7L —a &7 2 & THEMMEEZITWV., 7T A
2 —%AIRT 5, WEREY—7y NERWERPL—Y—T 7L —v 3 TR, =W

—MRILEICH RS — 7y MR IFET D720, 77 b—va VaRGICHETE D,

45



WL —P =TT L —vailloTEbndang NIIRZERGELH DN, ERIE
BIITREIREZHEFF L TV D720, R - —Y—T 7L —ya U ~OEHBRS
b, FZIT, KBTI 2 BEOL—Y =T 7L — 302k, oo RRZ T RAH

—RAIRIZ OV THRE 21T 9,

4.2 FEERJTiEA

ZUOIZ, ERGEOBMEZE~D, EROPKEFIEZK 411277, FLOIT, Culy
KA =47 FERWiEH L ——7 7 L —3 3 »(LAL : Laser Ablation in Liquid)iZ & ¥ |
avA NIRF 7T AZ—(LAL-Cu)Z{ERLI L 7=, LAL-Cu 22 A RIIARLETHY ., EiK
[P CTRE T D & SRR CRER LR & M bITfE S B PR STz, £ 2C, (FRER%
DanA REHWER - AR m LY —Y—7 71— 3 »(LAAL : Laser Ablation at the

Air-Liquid interface)iZ LV, 7 A X —an A RZAIR LT,
421 EhFRERPL—Y—T T —Ta kDb Cut T AL —
YR
LAL-Cu =121 RiZILBE Cu yk & —4 > M AW L —%—7 7 L— a3 o CfER
L7z, K42 12BN 2754, 12U oIS, MUK T LAV T 7 2 3 diZ Cu R4
WS 7-, 7OV RIE 8 ns, »UL AT /¥ —600 ml/pulse, #ViK LEH %L 10 Hz THRIE
L 72 Nd:YAG L —#*—(Spectra-Physics, Pro-290) %5 2 & dfii (1 5 532 nm) & R Ea D JE D> 5 I

TS L7z, 60 ISR, 1RT/ 2m A FREAES7Z (L%, LAL-Cu = v A RiE

K., LAL-CuZ 7 AZ —LEFKT D),

46



Cult R2—7ybERW=RPL——7T
L—2a(LAL)IZ& 504 FE|E(LAL-Cu)

A 4
LAL-CuZ—#4whZxRALVE=R - &R
mL—Y—7JL— 32 (LAAL)IZ K
575 R2—a04 REIE(LAAL(Cu))

41 7 7 AZ —anA NRIE/ERTIE

Cuf ==

Nd:YAG laser

X 42 IKBHAKS =7y FERWERT L= =T 7L —va itk dans By
7 A5 — RIS X

47



422 R -wmRmL—Y—7 71—y a3 itk b CuS T AR —
D ERL

T —Y—7 7L —v g o CER LU LAL-Cu 2 e A RERE VR - R L —
=TT —va ik, P ANEBIhEVWT F AL —an A FAIRZKRF LT,
43 \CEBRNE X %R, 4—7 v herdanf Rk, (ERE%O LAL-Cu=u A K
Wiz L7z, LAL-Cu 2 u A NIFIRE A AT ZAaPT, v~ I X T 4 v I AZ—F—%
FOWTHREE LTz, 7OV AR 8 ns, 7L AT X/LF—800 mi/pulse, # Vi LJEH$L 10 Hz T
FEHE L7z Nd:YAG L —H—(Pro-290, Spectra-Physics)?D & 2 il (5 532 nm) % fE SRR
200 mm DE A S L > A A VT, & - IR SIS L7z, 120 25 [ L — 3 — U1
B oA REREST (B, LAAL-Cu 221 RIFIR, LAAL-Cu 7 7 A X — L E#

5)0

423 BRI LT )V TARAE—DX T 7 XY — 9

JFUEPRL 7-. LAL-Cu 7 7 A X% — LAAL-Cu 7 7 A X —|%, X #RIEl4T(XRD : X-ray diffraction).,
A - BEEE(SEM : scanning electron microscopy)@i£2, £ % EAE T BAMEE(STEM :
scanning transmission electron microscopy)#@l%s, #R4h- RIS, X #IEE 43 (KPS -

X-ray photoelectron spectroscopy)(Z & ¥ Z3#7r L 7=,

4.3 SEERAE R LB

431 IR Cuy RZ —47 v e WKL ——T T L — g
W2k BT aaq NAIE

CuyRZ—4~ v haeHWEh L ——7 71— g 02k, BEAO LAL-Cu 7 7 A

48



L—4—

RN

LAL-CuaA4 R2—4" vk

43 LALCU = a A K —4y &RV ik - RE L —Y—7 7 L—va ek 575

AL —anA PRSI

Intensity/a.u.

1 1
CuO(PDF#04-007-0518)

] L1 ] Ll ol )
Cu,O(PDF#99-000-0865)

| |
Cu(PDF#01-071-4608)
1 1 1 1| 1

30 35 40 45 50 55 60
20/degree

44 FHL—F—T T L — g VEKICEEG RS E7 LAL-Cu 7 T A% —D XRD /%

H—

49



Z—avA RPN, BT D LA, aaA RBBATHLOIET /K
FTORENRKENTD EHEIND, LAL-CuZ T AX—au A RIIRLZETH Y, =HEK
[P THRET 2 EHBEFHI T 727 —13RE L TR L, 72, B TRANS KA
CEG LTz, ZhUL, 77 AZ =0 EMbEh, CuO DMERR LTciow LHis s D, fFRKE
%D LAL-Cu 7 7 22 =Dl a4t 5 72, fEREZROanA Faen T 2ks LI Si
BRI T L, BRI ED 2 L TEALIL XRD 8LV SEM B0 7L b Lz,
X 4.4 12 XRD /X% —> %759, LAL-Cu 77 7 A X —D XRD /34—, Cu i LT Cu,0 i
B INDE—7 OAPHEER S, a0 A RIZINODREAM TH D LHE IS5, Cu,0
X, P —=T T L— g R DT KA RGERE TR b S AU TR L 7o T REE & |
AERRARIZK TP TRAE ST ATREVE DS & %, JFUEHKI - & LAL-Cu 7 7 A % — D SEM % % [X] 4.5
T BRI 13V A X230 100 pm O R E b+ Th L0, P L—H—7 71— 3
NCEo T pm L FIZHHEME SN TWD Z EDRMER SN, 2O 1 ym L FD Y7 T A K —
MWLz LAL-Cu 7 7 A% —ana A RERWER - RH L —F—7 7 L—v a3 itk

0. YA AR —70 0 T 27— E L,
432 R -ER{ L —Y—T7 7T L —Ta itk bCuS ST T AL —

DIER

KN EL—Y—T 7 L— g TR, BET L0 L A R L F =R
EERT T A DY A XDB/NSL I IV TAZ—ERENEGELS D, £ 2T, H3E
DPdF /7T AL —AHRKE R L7 AT %L ¥ —(800 mi/pulse) TR - il L —H—T 7
L—ya ra Tol, BERERIZa e A FOREBEZHER L. WIRPSEWIC/ 2 2 R
ELT, BIWTITo72Pd T/ 7 7 AL —HERKTIE, TRO~A 7 1 A— kLA XDk
RKERNTWD, HEICK D BE—ITHRD B L TWD EIRET D &, ZTDOIREIX15g/L

Thd, —hH. RERTIE, PL—F—T7b—va Lz Cut/ans F&H

50



4.5 (a))FEHKi - & (b)LAL-Cu 27 7 A X — D SEM 4

g

1.5 nm

Specimen
JEOL-TEM M 100%

Comment

4.6 LAAL-Cu 7 5 A% —® STEM &

51



WTW5, MEHEREIEIZS 5723, 2 D Pd DA DT/ KiFINRE2 FLICHEH S o HEE R
JEIX 02 g/l TH D, BB, L=V =D AMHTICHIT 22 =5y MRLFEEIN/ NSV
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T AT b v &RT, NOg& A L LTz Cu 7 7 A —i, Cu(NOs3), T % Al
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B LTz, ABFRIREGRIE L L Th, YA XB—72 1nm D27 7 A Z—HIBITIES T
RN ENS N K- ERAL—Y—T 7 L— 3 OB RSN,

7T AL —DEFREIZ SN ROT VKA R EI3RRDT20, Zb L3RR D
BEEMEZ RS B HI SN D L 2 T A X —RIEOSE T, Au OBFFED B bIERICAT
b TBY . ZOMBIEEDOY A XKIFELR O TS >4 FIZIE, Sehtts 40 X
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IKFEMBEAERT D EPBESNTND Y ZOWETIX, Bftio Au 2 T 24—
YA X (JRTFE) Z2/hS<TDHZLIL-T, ZDOMEMERM LT 52 ERmEShTWD,

DX, 7 TAZ =TI A RIURAE LT R A OfiiE M2 3 2 E i S b,
AL Tl 4,5 ETIERLL 72 Cu_X—ADF /) 7 T AKX —(LAAL-Cu 7 7 A% —)B LU Ag
NR=ZDYTF ) 7 FAF—(LAAL-Ag 7 T A X —)DELALFEABTE OV TEHMET 5,
Ag IFEXILFAIZ CO Bt LT CO ZEMTHZ ENHMBNTEY, ZIETIT, ki
2 Ag R Z OV REI DM TR T BN > T F ) 7 T AL —EHOTRERIT R,

YVTF ) A= bV AT D2 LIk D ROSEREDZALLIETED ) L7 E3 &
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Do —H T, CulL CO, &L EIRIC FIRE/RME— DR RAE L L TR b, Cu 2 X—X
& L7oAE 2 Rl & 2 O3EMEHE M T T g #1220 —5 T, Cu0 28 pH 11 @
Na,CO3 KA T, BRALTFAI K DA SUS TR 2 @ W ENE 2 /- 2 & Vs S
TG B0 Lo, ZHBIEEIC CuthZFkt & LIZBLRURIC & o T/ i k% fF
L TWBED, EEOER FICERT S Z LixTcain, £2, #iEShTV5 Cuo fi
DY A RIFRENZD, A XN Inm D anAf NRZ FRAEZ—2HNHZET, AR
R K DIEMEOM EXHIFFTE S, Ll Culd@bIhodnwice, FEN T L ERE

ITo 7%, BRI 2K DBALARBEETEIC SV TRHIT 5,

6.2 32ERJ7iA

6.21 Cu 7 7 AH—% W= ESALFH 72K ORIV G

amA MR LAAL-Cu 7 7 A Z —iX, 4 ELR UFIE TR L7z, LAAL-Cu 27 7 A% —D

ERALFIGETEE 25720, LFOFIECEMEZER L (K 6.1), £/, ks L
T, BUEPKIF-. LAL-Cu ZHFFSEoEMmAER L7z, BRI —R o R—=_—R b,
LIF CP L Ro#) 24 Lz, 1x3cm’DHA XIZH v b Lz CP HEM & K& H 350°C T 2 IEfi]
Bepk U7z, BERRELZIC, = /N L —& CIEfE L 72 LAAL-Cu &% 300 pL i F L., 60CoO
RAPCHME ST, HFFELZET 7201, AL 7 rE 2% CPERDERIZA 8 [E# Y
W L7-, LAAL-CuZ 7 A& —ZWFFSE72%, WE7 —7 TH T AR EIZHEY £FF 72, Cu
T — 7 CHIRR & OELR A TR U, BUSHESS 1x1 emi 72 5 K 9 ICEBMA /ST 7 1 L L THE
Ptk U 7= (LAAL-CU/CP ),

PRI L FOFIE TR L2, CP 2T — 7 CH 7 AR LI ffiF 72, A2
U DT AT O THIRE T A EICEE L. Ag ~<—A I T CP &l & OHIB A fElk L

7o BB Ix1emAlZ72 b k91, BfAEY Y a—r I A THEL, kakd s 2 & T, fih
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AR D CP M A 1FERL U 72, Heigefb S 21X 1T o> Cu, Cu,0, CuO Ky R (Bl AL S 42 7T)
ROV, TR ARZ, MK T 72T 0 v 7 AX—F =& HWTHE L, BEREL
L72, LAL-Cu 7 7 A% —_ IR OBEEIR 300 pL Z il AR EE CP &M LI F L, B
SR~ % = & C LAL-CU/CP, Cu/CP, Cu,O/CP, CuO/CP &z EHRI L7, & EMOFEM
3£ 6.112F &£ 5, LAL-Cu F / ki - % k¢ L 7= CP & HME(LAL-Cu/CP)i% LAAL-Cu/CP FEAE
ERCFNECTIER L7z, Cufilm BRI FOFIECTIER L7z, CufEzig 1xX3em’ic/2 b &
INZHw b LTz, 7 A EIZ Cufilm ZB5FH1F, Cu 7 — 72 H\\ T Cu #f & O IH % fifefr
LTee BUSERSYS 1XLemPiZ/2 % X 91285 7 4 L A CHE L., Cu film MGz /R L 72,

2 TOESIEFREIL, Ag/AQCI S EM, Pt #ixtinad Huz 3 BN TiTo7c, &
R 1T L D72 8, 1.0 M Na,CO3 /KA (pH 11.3) & 7 U g kR (pH 9.2) &2 Hv 7=, Cu i
ST W, BERAEFRRKOBLEISFIZ, 7 7 AX =B bEand 2 LR T
BEnd, £Z T, 1.0 M Na,COz KK (pH 11.3)/KIEHkH C 7 L EMLLIRIZ LV |
LAAL-CU/CP EMOELILER A 1T 572, 1L UHIZ, Ar % 30 3Ll Bk S5 2 & TR L
oo ZDO%, FHBIEE 50 mV/s CEI-ENFEZIIE Uiz, Bit-E0 AL EST 2 ET
M0 R UHIE L7z, 3013 5 mV/s TR, BIt-EARrEZIE Lz, 2%, Ard
W L7 IRAE T, HUINEEAT 1.72 V vs. RHE 12T 1 B[] o> 7 L FEMRALER 41T - 7= (LAAL-CuO/CP
),

TVUEMBIC RV EERA L, BN EE L, JORERIE, FAZaw S
T74—l2L0, B BEONEI T, WAV~ N T T7 =3B A u~ T
7(GC-2014, HEBLYERT), ' F 412 SHINCARBON (4 F AR 50C). F+v U 7 HAIC
Ar(ift & 50 mL/min), #VzsE E R H &R (TCD:Thermal Conductively Detector) Z 5/ L. g
I 80°C., A v ¥=7 v a il 50C Tt aiTo7c, 7z, B EZEZ T 10 2 DOE
F-B R AR 2 U L, 2208 L= BHE 2 W C Tafel 770 v b 2B L7z, fillit o B o

LEMEZ TR DT80, 24 BeE OB - R E A JE Uiz, REFRIE ZE S oksE &k
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FAERICEDNE FRZT0, BAZEML T Ar @5 LR TIT-o 7=,
ANTIHERTIX, COuEILL & KDEEAVEUG % [ CEMIR T CTIT o % a RN d D7, T
AT D FEARIR HF CTRERET 2 mlE TR A S BT D, AREBRTIX, Ar faFnR o BeikE
HR(PH 9.2)F DHIE AT o 72, WMEDIEEZSEIZ, 0.1 M NaOH(BIH L) KK 2 mL &
0.05 M Na,B,07-10H,0 (WAKO) /K 100 mL 218435 = & Crb o7 BB i 4 1R L 7= 2,
T VEMIZ L VL7 LAAL-CUO/CP i HAl K CHef L, Ny W A Tz S ¥ 7=, W
i S 72 LAAL-CUO/CP A IV T, 30 43 LAk Ar Z i 5 S H 7278 U BeRg i 1 CHllE &
1To7c, XU O, Bl 5 mV/s TEF-EAFELIE LT, Z0%ELVEHEAL, &

TE-WEIREE 2 E LT, RISERIIIT A7 a~ N7 T 72 HWT, &M - ER&SITE1T

BT E R OBARIT, X FREPF(XRD : X-ray diffraction) & X #3745 J6(XPS : X-ray

photoelectron spectroscopy)(Z & ¥ Z3#7 L 7=,

622 Ag 7/ 7 T A2 —ORIEERIC X 5 ERIMITFR)L COUE
TR

anA NRAgH7F /7722 —F, 5 EEFECFIATIER L, X 6.2 ICEMIERS
EERT, BERICIZCP 2 L7z, 1ZU®IZ, T Ak EIZ CP k&7 — 7 CTHL D
MiFTz, 8REA T DIATEE Ag X—Z FEHAWTH T A EICEE L, CP Mtk &
DB RS LTz, JAPAZ Y ) 30— I A CHE L, 1x1 em® OfBERAFF CP B & 137,
CPEMEIZ, F /7 T7AF—auaf R LIEH T/ 7 TF7AF—an A K& 300uL{E
L CHAREM: S5 Z & T LAL-Ag/ICP, LAAL-AQ/CP Efi % 157-,

BRI 72 CORTABEIE ML, B' VA2 e 3 B X TiT-72, 0.1 M KHCO,
BRI Ar Z 10 3 ER S B THAE, Ar & CO, Z[AIFFIC 10 /iR S, S 512 CO;

% 10 rfiEsk S5 2 & T, COL88f0 0.1 M KHCO A K % 157-, CO %A% pH % pH
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A—2CHIE LTz, 1ZU OIS, fR51HE 50 mV/is TEIR-BMAEEZRIE Lz, 0% BV
ZEA L, ARENEM AT T2, LFEFR T A/ e~ NI 74— A F v 7u~ T
T 4=k RSERMERE L, WA~ "I T9 7 4 —3HAsa~ I T 7
(GC-2014, BEBUERT), EMER D 7 5 (I 7 MR 50C), Fx U 7 H A2 Ar(iiis 50
mL/min), ZxE R HEE(TCD: Thermal Conductively Detector) i fl L. 4 HiZRiEEE 80°C.

AV va RE SOC TN & Tole, A A /ma~x 77 4=k, A4 7n~
k72 7 (1CS-2000, H AKX A 4327 R), #F LI lonPac AS15, lonPacAG15 %z VT, &

7 LR 35°C, Wit 1.2 mL/min, 3BERIZIE KOH ¥R 2 -V CodT LTz,

6.3 SEERGE IR & 55

6.3.1 Cu 7 7 AZ—mkd CuO DOfiffERIC L 5 ESALF 72K
DAL

6.3 12 1.0 M Na,CO3 /KR - THIlE L 7= Bt-BAL R E 2 797, Cu film LASh O L #E A

2 CREBEOEEM Z 8 L, FINFENL 1.6 V vs. RHE (I H b BH 2N 7Z A3, LAAL-Cu/CP
WARD PR BAM LS ERP NGO, ZOEBMBDO T VEMIZEIVGFELNL
LAAL-CuO/CP &l & LAAL-CU/CP BB D Jit-FEAL iR 2 [ 6.4 (Z~d, 7 L EMRIC L - T,
BF-BALFFIEIC R & R B IR TE R D o 1o, HSEMR CEIRON AL TV R WEAL T,
IKOBACLSIERE T TND Z & 2R 5720 355 B3 0 T OFEAL(1.57 V vs. RHE) ZFl]
ML, ER-EEESMEZHE L, o/ EZIK 6.5@)I277, £ 0.5 mAm’ OFEHA 8 Hf
M2 ECWiAL, BMEE DT ADRENBEINTZ L0 b, KO L L TZE
WZHERE L T\ D Z R X7z, X 6.5(0)2 AR L7 Rk E ORI b 2 7R3, BOUGKRER
\ZH U CRR R AR RERR S A, BRI BRI K DERLAOSITER T 5 & fead S4v7z, R

(2. mEENL(1.72 V vs. RHE)FUINEF DK DERLEORIT K 2 e AR 2 fERd 3 5 72, -y
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FREEZ JIE L7z, [ 6.6 (2B R-IF R RFME & A2 pl eS8 ORI 28 b 2 7~ -, FIINEERL 1.72V
vs. RHE T, HAIOK L CERA L5 L7218, #9 8 mAlem’ DB LE i,
F7o. KOS O R AL DRI N R SN/ Lrb, KREBERZKLTSH
IKOFAEAREE L U CTLEITHEES D Z L AVRS N, BREEAS 2 ITHERE L. AKOBR{LEUS
WD) BE R AR S22, A UEMmE AWV CRGM OB EMEEFHMn Lz, £
DFEREK 6.7 17T, £ 7.5 mACm* DB 24 R LI 22 @2, Mhist)s 22 8 (S HERE
LTWD ZEARINTz, ZIVE TICHAE ST 5 CuO il % < 13, Na,CO3 /KK T
ERALFR 2 K DI LARETENE 2 HE LT\ 5, ABFE TELI S AL 72 FIINENLD 1.57 V vs.
RHE &9 i3, CuO il & L Cld/h st s BN Y EA7(1.55 V vs. RHE) & [7l LV D
LTHY | EIERE KO AL LT 2 2 L ahdz M, FUNEM 2% 2 T 10
RO E -2 HE L CTH B A7z Tafel plot 2 X 6.8 (2777, &/INDOSNLH B30 BAL
ZE L 7= Joya % (L. CV (cyclic voltammetry) 5 KO8 Tafel 7' b T2 hH B30 #EALD 1.55
V vs. RHE TRERBE 25 0.1 mAlcm*Th 5 Z L 2R LTW5 ¥, —JF T, LAAL-CUO/CP
B CIX, HUNEALR 1.53 V vs. RHE I TR L~ L OB NG Hivd 2 & 23 Tafel plot
MOBIERTE, ZHETO CUO M LV H2H E D B MRWEF X5, LrL, =&
AHUNRF O FOG & belge3= % & BE#Ro CuO filfifix, FIANEEAL 1.72 V vs. RHE THEA
10mA/cm? LU EIEE L TR 0 P, Bt 1T LAAL-CUO/CP i & 1 & @&\, BEFR O CuO
il A8 Cu M Z b S8 25 Z & CIEREN TS 72, CuO @ FMHIIEEE Cu D=0 E
SREPIAERLS . Lo E /S, —J7 T LAAL-CU/CP &L, &J& Cu L v bR
K&ER CPEREZMNTEY O ETEREN/ NS Rolo LHELE SN D, FEBE Joya
S50 CuO fifit & Heid 2% L. Tafel slope (X 6.8) 1Z kX< 22T ¥
NTHERRBOS T, KZiR{bT 52 & THLNIZETFZHWT, CO xR L THEY
EAIR 5 T, SEAE T, KOS & COBRITRIG % Herp 5 BMEYANE T C1T 5 7

A ABBREINTVWANR Y, AUEMRKETTITOBEbH 5, T, COZRITIAEYE
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DWEND DT D TP OEMHE T THRET DK OBALBENLE L 72D, £ 2T,
R AR T DK DAL AT E 4 2 B~ T 6.9 |CHEIR-ENFEZ R, ke L
C. LAL-Cu/CP &z & Cu film FEMEZ I L7, LAL-CU/CP &Ehiids J Of Cu film EAEA 2
ZHEIINTENT 1.6, 1.7V vs . RHE LI ECEFRAFEAL TV D DIZ% L, LAAL-CUO/CP &M Tl
RN TERPIEND Z L DVRS T2, A U ERREE R CTHIE L7z CuO ARSEREMEIX, Huan
ENWE LTS B, BENRE LIooiE, EI-ENREOR TH D8, A T B
TIXHAINENALAYK 1.75 V vs. RHE LA ECTEIR AL TV 5, — 75, LAAL-CUO/CP M Tl
BH-BACRFEIZ L D . FUNENLAY 1.6 V vs. RHE LL B CEWRBEIL, KOILEISHE T T
WD Z LR S LT, ARENHVINRRIZ I 2 B A, AKOBALEIRIZ K5 2 & iR d
57, FUNFENRL 1.64 V vs. RHE CTHEIR-REHFHELZHIE LT, 557 Eif-ef dhig & 4
Bl LT iR R ORI L 2 Z 2 X 6.10 1Z7R T, FIINEEAL 1.64 V vs. RHE T, 0.1 mA/cm®
VL EDOBRPZE L Titdy, AR RORNEA(ENHER SN, ThbORIRIT, 1.64V
vs. RHE Tl iéne U COKDOEALEOGAME U, A 7 FEfE ik 1 CllE L 72 BB CuO
il & b g% &, WEEA 100mV LLERTF L7722 L 2R LT D, RIS, FUINFELL 2.00
V vs. RHE CHE-FReMIFHEZIE LTz, 15 O AL/ BIt-RERrME & ARk U 7o B2 38 | DR IR
fb&FNZNIX 6.11 12773, ENGER 2.00 V vs. RHE TiZ, 3 mAlem?LL LD BN EID
AV, KOG R S MR AR R S e, ZORERIL, R UVBEERT T
AN Z ETHERE S 2 Z L 2R LT\ 5, £ 2T, [ UEMREZ W TREROL EM 4
AEAM L7z, 2 fE R %X 6.12 12T, FIINEENL 2.00 V vs. RHE T 3 mA/cm?LL DB Hins 24
RFf 2 e L Cifia, B ZEMED R SvTc, AR U BRREERS R 11 0 Tafel slope (3 88 mV/dec
Thv (¥ 6.13). EXILFHIRKOEELEIE TIL OHIRE DY/ N S WO AFIZRK pH &
TTH., DuZEDHE L7 Na,COz/K¥EHR H @ CuO filifiEo> Tafel slope (90 mV/dec) & Al L~ /1
TV, 7T AL —HKD CuO A @\ B ERE 2 FF > Z L 2R LT 5,

6.14 |Z Na,CO3, & v EEFEEL - CHIE L7=EMD XRD /X% — &md, &2 TCHE—
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Z1XCu0 & CPEMIZImBINTZZ EE . Cu Y T AX— IS T Cu0 2> T D
ZENAGINE IR0l FTo, K 6.15 IZEXULFARIER TR O SEM 547774, ERLFENE
ATO®EM FIX, 7 T AZ =DV A4 P/ N, — KRB TE RV ERE L7418
wmBlEE SN, —J ., BRALFRER OBMREREIL, BERTE L0 O NI E 2R DRSNS
B Iz, XRD RE—U b, 26 OREEIIESULFRIERIC Y 7 22— gt sh
DR CARR Lz EHEZL S D, (X 6.16 12 NapCOz/KIAIR ' CHIINEENE 1.72 V vs. RHE |2 C
24 BR[O B R -FERHE 24T - 7B & HIERTOFEMD XPS A7 V&3, HIERTIE,
avAf REFBED AT ML THY | Cu & NOsDEE Y TAX—Thb LRI, &
SALFRER T, KETE—7, A=V =7 I MENELL TN D Z LD
NIz, T b OfERIE, BRALFERIER OMBELE S CuO (28> TWnWH I LZRLT
BY ., WEZOMEEREIL CUO THDLZENBHLNERSTZZ LD, CuO NEXILF il

ML U THEREL TV D LfmfT i b D,

6.32 Ag 7/ 7 T A2 —ORIEERIC X 5 ERIMITFR)L COuE
TR

Ag DY TF ) 7 T A Z =R LTz To, ZDInH & L TESILTFH7: COLEofil
BIEMIZ DWW TR L7z, X 6.17 ISR Ag #yR A& #HEF L 7= CP FEMI(THTIK Ag ¥)K/CP),
LAL-Ag/CP, LAAL-AgQ/CP RO E - FFEZ RS, BRASTALLGD 5 DIXIFIER UE
MTHY, YTF )0 FA8— F /77 A% — TR ARRE TR ZIIMRTE 20
ol HUNEMAREWE, 7/ 7 7 A2 =2 WA IZERMERR K E o7, L
L. ¥7 75/ 7722 — Ll R CIEBIRIEIC AR R 2 I TMEE T R o7, X 6.18 (2
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