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Abstract

The chemically-bonded hetero-interfaces of carbon—metal, carbon—organic material or inorganic
—organic material were prepared by mechanochemical solid-state reactions using a centrifugal ball
mill. It was shown that the mechanochemical reactions were controlled by share stress generated at
the hetero interfaces. (Chapter 1) Homogeneous a—iron particles were obtained by milling under
argon gas atmosphere to be milling equilibrium, and the particles were subsequently milled under
oxygen gas atmosphere to produce thin oxide layers on the surfaces. The oxide layers at an initial
oxidation stage consisted of Fe;O4-like structure with a few nanometers in thickness, and it was
shown that unpaired electrons existed in the oxide layers from ESR measurements. (Chapter 2) The
resultant iron oxide surfaces were mechanochemically reacted with methane gas to investigate an
interfacial dissociative reaction. Methyl radical and hydrogen gas generated from CH, resulted in the
formation of Fe—O—CHj; bonding on the iron oxide surfaces. (Chapter 3) The mechanochemical
reaction between the oxidized iron and graphite particles was investigated. By using the iron
particles with the thin oxide layer, C—H bonding at graphite edge site dissociated similarly to the
case of CH, gas; Fe—O—C bonding newly formed at the interface between the iron oxide layer and
the graphite particle. The composite particles obtained were homogeneous, and the amount of
graphite dropped off from the composite after super sonication treatment was 85% less than that
observed for a commercial iron/graphite composite. (Chapter 4) In order to apply the
mechanochemical process to various hetero interfaces, carbon fiber and nylon-6 composites were
prepared. Defects mechanochemically introduced on the carbon fiber reacted with nylon-6, and
C—-N-C bonding formed between the carbon fiber and nylon-6. This result suggested the formation
of novel carbon fiber reinforced plastics with thermoplastic. Furthermore, the composite of
hydroxyapatite and hydroxyquinoline was prepared by the mechanochemical reaction and Ca—O—C
bonding formed at the interface between hydroxyapatite and hydroxyquinoline. The resultant
composite exhibited green photoluminescence attributed to metal-ligand charge transfer. (Chapter
5)

In summary (Chapter 6), the hetero interfaces of carbon—Fe, carbon—plastic and ceramics—organic
material with chemical bonds were prepared using the mechanochemical reactions, and reaction

processes were proposed.
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1-1. ByRBEDFEN & fEE

MRIGEIE, MEHNTIEO O LS TH Y | FFESEMIN LR E oM 2 Fv 5 R EH
IMTEATCFES D [1, 2], 2O LEFOMGER 7R s LT, BRFERE DR 10
BRI L o T R LV OBESREEZ TR T D720, MEO@UE &0 IRWIRE T
BBMEEEH DD RNET BN D, X, SO@AIE 1538 CTH D0, MARREET
(X 1000 ‘CTOREREIC L - T, BBEAEDEOND, ZOT2, MR LTICLEE A E
TRAEINESL, SRERBLET IS OEOHEIOMMTEE LT, gz LB LT 58
HEED LENTZFIETHD,

MARBEIZHOENDEEIX, #R EIEBRIIHIESND, FEFRITITH, A X
R, =w v, aN)Vh, T, FRU X TATy, RV TTURETLND, &
D XD IZBERZRIFER DY, ARG & TIIEDIL TV 225, EWITIT 2 RS O1H# &4
100,000 t ® 90%LA EIFEkR THD BN TWD [3], fE- T, SRR RIERIFIZB 3 2 i
ZERR I RIS EMNICB N THETH D,

X 11 RIEEORETREZ R, £7, FESEORE ARG S, TOMER
L ORLEFREN TN D, WIC, WIITEEMBREG SND, BonHRIL, BEAOH
U TR S 7ot BRI SNERIK L 725, REBICHE ORI A BERE L, B
155, BEREIZ. BERERZ MRS DRI REORL TR H A BT ROV EOREEN D B
ANAFORFFIC L > T, ZXAFOLVENWLZERIREICELBRTH D, ZORRLE L
T, @R HOMKE L, EMRIZIC & DM RO 2IMAG NI L DHEND, &R
fE~ATT D [1]e ZORMEEZ2 LS E LR TR Z LI L LW o) MRinal 38
EEHE LT, MTICKERZRLERNNSNENI ATy T H, — T, BfE L7
&R OWMEN K 2RI E OO —UIEHR IR TERNE NI T AY v b HET D,

> T, IRA LR THEMITER L2 I 12O SE 5 Z &3, HREEORET



RICBWTEHETH D,

MARIGETHOOND FEMORIEIZ, £ 1.1 O X 5 ITHIRA Tk L (L5 - BRULFWN
FHEICKAITE, @BOMESLHTEOMAREBZE L TREISND [4l. B, E).
WS, B AW 72 I K o THRHZRE U /N IS L TV HETH 5, SR
IEPEDS BN T L BT K o TP/ 2 0%, HICTHROGI T LIC#HR S,
DRI SREMWITE 2V, ZDD, BHRGEAOEBHOREIZIT, HEVET S
N, 7 v A B, BRMREOSEE. TAITR-O ) Xinn 2~8 KUEDEHMZE
KEHITREAA T T B HIET, / AVDORE ESRBLKELRETHZ LICk- T,
BLFDORE SPOBLESMOBIENES ThH D, 1o T, MR, HEEFE TIRIEVHEHS
HEH I TS, b5 - ERAEFHFIETH D0 HEZ, PO 2RI U THE 2 LRk
SHTItk, WRLULTHREGDIHIETH DL, WAVR=VEZ, FHESRI VR = LV EES
it L TR ERGD HIETH D, BERIBETBEEEOBRIZ L 58 TRISEFIH L THRE S
55ETHD, AKRDBRMKRIAEDE BT L TODA~T R AR [4] 13, 20T
FIZ K- THREE SN TV D, EIETTIEIL, BB O EOBEITIC LV BRES2 ik
Thod, TDE DT RIFER ORIEN RIS U TERINTWVD A, W0k
IZBWT S, BIEH ORI R & B 4 £ C1T S O 5 7o OIC LB R B R DO T B M 4 e
TRT D 72DIT, RLAITERIR TRIAE 50 pm FEEEIZFFE S 5,

1-2. by & BB EROBLR

1-1 THRARZZAFEEEN G ON @R RIT, BEHIRICITEOMREL 5 2 2 T2 DIZiR
MXFEMEIMZ D, BRAOEEIE. BEEZRORMBE L ®mD 5 -DIBMEIRG L THh
HRERE T D, ZAUT Ko THER KOS mRER =T A MAERDTZOTHLH, ZD
FRIESNRA MR OMEE LT, $DhE 78 glem® 1o L TR DL EIZ 24 glem® &, # D
ZEDMBED TR E <, BRRLF- DORIEED 50 um F2EE Td> 2 DI LT, BRI 113 5 pm FREE &
INEWTZD | TR DBRCRIE R OIRENC KV | BEVRL BRI F ORI ARG ICBEI L. K
TEHE DB R & 7 PCRMT L RIS LESEAZ AT 5 Z iz oinsd, BRI
X, BEroLE . R RS v 7 T EOBRWEED, R EIICEN O ER S, £
Dizsh, 227 DIENP LK Z RIERICHEN T 256, PR OB BErOIRED & < 72



% [6l, BRAAITE W CRENBE L, MEIOREICR BT D, o T, HEMETH
AU, BIRAORRE DS R & S AT L, REMAPERORSBEMEA B T hE, B L2k OAT
HPHRICE Y, Z2oRERRES<ERDNS, Thbb, ZORITBIEONEIZ, KK
REIEIC K> THEIOFTZOMREEA FHR I 572012, MO THEHETH D,

Z OIFHT B < To DITRATBA L 3 B R S iz, BUEFERL ST 2 8K DR
Bilkiy . REEAEHMEOBLE O ET D & T LT a A Bk [7]. SEHONERE [8].
GRS A o FIZ K DBEETERE [6, I KBS D, 7 LT mA RIgKHIE, WRbREDOSkIZ
BENREFLETHEETELZRMLIHR, T b~ XECTHIESN D, WIIeHIE, gk
WZEE L TWD 72, A Ce< 722 %, JRBOes [81%. #i#kkm &, L vkifgo/hs
WIRITHEMR ZIREG L, BT 5 2 L Tl oSt CHABREZHE T 2 HIETH
%D, A NA X DEESINT. BRI REIC TR 2 S X Lo TR
L7ebDOThD, A ASA ¥ LGEREOKFEIEIEM COKBRHKEMEME, B
PEFEAERIC L » TREFEADTER SN TWS, 2L =200 T, Lol
BRI & o TR SV BEBE ST, RO EERIL DT [8], KL DREED E < |
PO R O S A o HIZ K DEABIIE, B OB MR &0 D R & 5,

4 1.2 (B DRy R 2 AR T 2 b D TR ZAL OREEE R A 7= 7, AR EE ORI F-1%, N
JEIZ Ko THIEAT L, R oBflimfs ER L. 7o h—2 R k> T, #hsRmic
BAMENEED, £OD, MERIHE LD EMEOIRETE < . FERHEROEE &
{7Ipd, —7, MEEEOR 1%, WHEEEN/NS W), SO mIha<, 7
VAR L o THEONDBEERENMR, T, [EMKROTRE IR | BEkERD
FBELNSL< 2D, LRV, 77 A BEHIEL, EREROBEDIKT L, BEkikog
IR T 2D [4, 1o T, @B LIRNTEHOREHENT L LT, #ED LF 2 bk
WV, EBI KR OVE RN A IS K DAY . BARIGAITE LTV D,

JEHAIER XM ER & LT, =y 7, i, £Y 77 VSR flibhs, Zhb
D BITIERIR BN BVIC R 5720, 5 5IRE TIRBULE % LB, JRHosE o 257
BWELD, TOD, FFEDOEEILROILHIEEICHET L, &8k U THER LA L,
15 DD IRITBE I OJEMEIE 2R T S/ 5. & 2 WX R T84y CLE e 5o
RN WIAECTLED Lo fERAEL S [10, 5T, #kky & Bk ol



HEDEOEEE, BE SR LSBT S E 272010, REF T OEIEBRO R A —
AT FA MIBREHEREIE L LERH Y, ZOHA 1184 K [11]FE T 2 L8R8 H 5
[12]. = O TSR L OBEREASE A T LE 5 725, BTk L CEMERE % (RATS I
e LTEMT 52 SIEREETH D, o> T, WINTEFEIT K 2 BERE AR DML K& Ok
TOREEMEOBL RN DX, AL VXERERD & B OBAHEINE L TROENTT
ETH D,

1-3. REHEE/ A ¥ ORE L BRE

AL ZE L THOWOROARELEM E LTUE, AF Ly -T2V - A VT
VYRR ) — T HARAT L URLEASERPEFT OND [13], 2 bid, BEhoHEs
BN, o, SEEROBEERTFRITOEREELE LW, ZHISATVWDS [9, 13],
KON BEEREEGD 2012, HFA v 7Y U THIZME ) FIERREISN TS, &
Ty TV TR, L TARFVREFANORIZ Y 3 RRIF A2 K & T D AR
BRI X 2BERERBE IR T 5, TOR0, Z OF M KIRE IS E 0255 F & im
JLERAI & U CTEA STV 5 [14-16], RY VR VEER D v 7 ) U ZANI=RX v, v L
B TF Y RREIRICK U Cliieszgtbom EaEd [17], EiZ, FA—ARB v 7
Uy ML R v RiEOmASER Eb RS ST [14, UEoXHic, fx
DA o Z B8, BRI TWD A, 2 b I3 EREAEIS Y (VOC: Volatile
Organic Compounds) Tdh ¥ | BH « =3 L FRIEDFIRIZ 72 > T\ 5,

13 IC KRG DY LF A % > k& SPM (Suspended Particulate Matter : F35Eh: 11k
WE) OAERRICET S VOC OGS A I =X Nk, KAFO VOC # &L A ba &
R DIRE RN KB (FRICHAR) BEIC KX VLS EE T, 2O &
LT HALFEAFUH Y MIERT 5, £z, KKHO VOC MRS L., & DRIGARK
MR EEET 5 2 & T ZIRAYIZ SPM WERRT 2, RO L B b ZIRINIC
HEHER D SPM AR T 203, T OINZIEA Y VBB S LT\ 5, VOC IZE R
DA G D % A AN T HAEH &2 852, TOREE L LT, VOC B4y
YOEREEINESE, ZOFY UBNERRO SPM Z NS 5720, VOC ITE#ELG)
H3ED SPM OAERKICHEE L TW5D [22], Zh b VOC bkl « ks s b4
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it

TH R RONSPM IE, FERERORIRIC RAE A A2 U D72, VOC OFEANZEI L TiE, BRI
L0 ZRHIRDNRE B D,

REIGYBAIEE T, P AT Z 2 FEB L OSPM Aol OB, T3
5D VOC O E O FCHEHBEOMHIARD LTV D, & 5HIZ, VOC 23, Dk
TRIZBWTEREE DRG] 5 Z & TR, kR, MR OREEORIK & 725 [18 - 21],
o C, FMRZLMAELRTY, WURFIPFRERLRT 22 8L BEREERES
WET D LPROLNTND, TNEDOMREMDIZDOITIE, ZHEO X PRSI L
51-%, VOC Ofl, & LI HnAan7 oy 2nRkdbnTnb, &5i12, BRA
GGG PEEOBE, FHEAA 2 X OISR LI TH 512010, RYBBET L EHN
VL IND, SHIZ, ZTOWMETHEL DIKGRLRFEDDIFNEITRT 5, > T, VOC
ThHLAWAA o E 2NN FRHEHBESED =—ANmE > TV D,

1-4. 88 L RALKRIL B DS TR D 72 D DA FTE K E O HIEIE AT
1-4-1. FEx DB —BRILEY

X 1.4 IZREOREBE—RFILEW & Z OEZ RS, FeO 17 A X A h(wustite) & LT
et E & 5, FeO T, SR TIX MDA 4 & UCHET D, 20 _fliogh( 4
DA AR [BIBKE WD, ATONEERY A M MOEE D 5 & b
MKREL DRTe, ZDT=%, FeO IT&EimMR CIXER LI <, SkOXRME G b OB
HITH D kLR DT T FeggsO 20 5 FegsO DIRE FFOREHALEW TH S [24, 25].
Shaikhutdinov & [26]i1Z & 4V Pt(111) IR (2 R & 72 a—Fe,05(111) 5 & UF FegO,4 (0001) 2 i
TIEAKGT 1 INRBEN A 23 OIS xE LT, FeO(11) R i L TIdKk oy I3 E =32 &
EE 2, $bb, FeO Kifuld, OB CERE I~ TRFRISARTEME [26, 27] TR E UG
SOISHAMFFEIL 72 STV,

a—Fe,031F~~ % A [ (hematite) & FEITAIL, 22T X LfEER & D, ZOWEIL, il
FICHEON 3 HONHERY A hD 55, 2 lE Fe* 23 50 DI/ > T D, ZOHA,
INEARR G A A TEDEATY, 22O INHIET A FOE T, MiELEM L CZiEk
TE D, TOID, ~~FA MHMEFRICLETH S [28], KBV TIILABRE 2
FiH . FEEE(CH;COOH) & A & 112, E&EE(CH3(CH,),COOH) & 7' m /S N Zo i C& 5 2 LA



HILTWAD [29],

FesO4 13~ 7 % % A I (magnetite) & FEITHL, [EREICIE Fe¥ Fe®,0, & X i & =ffio
A A B EGURABI T, WAERNAEEL LD, v 73X F A4 MZBWTEEDIN
FRYA RO NETO Fe? L 70 0 Fe I k- ThHb b, oo Fe* i3 m
KYA FITAD [24], a—Fe05 & LB MO TR Y | —MILKFELRILSE T
Fefb s LRFE 2 AR DB, s LCTERT % [29],

RALIKSE & DRUSIZEEDTRW S —F L EmE LT, £/ AF 7T —B LFIn
L RBMRNETOND, TTHOIFEEANEE > TWVDH O, L C-H G 2R A
ZUoTHLHESE, A VLS E D A X U A XV —E(MMO: Methane
Mono-Oxygenase) T 5, MMO [Z A ¥ > AME—DIRFEIE T DA X U ELHEICE £ D
SRR THDL, TNETIZ 2B A X S ELME O HEES L, 3TEO - AXE»
DR SNOEEZ NIV ETHLZERHILNIESNTND, Zhb 3 aifad 2
ZEITko T, BESFEBEICICIENEL TA X VBERIGEEBR L TS [30], £D
EVETIT RO RS TR S TR Y . ARMHEEZ B> T\ 5 [31].

UED X DIT, flx OWEL R - SRR EWPFET 20, ARG s LT
(&, s U CNHEAR - ANEIHEE S U <X, UK -« UEHEE &> TR D, 2 okE
MNP FEWE L THEFIICLEE TH LM LB HiLd, I HIT, T OBRNAEEZ
T 252 LT, SMBMAEMORAIUCHEZEDDL LN TELLEEZDLND.

1-4-2. G—RFILEY & RALKR ORIE

P—IRFE AR T DRESUSIET, ST 27— /231 2 R EHE OENIZHR <
WEEZT D, TOREKEZREAICHET 2 Z L8 L < REFHED?SUSICRIET
BHROBMRIT W E T EBEIIEICE £ > TRV [32] EHICE - T, 1979 412 Kung
5 [33)NE. T A-2-7F (cis-2-butene: C4Hg), 7 % ¥ = - (butadiene: C4Hg). —ME{L/RE % X
J87m—7L LT, a-Fe03 RMEIZHBIT oMWA. MO, FRMEEEIC & 2 BAA R 2 it L
TW5, ZORER, o-Fe,0; REZIL, 7T v & T X VT UTBESEL A b, 7T
TRV T RAGRBITRBES T A M TT R LS E DA RRFET D Z
LR LT, LasL, SEFOSGHTHEIN TR, BOS L A FOXEBERE TIIMH T4



o IEDORE I HEIFOFZI BV, BEEZEH Ta-Fe,03 DR AMEEZ EEM 1L
BAMEBICHIET 2 2 & T, T HRRIZ/R > T 5 [26,34 -37], o—Fe,03 Fifi IR T %
W SHTo L ZA, KRG TITMRHEREZ R L, EOEY A ML OHA, BR¥ 1 MIiX
H' WS LT D 2 EAURIE STz, [AEEIZ LT F L L (Ethylbenzene: CgHsC,Hs)
AWAE ST L 2 A, RBER S AR L. AF L (Styrene: CeHsCoHa) 3 ER ST, Z D
LiE. BERRFAEOGRE LTER L, RIEKFEOKBRAFZ 5 EHRHNTWD 2 & 2R
LTW5b,

4 1.5 (2, $—WRMEDNTHD MMO(A X E ) AF T T —E)NB T DH, AX
DAL ) =)V <DIACSE A T = A %773 [38 —40], MMO T, ZAZERE MO A R

ST ERISL, FREEER TS, 2O, SHIMEICETE G2, FED FICE T
% [41,42], Z D& EERITBEHITHRICHE AR L TWD Z ERHHILTVND[43,44], Z D
FRERIL, SHICHAREZZ LS Tk, WEOAZ A3 LT, EENR IS Z R
FTEBADLNTVD, TOREK, A F ATMBERFIKFEZ 5 v, BEHOKE OGR
LTAZ )=k Ens &EFZE2 6 TW5, LLEDO L DI, flx OF-BIFEMIT3
LT, RALKE L ORISR REZEINTNDLD, FIRLiZE2iC, WTIhoLas, £
DFOGRZ B S Z & IR O ETIIAR R TH Y | Flix DFFETEDERENPRALD
N5,

4 1.6 |2, KENISUGH Z AT 2R ERRIEY TH 5 7 v I TRl oK %2R
T, EERHOMISHADOERIZBWNTIE, AFALFLLY [48] KT =/ — LT XL AV
[48] % W3 REER VSN D, TS FOREL, AP L OF 3 HIEES L7 T

DENY MO S TEY Al & O OFJFFFITA A MG L LARE OIRME LTS

THITN TV D, Kl TIEZ O AT AER L mA LTS, OMEH LR, Al O
BOALABAFNC £ D AP DR SN SENFEET 5, ZNOMARIGHE LTHRET 5, 2O
JERDOERIZIIAT VLY K [OBHCLNS, T72b5, 7TV T 0O RGN KOBEBIK
T, AF ALy FIEREZAND Z & T, TAITREDOHBEOBEIZLY | HHRFED
MIEATHLIRAICEAT D, T20L, EEROEmOATHRIZNARETH D, LnL,
INHIFEG LEERICITEA TE P, B ATHRT 5720, EBRFRICE > T insitu
OB THD, £ TT =T O LD REBEGF 2 SRS S8, €0k, F



TRBAE =, BBEE: & BER L O OSSR A ERT 5 HiEb & 5[50], € Ofiic, AF L
T—k [45]. 7~V 7 u—7E [46]. Weissler 5 [47] 72 & BTG U TEDIL D,
L2l WFROFHEICE W TS, EROKE TR, SRV A N OMAEERL, 25
DOWHEIZ L HAFERSEOD, KA DO R L FRICKIET 2 RILKFRITR 2D, TO
72 BRI IRAVKFE DB R DTE ALK 2 BOS7 a—7 & L THW S FIER,
KOBENREV, 7r—7L L TL, HIRTIRHETHLTZOIZR~DOEAL IV, B—k
BNES T, SOICHENRHMTH L2012, ST RS L 72D A & 2 (methane: CHy), =
4 (ethane: CoHg), 7 & F L i (acetylene: CoH ) SN AR THDH EEZBND,

bR, $-mBEEY L RAKFED ISR TIR, S-BeF b a i O
TICRDAKRFLIESHEAEMPEETH Y, TORISZHBE L, RSz R LS E 5720
T, KFGIEHE2FES L2RKMORG L. FOSROEREZNRE LT 5, KIS OBH
PWEETHD, LrL, TOXREXGHE LI OBREMIIRTEHIL SN T 5T, #-mkFEL
B ORIMRE & FONMIET DM ENLETH D LEZHBND,

1-4-3. RFEMPORESE

RFFT1E 4 ORI E T2 H 5. splspisp® D 3FEDIRMIIE A E D [37] 72
INETICEL ORFRPERENTE L, AN sp' AL E Y sp® FEAL
R (T 774 R, sp fEALEFAYEL FRETFONS [51], B8 sp® fiAic
LBREFERMETH Y . TOREAMEIL, K L7 1TRT & 9 RREFRT ORI+ sp’ A
BICED, AERMEOHERE TH L, BRIZT7 7 TV =LA TRHRAELTED,
TR RIIA T RRICE L, BT a=0.246 nm, ¢,=0.670 nm T&» 5 [52, 53], #i&EDR
i, KBRS FEREE T S, ALFIICLET D [54-57], £DT=, ZDFK
T O SUEYEZ & 6 D 72 DITiE, MEVEIZ X 2 RIsHROBRES, BiAERGOBAIZ K 5Kk
WEIC K-> TCTUHNEERRT DL [55] AN THD, —J7. MEoEE, T72bb
N—YUEI, BTN E TROGMEAME, BEPEEO T b BRFEHAEIT . WS D e
TN OIS 1272 > TR Y . K D 7e < MHER H 12 1T~ — P L A3 ES A LT
%[58]. BRFEMIME & BN OEEMELTH 0 | B TR 2 57 O IR FRAAETR (LA IS (CFRP:
Carbon Fiber Reinforced Plastics)iZ, fks&fkiE & BHIE O F LT A O, BERAED I8



SHEFLTWD, UL, ZORME & 72 DRI NEMER_X—HVETH D, TDK
S Z D D FIENMFFE SN TE T,

BANZEAA BT O SOSED [ EFREIL, BRI L2 RmAEETH S [100],
UK FBAE ARG E LT, o~ o U BIES O BR T BB S ET, Lok
WALy T 7T HETHD, 7V DM UIZERIEE DA A0y, IRFEMHMER
D CCHREGZUIN LT, RlZT PUNFELIZR L., BRI RORIERELM 5T 5
[59]. Z DIFiEIE, BARROMMRIER ], BEFIC XLV . RilnERER OFREERC & 2 il 1
T& 5% [60, 61], LU, BEEMIKOEEAMPEW D, 74 7nt AL DREH
BIEBIEEND KO I27 o7,

PERME R EORBEWREE L L TIRESNT T 7 AT, I A~k LT v
F=TRTvHRE BRE TAIUFO, A F T VAT K o TRFBEHER O C-C #E
GEUW LT, IR L, FHKHEROFREZENT 2 7ETH L [99], £
HYCERIEIX, 77 A~ OFEME & IRFMEOFIHIIRTET 5, HlxiE, EXHTOT TR
~ LBz PAN SR O ERFEMIHME G LT L7236, & R i b e bR LV 2 JE R
TLHZENTED, —FH, By FRREMMEICH L THE LA, B e ikokhz
BT 22 LRTED [62], ZOMIZ, BRI L2 BEFELRE S TWD [122],
INOOFET, BREAMOBERWERESEES LT, MIENPEALTND N, 2EEN KE)
DT F—aX EREWEEDLH 5,

PLETHET W TNoOREIEES ., BROHEEZ KT 2 RFERFHOLFHEA %
O, FREEREEZEAS ST TVD, —F, 142 Tlh_7= X912, S-mE LAY L ixik
KFBOIFITBNTIE, SEL AW RE O SISIEDE WIBRFEIFR T2 L - T, RALKED
KFSIEHENFRINDZ L AR LT, ZOKEEHEEHIL, ZOEHIREOHEL
PEDN S | RAGKFETZT Tl | BERORISIZBE N TS, FETHZENFAREEEZLND,
Tebb, SR IEWT OISO EmOEERIRFIC L > T, BERORIG A EMiT 2 KR
FrZolEHE, BROMEDORHIZT P INFEERK TEDLEEZXLND, SHIT, B
FIRFIT, KRFBEACEDEEDL Z b bR L DT, L BEOMm I3 L THM
PER RN, 6o T, SRR 1%, RIMEZ @ o bR OSBRI EME I L TRFERM
EHRER) AR L, A REELERTE LB bND,



1-5. A% 7 7 I INVRIS
1-5-1. FRE L KR

AT 7 IANOEDFE A K 1.8 12737, MEHIMMHREZ ke 2 &, BirERimo
B RICHEWE R T RV X N KT 5 [63, 68, 69], [FIFICHAREAMELZEF M BIOBHE, &
AHFERSTZRFBEML, b7 ) IRy RRBEF)EHE L TS0,
FOGHED i <, BAEMEE BGICROGT 5 [63], Fo, KGO mHEIZITOT AN
BRI, T ORI, BB T L RO XL ENHRT D [64], T D AT
HIRFRIC BT ISR B & O SR U T RAEL AW L % [65, 66],
A IAVEIREE, 2D KD RRBEIR, B2 WITIREMEHC R 2 O I 2 IZERE,
AW, BEEE, M, B, ERE TN DN = RV NTFET D MEtowE
{EFERIPEE DZALR, MR A T & IR EIRDILERIE TdH 5 [66],

1.9@-e)lZ. gk & BN ABNT, AT ) r L ANV T vk R &R, #kO%EA X 1.9()
(RS R DT, REEEbER, KEEE, WEKG T TEDNVTWS [67,68], ifcl->T
INOREOFFEIEWITRES I, BORBHEIDEH L Lo To, BOSEDE WA
RIEPEE SN D, BRFHKTHRET 256, METEAISNIEOT HEMNT 2k

BRI FANEICIRE L. K19 T L DI, kB S D [67), £ DIk
FROFEEEEIT, O % & REARIZ X 2 FES O JE IO EAEIC K - T, AERIESE
IZTDZEMAETHLEBEZBND, BEROLH . LI RT L DT, 3 F R,
KRFERARAFEE RS L » TEM SIVEFRICLEL L T\ D [64 - 57), ZALH 03
INDHZ LT, ML1IEITRT LD ITHERMMMIERK S, MG HHF &2 Ko I KRBT 03
s eEBEZ BN,

AR IV EFEISE LI, 205G, BRI sns [70 - 72,
ZORTHROBEHINLIDON, A=V IV ThDH, A—N I /WL, MEE ANTZERTH
WA U CHRFEMEIOR — L& AL, Fas & HITE BN L 5252 & T, A— L OEHT
FNF L2 & UTHBHI EZE L, BUSEFET 5, N—/ I WZiE, KRA4F%E
s [73] oM, IRE [74]. EREE (75172 80805, £/, T R4 X LI
INs, BRENO 7 L — R EERiE S5 2 & THRE St 2%E L H 5 [76],
AT 7 LINVIEIE, EOFENSH LR K IS, M THENC B 2 b b TEER
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WXL o THIE SN D, A ERORIERE 7 & UTiX, B0t ) o5 A, M

DYEFEEE | PYRRER], ALERIREE [77, 78], ML REIOE B [79]. RS [80] &3 H

%o AL TIHBIEBEIAR T TA D 7 2 HAVRISIC L » THEIOREICILE 22T

%o ZO%G. WSO DORAEEIIEETH D, 2 DORAF D EZE L7ZBRIT, Rt

O R TIXL. )R TRT L 2 ICRFTHRIRE EHAT A4 U5 [123],
0.472uF

AT - SO05K
IR R I ORI, F TR HIC/ERT 20, S 13Almfs,. KT FOBMRERTH

(1.1)

%D, Fio. SRR DR AKEIL 280 A v 22 (53 mm)DHA, 580 CTTH D [123], #E- T,
B0 LD Tehmd THERHIC KR E R NDBERT 256 SIREEIC X 2 FOSHE O &
fefbz "9, T, BEMEORMEZ MR L7OREBTES T2 BICBW T, REE 722
%P

R L2 ITREKRR AR — VIV O DR ARG L B O AR T, Ry FI VIR
v FWNICHAER E BB Z B AL, RNy FEEHRSE, EAROEE LEARRR v B )
DV T DBE0B T TREVEMET 5, 7 h T A ZITHRERNO T L — R & A S
B, AL RE ST, TOEEN TREZMIRET 2, ZbDTARTIIBA IR I
ML T, ROSHEED OB A U TV IZHEEOBEREL D & TREND, &
A=V I, R 2 I S 2R PN O [EEE) S, BEHRICIERA 2330 /1 0% akt
AR S VT EATT 5, Sl OFEEREENC L 20T —ETh D, - T, &b
RV IR, BN XDOSREDE WML EZAE LD 2 L EOT Lo TERWX
JEHE TR ZEITS L 2 ENAEE B X OND, Thbb, 7 r & BRDEW G
PEZ R ORI ZTER TE 5,

LED XSz, NZkoTHEINLAIREDOOTHNEIET LM TAL 7 I v
FOSITFHE SN D, ORISR, MBEREE S IZRR LR TrEATHLHTD[BL], =
AVE TIZE < OFF R BB A ST E T [82), AW /) 7 I VS % Wk
BHFEORSRIX, @1, @B, BEI7 Iy 7 AF L oW afbd, 612, [EFE,
AR, KAHDOETOFICK L THARETH D,

ETOHE LTI, AH 7 I HARIGIC L D E#EOTIK A ST\ 5 [84],

AU 7arlLy [85], RUZF L [86], RU AF AKX T U L—| [84] ZDMEIKES

_11_



FapL, EFAEHIBARY MVERIRT 5L, 7Y =T N DERERT E—
IPREEND Z ENMBLNTND [85], ZAUEE Y10 ERM AR 03 | MR 7o Al
TrbbbFEEOUINEA T D Z LA EKRL TV %, sohma & [102, 84, 85] %, ESR A
N7 RETVIalb—ra il oT, AB 2 IBNKISICE 2 RS T OLFEREG OY)
WrZzFE L7, +72bb, WU 71 L 2 (polypropylene) DFfEH 12351 5 ESR A2 kL
BEOGBIE L, X7V TR RemndT v 7 Fafie bic, BEShD 7V N
MWD ESR AR by I alb—varl, MAERBER -EERLL, ZOZLhb,
RV TV OFEEHDAD )7 INDNVKISIZ K> TR S5 2 & AR I T
2,

SEOFE LTE, 8, @8, FH . HRV=ZUL ANFUTLREDAT )73
HIVBTEIEIC L D BB OEHRPIIE SN TS [86], ZDHEIL, &ML E ~ 7 %
T NI A T =T LR EORTERE &R I T o THREL, 4
LB ZED Z LR BIUISEEITIE D, RILZ VT AT BT X =7 A
RALT 2 > D X5 7t EWA R DASE S 72 4T\ %, Eskandarany © [87] Xk ¥ >
AT, RITRVT L, REOIREMRER—IVINVTHFEL, A D7 I IViETe s
CRVBALE v T AT v L~ TRy U AOIREMRE T, SREKOKmITIE, FiR
Thee i & 7~ o—Fe D3 & o Thet(f D IE 7 i) CHEEB 2 /n - 2 & S STk,
ZHFEDOBAIZ LD ELFOTHNFEEINTZTOTHY | DA IT TR B0 B
ZT o2 EbMEINTWD [89],

BTy A0HE LTiE, BEFH-SFHRIGIZ R D TiING BN, SisNs B-—CsNy 232817 5
%, Kudaka & [83] 1%, Ti MiRAERFHKT TR INZHNTHEL, X #REHT
ZRWIZHFEEN S, 60 RO K- T, 4 TilxiEk L, TIN BFIZ e 5 Z & &2 R
L7z, ZAUE, Bc kD, Ti OFEREEERSFLORARIGE . ERFEFOLR
F 22 & D WL FRIERR ) TIN ~OILESUGIC K> TRIRICEIT L2 LB A 65,
BB TIE~NYZA FEBER— LV INTHIRT DI EICED, ~v XA FRETLIH
T I REA MR T 5 Z En@EInTnsd [88],

TS AT I ANV TR S VTR EHT, R, EEE % O FiE TR S et
Btz LT, ZOMETICE L OOTHRENTET D, TDRD, TOMEOMEE L O
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F & ORI ST E T, BRI X 2B L KFE DO RRED A J1 7 o I T3 VALER
P63 D ARAFMEDS 1940 EARUTHI O Tootr « Flli S 4v7c, £ ORER, BT O OF 4
(XA T 7 A LA NVLERRERC B LTI L. 2 DO OF BT L CofiRi B2 K & <
75 LSS [90], Flr, BE DI, B4 U A B (ASI010(OH)g) D A 1/ 47 2
TNV | KRBEREREND Z & &2 R LTz, RO HTR X #REr % — 2 D%
26 BRI K o TRKBBEED K FICHEERE L, RRHZOTHRICE > ThHA Y 4 b
D Si—0 R Al-O-Si AN SN TT ORI L. Z DT A NDKy T &Rk LT,
KFEWAER LT EHERI LT D [91], FIERDOELGIL, 7L 2 F(ALO:)R AL A F(SiC)[92].
£1H(SI0,) [93, 94] PIBXFETHIRD LTV D, BLELIZIB VLTI, CO OfEfbIz*td
% a—Fe,03 DFRBERED A 71 7 o7 I 3 VABMKAFHEDBETE S v, X CHUE L 72O F A B
LT, CO DIAVKISIREDS E5- L7z [95), 2D X DA D 7 I NG TR S LT
MBFOBEREITIZT O 2 & IS S L FAES OB, 7 PNV OB ES S LT 5
ZEEHLNTH D,

1-5-2. B ORERELE & (LS ORIHE

K L3R ERRMEBIRE~D T PNV FEZEZTT, RIAT7nt AL D5FEL
L TiX 1-4-3 TR L7cE RN 777 X< ST ofhliZ . UV (ultraviolet) R <> UV A4 15
METF H5H, Nishikawa [96] (X, KER(ELT /3% A MZHEE 254 nm O UV ZHH L, &1
AV G Ko TR AL L ZNITfED O TV MABERSND Z & &R LTz, Fu
5 [97] 1%, AV UEBK FTHRY (P AF /L a4 ) (PDMS: poly(dimethylsiloxane))iZ
185 nm 35 LN 254 nm @D UV Z BT L, A FAVRRO IR LRI E 0 > U I BB S
5T &R LIz, ZHUE, UV IC K Db & JabiEe O Ji712 K 5 ALK A & DR & )k
X, BIO, THOUMHIZZ 2T AR AEMO T U HVER, S B, TOT UL
REORIGZ EDIGHEZ BN TWS [98], V= v hFat 2 TlE, Eif BLiEOMIZ
VI IANTaRARETOND, VI NT a AR BERIC K o THEEEHIC
Fr T —va rEMEIND, MEIZRRIAORAE L IHEROBETA U L ERE 2 A L.
FFHNB PR D T DA NARZ TR L T, MR O E R G 25 L & b
BEREZTERT 2 FETH D, WTNOT VI RIECB N TH, TOREAKR A =X LT,
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MEHEE OILEFREA DU L > TI VN EERET 2D THD, LinL, Zhbo
Fik % BB £ O R EH#A EINOIS AT 212 LT, 7 V0 VS IEME AR I B FE
Bz S0 2 PRETH D R0, BEASRORmMEREENSER I, KTDT T
NABRANEEALT DS H D, 1-5-1 THR~7Z L 9, HFEMICOTAEZEAL, 1k
FREGEYMT A L1E, A A IS THHRETH D, IHIT, AH I FrIHNL
PG EFHET 2MPHc BN TIE, BEMEIZRAET 22 EEESTHY, TV ILEDE
R & RIS, BFEAMEHR L O REHEEGOEBRNAREL BEX bND, AN 7 I HIVKIGIC
K2 BEEFHAIEIEZ ML T 720203, IR E > TSN D, OTHDOL OGN,
ED XSRS TG T 20 E2A LN T 2HERH D,

AT 7 LAV K> TR SN D 0T HOLNEE & SOSHED BIRE BT 5 02
T2 720I21E, X BRI E T2 e THEIC K MBS O g iE i & | B E
TA % % (TEM: Transmission Electron Microscope) <> Jii 7~ [ /1 TH ##% &% (AFM: Atomic Force
Microscope) D L 9 7R EHEBIEAIC L D R AE LAt L TELET HMENH 5, Kuhrs 51X
R EZEHC Pt B i O (111) i 1Co-Fe,03 & = B ¥ F o ¥ LR S, £ ORmME L £
AR b R OVEAREE & XPS THLE L, i & ROGHEE /30T - B L 72 [26, 34 - 37). £
#%. Liu [27] 12 A F LT 4 L(CH3) % 0—Fe,05 D (0001) [ (2 W35 &1, XPS THEAIREEE 4y
Hrl, AFNT DA MIFACERORER IR T ITEBIEMICNAE L, Fe"O-CH f G S D
TEERM LI, Fe-C OESEERITHRO bNRNoT, ZTDOXHIT, BEmEZE R TRHEIZ
Hl 7o oL TOSEHEEIC B T D REIE DS PR TFEN RO D W L 8

BhROH LT REA TV AIREET, A0/ 7 I W VIER TR S V- M BkR m o O
HafEFF LIZEE TEM ° ARM (IS X2 0HTicfit 2 2 L3 L v, A0 7 I VRIS
DFHEE R SOCHEREIC I W THERZRZH 5 | “OT %7 oRH 2T 5121, FHHEF
FhERAWTEEMST R AR TH D,

1-6. FEHRA G OEREHEE
1-6-1. EHEIEOBIR & RE

MERF A OEE 258 L LT, REESOCHEEDOMI, IERITRSN TS,
(OB RO SRR, EFtEE A o7, fx ORIk OETOE
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s O BRI 72 R NE T ICH Y #lE TS [102,103), Z D HI2id, e EZEHIiTe
FREFEFREIC K DRI, SO RO ESR B 5, T7hbb, JRFAT7—1LD
FEMEDOBWERT —Z RN GE6N5 X HI122Y | RifnifrA OJRFRESEFREIEDR 5 2
272572 [104], ZHUCAHTRE L CREOEBEFHEHERITE L ER L,

S Kk O OB FEHm T & LA L T s, T72bb, BUHEOWEOE
BB 7imatEIT Schrodinger [105] A3HRZE L 7=k # A AR Z & 2 HDiciED b
TWD, &2WETIRE TS NEH Y 2N ENDEREE Ri(Xy, Y1, Z1)s Ro(Xo, Y2, Z)0 + +
Ro(Xn, Yo, Zn)s T3 n {3 0 Z DEEAE % ri(Xq, Y1, 1)y F2(X2, Yo, Z2) * * * Fa(Xny Yoo Zn) & B <,
COLEEZDRDY 2 LT 4 A —HRRTRO L S 12725,

Nitotat Fotal = Etotal Fotal (1.2)
Fhoal 1ZERDOWERIEL, B (ZERDTRAXTH D, how (R FHE L EF 2GRN
V=T TAI)NTHEND,
hiotal = Kiotal + Viotal (1.3)
F 72 ot [ TR T E BT OMEOREBTRINS,

Yo(R1,R2, = = *Ryjri,f2, * ° * 1) (1.4
2D & 9T gt = Fhotar 13 BN+ E D FEIE 2 BRI STl O F T H D, ZDX D72
SROIFAEE ZIOEA % 5 A TEMEIR 2RI & IEREC R < BAIES 0 & & ATFEEY
T WL ONDORE RIAPO FIZFHEMTHOh T 5,

ZOEMLE LT, EFTWEGEEL (KL Ay Xong = —OiFE) BT 5 s [106],
iU, JRFEOERERIPETFOBETH B FOEEITETFD 1836 %) ThoHd, JiFi%
OEENTEF OEE LT TELS, #IELTWHEEXLHDTHL, ZDLEIHIC
FEZAHZ LT, EroEE LR FEOER 2 SBEL T2 IZIRV 22 X512k d, 772
bbb, EFRONIN =T VEERONINV =T VBN LTRSS 28R TEH0
T, WEBAEITETFOMNEOHLDOEETEIND,

Fotal(l,r2, * * 1) (1.5
b, KEFRFUNOZE LR TIE, BFIHEHNTLIRT v vid RAE051h
WA MOEFCEDFRDDBMEH L, BHRET v v VG TIERRE TE 2, £ 2T,
LD EF OE AL LB TFEELB X, AT vy VEETFEICL D FES TER
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THFENEAH SN [107, 2O X5 RiEHlae—E TR L WS, —EFELUOEAIC
F 0 WEBEE N — N Y L MREN DN 2 — B I BI B O TR SN D,
Pow(rurz =+ 1) = @/(r1) ¢Ar2) =+ ¢a(rn) (1.6)
BT ORI TEREND D, ChREBETFOEMEE L EZOND, 2O 1L (1.6)
A s, BETOHREE|S OBICE LY, Thbb
1#| = ILl¢:l? L.7)
THDHMB, THUTHERGRD & H\ MR Z N ENOHER DB G D ERIEE 2 5 HA 1T
LTS, ZOXIICEEFREEFEEZ, MR EFOPIERB OB TR T E A

BT E VS, BEICIEZE T RANIN =T UE 2 00E 0 & j L ORI OB
ALE PR TR E DRI F T DM EER 2 G Ten, B0l 217 21X, EE R0
BB AAT > C— BB 2B A RAUSE L TE 5,

F7-. Hartree [107] I3 —FB AR ESNCTRELT - a3V AT b« 7 4 —/L F(SCF)
EEMIND HiEEER L, ZOFETIE, RFPUEREKRO “fRTRINLIEFEICEK
HEERT VXL Vi BRD, TORT YNV Ty abT 4 o H—HFERERE, 55
NIERFHIETI BT, Viz R, TNE#VIETZ L THRERDDFIETHD, BT -
A VAT MW TIIEE ROBEERE NN— U =R T, ElnIN =T
VERY B FAINV =T UTEMT S, T

Hr, 1, 1) = Behi(r) = 5 (= VF + Vi) (L8)
EETLH, I TCVITETIIERT AR —ETRT v LT, MOEFIZ X 58
BEte, N—hU—0 SCFIETIIANRT vy VTR TS L D5 R T vy vl
DT OE A D EMEEDZEM I L > TR EDFERFEORT v ¥ L DFI
TRINDENWI Z LD, LIER->TZORETIET BRI
hi(r) ¢(r)=&:(r) (1.9)
LRI, ZOFBRXAEMES LPLEREG B EOILDN, D¢ BAELILD BN
ANRT vV V o ImBMEEICE L D25, IhEELT - ar v AT b
REBFONTZET D,

L L. ZOZEREESHEEE ST U OJFH [108] TER S5 SOFRME Az L

TRV, Slater [109] 1ZZE MBI B AT DO TE L. BOSFREARE T 2 A L —
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%
it

Z —1THIR & TN 2 BIS & 4242 L 7=, Fock [110] XA L — & — 178 A i EhBIsI VW 5
ZEliZk o T— N —DFEELR LT, ZOFEF A N— U —- 7 % v 7 {E(HF method)
EPREN R ) OFER A T T IEMZR EE LTI E<HVWLRTWS, 20Kk
TITIEE BT+ D AN Z % 5 LoD T AR A SR BAEH & 3N 2 B
B, AZRT v VIR T oy ARG END, —RIRMETIEIZORT
VA VIEIRERERFREICR D, T TEIZHINTZORN—R) — Ty 7 AL —X
—i5:(HFS method)® 5 W E XalEk TH D, ZOFEIFRBETHE L BRD, ZOFEITHSE
B OWEEREEE AT D2 LIk o TRIBART Vo v VEBTEED 13 FIC
HET 2T TEDZ 2R LEbOTHD [111], ZOFEIC KL —E TR,
LZEFRORERROFRIEDTHDL Z EBRENT,

— 05 F OB AIREHGE & L C. Hund [112] <° Mulliken [113, 114] (2 k> TIRBEHh
7243 F#laEE (molecular orbital method) 23 & 5, 43 f-#liE 1k CTlEs FRARIZIR D o 7o 4y F#uE
EEFVDEET D EEZ D, o FHELE T, W E BRI 0l O S (LCAO,
linear combinations of atomic orbitals) T 41, EERD 5 FOEREFHEICEHNTH Y |
WAWARBBEDTELZIT S Z LR TE D, IERBRAVZR 0 FHLEF IV B 5 B
I FU =T v ZERZVDR, RERDFITIIERRFERRPLEIC R D Z LR
FARIMH EAEA 230 L < B AN D728 Xaikd 5 OITE LML [115, 116] & K< H
WHNTWND,

LURIZR LT BRR FIEDBZEIC & » T, il M OFHE OE KRR RILIMHSL S h,
Ry« oy RN ~—DOWEGELO FTOEFROFFHRETHLZ L, ZETFRER
A RDDLIZDIT, AHIRT v x VERWE B HRPNEAINTND ENW) | K&
RERIO T TIEH Db DD, ZOME, MEORHEZ BT 5K F 2@ €7 1k LT
AHENRET S, MERPEORBICHS LTE ., AH 7 IWVEOS TR I D UG
PEDOFmNEE TIEX, OFTHBPREREBEEZHE D, WoT. AH /7 IVVRIEE W
BERBOMEICAFELZEN T 2120E, OTHZEIICET /MET 22 LREEEEZD
o,

1-6-2. Discreate Variational (DV)—Xai
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AMFZETIE, 1-6-1 THRARZ X912, ZETFROKERRITH L TR L ETIREE
HENARETH D Z b Xotkz Wi+ DEAFIREEMIT T 5 DV-Xaik: T, FH#E

AT D EAIREEZMNT Lz, ZOREEZHET 5,
9. (110)RnT K 21T FiE & IR iE ORI AL S (LCAO) TE T,
(1) = XL C; () (1.10)

FEEFETHY S ITRFEFIPE I L TMERD, r iZZEHOEE DS OMEETH 5,
ZIZTHIF N FEHOHFHGEDKEBMTHY | 1% i FH ORFHuE ORI AR L,
Ci X1 FERHOHFHPLUEICK T D I FHDRFIHED | FRH O FPE~DTE LR, Th
R oDy a LT g v —RERIE(LI) O X S 1L B,

ho, = ¢, (1.11)
TR I FHONFHEDOTFRAFX, hiZ1EBEFONINL =T THY, hiFFFH
A% (system of atomic units) Tix(1.12)XD K richH b En s,

h=—V2+V(r) (1.12)
ridd 5 LEOE 1O HERE, ——V2 IXE DEEN T XX TV()TTOETIERT KT
PXNEFNX=THD, 1 OOEFIMEMTDRT oy b p X =%, KA ED5]17]
Rrrvvyne, BREZRSETOHERT VoY AR EIND, ZOHERT v
YT OE bR L, FICELT 20, BEICHITIEZ OFRA R LELE T D,
% Z T, Hartree [107] Ik > TERENT-BA T v ATV MEEHWD, ZOHER
HE %R BFIMED THHRRT v L CEERT Vv VERBT D HiETH D,
JRAEDBI IR T v % ML) TR S D,
V() =7 (L13)
ZITC, ZEFEFEOBTFORTH D, B B EDEEDNE r, OEMEEIL(1.14):D &
INTEKDLEND,
p(r2) = Tl ()Y (1.14)
L10IZFETITERT 2 MR ER T ¥ v v Viean & ET /LT D720 DZNED
ERDOBRZE R T Viean [Z(L1S)RD K S Itk I D,
Viean (1) = [ Mdrz (1.15)

rlz@i{flj‘?ﬁ@{i%rzﬁ)% rlif@ﬁﬁ%ﬁf%éo (112)JC i)ll\wc*ﬂz/\i Z:DFEﬁLZOl/\T?Q 5
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ZORT Iy VTEHFETOETAIBERT DR T v LETHEATNDZH, Zh

7 LB e H7eu, slater IX 2 ztE L, (L16)=A 7~ L7z [109],

Vee(r) = =3a[ 2 p(r)| (116)

AITLHEIZ L > TR DH/NT A —%&—"T_ Schwarz & [117] 1T L > TRO BTV DD, a=0,
THRFEEAEDIERITH U TERERE LA [118] 728, RFHE TIL 0.7 THEEZFAT

L7, fRELT, ATy vy bmx X —3LINRD L 51275,

1
A 3 3
Vi) = ~Z+ [0 dr, = 3a [ p()| (L17)

ZDORT vl o ik Xalb s, Q1IN zRALQ2)Xxzr A —- Uy
> DJE 411 (Rayleigh—Ritz’s variational method)Z HV Y, 15 541 5 k4 A FEA [119 - 121] 24K

EFRFETHRNT, a& Ciz. BHIHSTHEEOT X LF L (LI0)ROEEBIM DM %5 5.,

1-7. KB XOBHRLEW
BRI -1, FORBMOGTEZNAEWME AT )7 I HIVRIGIZ X » TR T 5 Z &1

Mz TR« Bl 572 0I2iE. A 7 I IVERIS TR S 5 B b B DO & B
REZ B L. SOIT, RERMEE OMBENEMZBES D Z ENRAIRTH S,

ZHETOMRTIX, AN 7 I ANV K 50T BFHE T DB O RS
DIl b, B-FRFCEMNC £ D RALKFERMEI O KT S SRS BOS, kO, B-BFRLEY
& RFRM B OFESTKIZE L TE % OB R 2 BRITH 5202 8> Tnd, Ll Z
NOEGFIIICBIT 2BROBEMRELZH NI L, AT 7 I ANVRISIZ K D RFEMEL L
BRRLF DREE S OTE AR 2 i L2 FEiiE & A Sy,

Z 2T, RRLTIE, A7 7 I NVEOS TIER L e - R AW OW T, £ O
& EPRRE A M L, IRBEAMELE ORBICH G T DM M40 Z L BnEEF X, -
ML EW & I LT IRERAM R & SRR O R m O pite 2 3 B A X / 7 I WVERIE
IR D8R EW DR, @RAbAKTFE L OF EAEH ., @RFEZHEERER) & DFEETEAL)
(T T - M L. AT 7 L ANVBOSIZ K 2 B O BE S Al VA & e
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LZExAME LI,

B TIE, AW I ANV TR U2 B L OREE SR #2720 B
WPEBRRRE O~ A 7 i 2 FR L T, BRRIRIAS T COBRRM 2T & - Theb)E
PRI RSB T D & & bl ZOHEEOHIBENEDHSLZ BN E Lz,

SETIE, FoBbEREICK T D C-HEGOUEEEL, 24 hra7m—7
& LTotr - Bl L. IREFERMBHIR T DB bE T OmERIFFOREL AT 52 L 2 H
& Lz,

B TIiX, RALKE EBERRFORUE « St FRaIZER LT, $& BihoiR
G T 0 A 25l L, B LR A2 I LT RSB BE & 8RR 7 DG S m AL & fENL T 5
ZEHAME LT,

BRETIE, HUETRH L AN 7 I AVIRS & D ~T 1 Fifse A8 o ik
E LT, KT NZA NF 7 fEE (HAp) &b Rafxo % U (Hg) O m{bsEmsa
A L, RELFREE T L0 e REL T 2 16 - AR A ROAIRA A E L., &5
(2. IRFBMAER T & BAATEIERINE (T A = 2) OBMEIERE TOMEE - LIS ZF5E L,
BAPEO @OV 2R LT, BTG 2 A & Lic, IRFMERILEIE ORI G B
& Lz,

1-8. AFRILDORERL

AFRSNIEARTEIZL VRSN TN D, KimSUTB T DM & 111 1R LT,

—E T, BRIASEDTO DR EFOBEAR 2 & LT, A RmEmED

BUR ERE LS L, B OBERA %2/ &7 L UTc BEEMBHE OH5 ST o
BERLGTEZR LU, BLEORRELEL LT, KFHMEHT2EAM NN FEET D X
B LINVEGE” RO EF T, ZORIGOEE - Bk - FREEARTEE DI, AN
7 X ANVEOSIZ X D BRI EHH O & R E Al HIE 2 e L, RE b5 G Re 2z 5 i
5 A LD BN DWW TRER L7z,

B ETIR, ANEMESRES T TR Ok~ A 7wkl 2 R L T Bk IRDH
K[ COBRRII IR &> T, B8 2 SR - RIE BT 2 HiEZ N LTz, el
MOk~ A 7 mhiF13, PR 53 um COTHENIET D2 L &R L, IRV TRRLIREH
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KT 5 2 & TR 3R~ Fes04 & 5\ T o—Fe,05 [HERL L 7ot s o b g (BF
1.79 nm) ZAT 5 HiEE R LTe, Z0m{bEh OMBRFIIIRHEFNHFEL, £
DFE 13.3 nmolim? T, BEEOHIN & & bk Lz, Z OB, AW &> THIE
T&ELHZ ez LI, UEXD AH I BNVRORIC L - T, BRfbEZREm OIS &R
RE DL 2 L LT,

FomTIR, BETHERLUE, RmICBbE RO 2, A ¥ CFREKH ThH
WL, AZ o1 S WRAUIE OBOCHNE 2 31 L, R ORI 23 A X 5y DIRF-IKFHE
MGzl 2 2 L2/ Lz, T72bb, X% o3t ERmOmkERER+ E~%
#H L. C-H FEnolr - b Sh, KBERTDZEE2PLNI LT, RNT, BbkSh
A B 5T, BB~ AT LTI E LTEERE L, ffi~ Fe” O-CHs OfES
BT D Z & &S Lz, Discrete Variational Xo (DV—Xo) 4> F#LiE 52 X 5 T
MY SERCHEREN XL < SKRrs T,

FINE T, B TR LgRhir-RimOMLE 21T 5 C-H #ia DUl & ffb
TG OSMEICER LT, Rl bEZ AT 280+ & Bz it L <, ffbsos
T REFHE L, HEEREERIELHSL LTz, Thbb, BERFICL - T, BihorE
EOT y VHIAAET D C-H G OUIrd L UOUKER 1 OMEED A U<, B & Rzt
J& DR~ BT -IREREE DR T D L2 A Lz, TORMOmIL, B L OEH
& REMBAE OREATEAMEIL DV-Xoy THUEFRIC LD b K< fransz, 15
N ERIBENE G, TEROE AL U H 2 LTEEGIRE AT, IREEBRIC LD R
SR O MiVE A 18 1T F IR S 4v. Bafbfg ORI 2/ LG UmAIE AL L, A
MtEE R LT,

BHETIE, BNETRE L, B A Y 2 7 I BAVRISIZ K D2 ~7 v RS Hif
DI ZER Lz, £9, KEBT %A b (HAp) F /& Ao 8 B Refv
X/ U (BHq) OAH#EGEZEB Lz, bbb, HAp 7/ #dh & Ho 245 L7oRER,
TS ENER AT 2 I R 500 nm OFEBL v, W AW I EE] LTI OIREE D
U7z, Zau, H2MEEE L 72 8Hg 25 HAp il CaJ@ IER- IR G LB LIz L&
R BTz, WNT, RFMMERICBIE ORI A HRY L LT, MR & BT PR (7
2 NOFREEGEEB LI, T72bb, TAMNIC L > T, lifft s 74 v O ftm~RFE-
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HERRBHEEVERTE L L2 A L., Thid, RABHEOREIE D KIEE S, T 1 1
Y DEFD C-N KA GIWr S LTI LI SOGTEERIEF 23, ALFERA T Lz &5
z b,

HAETIE, AMETHLNIEEEORREE LO THmARIE L, BHIR7 ot A~

DI 724 B OBUEIC OV TR~ Tz,
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Chapter 1

Table 1.1 Production methods for raw powder material [4]

Method Applicable Powder shape
material
Mechanical Milling Metals, Alloys, Particles,
methods Carbide, Oxide powder, plate
Coarse Metals Particles,
comminution powder, plate
Atomization Metals, Alloy Powder, plates,
steel, Ti alloys ultra fine/nano
powders
Chemical and  Chemical Metal, precious Powder, ultra

eletrochemical
methods

precipitation

Carbonyl
method
(thermal
dissociation)

Chemical

reduction

Electrolytic
reduction

metal oxide

metal

metal

metal

fine/nano
powders

Powder, ultra
fine/nano
powders

Powder, ultra
fine/nano
powders

Powder, ultra
fine/nano
powders
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Table 1.2 Comparison of types of mill for force generation

Chapter 1

Types of mill

Mechanism of the force

Impulsive force

. . Ref.
generation generation
Pod Media weight and klr?etlc Arise 63]
energy when dropping
Attritor @ Flow of the stirred media Arise [76]
Centrifugal Uniform circular motion of Not arise In this
8 o g the media study
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Chapter 1

Table 1.3 Comparison of methods for forming radical species on the material surface

Method Forming Material Merits/ Ref.
mechanism demerits
Electron Electron beam  Carbon
beam fiber fabric
irradiation (Sheet)
Plasma Radical species  Carbon Difficu'lt .to
irradiation fiber fabric form interfacial
(Sheet) bonding during [60, 96]
formation  of
Ultraviolet Ultraviolet light Carbon surface radicals
/ozone /Singlet state of fiber fabric
irradiation oxygen (Sheet)
Electro- Radical species Carbon
chemical fiber fabric  fynctional
oxidation (bundle) group derived
Sono- Radicals from the [99, 124]
process produced in the solvent/mediu
cavitation Polymer m  inactivates
(powder)  the radicals
Ball mill Mechanical Iron, Oxide, Radicals and
force Carbon conjugation of
fiber, the hetero
graphite interface  are  Inthis
(powder)  concurrently study
formed
In this study
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Raw powder Mixing Compaction
production

Final product Sintering

Figure 1.1 Process of the powder metallurgy.
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B

compacting

Soft piartiicle

Farce
Large contact area

N2
High strength compact

mold
mold

compacting

Small contact area

N

fragile compact

Figure 1.2 Schematic illustration of the deformation of the powder particles during
compaction process.
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SPM(organic particle)
Primary organic
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Non-volatile L ( :

Organic { : particle :
compound Volatile OH NOZ : Secondary :
I I

I

(VOC) i ticl
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Figure 1.3 Mechanism in the SPM formation by VOC in the atmosphere.
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Figure 1.4 Representative Iron-oxygen compounds and their structure.
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Figure 1.5 Mechanism of reaction between MMO and methane.
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Figure 1.6 Schematic illustration of Alumina surface
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Figure 1.7 Structure of the carbon material constructed by sp? bonding.
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Figure 1.8 Schematic illustration of the mechanochemical reaction
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Figure 1.9 Schematic illustration of the (a) iron surface, (b) mechanochemically formed

ordered structure iron oxide surface, (c) disordered structure iron oxide surface induced

by mechanochemically induced strain, (d) graphite surface and (¢) mechanchemically
activated graphite surface.
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Figure 1.10 Relationship of the ry, r; and ry,, at equation (9).
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Figure 1.11 Schematic illustration of organization and purpose of this thesis
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DOEEFEFF OBEBEMEZ RE L T D, SR RALKE &2 #ih o i U7- 0 Bea O RIEEA 2 1F -

-42-
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ARETIE, RNEEFHKH TOMPC L0 B-FRRE DS~ 1 7 okl F 2 FR L7z
%. AN T IBWNRISENTEDZREOTHOBREDRIZL T, TR T —/ O
EHE L2 bIE A AR L, $72b bR 2.1 \RT K oIc, BRENKEICWE LIRE
(Adsorbed state), it i T & Se IR T D AT OBAIE O L 7= B2{L ) (Distorted/Disordered
lattice), SEAICER(L AV TIEAL L 7oA it O e k4 (Ordered lattice) 3 38 0 ITHIEH L7z, &
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PRI (CEHERS 69 um, HEE > 99 wi%e)id, MR RIEE (L 2ARFZERr 2> DREA L7z,
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PR - HRR BE D #kL T DVERNZ 1338 AR — L 2 L& W e, FEEREEE O & feh
DRz ORI X L O EmEKZK 2.20),0)I2FNEInd, MFERSRITAT L Ak
(JIS G 4304, SUS304)7> LN TAZ & - THRYE L7z, AAsI3EAE 54 mm, #& S 38 mm OR
TIVIROIEIR CEMEIL 70 mL TH 5, BEHIITHREPICRET 28 & LN T 72D DmHEIK
DI ZZ T DA TER Y . B OREIX 1520 Cloffiznd, Bifiike LT, &
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L. WA Cd 2 ER DTSRI D & DK 36 12700 K OITIRE L, £E
AUL20 fE, 118, 78 E Uiz, B gsidim AR — L (HFEAF B 5L, NEV-MA-8)(Z i
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[MlfR%% 59.1 rad/ls T 32 WAL 7o, B ORSBNIEINIENFH (A L2 B 5
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LR = JWTHIEA RO L2 BEB & 5 2 5 2 & ORI RIS EE) = )L
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DAEETHY | BWOR—/V I VOMAEE LE LV, ARBFJE TR ) 2 R0 E &, R
REZIXER CHIE L7, 10 mm, 12 mm, 14 mm OFHERIZ X 2 #7132 24 153 mN,
283 MmN, 439 mN TH 5, £ 7=, BFELRIC S 2 b HEB— L F13(22) TH A b5,

E=1/2 nm&* (2.2)

N (THPHEIROR, v IR D R 1 &R DN D 5 2 6D
KOEHECTH S, 10mm, 12 mm, 14 mm OFERIZ G- 2 5 5 EE) = 1L F ORFITZE N
Zi40ml, 44ml, 46 ml Th D, WIERDRE R L SRR T DR O ITHER O ERIZE D

59K 35 ITRE L7z oo, JEE) = /L F I TAMERE TITITFE LV,

2-2-3. SRR E DER{LSE DI

2-3-1 D J7EIZ IS W TR T & B 10 mm OHER T 32 h ff L TRy ik g o kkr
FEAER U712, WiEERAR 7T 1 hPE L., @B EESE (1ME:99.999 %)% 200kPa % FEiE
L. im0 AR —/L LAl 59.1 radls TR L. SRR & BRFE /0 1% MUt S W72, SOSREH
X0 4. 54, 5043, 5005y & L, b= kEHIZh2h 0IP-0, OIP-5, OIP-50, OIP-500

L7,

2-2-4. BV - fRAT
KL DT AEBLEE e OV A X o0 B 13088 S ik H R 7 A 7Y 7R - BA 8 (FE-SEM: Field
Emission Scanning Electron Microscope () H SZBUYEATHL, S-4700)% FWCHIE L7z, HEE
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Z FN T Hanawalt VEIZ X 01T o7, g 1A X EREEROOT Himl 4 & -EE 2 A v
T(.3)A2 54551 % Williamson-Hall 72 > kS EE LT,

B=09A/d+ psing (2.3)

22T, BIRHEE, A X X BIROWEE, d 13RS T XL p Z0PA, 013ET A
Th 2 [13, 14], sind% x i, B % y #illlZHLY i/ R IE TR EMOME L U720 Ok dh
T A Xd EOTHp B EoN5, 7 1y ME(110), (211), (220)E D [EIHTHA 0 L FElE B >
S5, FERET -2 L LTy =7 =03 [15] 2L > ThiEm 1 X a5, sHEIC
BX L CIE(110). (211). (220)D M-fimgE o SEHE A N 7=,

AR A RS 2 RS OB R IE, SHUREIEIC Ko THEE L7z, SRR HE
[T XRD /3% — o D B E R D EFELL R 2 i S BN E &R T 2 HETH 2, BT S 72 - T,
ICSD(Inorganic Crystal Standard Database) %7 — RNIZFL# S 41TV 5 RIR(Reference Intensity
Ratio)fifl & FEIZIV D . AR D a—AlOs (25T 2 KB D e RIEIT 2 DOFESy 58 O M
WD, ARG ORIRET E— 7 ORI REZ RIR ETH > TH O DD RN,
it ORFEIER & 72 D,

PR AR TR O E X 7 U 77 b s IE 24 1E (H AR~ULREYL | Belsorp-max) & VY
THIE, P L7z, HERER, 7 U7 b o4y 15 83,800, WKL 0.202 nm* & L Cfig
MY 7 M(EA~LEEL BEL MasterTM) Z{#\ Y, BET &2 X 0 157,

FH UL E ORGSR ORE LT ~ > A7 by (Raman: H A6 8
NRS-7200)(Z L VW 475 7=, FBhEeEIRIE Nd:YVO, L—H (A = 532 nm)Z V>, B0 28 %[
STz, L= 8T (L1356 mW & L7z, HIET ~ > v 7 hMPHIE 900 cm™ 2> 5 100 cm™,
REFLEI%K 100 1], AT 425 cm's™, S3iRHE 6.8 cm™ DS THIE L | charge-coupled-device
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MR A T,

R7-Fm OFE-IRFEIL X BRI EE 170 Y650 HT (XPS: X-ray Photoemission Spectroscopy H A<
AL, JPS-9010TR)IC L W iTo 72, X #liE AIKaRIR(E = 1.4866 keV)Z H\ >, HiJjiZ
10kV/10mA, AF v bHA X3 100 um & L7z, HIERNO~N—RE ST 1.3 x 10° torr i

THERF L7z, 22 CL FEFIE ORI CHL G, ERFH FhrE 3R d 2
Fe 2p), HIE#EA = 3 /L X%PHIL Fe 2p 28 703.0 eV 725 730.0 eV, O 1s 7% 525.0 eV 7> 5 535.0
eV, /SR RLF—(X Fe2p, O 1sHiZ 235eV, ZfFHEIL 0.1 eV DO THIE Lz, ik
DHBIZL DY =227 MITEYIRFED C1s D 284.8 eV [16] THIE L7z, L HEIEFHMK
GLick v —2r Ny 7 7Z 7 KX Shiley ik [17] I X > ThlRELE, AT MUVIAT D
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Y — 7 AT, AT BAZEWT, WIEMN DAY 7 7T T REZELGIWEHE

STBER DR DAY SRRk, SBER O AT MVOSREE R TR, T
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— 7 BRJEE 1(Fe® 2p3) & 3T Fe 2p BE D & — 7 3R DA EHE I(Fe total) D LI L2 h o

v— 7 i Al > T 1(Fe® 2pap) / I(Fe total) TEHEL L 72, ZHhIIFRiAE DL BEEOEI S &R

3, —H. Ols DE—2 1(0 1s) & Fe® 2p3 D E— 727 1(Fe® 2psp) DL 1(0 1s) / 1(Fe® 2psp) T
HE L. ZhIFREEOBRERTFOES 2R,

ESR 27 k/LIZ(ESR: Electron Spin Resonance, H AT #f #. JES-RE2X) Zffiu>
TTK THfr L7z, 5 mg OFE 2 A 8B IZ AL, WD ZER A —2 U —R 7 THER L,
TG D JE I 0 E 9.075 GHz, Hi/11X 0.2 mwW & L, ZFRIEIL 0.079 mT & LT, ESR A~
MV ERT,

2-3. FERBIOEBLE
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23@ITTRT L 91T, BT Ok A DY A X3 69.5+17.9 um Th 7=, X 2.3(b)IRT
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52 FFEICIR W TR, SRR TITRE L, AL, B Sh, Sl Shd, 1o T,
KA A XTI O R AL & AR I OBEEIZ L > THKRT 5, RRTHIREDICED
WMEZETCAZ B R CRAAL ST 2 & & I EN L, I LA L3 1T UG Sa b 5 s
R EiLsd [19], fEo T, 2 RERLARRIZERRI T O I0 TEEIZ A 5 BEfkls K 0 kL 1 O fE
AT L, B P A X3 2, fEE LT, 16-32 R ORI —#ke bl 12155 Z LI
B L7z,

B 2.4 (ZBOGKsE] 0 RyfE], 0.5 Iefdl, 2 Wefil, 8 Hpfil, 16 WffE]. 24 B, 32 IffHliC
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JEAY D 1(110), (211),(200) & K &E VN, Z D (200)[EH D ' — 7 OFEFEME IS O fE ST D
<100> A ~DIRERGEIC L Db D TH D [21,22], £D7=H, (200)H DB E— 7 117
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D LERT,

(12512779 (110), (211), (2Q0) 1 DFLNTZ T A VT LY UAR—/LT 1y MIED
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ZHleb L, ZORE BRI O 7 A XOMREFE LI-EEZXBND,

M BT AT A B L, OFTHOELofafiiL, 07 OEE)C L 59
PEZETG, IREEIC X 2 B, MEE R MR OB AR PEEICE L2 L AR LTV D [27,
28], FRZ., MMERNAE U R RoloZ Ln, AR SR IT/ER T 211X, Kt
DITGRMIRZFHET D IEM NS K FRIIIHEN T2 EAMDICEREND L DI
ST tEZOND, R2UTRT L DT, BUGKHIZ2 KEfE OB FERREE IS 36 1T D 8RR 1 D
it A XL fEE A X3 EMBERE ) o7, 65T, fidh A XL 0T hiE
1%32 K CPMRRRBICEIE L, ZOZEEINITK L THEANENZ L2 LN TH D, U
XY, 32 RO LTkl 1 2 e AR RE O SRR T & BUE L. LU ORR{L)E DR

kL7,

2-3-2. SRR T-RE~DER{LE DR

[X2.8IZBE TR oy 1 & St & BT SRR AR D R D & BOSIFRNZ F6 1F 2AAFR 1 72
FE-SEM& & 79, KL X L EERIRREIT, M2.9(a-f)IZ="d K 9 IZOIP-518 L T'OIP-50(Z
BWTIEEER & ORIGHTE ZAEDRFRD b o7z, —F, OIP-5001Z W\ TIFhi A X
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0.34m%g, 045 Mg T >7=, —fRANCIAEE & WA RO EIERLS TR EAERIZIE L
T L OEEMIIRN B 58, 2 5 1EBrunauer 512 X > THE I TS [29], Brunauer,
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BDOHME L 72> T D [29,30], [X2.98 L ONX2.1012777 9 Z OERARIIType I TH Y | ki1
X, WAEE EWEROBN AR Z AT 28D L~ 7 rfla RO Z AR ENn
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DZEMD, ML > THREINTZ AT /7 I VIR Ko TERBEDERL IR -
JERLL TV D Z &R Iz,
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53 & DFOGIZ & o TFes04 & a-Fe,03 DIR BT NER S LTz L B Z B D, ZHUEUE
IRE AT D FL VN BEIER U Z 35 W TR O R TR D TG M E IR W R b s TR S Tz 2
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TERT 2 %, JEME EE AW RS D, 2 O AW I3k 18 O BEERAR B & A
JTRE D, 1> T, BRI TR S A, KL OBEEBEREN BT 2 2 & T,
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ZAVUEXRD TEALERDEIHT B — 27 233O H e, b L <IFIEFITHES Th - 720IP-53 &
VOIP-50IZHB W T HEMELEERTER STV D Z L 2R LTS, FE—7 DfFEE LTI
FesOul 3D’ s R B /P E I, 42D 7 4 ) T A L DMBLHI S 41, 668 cm™ DA E— K, 538
cm™ £ 193 cm™ DT E— K, 306 cm™DE;E— NICRE SN2 [31], —F. a-Fe,04l3D%y%e
BIRECB L. 72D 7 4 /v T4 MRS 4L [32, 33] 225 cm™ & 498 cm™ DA E— K| 247,
293, 299, 412, 613 cm'DE;E— NIZRE SN D [31] . FesOs& o—Fe,030 b — 7 BRI D
sk & L TIROIP-0.0812 38\ TResO4 D L3 m < | B3R & ORUSHIFH AR < 72 D12 L72d
> Ca—Fe,0:DENGEINT 5, BEH [41 - 44] (IZHD XA ) r I HARIGIZ K DR
FTR72IBE ERN I Y T OBEEIZ > TRAE L T [37 — 40]. a—Fe,O5i 3R &
<9 [34, 35],  FesOufHITy—Fe,03 (200 CAFIT) ~DFHERNL Z 88 i L 72 4 a—Fe,03(400 ‘CAff
UT) [38, 39] 12k T %, —F . AWFZETIET00 cm™ T B — 7 & Hoy—Fe,0,°360 cm iz £ —
7 wFiOB-Fe,0;0 B — 7 [36] MFRH HILRWT Enn . FHERIR IR i %
TERT 2 72 DI BRI OfGdbbL R 2 18 U TR EICHRHEC L R iE s 2 b BRI
a—Fe, 03D K 9 R b AERR L TS Z & 2R LT 5,
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T2 RIEQRAXTRENDWINRIZL > THFEARF T TR SIZBWNWTH 7L
KEZoH T 5FETH D,
5=A(47k) 2.4)
ZITAFRE LY==k, MIERBITROEMTH D, Jida—Fe, FesO, o—Fe05
TENEH, 39, 75, 77nmE BAHL bz, - T, BRRALBIZHEALR AT / r I VK
S X o TEREITLHIIA S H1, OIP-5IZEB W TIFFRIZFes04H A3 R S 47z,
[X12.14\2 [T & AR BUG S W78k 1-DFe 2pDXPS AT V& RS, —KIZXPSHY
B W TEFORBIES1T1-3 nm [41 — 43] TH D08, AlKafiZ L - Tk L 7=Fe 2pas»
ONE T OIEFEM T A HITRIZL2 nmTH D 2 & [44] D, RAXRT MVITRR{LEE D
FH TR O A S LT D, 703 eVATHIT D B — 27 1XIn 3pypll i@ S v, 2 Avid sk E &
DEEIZHWI A VTV T AT A ANIEDEDTHD, ZZERS &, WThoREHI B
TH AT MHIZIZA SO ©— 27 D3R H AL, FilZFe 2psp & Fe 2pipll)mf@d S ivd
DDIRNE =7 BFBO LD, OO R /LXARAENHEE L7-Fe 2p3p® A7 MUK
A A HEAVER [45 — 47] D7=Fe 2p, L 0 b B — 7 N 2512725, WES Y
— 7 VL& 1XFe 2psp/3710.6 eV, Fe 2p173724.0eVTH D . ZH 5 1HFe;0.4H & o—Fe,04fHD &°
— I NLEOFRNALE L, B 5 MZFeOR [45—47] L3R5, ZDZ b, FETE
|Z1%Fes04 & 0 Fe, 030N RAE Ly 851 A4 U 1dFe® L Fe® o “REEEMNTEIET 5 2 EAVRENTZ,
RER 2 & — 7 53BER) 2 X2.1517 77T, BRLEROBHEZOE A7 bV & BEREHE T
BT DA S 4L [48 — 51]. EAULITERER E K< —HE L TWD, Zb 0l
WX, Fe 203D B — 27 1340 B6H DO B — 7 THER SN D Z ENIEIN TV D [48 —
51, Z DFe 2p3p,DZEIHZ UL H B — 27 122 THN DR RV & m RV D
PEEF D & — 7 138k A A 2 DIE O RMETERUAE O MM OARNEEA A > ZoR~d [52], AMFSE
Tl ZORIEEFE DA A ORI DRI DKM AT, Fe 2pypd ' —
7 DFEEOE, 77205, B —7 OEIIMEET TORISKRHICERRSFEETHo 72, &
SITE— 7 BEDRE R, Fe 200D A% hILIZFe® 2papD & BEIIRIE S 5T707.1 eV, Fe'
2Dsl IRIE AL 5709.4-710.3 eV, Fe® 2p3pll BB &4 57103-711.4 eV, Fe 2py,d & @8k
IZIF R &N 57205 eV, Fe™ 2py,|lIF B &5 722.8-723.1eV., Fe** 2ppll/@ld Sh %
723.6-724.6 eV [53 — 63] D6OD B — 7 NRED BT, T DT LA D  FETEIZ ITF, Fe®,
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Fe* OIFIAD A AL BIFET H Z LR ENTZ, EDHICZ2DVT I NE— 2 BIFEL,
Fe¥* 2panlZ T 5 0-Fe,0sD %7 T A kB — 27 73718 eV [64] fHEICERH BN D, ZDHTF
TA4 NE=T 3B O LT 2 DICHANTH D, V7 T4 b E— 27 OFEHEHEITIR
DEDITHHA S D AH LIZXBRIZ L o OLEF DN SIEEF DR SN HITREC

W C3AHLE LTI AL S 4D AR — VISR B O B B 2 L E S 2, BARMICITBHE O2p
HILIE D HERDOIdBLE ~DEMBEN N EL 5, ORGSR, BEBHEAERHICL > THT 74
=7 DR END [65], —F7. FesOu 2. 14@IIAT LR YT 74 he—7 2Ff-
AV, ZHUEME A B R LS O\ HEHARCE OBE SRR T2 FfoFe” | \HABCE ORERE IR T %
FoFe®, 2 L C U HiAHEL i OISR 1% F5oFe™ OBLE MM AIEAIC L 5 v — 2 BEHE
KT B2 TH D [65], LLELY, IV ZIck o TR A A LFe? A A Dbk
HEDMIRA SH. FesOufH & a—Fe,Ox N RIS S, OF A A DSINERAL B ICHE T 5
Fe* A A LFe™ A A, & L CHE RN EICEN T HFe¥ A 42 [65] IC/Rh-T- B2 b
%R

42,1512 753 K 912 AT Ok 71238 TIET707.1 eVITFe 2psnll i d S % B —2
PRROHND, ZOE—7 3R & ORISKHHE & 2D L OIP-500 TX e &M %,
Z DAL 2.14(c) D1 (Fe° 2psp)/1(Fe total)iZ H 380 H AL 5, ZAUTREIREIC T 24 E ek
PR LTCND Z L Emd, TRbbRISHIIICE T, Fé A AP ThIME L7277 A
Z =R E DEKERIL 7 T A Z — NGRS LD, BUGKR O PN E > TlR{k
JEIEE LT, IENRKEL AR, BILSO Ay —TF L JATHD, 1.2nmEBai L
EZbND,

[X12.14(0) I3 U 7= s & A IR SO S 728K D0 1sOXPS AT ML EIRT, &
TDARY ST b OfE#EFR+ [63 — 63] LEbEkFmoL Fux ks Lk
W Lo KRS H RO Fr ki VBBt BT omBBRRFICmEIhs e
— 7 PRI SOSRERNC 6 L CE LA EL L IFEAER—Th T, THIIERA A Txd
LHERSEDORALIREEIZO 1sO B — V7 AENEELZ T2\ THDH [66], — . X2.14(d)
ICRTE IS, 1O Ls)I(Fe° 2pap) i ZMER] & & HICHINT 5, ZDZ &nh, RimiEix
FUSHIENC B\ TR O DK Fes0, 0B A 78 % < S DS HET Il D CTHRFE DA
FREEDE W a-Fe0s 3 I 5 L BEX b5, M2.14(0)00 6, BRFRIF A IR EITEE & 2=
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KLU, SBER IO & o RmEFRE R Tl LTn EEX NS,

F2AZKAEBIEDORELDOFFEAERZ T, XRD/NF — 0 LETEDENHRD T,
PRI ORREIHOEER G O—E 6, FHKERFE T2 THRLE ORI b 2
ExER LT, 22T, FHKBEORBLVENOHBILHOBREZHAE L, Zha&ilklolt
KEFETH > T, BILEDORESZ ROz, EORE, BEDEAITO0IP-5TIX1.79 nm T,
WEE RIS R TOMPERI SR & < 22512 L1228 THEK L, OIP-500T1360.1 nm & 72 > 7=,
Tbb, AH T INNVRIS TR SN BIEDIERTF ) A— M F—F—Th b
EEZ BT,

P & PG ST 8RRFOREE 7 ) TR ROREZ D 72012, [X2.16(a)
\ZRTESRARY ML &7, SRR A38.0nDBLAIKS T ORL T 121X B — 7 23588 Hiv7e h
572723, OIP-51Z4\ T 1%330.6 mT(g = 2.03)IZ Y-EMRE0.1 mTOFI ' — 7 3B Hiviz, T
52D K5 BT OFe® A A 12 EHE 300 mTOBED AN E— 2 %9 =2.0312R 32 &
DHILATEY [67). ULNIZOE—r L3R5, fit-> T, FeITEULL TV AR
F1Ta—FeOstHIC A LD NIEARELE TH D | BERZEAITFE LRV EBZBND, XPSHy
WrickiF DR A 42 O O OBREIR T OBEICKENENZ L 25X DL, ZOESRY Y
FTFFS A A UL D bDOTIERNEBZHNRD, o T, ZOFVE—7 13Fe* 1 4
DRIGIZE > TELT., AREFEAETOBIRRFICERT L EE2HND, X2.16(b)I2E
HDEND RIS o o RmEHFRE L ASETEOT 1y MEaoRT, REEBRFEESHINS
H1FE, AEFEITD Lz, 202 E0b, AxtEFREIL, BUEOREE S HINT 5
WFERADT D ENRBENT, Liub [73] 1X. OB e % —ETHER L7ZFe,0;M
0001RHENZITI A TN T U HNANBEET HZ Enb, RAIBEFHERLLTNDL I EEREL
TW5a, Ziud, RAERENREICBON TR, AEETHY . BEHTERoT /1013 %
SHFIELTWD D EEZBND, A ) 7 IANVRISTRLNEBILEIX, itk 2
OTHhé&, ZOREPRHENZ LIZLD, EMOSRBOMEEENDHELZZIT T, £2D
JFFBLENENTWD EEXbND, TDTD, EEHEEREDORTBEHAFIEL, R
EFDIER S NI EB 2 HID, OIP-500DELIIZEB VT, BENEL, XRDIZL S
THNE LRI DT, MmtEbEWnied, REEFNDRnEEZ b5,
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2-3-3. LB DGR A 1 =X b LALFEET IV
7~ ortE KOXPSIZ & 5 i Ot i & JEIC  DV-Xosy FLBERH RIS W 5 7 Z
AB—FT NEBLE L, K21TONIRT L D12, RHllZo-Fe,0:DfE AN L T\ 5
OIP-500DEFT /L7 T A& —I%, fibihiEZa-Fe0s& L, RFMILLEND, fdmkED
BRIZ R R 722 0 3N (0001)d [18] A& & L7z, OIP-5IZIV\ Tk, i #K1H & Fes0,D
1117 & L7z, ESRIC K B 0Hr O RS FesOuD IR IMITIZFe™ A A DZEFLMNIF(E L T
BY, BERTOASETZHLET LA T ORMEDPERSNTWNDEEZBND, £
DFrEALLTIFROEIITEZALND, TRDL, 4)RTRT L DT, BRFEF D%

FENZL DR DZEILY A R ORI L 5,
20, 05 + Vi (2.4)
Fe DALY A R OFERUCHE, 2Mliy O BRI A AT D LB B D, BRI D, BRILE
DALFRIEFes047 Ha—Fe031C L L TV 220D, FeIZFe™ I b L T 52 B
b, ZDI, BROMETE LT, FERNELOND, 51T, 22V A MNALOmSH

(T BB DOFBEEZ T D720, FRICHIETCE LTEIK L B2 6N D, LEXY, K(25)

M

BLOQONTRT LD REMMENELD LB R,
Vie + 05 = Vg + 0y (2.5)
V& + Fep, —» Vi, + Fep, (2.6)

PLEX Y K217@I2"T &L 9 ICFes04D (L1 DEEA A2 & —DOH Y R\ =7 T A X
—%OQIP-5DFET VI T AL —L LT,

LbEEY o A7 SAVEISIT K% E ORISR E DT A I = X b BT
Do MIFETIZIRBWT, SRRLF-REOKEEY, b Fr ki WEKPBRESh, 1EHE
RFEHLOBRENEEEND [68], FUSHMICINT, FRFHSKHH ORI HEMER
FRE MR RANTWAE U, EERRFIRIBREZ AT 2, RRFICREEHICOT HBEA
S, KA XN L, 22 LR L RO T LR L, K ORE A
ERREENT D, TDRD, RS TR FNEICES IR L, S5I12, BiETAET
2 ST IR RS & o TR B I g S b, IRE ER BRI TH 5720,
WeR O, TR b bBLE ORI RE T EORICIRE S D, IROBERETIE, BRI
TIERA A2 DJEPICENL LFe™ 7 7 A X — 2Bk T 208, IR ZoMEITEA
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TW5B, 2O, Fe DRI K > THRER TSR ETNBREND, RAKBEHETIE, Fe*
7 T AL =R L DFORIZ Ko TR E Ll E BT 5, ZIUIXKEIHE
SARKEFNDRN L2 E%RT S, THAab, RETHEOKT-HEZ RRECHET 5

KD Lo, 38— ROBMLERIC X 5K RIFF 05| & # & SO Tid, SRR
JED T2 DIV & BRI D5 FHLUE O AEH O HEEMEP /RS TWD [69 - 71],
ARFFETIE, OFFDJE Y OF™ O RMaRN R S =BT, BRLekT oFe® Odiul & 7 AR
H+ 20" OpiiE R EAH T LKLY 2 & T RISERm ELZ B2 bNn5, T7hbb, 2
B IAMTE S THIB S I EIC L 0 . RISHER M B Lz 2 B2 bnd, R
FIBNC X 0 BOSMEZ 1) S REE, MIEEIED & 5 28 LWMERRUSIC I 1T 5 1M
L LCOERARMfE S,

2-4. %65

ARETIE, AEERAKT T, kB ok~ 1 7 vkl 2 FR L T, BRbIRH
R TCOBRIRAI IR K - THbE & SRhL F- R ~ER T 2 HiEZfL LTz, £5. B
W K D8Rk ORI OT HOFIENE AN L, P EERRBO Sk~ 1 7 vhi 2 FRLL
Teo SO, BEHFEDRAT )T IBNVEIGE N L DREEHLDHENRIZL > T,
I 3 BUR A R o — )V DEEAVE A BRI R T ~ERRT 5 HiEE A Uz, 2 ofRbEiT 2
DD DERTEA L) (0-Fe,03, Fes0q) THER S THR Y . JERETI W IR 1L FesO,4
INKEH)TH D | BRI O D 1206 a-Fe,03 B KELIIC 72 > TV Z &b b o7z,

RIZ, T OBACBRIZSOSHED @S WEBRR TR SN D 7T e R ZH 6nI Lz,
bbb, BLETIC, AREFEZRTmBBRFAEHR L, ORI, B ORI
MFTDIZLT=RnosT, Wb THZ 2R M LI, ZHid, BHCE 20T AR EHEETHD

LR EMOEREBIEORMENDDREIZ LY . BbEORFEEN L, MEHET

HROTCBBIRTPEIM LI B OGN, A0 /7 I ANV X D8R DRI
DFEHEDHIRIE Z R R LT DIIARMIE RO TTH D . SRR OTEMEALBF TR T 7272
REahb 25 LHfEEND,

2-5. & 3CHR
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Chapter 2

Table 2.1 The properties (average particle size, crystallite size, strain) of the iron

particles milled by the different forces at the equilibrium state of 32 h.

Milling force /  Average particle size / Crystalline size /

mN um am Strain

0 69.6 = 17.9 201.4 0.004
153 497 £ 3.01 55.11 0.013
283 5.84 £ 5.89 72.57 0.012
439 9.45% 5.14 55.72 0.011
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Chapter 2

Table 2.2 The properties (average particle size, crystallite size, strain, Sger) of the

homogeneously-milled iron particles that reacted with oxygen molecules.

Reaction time / min  Average particle size / pm Crystalline size / nm Strain Sger/m?- gt
500 0.50 — 4.82 33.6 0.007 1.07
50 5.59 = 2.40 67.3 0.012 0.51
5 632 % 387 79.3 0.012 0.36
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Chapter 2

Table 2.3 Volume percentages of the oxide phases(FezO4, a—Fe,03) in OIPs.

Reaction time / Estimated from oxygen decrement Estimated from XRD patterns
min vol% vol%
500 58.7 43.1
50 4.9 1.3
5 0.5 ;

_61_



Chapter 2

Table 2.4 Oxide layer thickness of the OIPs.

Amout of surface

Reaction time / oxvaen Oxide volume Oxide layer
min Y9 / m3 thickness / nm
/ umol/g
500 2.98 x 103 6.43 x 1010 60.1
50 2.98 x 107 6.43 x 109 12.6
5 2.98 x 10! 6.43x 108 1.79
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Adsorbed state Distorted/Disordered Ordered lattice
lattice (Iron oxide crystal)

Fe atom

Surface oxidization control by mechanochemical reaction

Figure 2.1 Scheme of the activated oxide layers onto the iron particle surfaces using the

mechanochemical reaction.
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Figure 2.2 (a) Set-up for the mechanochemical reaction, and (b) photograph of the top

view of the equipment during the milling.
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Chapter 2

Figure 2.3 Representative FE-SEM images of the iron particles milled by the force of
153 mN at the time of (a) 0 h, (b) 2 h, (c) 8 h and (d) 24 h (magnification: x1000), and
(e) the average particle size changes with the reaction time by the different milling
forces at (blue line) 153 mN, (red line) 283 mN and (black line) 439 mN. Inset:
illustration of the possible change in the iron particle morphology during the milling

process.
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Figure 2.4 XRD patterns of the iron particles milled by the force of (a) 149 mN, (b) 256
mN and (c) 439 mN at the time of 0 h, 0.5 h, 2 h, 8 h, 16 h, 24 h and 32 h.
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Figure 2.5 Williamson-Hall plots of the iron particles milled by the force of (a) 149
mN, (b) 256 mN and (c) 439 mN at the time of 0 h, 0.5 h, 2 h, 8 h, 16 h, 24 h and 32 h,

which are represented by @, O, a, A, m, 0O, 4, respectively, in the plots, which were

calculated from the XRD patterns of the Figure 2 in the text.
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Figure 2.6 (a) Crystallite sizes and (b) strain changes based on the (110), (211) and

(220) planes vs. the reaction time by the different milling forces of () 153 mN, (o) 283

mN and (A) 439 mN.
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Figure 2.7 Crystallite sizes with the reaction time by the different milling forces of

(o) 153 mN, () 283 mN and (A) 439 mN, which are calculated by the Scherer’s

equation.
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Figure 2.8 Representative FE-SEM images of the milled iron particles reacted with

oxygen molecules at the time of (a, b) 0 h, (c, d) 0.08 h, (e, f) 0.8 h and (g, h) 8.0 h
(magnification: (a, c, e, g) x1000, (b, d, f, h) x2000).
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Figure 2.9 Krypton adsorption (closed circles) and desorption (open circles) isotherms

of the milled iron particles reacted with oxygen molecules at the different reaction

times.
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Figure 2.10 Krypton adsorption (closed circles) and desorption (open circles)

isotherms of the bare ion particles before the milling.
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Figure 2.11 Inner pressure changes with or without milling operation period under

oxidized atmosphere
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Figure 2.12 (a) XRD patterns of the milled iron particles reacted with oxygen
molecules at the different times and (b) the magnified patterns in the range between

30—45 degrees and (c) deconvolusion results of the maximum peaks of the each phases.
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Figure 2.13 Raman spectra of the milled iron particles reacted with oxygen molecules

at the different times.
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Figure 2.14 XPS spectra from (a) Fe 2p and (b) O 1s of the milled iron particles
reacted with oxygen molecules at the different times, and the (c) 1(Fe® 2pay)/1(Fe total)

and (d) 1(O 1s)/I1(Fe® 2pss,) changes as a function of the reaction time.
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Figure 2.15 Deconvolusion results of XPS spectra from Fe 2p of the milled iron
particles reacted with oxygen molecules at the different time, which were adequately
separated into ten peaks (a: In 3p 12, b: Fe® 2psp, c: Fe?* 2psn (Fes0y), d: Fe** 2pap
(0-Fe;03), e: Sat. Fe®* 2pap (Fes0,), f: Sat. Fe** 2ps, (a-Fe,03), g: Fe® 2pyp, h: Fe?

2p1/2 (F9304), i Fe3+ 2p1/2 ((X-Fezog), J Sat. F62+ 2p1/2 (Fe304)).

_77_



Chapter 2

@ o )
OIP-500 OIP-5
E
©
IS
c
OIP-50 S 10}
i3]
S Q
Il (O]
-~ ie)
2 <
0 ©
S OIP-5 g ¢
g S 5}
E Y
o
1=
>
o
1S
<
OIP-500
L M L 0 L 8_
330.0 330.4 330.8 331.2 0 1000 2000 3000
Magnetic field / mT Amount of surface oxygen atom / umol/g

Figure 2.16 ESR spectra of the milled iron particles reacted with oxygen molecules
for OIPs
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Figure 2.17 Model clusters by molecular orbital calculations of (a) Fe3O4 surface with

the disordered lattice induced by defective Fe** ion, and (b) o-Fe,Os crystal with

ordered lattice (O atom: red, Fe atom: gray ).
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BT, AZ U FOFHEE, £EOWERDOIRB=ADLE LHOLETENETI
HET S L. 0014 nm%, 0.033nmPE b [34], EOREERMNE, AKX TR T-REITHS T
J& CAET D LAET D & OIP-5, OIP-50, OIP-500F[filZ51) 2D A & v O A% HH
T 5&, 869, 53.6, 6.2%&208, 129, 148 %l 7ed, A X OWAE DRI TOIPODFE
HNZEE L TWRWZ L 2BET 5 & M OV OIP-53 L UOIP-50Tid, £ D
FKEFEE R LT, FHEGNKED, 2O D, ZEWESLA X > OWAEDIN DK
JERISTRIR ST,

[XI3.5(@)Z A Z o & 120 B S 72 OOIPOXHERIEIPT /R &2 — %777, OIP-5B LT
OIP-50iZ X o—Fe D[EIH &' — 27 D FHAGE® Hiv7=, OIP-50012 1% Fes0, (311) i & o—Fe,037
(QO)E D EHTE— 27 BRD HiTe, ZOFRRIIAZ  EDRISHTER—TH Y . RIGIC
HHEEDBALN 2N L ERIEL T D,

[X3.5(b)lz A % o & 12 i S 7-OIPDFE-SEM#E % 759, A & > & DGR & Hrig
LT, JBEBOEIITRD S o T, LR XZ0IP-5, OIP-50, OIP-500DIHZ
5.30+2.70 um, 6.12 + 2.35 um, 0.5 ~ 10 uUM T & > 7=,

KI35(C)Z A Z > L12BF IS S BT20IPD T~ A7 ML EIRT, T~ 0%k
B8R TRENDIWINRIZL > THFEAX T TR SITBW T U I VERE DT 5 F
ETHD,

5=A/(4rk) (3.9)
ZITAFME LY==k, MIERBITROEMTHD, Jida—Fe, Fes0, o—Fe05
TENZEH, 39, 75, 77nm& RAED Bz, 2 TOREHIIWL T, 100-1800 cm ™ iR
Fes0s & a—Fe03ll it IB S0 B — 7 RRD B LIz, K E—7 DIfJd & L TIE, Feg0ylED’ s
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[1]
gl

ARSI SN, 42D 7 4 ) T4 VMBI SFL, 668 cm DA E— K, 538 cm™ & 193
em DTy — K, 306 cm™ DE;E— NIZIRE SN 5 [35], — 7. a-Fea0sl3 Doy ZE kT
TODT 4 ) T A MBS L [36,37], 225 cm™ £498 cm T DA B — R, 247, 293, 299,
412, 613 cm'DE;E— FIZIFBEN D [35], & 51T, 1320 cm-10 B — 7 [Fa-Fe,030~ 2
J VOMEBEAERICL D2 —27 THD [35 — 37], Fes0s& a—Fe,030 B — 7 EDLIERE LT
[ZOIP-5IZ 36V TResO, DL N5 < | WE5E & DSUSKFH AR < 72 512 L7273 > Ta—Fe,03D
BENEINT 5, ZNHOMEIEL, OIPE XX U L DRISHIHKE TEDL Lo T2, - T,
HFEAF T T AOFPFICIB T, REHEILRE bHERF S iz,

[X13.6(a)i2 A & > & 1.2 i S 720IPDFe 2pMDXPSALY kLK"Y, W DR
BHZ BT H A7 MLVHICIF4 DDA B — 7 358D B, FilZFe 2pap & Fe 2p1pllIF @
ENDZODBNE— T BIEDHID, DD R RREENHEE L7-Fe 2pspd ALY K
NERIZA E U HGEF EAER [38 — 40] D7-HFe 2pyp k¥ b B — 7 HfEA 20512725, HIE
ENT-E— 7 LE TFe 2psp73710.6 eV, Fe 2p,73724.0 eVTH VD . T 5 [TFes044H &
a—Fe,0xfH D B — 7 (LD FRIALE L, B 5 2MZFeOFH [38 — 40] &1 n, Dz &
D FETPHTIEFe;0s & a—Fe 03 FES 2 Z E MR STz, ZOMMITOIPE A & &
DEOGHIHE TED BTz, 1E-T, FHE1.2 nm [31] OEIZBWT, BRLERDOE FitiE
UG b HERF S vz,

[%13.6(d) {2 1(Ore.0)/I(Fe total) DIGMNZE D A & OW K EDEAL % 7T, 1(Ore0)/I(Fe
total) 3 HEINT 2 & & BiT, A X OWHFENBDTHZ E0b, KiRil2 nm [31] OfEIZE
T HEALORRENEINT DI LTeRn»> T, RlICKIT L2WAE, BE., KFEIISHREDOLD
RIEDYA RBEADTHZ & Z2R LTS, E- T, BEREICTHIT 2 E 2 DBLUGNE
HEIE OBLAIWE 2 5 OB E 2 TR L. IRALIERE D A X NS 5 SOstE 2D S &
TeEEZHID,

[3.6(b)IZ A % > & 1L2WE RIS G S W 720IPDO 1SOXPS ALY h L& g, 237 kLT
X L8k DFe-OIZ )78 X411 5530.0 eV [42 — 52], Fe-OH®D X 9 7 &K i /KL IRE Sh b
532.0 eV [53]. WhA5/KIZIRIE S415533.2 eV [54] D3-DE— 7 RO HNTZ, ZhbDE
— 7 1EENE N e 0n reonn o FiLT %, OIP-5, OIP-50, OIP-50000 1sPD ALY kL

B DleeoDEIRITZNLTIL, 714, 720, 727 % ThH o7, [AEEIC g onDEIA1328.6,
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[1]
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280, 273%TH -7 0 oD EIRIE53, 52, 44%Tho72, ZHNEDMEEITAZ LD
BRI TEL Lo T,

[XI3.6(C)IZ A & o L1 2HF I S H720IPDOC 1SOXPS AT kL% 7w, AT h Ui
15YsR 3% DC—C [56] 285.0 eV, Fe"O-CH3fEA [55] 70286.1 eVIZIFE S417-, Fe"O—CHjs
faa O —7 migktlE, OIP-5225JIHIC4.8%, 51%, 33%Th o7z, —J7. C-CHiaDE
— 7 OFEIREILA X DWHREIZK L T—ETh oo, ZIUIXPSHHTIZIIT D155 R
KFBTTZ7 774 MIITRBEINDZEEXBMLTND, £2T, ZIH2ODOE—7 OiEE
e TT7 774 MBI ADKETFOT AT —T L A0 CHEDE IS % /A o7,
75774 MIBITHHEBTFOT Ry —F L 7 23440 TH D [67], HREL D, CH;
J&DIEIMT0.14~022 nmEFHRIND, —F, FRFOLRERL A ¥ OROSEN B
HILD, CHyDE M A FITHRKR T208 % Th > 72728, CHald#khL 12 TR T2/g Dk
BREEER L TWD, AX 0 TOEIIE0.14nmTH YD | CH T ORI & A X V53T DF
SERULETDE, WAE LT-CHE DR S130.28nmE 72 0 | XPSHHOFFHHEM & K< —%F
Do o T, A S NECH & 7 o THMEERIEICH B Z T L TWD EEZDbND, S HIT
AL RO EICRTT D, KBOAEREDKSO N ThH -T2l EE2ZETDHE, AX T DO
fbEERmcEB T o051, BL)KDOL I bDOREZXHND,

2CH; S 2CH3"—0 + H,t (3.10)
by, A& bibERE L OMEERL ROLIIZEXOND, £T. AXF
Yo OC-HAEGM, BRI ECTHB SiL, ZORR. ATFNVT VHANEREND, |}
HE L 72 KBIEFIIKFE ST L LTRICKHIEEND, KRIZ, AFAVTIHNVIE, BFERT L
TFe"O-CHsfi G & TER T2 L B2 HiLD,

3-3-2. DV-XoEIZ X B # & D RE RIS A T = X b OFFH

HH S OFEMZ FAT 5720, $kd KO bk & A Z » OMHAAEH %2 DV-Xasy
FEEFREZE Lz, BTREE A X U5 FOMAIER 2P 60295 729012, DV-Xa
S THGEIEIC X o CTETIRIEZARAT L 7=,

K371 K 91T, RITICSESL» T, Wbk &L i b RO EER 2B oD, A2
DEBERFES D12, A F & ZFHORS THIL S, BOPOZ(LAZFHH L7z, BOP
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IHMEFREGRBOLEEEZ T [68], T74bb, EThHIUIFAMEDS FHuEIZ L > Tk
FWE L, ATHINIGREGIED 3 FRUEIC L - THEET 2 [69], BEEE Y 7 A% —IC
KB A T DNTBRD | KFE A D IsHIE & &8 D5y F#uE R OF BAEITH 620N &)R

DFEEICEEZ T D Z EMDV-XaEIC L > THLMNZ SN TWD [59], K3.7225H
Bpk Diz, AZ L ONEEMEDTER Z, BRLEOMRRZIFR - ICEESEL5EIT, A
H - OC-HFEA DBOPHI b RE K F LIz, 2D Z &iE, A ¥ OC-HIEARZ AT

STHGEDR, Bk POBER L, RLMIMAEFERLIZZ L 2R, 22T, L
DFFFFIZER L Tid, A 2 OIEMEROTE R 2 B b8 R ST S B 7R 2 5 LT,

(138l bk & A # o OIENEREIE R OKFE R KO, EECEL L ATF LT Y
TV DOHLNRFBIFR M OB T 5, A X 2 DOFFESDOBOPDEA A ~d, BT A EfEEE
FLIRT oy W K DR BFRD E 380 & 5 it 2R3, BRuE T ofRR+
([T AL oD 8T 25613, O-HIFEEREAY0.150 nmEL L Tidsrf- il OAH A AE < |
BOPIZIZIF0% /<7, O-HRIMHEEN/NE < 72 512065 TBOPH EA LE A Rd . [FIRFZ G
S DOKFKIR T & A X v ORFEI T B OFEEIXO-HFEEREL30.057 nmiZ35 TIEBOPAAD
E& 720 | fRBEZ RS, FRBEIZ L > TS ND ATV T VAN PBERFICHEET 5 &
C-Of#]HAf0.068 nm A Bifi & L TEN L Vi< TIEEZ /R L, < TIIMBEEZ =T, —75.
IRFIFA L KB A OBOPITH IZIETH W C-HEGA MR TNz, 2 OfERIE, 3.100 TR
L7 sz K <R3 2,

AL DFEGITIRL | ZE T, MRSV T $1200 CUAE D @R TEV M RA 72 S
AUy FRTIIAKB IR S 2 [60], KB & BB OIARES 1L [61] 225, fWEND
TEM L7V v IRAE T OO-HMH BEREIE0.095 nm2EE & TAR S 41, Z DR CC-HAS B AN EDE %
R Z EIIBEEOERFE R L K< —ET 5 [60], —JF7. REBRTIIAZ VEHKTOKIG
WX T TROFRLFITIBNT S A X OWAE L RFHIKERER SN, ZDZ L
PEIITEV . C-HIEIOBOPH A L, IS EMED 53 FHE DAL & 2 U S R 2 3R
FHARER E I =&ML TWD, bbb, Mot d ok LD A 2 AIRBERAE %R
L, AFNAT NN LI EE X BiLd, Liu[55] HIT X D HEEZE(UHV)H Toa-Fe03
DO HAESDO00LHIZ A TN T VN R SETZERT, KELCZFLUVEDAF LT Y
HVOMFBECAR SND KO RMBEBMPFEE LRV ERHALNICR- TS, HEHE
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PR [61] MO TSNS, MEMEA LAV IREETOC-ORM FEREIL0.138 nmiRfE & TS
. ZOEHETC-ORENIEDHEEZRD, RIB1D A F /T ¥ A/ OC-HE DOBOPH IEDfE
2RO Z LIFLIUD OFEBRAER & L < —8T 5,

(X381 FR LI DK M ERIE - & A & L 00 IE DU i (A4 1 SE b 0O /K SRR - M OVs L OMigRE <
T2 AF T 2T O LR SE T O BB 64 2 BOPDO 2k A7~ 4, Sl -k o
FRIF A2 A F 2 Gy O IR U i IS S i D KRR F- 23 B4 2 956 . H-Felf BRAE230.118
nmAzRfEL LTEN L0 ES TIEBOPIFE, §abblEsa L, i TFA, §hbb
iz md, BAMERR(E 056, £ OBfEIZ0.108 nmTHh o7z, S HIZKBIIRT LD
(2, &REOHEA THREOMBMZ7R L, BEIZ0.121 nmTH > 72, C-HEDOBOPIZW 1
DY T AZ—DBE LD b TEICIEDHE AR T2, AF LTV HNENT-RIL
FROBRIFTIZBET T 5 &, C-FeftlFEME0.115nm A& BfE & L CEi & Vi< TIXBOPILIE,
RobWaE R L, < TEA, TRbbEREZ =T, HAMRIEMOSE. @RSDY;
HOBEILZNZEI, 0107 nm, 0.125nmThH o7z, 6> T, BV A MIIBWTITA X 5
T DIFBESOG & WA BUS DB TR RTERR ST\ D LB 2 B, C-HHDBOPIZW T 711
DY FAZ—FT BT HIEBECBE D O THICEDHEER- 72, T bORERIT. X
BIUTRT L OIT, (QFeDffKEm DI+ THRIKETH-72, BLO)NTRLIEL I IR
TDAZUWATF T DRI DT OITIE A Z  OWEEIZxE LT50 %D KENFAET
HUENH D, FEBRTIFALE~458 NICE o7, 2D EIE, A ¥ v O—EIIfFEREET
ABUTOEEFRELTCNDZEERBLTND, AX DT NEIETICRET D ARG
BAERIL, ZOFERFIL L 8T 5, £lo, SR FIEA X o LTRBEIZZ LS,
A F Ak [5, 6] o FHME [62] L THRIGHFRD HIL TV W, C-HIE OfFRENGRD H il
ROV OFEFERIZENODHEFL b LT 5, LY X% OC-HEE DT,
b F omBERF ETAEL, BRTFETIEAZ L EATFAT I INVOREDHZDBAELD
LEZDLND,

3-3-3. B{LEM C-H BRI E X D38
B D2 AI5DESRANY MLV TR LTIZE DS, A 7 L VIR TIERR S b g
BB, R E TN S, F0gfEIF2.03THh 72, AHEPTR—ILE2HT HEEER
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[1]
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T DESRY 7 Dgfin32.01% /x93 2 & [68] £, HHEETOfEIZ2.0023TH D [69] = &
EEETDHE. ZORMEFIIR—AETHLIWRRERENEEZEZOND, E-T, 20D
MBI TI1E, Bk CLEL R o TV ORI T L LT, BT B AR LTS, £
7o, RBIFFOEKIBMEE2.55 L el LT, BRI OESENEEIT3.44 [70] L&m< . FHXS
HINZFET & DBRMER E, IRIT, XPSHHran G A Z 3 b#krh OfeRR 1 & FHAAFH
LT, AFNT PN EKRBHFPIREND ZERHA LN R T, AF T I ANNR
S/l L&, AZO—HORIGH ., WETIER, KPP TORIGTHD Z &%
BOETEZD L, KESFERT DENT. KBRFITKFETZ NV EHH L TV D AT
BEMENE ., ZHOORENS ., BLBYOMER 71X, A XU NLRETHICKET Y
AN ZG| EERNT, ZOREK, C-HES Z UM L7 BEERE 2 b d,

3-4. ¥5

ARETIE, $RRLFRIEIZA T 7 I AIVEORIT K> TR - Hil4# U 72 kg m & A
S DRERIS A LTce A 7 IWNVOS TR S NI bR T A X 2 1D
AR IANIREFET DL AZ U IIWE - iz R Lz, $7bb, C-H
BOUMIBRAECTZ, AZ U ERIST HBLET O EFRLZNEE B - MRERS &
TN L7z, XPS SSHT DR, A4 Uy FIIMERF ETAF AT VN E LTHFEL,
Fe"O-CH i A S5 Z & & R L7z, S HIZ, DV-Xasr FHLETEIC X DT L 0 |
AZ G FD C-H AR, A Z o LERIEF OB FHUEDOHEENEN &) ORI &
S THWr &I, ENUTES TEBRIND A TFNT VNN, BRERT EICRETHZ L%
AL, ERERZ LB L, AD 7 I WNVEISTFEIL X IEH L ST ghi &
HICEBT DA Z L OROSIE, A F TIZEN FRMERISTH Y | BRI OBFZEIT 8T
TR E5E25EEEZ b5,
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(a ) Stainless steel vessel

(i) argon
(ii) Oxygen

Cooling water

Steel ball

Centrifugal grinding

Iron particles

Chapter 3

Figure 3.1 (a) Set-up for the mechanochemical reaction, and (b) photograph of the top

view of the equipment during the milling.
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e r. Side view

Approaching
reaction

leded

Figure 3.2 Interfacial approaching models of CH, onto the disordered and ordered iron

oxide cluster surfaces, which is same process to the CHz® approaching models in this

study.
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Figure 3.3 Lennard-Jones potential curves (atomic forces vs. interatomic distances
between Fe—C, Fe— H, O—C and O—H), indicating that the closest approach distances at

153 mN are 0.045 nm, 0.037 nm, 0.028 nm and 0.021 nm, respectively.
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Figure 3.4 (a) inner total pressure changes (= apparent adsorbed amounts) vs. reaction
time by the milling of OIPs under CH,4 atmosphere, and (b) the actual adsorption and H,

generation amounts at the equilibrium milling time of 1.2 h.
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Figure 3.5 (a) XRD patterns, (b) FE-SEM images (magnification: x4000) and (c)
Raman spectra of the OIPs that reacted with CH, for 1.2 h.
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Figure 3.6. (a) Fe 2p, (b) O 1s and (c) C 1s XPS spectra of the OIPs that reacted

with CH, molecules for 1.2 h, and (d) the adsorbed amount changes of methane species

onto OIPs with increasing the 1(Oge.0)/I(Fe total) and (e) the I(C)/I(Fe total) changes

with increasing the adsorbed amount.
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Figure 3.7 BOP changes with the interatomic distances by approaching of CH, with
various orientation onto the O atoms in the Fe;04
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Figure 3.8 BOP changes with the interatomic distances by approaching of CH4 and CHj3
® onto the O atoms and Fe atoms in the FesO, cluster surfaces, and their possible

reaction models at the interfaces.
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Figure 3.9 BOP changes with the interatomic distances by approach of methane and

methyl radical onto Fe atoms in a-Fe lattice cluster surfaces, and their possible reaction

models at the interfaces.
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BRI ICBEEL ., RITZEC WD Z Enbod, —J, K4.10(d-1, d-2)i2r~d & 9 iz,
OIP/GP-5-10{Z 4\ T, #REFEBRAIZIZI VT, —ARRIEIKEZ R L, w23l St <
WHZ ENDLND, ZDOZ LMD, BMLEREN A L L TR OFIMEE AN IR L
TWNWDZ EDNRS Tz,

4 4.11(a, b)IZ OIP-5 & HEnDH AR - T 5 OIP/Gp—5-60, OIP/Gp—5-30, OIP/Gp—5-10
D XRD /3% — > Zd, [ 4.11(a)l2i%, 44.58°1C0—Fe 0>(110)/H ., 65.26°(Za—Fe (110,
82.28°(Za—Fe M (211)[f, 99.32°IC0-Fe D (L1I0)JIFE SN HEITE— 7 DBl sz, X
4.11(b)1 % 20—-30° D& DA PTIREE & 100 5Lk L [ald "% — 2 Th 5, 26.56°IZ EEh D
00)HEICIFEESNDHE—7 RO B, TOE—7ME L, BbSh-gkhiv L B o

By L=54 . (002)E DRI e — 7 R, 1% 8 B DMt b 30%FEE 2 HEFF L T D 7z
. 2 O(002)H DR\ B — 7 B O T. Béh & B LIERE & O AR 2R
LT, Bk BEAN AT ) r I WNVOET H 2 LT, B bgkAEIL L CO, TR
HZERHEINTWD [42], - T, BEADRBLIZ L > TR T 2 TREER & D, Lo
L. B L UGS OREBNOESBDEN D, SR SNz OBEIFR O EE D
SR, SMEROMERFORIZ08mg THY ., BEoF AR 14 mg &L Th7%
<. BTOEMEMATERY, 18- T, BENIBRFREITHEL TH Y, B (002)
[ DEHT E— 7 ORI, BT D BEROBADIZ LD DO TIERNWZ LR LN TH 5.
e~ T, BEOREIPTE—7 O, BEN T T 7 = EFEOMOEEEIZEL LT ATREMEZ
RLTWD,

%] 4.12(a)i= OIP/Gp—5-60. OIP/Gp-5-30, OIP/Gp—5-10 @ Fe 2p D XPS A7 kL%
AT, oD E—7 NRDHID, K413 123 HIZFEMIC e — 7 o Lz fE R 2 7~9, Fe 2p
DAY NV Fe® 2ps, DEBERITIFHIE A5 707.1 eV, Fe* 2pap (IR B S5 709.4-710.3
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eV.Fe* 2pap 1T B S5 710.3-711.4 eV, Fe° 2py, DAJBEEITIFIE 15 7205 eV Fe?* 2py,
IZIRB S5 722.8-723.1eV, Fe* 2pip ICIRB S5 723.6-724.6 eV D 6 DD E— 2 133
S, oD —27ICERT S L, 707.1eV D Fe® 2ps,. T RbHAeRBEICRE S
HE—T1X, AN IANKIRICE - T, BAEBRB RSO~ G LB L2 L &
AR LTS [42], DD R/LFIRAEDHEE L7 Fe 2psp D AT MVIRIZA B #E
FIEAEM [43 — 45] D72 Fe 2pyp £ 0 & B — 7 HFED 2 (512725, WE SN — 7 (L&
Id Fe 2pap 28 710.6 eV, Fe 2p1, 7372406V ThH Y . T 5H1E Fes0, 48 & a—Fe,03 fHO B — 2
NEDOHFRNALE L, B 5202 FeO M [43—45] L3 BR 5, 20 &b, REITHEICIX
Fes0, & a—Fe,03 BAFIET 2 Z &R & iz, T OmIE OIP & Bén & DIGHIG TED D
ol Eo T, BLEETIZRBIT D, METOTARFr—F VU T ATHD, Rifirb 1.2
nm [31] OEIZIVT, BbEROR IS IIRG % bHERF S iz, —J7. 7085V (T2 H
LD [46,47] Fe=C DB — 27 [3GRD bR Do T2, 165 T, Béh & RO fimfs & 1% Fe—C
FEATIERNZ ERNRBEEINT,

%] 4.12(b)|= OIP/Gp—-5-60, OIP/Gp—5-30, OIP/Gp-5-10 ® O 1s ® XPS A2 kL&)
T, BTDOARZ FUE, 530.0 eV OEE{bEH O Fe-O #54 [48 —57]. 530.4 eV @ Fe-O-C
ftitr [15]. 532.0 eV OREOKBIKITIFIR SNz, ZDOZ b, WMiblEgm & BEho 5t
mOEFREARE S LClE, M412(d) DRI b DONREZ bR D, X414 1TfEFES LOVE
g & BUSRTDERRLT-D AT MV ZRT, Rtk & RIERIC B ARBRIZ K - TR S i
{EBEZ L 5 Fe-OfEBE D E— 27 RRDHLNDLMN, ZOFEET /XL 530.0eV TH Y, CHk
& K< —FHL, Fe-O-C faD =27 by, E/o, K411 TRLZL DI
XRDZ XV, BéhEmblg OMHAEAERR RS L. S HITFe2p ITHITH XPS A7 hb
M5, Fe—CREG M EN TN L3RS N, o T, B MbEIx, BT
ZJr L7z Fe-O-C fiAIC Lo T, REbAaEa ML TWs LEZXbND, /o, 2D
Fe-O-C A D ' — 7 IZSUSEH 10 5y THE L, Z ORISR ORIITERRIF & BEn DB
REI 6 L CARn L7z, > C. OIP & GP OUGKINIZ 10 o i TH D L E 2 bd,

%] 4.12 (c)\Z OIP/Gp—5-60, OIP/Gp—5-30, OIP/Gp-5-10 ® C 1s D XPS A~ kL%
T, BTDOARY LT, 284.8eV @O C-C A, 286.1eV @ C-O A [58] IZIFE S
Too AT MUZED LN OO E—7 BEOEIGIX, MARFRHKTFENES . 27 1
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AR TIRIER—72 572, C-CHAITERIND C-CHEATH D, BIMLEKDBTISHAE L T
HZEMHEZT, CO TSRO INZ L VRS NEBLERIC L 2D EE 2 BN
Do

4.15 |Z OIP/Gp—5-10, OIP/Gp—50-10, OIP/Gp—500-10 ¢ SEM/EDX 14 % 79",
OIP/GP-500-10 TIIMralid iR IER 2 15 - T2 BERDMFET 2 DITxt L, OIP/GP-5-10,
OIP/GP-50-10 TIZHFAN I —ITfTE L TV D,

%] 4.16(a)lZ OIP/Gp—5-10, OIP/Gp—50-10, OIP/Gp—500-10 ® XRD /3% — > % 7R~d, 4%
[F37 &' — 27 13, 44.58°Da—Fe D(110)ifi. 65.26°Do—Fe ¢ (110)MH, 82.28°Da—Fe M (211)ifi .
99.32°Da~Fe M(110)ifi [70] (ZI#)E S iz, F7-. OIPIGp-500-10 D/ 3% — 1/ |Zi% 33.06°
D Fe304 D (104)iH, 35.50°7 Fe30, M (110)E ., a—Fe,03 DB1L)E IZIFE SN D EH T E—27
WO BT, M 4.16(b)IZ () D EIFTIREE % 100 512K Lic /X% — 2 & 7~d, OIP-5, OIP-50
& H# LT, OIP-500 TIEZEEND(002)H D B — 7 1T B — 7 FEE L& WA, FES TR
LS BERE/ NSV, ZhuE, BEh LB OM ARG <. IS EAL TV
W2 L AR LTV D,

4.17 12 OIP/Gp—5-10, OIP/Gp—50-10, OIP/Gp-500-10 T <> A7 kL &R,
AT OREHZIN T, 100-1800 cm™ D#iFHIZ Fes04. o—Fe,05 & BENTIFE S 5 B — 27 3
RO BNz, HE—7 OB L LTI, Fes04l Dy KR DHEN, 4 DD T+ ) 2T
A BRI S, 668 cm™ D Ay E— K, 538 cm™ & 193 em™ D Ty ®— K, 306 cm™ D E,
T RICHBEND [66], —J7. o-Fe0313 Doy ZZMIBEICB L, 72D 7 4 /> T A VIME
& [67, 68]. 225 cm™ & 498 cm™ @ Ay E— R, 247, 293, 299, 412, 613 cm' @ E,E
— RiZ@EEnsd [66], <52, 1320 cm-1 O B — 7 [Za-Fe,0; D~ 7/ > OFAAERIC X
DY —2 Tl [66—68], Fes04 & o—Fe,03 DB — 7 FREED 3k & L CTiE OIP-0.08 (2350 T
FesOq DN E < | BT & ORISR < 72 51T L7228 o Ta—Fe,05 DEIG 3N+ 5,
TR HOMAIE, OIP &A% & DORISHITG TED LR -T2, £7-. 1580 cm™ IZEHD
NEBOBKSIEECRBEEIND G AV R, 1350emM IC B O KEICIRBEND D /S R

WFBO BTz, 1E- T, OIP L DRI b BInO ANBRGITHRF SN THWD Z &S
77
%] 4.18(a)lZ OIP/Gp-5-10, OIP/Gp—50-10, OIP/Gp-500-10 ™ Fe 2p ® XPS A~ kb
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oy, WoDOFEE—7 OfEIL OIPIGp—5-10 L[A—Th v, #k& BT mITHB W\ T,
A AV ELOEAIREIE VTR Z RSN,

%] 4.18(b){Z OIP/Gp—5-10, OIP/Gp—50-10, OIP/Gp—500-10 ® O 1s M XPS A7 kL
T, BTDAY hLiE, 530.0 eV OEE{lgk D Fe-O 4 [48 —57]. 530.4eV D Fe-
O-C 54 [15]. 532.0 eV O FKEDKEEKL, 533.2 eV O L 7- /KARKITIwE S iz, Kl
B, KFEKOE =7 1%, B CEERRD b s o 7203, Fe—0-C fEH OREs iR 13
F OO AR WERRL 713 SR < I o 72,

%] 4.18(c)I= OIP/Gp-5-10, OIP/Gp—50-10, OIP/Gp-500-10 > C 1s ® XPS A~ kL%
R, BTDANRYT LiX, 284.8eV O C-C A, 286.1eV O C-OfEA [68] IZ)wES
Nizo AXT MZHD DL N DO E— 7 MEDOEIGIT, MR RIREENES . AT
MU TIRIER—7E 27, C-CHEAIXEID C-CHEAETH D, MALBRDIETLKIENEL T
WHZEMMBEZT, C-O I TEERD ST L VB SN BILEBRIC L Db DEEZ S
ns,

X 4.18(d) 2K BHI BT 5, Fe~O-C B DY — 7 ORREL L | R EFEOEGR
%Y, Fe-O-C A DY — 7 DRSS EL X, Fe—O, Fe—0—C, /KEEH:(OH) DRy 58 E D
BRHIF LTHE Lz, Fe-O-C D — 7 MEIT, NHEFENSWVIEEHML, H=
BECRLEZE I, BEETOARREFNZVIELE, BbETOmERIFOMAEERIC

T, RALKFED C-H FEGIFZ<UMSn 2 B2 bile, UV, BeplmibEics
F DAL FAEE O & LT, RetE T2 AT 28BN, BRORIEEEMT 5
RACKFACE OKRFBIR T 2ol EthE . BMISHEMFE Lo RBIR T2 L, Z0
RFERA LR PG LT, FerO-CRBZBR L, 8 RmMAERIN- B2 b1
24

[ 4.19(a)iz XPS IZ851F 5 Fe-O-C A llimiE S D B — 7 OfFmisE & | [X4.16 T
L7z XRD /3% — /12 81F % B (002) i o a4t & — 27 R & FE iR O BIfR 2 R~ 7,
Fe-O-C G 7RWNT E | B — 7 SIS 5 — 5 C B R IS 3A B AN )N S T,
ZUE, Fe-O-C #A D720y OIPIGP-500-10 (28 Tk, X 4.19(b)lC 3 & 5 IZHEA i

BTG RNDIR, Bin L biE &L OMEIERN DTz BENORE IS
BAZ T 720 DIZx L, Fe-O-C A D%\ OIP/GP-5-10 1238\ Cik, X 4.19(0)12~79 XL 5
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(2. FEICRIT DA RAE < FAFERIC & > TREOFESIFEN B 2% 1T T, (002)
T O JE RS S 2L LIZ ATREME N B X 5 D08, BLERMEICB T 5 Res O RIL 4%
AT D ME DR B D,

4-3-3. DV-XoiEIZ & 2 FER A 7 = X b OfEH

[(14.2012 2B 2 (CeHe)d L O, KK DFERE L 7o~ E 2 (CeHs) 3. Fes043 L Wa-
Fe O3l HET L 72 BRDBOPDZE (L 2 kg, ¥ L 73FesO, DR R T IC AL+ 5 A, O-H
[HIEEREA30.150 nmEA L TI3oy FRUE D AE/EM 2 ES | BOPIXIEIZ04 "9, O-HRHEMEEA
INE 7R B \ZHE > TBOPHS 5 LS &R 9, [AIRFIC 80 O R & B8 L T D KR &
R U DRFEF T OBOPIXO-HM BHHE0.055 nmIZ B W TAEDIE L 72 0 | fiflEZ =3, /K
RIRA DREE LT B U S BERRFICH#8a 2 & C-OMBEAfE0.075 nm Az g & L TZh
FVELS CEWELE R L, < TIEBBEZ =T, 2B U Doa-Fe,0; IR 1-IZ85 T %
5ty . O-HIRERREA0.200 nmEL | Cidsy F#uE O BAEH < | BOPIXIZIE0% 7~7, O-H
IREREDS /N & <72 DIZHE > TBOPS B LA 273, AR SEIm DK RIFF & A &7 DR
FIF TR OFE A ITO-HFEERE2Y0.057 nmiZ B W CTIZBOP N E DR & 72 v | filfi 4 9, KFE
JF AN fRBE L 7o B U DRI 5 & . C-OfMBEAE0.055 nmA Fifi & LT %
LS TIEELZ R L, < TIEIBEELZ =~ LTz,

FRsB IR 712 K D RALKFED S DKRFEG RS ITERICHEGRIICHHMES AL TWD
[22, 23], B DX I BREKRSGFTH - THRUEB U b2 DOARNEBRIE O RIEOE G
FLRLLTWD 726 [65]. AFHEAMARIT., BEICbEMTRREEADND, > T, KA
f RIIBERIFE I L DB D=y VA EM L T D KERFOGIEHE 2R L TWND
EEZDND, Thbb, ZOFEMEIL. XPS 1L D2ERERS RS, Bk
FKMLEIZ XD Fe—O-C fEA DA SR LT 5,

4-3-4. FHEHES REOFE

X]4.2112, R BRAT# OOIP-5-10, OIP-50-10, OIP-500-10 & 7B D HHE/ A
B AW TARHTT LN 3T 5, BEROAEBE /R, AL TR Oz BEEE AR T
DOVFTIUICENTH, WERBEIORITE B & ik LT, B 0RO ER DA BEp L8k
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FL 7 ORI RE A RE ARSI TS Z ERrEhz, HTH, OIP-5-10i28BW\ T
%, EE A% O BE o BiX, MR OMRTEL LR & bl L CU8E TR Lis, —
Ji. OIP-50-10, OIP-500-10& ., FRfbJE T DA E T D72 WEENT & BIn DBk &
MUTz, RAEFOEIIKT D EMBEEOMMIL, Fe-O-CHitEE —HT 5, -T,
AT 7 L IVIIGIZ Ko TIER S N T-Fe—O-ChEG 23, ZhRMICEL & BEr oA R iE O
RIZTFE LTV &2 b,

4-4. FE5

RETHE, AH ) IANIRIT L - THERL - Bl S iz Bén & SRR ORMb
JBOMEEZBIE L, T OMREZMI L, & OB & 8k T Ob B R i & 2 Bk LT,
Z OFEEIRIEZ BN, BERRICARII 5 2 LT Lo, B Ar REHER T ORI
S THA ZXDHE 10 nm OF ki 7 & 72 o7, XRD AT ORGSR, K+ ORHMEITfE S Bk
DFIEHEDENREN DT DIZ, BRI AIFTEE L, X—PAEHTOT N RAETT, 2R
KA TS, B T S N D AR I » BB ST, B LR
LA T D8R 2 MOSSHT2 & A, Bfbfg & BEIMAIE L, Z£DSEIC Fe-0-C
O EIT 5 2 & 2 EBRIICH S L, DV-Xaiy FHuBEEHREIEL, TOfEE L<X
Frllo, TOBML LT, AHEFEATOMAR TR, B0y VHAEM L T
D IRACIK R DK BT & N5l & k& . BT v DHEITEMER R BT 2R L.
Fe-O-CHEBZERT Db D EEZ LI, Fe-O-CHEaIx, HBfh & b1 DI E 7o
BEREETERL L, ERFLOGHE A > & % IO TARHT I IE Ry & bl LT, BEno Bidg ms
18 E IR S iz, ABIZE TR DAL, RFERME & @ % 7 SR RER BT
BAIROFZ /25 Z RSN D,
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(i) Activated Iron particles
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(b)}

Figure 4.1 (a) Set-up for the mechanochemical reaction to prepare OIPs, and (b) the
photograph of the equipment top view during the milling. For preparing the activated
Gp particles and composites, the same equipment was also used under argon

atmosphere.
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Figure 4.2 Interfacial approaching models of CgHg as the Gp end cluster model onto the

Fe;O, and ordered a-Fe,O3 lattice cluster surfaces.
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Figure 4.3 Scheme of the experimental equipment for the adhesive strength evaluation
of the OIP/Gp composites by the ultrasonication at the condition of 200 W and 38

kHz.
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Figure 4.4 SEM images of the commercially-available iron/GP composites through the

interfacial organic binding layer ((a): 80x%, (b): 160x)..
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Figure 4.5 Representative (a, b, d, e, g, h) FE-SEM and (c, f, i) TEM images of the Gp
particles milled at the time of (a—c) O h, (d—f) 1 hand (g—1) 8 h (magnification: a x8 k,
b x50 k, ¢ x50 k, d x30 k, e X120 k, f x50 k g x60 k, h x200 k, i %250 K).
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Figure 4.6 (a) Bright-field image with SADP and (b, c) dark-field images of the Gp
particles milled at the time of 1 h.
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Figure 4.7. XRD patterns of the Gp particles milled at the time of 0 h, 0.5h, 1 h, 2 h
and 8 h. (b) is magnified by 100 times from (a).
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Figure 4.8 (a) Raman spectra of the Gp particles milled at the time of 0 h, 0.5h, 1 h, 2 h

and 8 h, and (b) the changes in the structural order parameters of Ip/lg and Ip-/lg with
the reaction time.
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Figure 4.9 (a-1, b-1, c-1, d-1) FE-SEM and (a-2, 3 and 4, b-2, 3 and 4, c-2, 3 and 4, d-2,

3 and 4) EDX-mapping images by (a-2, b-2, c-2, d-2) Fe and (a-3, b-3, c-3, d-3) C and
(a-4, b-4, c-4, d-4) atom elements for the (a) iron/Gp simply-mixed particles and (b)

OIP/GP-5-10, (c) OIP/GP-50-10 and (d) OIP/GP-500-10 composites.
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(c-1) (c-2)

(d-1) (d-2)

Figure 4.10 Representative (a-1 and 2, b-1 and 2) FE-SEM and (a-3 and 4, b-3 and 4)
EDX-mapping images by (a-3, b-3) Fe and (a-4, b-4) C elements of the (a) iron/Gp
simply-mixed particles and the (b) OIP/GP-5-10 composites at the composite reaction
time of 10 min, and the photographs of (c-1 and 2) of the iron/Gp simply-mixed
particles and (d-1 and 2) OIP/GP-5 composites (c-1 and d-1) before and (c-2 and d-2)
after the tapping oscillation at the frequency of 60 Hz for 30 min.
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Figure 4.11 XRD patterns of the most-active OIP/GP-0.08 composites at the different
reaction times (10 min: OIP/GP-5-10. 30 min: OIP/GP-5-30, 60 min: OIP/GP-5-60).

Figure 5 (b) is the magnified patterns in the range between 20—30 degrees
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Figure 4.12 (a) Fe 2p, (b) O 1s and (c) C 1s XPS spectra of the OIP-0.08/GP
composites that reacted at the different times and (d) Schematic illustration of

oxide/graphite interface.
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Figure 4.13 Deconvolusion results of XPS spectra from Fe 2p of the OIP/GP composite,
which were adequately separated into ten peaks (a: In 3p 12, b: Fe® 2pap, c: Fe** 2pap
(Fes04), d: Fe** 2psp; (a-Fe,03), e: Sat. Fe** 2psp, (FesOy), f: Sat. Fe** 2psy, (a-Fe203), g:
Fe° 2p1sp, h: Fe?* 2pyy, (FesOy), it Fe* 2p1s (a-Fe,0s), j: Sat. Fe?* 2py, (FesOy)).
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Figure 4.14 (a) Fe 2p, (b) O 1s and (c) C 1s XPS spectra of the bare iron particles
without the oxidation and GP composite treatment. The Fe 2p spectra was adequately
separated into ten peaks (a: In 3p 12, b: Fe° 2psp, c: Fe?* 2pan (Fes0y), d: Fe** 2pap
(a-Fe,03), e: Sat. Fe®* 2ps, (Fes0y), f: Sat. Fe** 2psp (a-Fes03), g: Fe® 2pyp, h: Fe?*
2172 (Fes0y), i: Fe¥* 2p1;, (a-Fez0s), j: Sat. Fe* 2puy, (Fes04)).
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Figure 4.15 Representative (a-1, b-1, c-1) FE-SEM and EDX-mapping by (a-2, b-2,
c-2) Fe and (a-3, b-3, c-3) C elements images of the OIP/Gp composites ((a)
OIP/GP-5-10, (b) OIP/GP-50-10 and (c) OIP/GP—-500-10) after subsequent

ultrasonication.
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Figure 4.16 XRD patterns of the OIP/Gp composites (OIP/GP-5-10, OIP/GP-50-10
and OIP/GP-500-10) after the composite reaction for 10 min and subsequent

ultrasonication. (b) is the magnified patterns in the range between 20—30 degrees of (a).
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Figure 4.17 Raman spectra of the OIP/Gp composites (OIP—0.08/Gp, OIP—0.8/Gp
and OIP—8.0/Gp) after the composite reaction for 10 min.
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Figure 4.18 (a) Fe 2p, (b) O 1s and (c) C 1s XPS spectra of the OIP/Gp composites
(OIP/GP-50-10, OIP/ GP-500—-10) after the composite reaction for 10 min, and (d)

Integrated peak intensity of Fe—O—C bond as a function of the number of unpaired

electron in the oxide layer.
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Figure 4.19 Integrated peak intensity and peak intensity of graphite (002) as a function
of the XPS integrated peak ratio of the IFe-O-C of the OIP/GP composite and schematic
illustration of the oxide/graphite interface of the (b) OIP/GP-500-10 and (c)

OIP/GP-5-10.
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Figure 420 BOP changes with the interatomic distances by the approach of
H-terminated and H-abstracted C¢Hg molecules as the Gp models onto the O atoms in
the Fe3O4 and a-Fe,O3 lattice cluster surfaces, and their possible reaction models at the

interfaces.
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AREABM)EZRE Lz, BICARETIIA FUEGEORE D720, A0 H0EE 15
(orbital population) % % H U 7=, HZNE THLEE 7500 BJR OB M &2 225 N 7 IEBR O & fir
(net charge)Z &M L7z, o fi#iE | 2583 5E7+0 9 BLEFHLE I IZRT HETOEBITH
LS H(B.2)RTHE 2 bivd,
Qf =X Ca Gy [ xs(Mx;(r) dr (5.2)
IR ZBRWEETORTIETH D, 20 Q! 244y FHE C/i% LT-
Qi =X, 0 (5.3)
X, S THOLRET 2R THEICE LR, i FHOR FHEIcE 0 S CTH5R5E
T, 372 b BA R #E E % (orbital population) Té %, [A U+ A 22OV T Q dFn
BRI O NER & 720 Z OfED O IR O B Z 51 T2 523 15 B O & fif (net
charge) L 72V . ZOMETIHT A OA AL MEEFHMECTE 5, EROEBEM IXIEFIHE, IEBR
DEHILGEAHRUITRT L O ICEFPBEIOA 4L 2ADOHFSTERT,
—0Q; = XieaQi — Za (5.4)
5-2-1-5. #ffi - ##AT
FEEFHORIER L O 7 A X & O HROE HITH R X #8137 (XRD: PANaltical Co.,
Ltd. %, X part Pro MPD)IZ & 0 175 72, X #RJR 1T CuKofRIE (L = 1.5418A) & Hv >, H7J1% 40 kV
I30mA & L7z, Y—F—AU v ME0.04rad, F#WAY v PROBELA Y v MEle, =k
Z Uy MI01mm & L, MEE— NZEmOSRMETIE Lz, BHROME, B &
OHEIR LB ISR O Y 7 h U = TS L V157, fdfIORER, JCPDS #RiET — 74
Z T Hanawalt VA2 X V17572, GEH)IZRT > =7 —d3 [83] 1TV T K=0.9 & LT
(100)35 & UN002) 1 D [RIHT B — 7 O -ENE D D1 A XA &R LT,
B = kA/Dcosé (5.9)
R D REMB 22188 S fik H 8 A AR - B BE (FE-SEM: Field Emission Scanning Electron
Microscope () B 37 BL/ERTHRL, S-4500N) % IV CHlE Lz, IEEEF 15 kv & LT, K
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R TCBIEE. HE Lo, BAEER X OUREBOITIIEE BRI L E  (TG-DTA:
ThermoGravimetry and Differenctial Thermal Analysis (££) U %7 7 #1:#4, TG8120) T17 -7z, ZxH
KIERAR L L, SRS T 10 Kemin™ & U7z, 42 350005 B B R SR 30 45 11 7 2 7 (Bechman
coulter(Fk)#E84, SA3100)% T 77 K THIE, #lEHE 393 K T 4 K EZH{LTRAE T A %
B0 bRz, R BET IEIC TR 2, FEOLRFEIT SO YOE R TRl L 72, A7 b
IR REFTAEEL, FluoroMax-4 2 vy, JBiEESR 372nm, b2 2 U » b 10 nm, 25t A
Uy b 25mm, 27 v 7 05nmm & L7z, FEEFREEIL 420 nm 36 JLU8 520 nm Z Hbiii R &
L T 410-435 nm 35 K U 465-565 nm DO HiPH T voigt BI%kC7 ¢ v 7 ¢ 7 L, FESIRE TR
fili L7z ZALEILDERATKIET DIRENL lanos lsoo & T Do FETo. E D Isoof lapo & FHH
U 7o dOLBABEL((KR) = = 418, BX-50) % F . JibiEE i 5 330-385 nm, #& EHF[H] 1500 ms,
G20 & L CHIMER G 2157

5-2-2. FUETEHERIITF ) R—F AL ) AEERTF LTV IV DRIG
5-2-2-1. I

TFNNY AFAT F =T LBALY)(CTAB:cetyltrimethylammonium bromide 73K Kf
#L). KER(ET R U 7 A(NaOH: R, 97.0 wt %), =4 / — /L(FREKEEHL, 99.5 vol%)iLFr
FRFEEFR) 2 OIEA LTz, 7 b 7= F &% 7 (TEOS:tetraothoxysilane: #{EEREK, 95 wt %)
IR LT (ER) 2 BEEA LT,

5-2-2-2. REEMATF ) B—F 22 ) BEERLT DA

SNPS IZLA FOFIETARL L7= [17], 2.75 mmol @ CTAB (2 13.4 mol D&tk & 2 mol/l
DK LT~ U 7 4 3.60mL A 80CT 30 fi#k L7z, RIZ. 24.7 mmol ® TEOS & Aiv,
80°CT 2 WFfIRFR LT, G0Ntk Zlem L7, WM A 20 mL OFMIK T 4 [BIHEHE
L10mL o= & 7 —/L T 1 [EIHEG L 4 R EZE 5] & L TRk S 72, CTAB O #5113 550°C

T4 BB T2 Z & ThREL,

5-2-2-3. REEMR] T/ HR—F AV ABERTFET L IRV DA T I I NV
SNPS 3 X O Ant D ITIE LR —L 2 V& W2, EBREEE OME A2 X 5.4 1277,

- 148 -



i
=
1

MR ERIT AT L AREIS G 4304, SUS304)H SN TIZ K » TRUWE L7, ARRITE R
54 mm, EZ 38 mm ORT/VIROTZIK TEREILT0O ML Th D, BT+ 5
B 3T 720 OIMEK OBAKRIE A TRIT TR Y . B ORI 15-20 Cltfrizh
% .10 mm DOFIERIIS G 4805 SUJI2) % 20 fE FHV 7=, SNPS & Ant D ¥ A f:I1%Z 241 200 mg.
33mg & L7z, EIO#EAL, REEEH L, RERIOWE D TORED-S, lEHER
YTV TRGNE 8 R L7, IRICAGNICHIRZER 2 HA L%, woR—r
2 VIEEESK 40.2 rad/s T 1 BERTE L7Z, ZOFE, 10 mm OHIERIC X 5B E1% 175 mN T
HD,

yEZ X 5 SNPSIANt T/ A RO R I T AR — /L V& iz, FEBRE & o5
%X 5.4 8T, MEIRIZAT L AHEQIS G 4304, SUS304)7 S EEMINT.IC X » CTHIfE
L7, AEslXEAE A mm, S 38mm DR 7 /WIROIZIR TAEMEIZ70mL Th 5, Hawlllx
e AT 2 B E R T T2 D OB EIK OB AR NR T 5 TB Y . Mt ORI
15-20 CIZif7=n 2%, Bl & U<, B 4 mm, 6.5 mm, 10 mm OHIERQIS G 4805 SUJ2)
% 20 fE =, SNPS & Ant O A&IZIR D X 9 IZPE L7z, CS Chem3D Pro (CabridgeSoft
Co., Ltd.)CEHE LAER, 7o F I8 O FHEIZ 043 nm® Th o7z, 72, U AD
F ) RT OEFEIL, BREPAESRRNS 047mL L BEL O, Zhbhb )/ RT
D ANt O EEEGE RED > 72FER 50 voln Th 7=, LLEX D, SNPS & Ant D AR
ZTNZN 200 mg, 33 mg & L7z, slEORAK, B&GLEmM L, SBREOUE ST DR
£DH, MERER S T EACTEBNE 8 FEHER L7z, KICARMNICH R K 28 A
L7etk, @A —/b VAR 40.2 rad/s © 1 T L 72,

B =V LTI AR RO LT BREE) 2 52 5 2 & TR ER) = %L

Xrh x5, ZOR, BRI E4 JERES) L, B & ORI E -8k T
WXL CELNEE 25, ZOELNRELINVTBIT M7, ZOELTIOR

r‘/

xFGLHTEREIND,

ARWFFETITWE ) R OB &, BARRICIZERTHIE L7z, 10 mm ORI K 58
71 175 mN Th 5,

X L O 72 DI IR 2 AR TITAT o 72 b D &, 4mm, 6.5 mm, 10 mm O#
ERICK - THT o7z, B0IEE 240 mN, 10 mN, 45 mN, 175 mN Th 5, fFoii
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SNPS/Ant F / AR, i /112 %t e LT, 4270 SNPS/ANnt0, SNPS/Antl, SNPS/Ant2,

SNPS/ANt3 & MEFA 5, GO NTZREIDT XV A T2 X 484 %X 5.5)2RT,

5-2-2-4. P - fRAT

fi A DO FE I L ORGP A XL OFT O R HITHZR X #RIE1HT (XRD: PANaltical Co.,
Ltd. %, X’part Pro MPD)IZ & 0 175 72, X #RRIE CuKaftIR (L = 1.5418R) & H\ >, 1% 40 kV
I30mMA & L7z, Y—F—AU v MI0.04rad, WAV v NEROBEAY v M 1e, =
AV ME01mm & L, #MIEE— NI R TRIE Uiz, RIYTROAME. [R5 L
ORI 2L E IS B O Y 7 b U =72 K0 1572, fEdMOFEL, JCPDS fRET —# 4
Z T Hanawalt (£ L 017 - 72,

SNPS (2789 2 A OMERR IR T HT B (FT-IR: /3 — 3 > b~ — 1l
Spectrum GX)Z JAVWTHIE L7=, 4 fifheix 2.0 cm™ & UASELIEI%A 128 [H1& LT 700 75
4000 cm™ D AR WV AR, Wk LTS KBr A EREREL S LT,

K7 O REBLE2 13 LB B A A U R - B 8% (FE-SEM: Field Emission Scanning
Electron Microscope () H SZHEUWERTHRL, S-4500N) % FHWVCHlE L7z, MEEEIZ 15 kv & L
T, ZWREHGTBIE., FHE L7z, RO FEER ORI 50 8 O 0 Kifih & Fiih o
BIETIT o7,

ERR S U 0 OB KRS OBLE I TRRH 2 REREESR 7Y v R LIS, TEM TfT o7z,
BN, AWM OBREZTT -7, 1.0 g ® SNPS % 0.5 mL D#ERE L 150 mL DT X
—/LHC50°C TH MR L, JEi & A A4 Ak 40 mL L% /) —/L 40 mLIZ K Dk
B 3EATV, HZEHRT 1 BERFF LT,

22 W 5 W B SRR W 25 T S5 1 (Bechman coulter(BR) #:5L, SA3100)% W C 77K T
BE, BUEHZ 393 K C 4 K EZE (L CTHlAE N A 2B Bru o, RifilE BET B2 TR,
TR EE Lo YR TR L 72 A7 R OVIZIR S BT+ 5L FluoroMax-4 & F V>,
JihL R 365 nm, JihEE A U >k 25nm, ZHA VU v b 5.0nm, A7 v 7ME 0.5 nm, FEE
B 150mg & L7o, HOBBAMEE((R) = = AL, BX-50)Z V>, JEbEdi & 330-385 nm, §&L

IRF[E 1500 ms, J@&JE 20 & L CEAMMEES A 157
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5-2-3. [RFBMMEL T A 1 6 DER
5-2-3-1. &K

PAN(Polyacrylonitrile) & ik FE#E#E(MLD-300 T2 v 7 K7 7 A /N—_ WA ¥ 7L
L. WEHEERS : 7 pm, EHMEHER & © 130 um, SI3ESRE : 3530 MPa, % : 1.76 g/cm®)i
WL (BR) Bl L7z, X 5.6(b) & (c,d)Z A MHEDIMEL & SEM B 2 Z N LR, T4
> 6(N6, 535 : Polyamide-6-powder 33143)% SERVA electrophoresis GmbH Co., Ltd.,7>

SN LT-, EME(HCOOH : ik, HIEE 99 Wi%)iXTH 74 T A7 (BR)MHHEA LT,

5-2-3-2. [REMMEL T AR 6DAT ) r I BNV

T L A o 6 OEALITEOR—IL L E VT, FERRIEE O 4K 5.6(a)
WZRT, R I AT > L A(SUS304) 40> HASMIN T2 L » TRYEL 72, &% 70 mL
T, MR AET HEE LD R 72D OMHAK ORI Z T DIV TV D, R EHKHE
LAy 61TFENEI 249,389 T ORMTITHEA L7, filisz #i(SUI-2) B D EFE 4.0 mm,
6.0 mm, 10 mm & L <iFo—7 /L I FTROERE 4.0 mm OR—/L 230k & OB & 1011 &
7822 KO ICEMNTEA LT, BGRIIMEREOWAE N FERET D720, WEERR 7
ZHWTEZNZ 8 REfIPER L, 30 —/L 2 L (HFH R (R) B, NEV-MA-8)IZH Y i)
SRR C 4 R, (A1 26.1 rad/s, 30.5 rad/s, 59.1rad/s TEAN LAV 72,

B ARV VI A SR D LTz [BlSER £ 5 2 5 2 & TR ER) = koL
Xxh x5, ZOK, HERIIAEREER L4 8 EES) U, Bl & ORICEEE Lz s
ML TEONEG 2D, ZO@ELIPELINCBIT DML, ZTOELIDOKRE
SIFERGLYHTEREND,

N — TR EHHERT A 1 6 LHEL TREWTZD, R—LOBRIZENHITH L
T, HHEBT D, #-oT, tiFmEZEHNI TRV, —F, REWMMEE T A2 6 IR
VOB E VGBI L, BWICHEMT D, RAMHEE T A n 2 6 (TR —/L LR LTl
REEPRE WD, RBMHMER . N6 [H], FFMHE L N6 ORI 3R — /L L IR
HER, R—sb T A a6 MOBARARKE & ik U TRV, IREMHER £ b U < I35 E i
LT A 6 BEMT L5E, HEAEHOEBHIRBEWHEZ R LB W ea . BMESFER
DIFFHIEERE L UETE D, > T RFBHHETAE 3 5 e KO MHT IS I 13 R FE ki D =
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S Z FFRHIERE E E L, HAERRR E LCRED D Z R, X(G6)THLND,
o=8PI/nd? (5.6)
OlXRFMEHENAER T 2T IS, PIEJT FIC Ko THRMEICHER 92 71, d 13fikiE DA
L HIRHED R S CTH D, oS BRFEMHMED il 1T 58 L 2 88 2 7o BRITIIHE M IT 3 2 & 3,
ERdEHITHREAIERTHY . P AEWIZEBMER S NS 25, Boh-k$E
WHE T A 7 6 HAIRITEMIC L 20, ARICK DA% 3MEFVIKL, ZOHKERT
24 RSB 5 Z L T, BAICELSE L WA 12 6 ZEL, REMMERTIIX
REFEAZTZE L TWBT A 10 6 DRBIED,

5-2-3-3. ¥ - f#bT

JR SEAEAE DRV 1T T ~ 2o e Hr & (Raman: (BR) LA v A L A vy il
Nanofinder) & FIWTodr L7z, bk L —H —IZ13J¢ & 488 nm @ Ar A F > L —HF—% >,
L—H—HIE 25 mwW & L7z, A7 RVIdf#ENT 7 7 K (OriginPro, 8.6 J: Originlab Co., Ltd.,)
EHWTIRNT LTc, =77 40T 4 71%, E—J0E%E G/ & DAY RIZERE
RE S5 1350 cm™ & 1580 em™ I E L, Gauss BRI L W AT o 72, RO THREAEEN
3.0x10-8.0x10° DFIFAIC /2 5 L 9 B — I (iBEEEET T 4 v T 4 v/ Lz, Ei2. ol
SN —7 DIEFET g KW p 3R, Z DL Ipllg ZHH L7z,

F I H R IE D 43T K OE K& FRAT 1R F6 53 D6 o0 AT 25 18 (FT-IR: I8 35 PR T (R #Y
FY-701Y) % W CHIE L7-, 2 fREEIL 2.0 em™ & UREERI%% 64 [E1& LT 400 75 4000
cmt DAY M EGT, Wk LT KBr ZREWERE L Lim, A7 RV Y 7 b
(OriginPro, 8.6 J: Originlab Co., Ltd.,) & W TRt L7z, 1—77 1 v 7 4 713 EE &
Bl — /B % FE L, Gauss XK L WITo 72, B — 2 (&% 2650-3650 cm™ (250 T
1% 2930, 3290, 3450 cm™ THEE L. 1250-1950 cm™ (235 T i 1400, 1540, 1594, 1640 cm™ T
[ L7z R THEZEMES 3.0x107-8.0x10° OFIHIZ /42 5 L 5 B — /7 (B & EEET 7 1 v
T4 LT,

1 S AkAE O T BB 22 e VR & 0 B H I 8B U Ji H A A A Y 7 1 BRI 8% (FE-SEM: Field
Emission Scanning Electron Microscope (K H SZBAERTHRL, S-4700) % HWCRIE L7, MEE
JEIZ 15KV & LT, KRB TGCELE, §HH L, REMHEOR S35 57555 50 {#
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DfffEZ FEAER I L. £ O E TRHE L 72,

5-3. BRBLOEE
5-3-1. KEET & A b F /%L 8- FeXix ) U ORI
5-3-1-1. B EIOBEE(L & FmEe ik

5.7(b)IZ 8Hg. HAp, HEMAEE CTA N/ 7 I BT ENT-~A TV v R/
fe DI %~ , 8Hg, HAp ZEBICHE L7 & 24, MFrORi% TRIIELLFARTH
ST, =I5 ATV K 5T 10 mN TIEAS A, 45 mN, 175 mN CTIER G %2R LT,
UV-Vis SERUSI I A7 RV TIEANA 7Y BT/ 5 dn1E320-460 nm T8 LU/ R
PO HLAVTEH, 8H 35 LN HAp ZERINZ ik L 7= 30k CIERBD b ivZe o 72, 1> T, 8Hg
SIEMEREHET 2 RAMEAEEERT D22 EBEBEXLN, #oT, A/ I
FOGIZ &% 8Hg @ HAp i ~D[EE 2 e S 7z [84,85].

5.7 (@)iZ 8Hg, HAp, A 7 U > K/ f5ERD XRD /3 ¥ — %77, 8Hg I3% D
fePELC L B Y — 2 &R L2 [84, 85], 26=32°00 HAp O E'— 2 |3 HAp D (211), (112)if |2
iR S AL, EOMOE—27 4 HAp 127 R =41 [80 — 82]. s HIdER® b oz,
5.8 I[ZRMHED HAp DZEFRWMIAEFRIRE ~T, WHAEFRR O ES 5D HAp
O BET HEHAEIL 137 m* Th o7z, 8Hq DY FHiEZ EET 5 &, 2 TD 8Hg 25 HAp %
MICEEICHAL L, B FRRECREICHES ZERT 5O ThHIUX, 20 HAp D
FEIX 8Hg M HSy T TE S DI+ Th Y, 8Hg D HARIGIX58%E BEL bbb, i
H® 8Hg & HAp Dt B — 271X 5.9 2R T L 2 IZENENEHBNI I LTtk biR7oh
Too N TV BT REROEHEIZBNTH, ZNEERT MR KE L 2o TT-
TH HAp OFSEFHICIRE S D E— Z IX RN R E < RoTeMkFF S N7z, —77. 8Hq
DE— 7 1358 Uiz, HEIED B3RO 72 digo 3 £ O doge DFER A XIXFERTICE
WTIEZ 4 20-30 nm, 25-35 nm T - 7228, etk iE 10-20 nm, 20-30nm (272 > 7=,
FEdh T A XL SRS L X0/ SR TR SN Z L AR LTV D,

5.7(b)iZ 8Hg. HAp. /A 7 U v KF / #Efho FE-SEM 4 %1~ 8Hq i~ 1 7 1 A
— M —H —D K& 7pfEdbkbiz o~ 3, HAp 7/ FEdhid 10-50nm OFCIR O S 2 8 %4 =%
J7=7 7%y hEbokERT, K 510 12557 & 912 8Hg & HAp ORHMII 72 TR 128
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HEZ K- T, 8Hq 13~ A 7 1 A — RV ORRHER O I E 2R BB (2, HAp 13 10-30 nm D ER
WRoF 7 FhfbOBEIREBIZE L Lz, Wi#E ZRFHIMT 5 & 8Hg O~ 7 mffdbidilk
Uiz, Fio0 ATV v KF 7R A XXM L 5T 10-30 nm 2 L=, 2
XRD TR o Tofi R E K< —&K T 5, 612, M 51LIERT LA 7Y » K/
MO SN D 1-2 um OEHEREZ IR LTz, - T, 8Hg 7 11% HAp F / ko il
BOWTHTLVORISE R L, BREEZ RTZERH LN ERoT,

5.7 (c)IZ 8Hg. HAp, A 7V v KT/ #f® TG-DTA I —7 %773, 8Hq Dk
AiD TG-DTA 1 — 7 %[X 5.12 (2779, 8Hq @ TG-DTA I — 7 13D I D &3,
74 C & 176 C TR e KAbIC L 2 WEVE — 7 273, —J7, HAp H{kD TG-DTA #—
71325 C 75250 C ORI THRAKDFEIIC K D 1 WWLL T Do § h e & &b 2 /372
FThoTze ATV v KT EED TG 1 —71% 480 C £ THESMIZHAD L, 8Hq TH
DI — 7 35RO DL o 1o, ZAUIFAEE @ 8Hg 7% HAp RIIZH W TG L7122
EERLTWVWD, " T Uy R TEEPOIICUES, BEEDZM S DTk
BSOSITRAEKIZED D TH D, Fo T RESURE O #2000 e &R I IENLIREED
Bk L IZ L D H DT [86,87], £ DEHEBDEITMFANCKA LI 8Hg D& L K< —
92, HAp (X 2 FEHOMEMEZ AT 5, X 5.1 D@IZRT L IC— 2 EICHE L Ca
Uy FrrafEAICHELIZKBREBIOY VLY v F e cETHD [80 — 82], HAp D
FEIT Y CERIEIC B TRNCHEIEVEAREE & U CIEM L 8Hg 1ok H#E S| &R E G Z2HiE T
Do WIZ CaA Ay ETHEMNREGZIZET S [69 — 73], > T, DTAZ—7 TRHO L
iz 8Hg OB ZZEVEDIR BB 8H IE HAp @ a [ 1T Ca A 4> SLFRE A Z TR L
lee&Exbhd,

5-3-1-2. FEBFEA I X DotHRElL

5.13 (Q)IT 8Hg. HAp, A 7 U v R /D FE K AR MLERd, K 514 |2
T K DI HAp KOG G Mo RO LT — 27 13380 b Rino T, Mkt
D72, 8Hg & HAp ZIRA L7-ilkE CH 5 8Hg/HAPO (233 T ik, 403 nm, 420 nm, 445 nm
[CHERD n-n+ds L O —n+ BB, KEMEEN L &K, AZRERCZERENRE S
5 [88] B —7 MDD, T 8Hg D _ODOEHREH(-OH & NYDOM D4+~
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7 hBEIE 8Hg D EZERMEAREFHET L 2N 0 ZoOFREOH DS T 7 e ko BE)
ZEBZLDTHD EHRESN TS [88], BHG/HAPO D AT RV TR DA 2B
59 8Hq ODZENEIFIEFR—ThoTo, IO KRIHES TN T U » R/ fERICBN
TiE, 8HQIZ L 2 =7 3@ dgeib L, #iL< 500 nm 2 B —27 SHEL L7z, ZAUEi &5
(A8 7> B RO -~ D -2 EhiE K (MLCT: Metal to Ligand Charge Transfer)Z #5#2 95 X 9
72 8Hg & HAp MO R EREENTER SN2 Z L 2R LT\ D,
5.13(b,c) 2/ NA 7V RF 7 5EE ORI INIE D soollazg DEAL & 8 CBAMEE B & R
T lsoollugo (ZEIFESIDBIRT BIC L2 2> THIR LT, E72, SOBEREIRR 5.13(c) TR
HOEHAMEEG & < 8T D, - T, 8Hq & HAp MIDFEAIZHIT 5 MLCT BB A A H
T I AN E > THIET D Z LTI LTz & 5 25, 8Hq & Ca A A > DA EEITHE
WZRm T T A I =L, i, ~ 7R T LADL ) fthD&)E L i L TERWH DD, HAp
KD CaA A DENPZNZ ENBS FHEDORWREDIEZ R LB & EZ b D,

5-3-1-3. FEIRRDOMEHA

8Hq & Ca’* A A4 > DEHE R EAEFIIREHE SHTORNR, Al A A4 L FL—
b S5 (Algs) D ERFRAD 2252 Tl 8Hq B T-DREE R T2 L 7= Algs ~D Al A 42 23S
END AFAlG NG S TWD, —J, Algs &~ 7 227 ADOEATE. 8H BUNZF D C R
T L OFTOMmFIZ Mg BEASIND EHEIN T D [89 — 93], XMBNETWHLNT

SN L DM TIEI Mg & Al A 4213 8Hq DEEEF -2/ L TAlg ISR+ 5 L Ex
5TV D [89 — 93], INEFERISEIZ XD Algs & Ca A A > O FEAEH OFH Tlid Ca-Algs
HENLETH Y, T fac-Algg 1281 5 =D DOEESEFE T & mer-Alg3 @ 8Hq O — > D
FIFT-H Ca ITHEE LIoiEiETH D [89 — 93], Ca-Algs SER DR &= R/ X O RAERIT
Al-Algs & Hlt L CIERIT/NE VW EHRE SN TV D, 1o T, ZHHDEEA 4 1% 8Hg 4y
T LM AHAEMERA LTS, ABFIETIE 8Hg DEEFIE 1725 HAp @ Ca A A > ZHfz LT
% EEZ K 5.15@)I27T X OIS HAp D Ca A A2 8Hq N 2T+ 2 BT VAR ET D,

X 5.15(a,b)(Z 8Hq DR F + D IEW O FEf(net charge) & HAp @ Ca A 4> & 8Hq Dk
FIFT-R O JF 1M IHRE A EM(BOP) & k9, 8Hq DFESEJF 10 net charge (X Ca/lO 7 7 A %
—OEEFEIRF OB & g LTI < . Ca-O MM 3.2 A 75 2.0 A TIIAHIC LA ) -
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Too ZAVTMRFRIFR -2 LTz CaA A v ~D 8Hq 73 17 b DRI 72 B OB ) & /- L C
VW%, BOP (% Ca-O [l 2.4 A T 0.11 DR KfEAR L. Ca-O D BOP LV Eihroiz, =
FUE, HAp @ Ca & 8Hq IR X417z Ca—O FEE A, 2317 D Ca0 H D Ca—-0 fh4 &bk
LT, OREARHEN MK LR > TND 2 2R L TND,

HIRBRI BT FHFEDO—D>TH D AML(Austin Model 1)75(2 X 2 T OfE SR T, 8Hg
LIRSy T OBEER X OV BIRO 8Hq 4y RO FEEEE 2.09 A 259 A L ST D [88],
I OEBEXAIFE TO Ca-O MR L K< —&H L TWnWab, 6T, 8HQILOH Y1
Fu hofthk e UTER L [88]. HAp @ U M ERIEICHAT L7ZBRICIE, OH JEiXA D /47
SHNVBOSIZE D70 OB X > THREEL . 7' m k2N HAp R HEIZED [60-62] &
EZHNTWS, K 570277 X 912, 100 CITITENRWED v — 27 L EER/D DI
HWAROOND, ZOZEMNL, [AAT OIS TH D AMTEIZIB N TIL, IS A
Wi 2 k> T HAp 1D OH 287 P40 OH « & L CHiBE L. 8Hq Hod OH & & AHAEEA
LTI VANVH-ZRIEHRE, TVNAFRITHEE L THO &ERo TSN EEZEZ B,
HAp & 8Hq X5 & k=4 FRIEAFHEMEM L CCa" O-CRia kLB b
Do AR I INVEONTAE BRI A D72 W BREI T 2OV WHIETH Y [77-
79], TR FHHMT, (KA N THD, o T, AN /7 I IIVEULZ A - 7o AT
DRI mE AL o TRIEAE-BREMBEIEE ZHET LT/ HEREERT 5

WZRE LT,

X 5.16 |Z 8Hq. 8Hq/Ca &K, CaO 7 7 A X —D4yFHiE D= R )L F —UER & -7,
8Hg/Ca FHAIRD =R NF—F v v 71X 8Hq & Hifg L TR&E <, DO 3V F AL CalO
75 AR —L L TRELS ER S, £ 1 1IRT X 91T, 8Hg ® HOMO(High Occupied
Molecular Orbital)iZ O 2p (2 88 %, C2p 2 8%, C25IZ2%5H SN TW%, 8Hg/Ca HEAIA
IZBWTIE, Ca/l0 7 7 AFZ—D 0 2p I2ZD 30%N EHEND L HI5b, —JF. 8Hy/Ca
AR LUMO(Lowest Unoccupied Molecular Orbital)ix 8Hq ThHA SN TW5, - T, #H
LR S NI A ST B B BB OB L 5 2 T\ D, TR DML 5% E
M3 5FETHD,

5-3-2. REAEMERIF ) R—F 2RV ABERF LTV IV DORIG

- 156 -



i
=
1

5-3-2-1. FAPEtOREZAL & S Rk
% 5.19(b)i= SNPS, SNPS/Antl, SNPS/Ant2, SNPS/Ant3 ™ XRD /3% — > %754, (100).

(110). (200). (220)HIZIFIE SN HMALDOE —7 BB BN D, K517 ([TIEAZ i Li-%
7 SNPS @ TEM % ~3, 723, WAIORERZIZ FT-IR T/HHT L, X 518 IZRT L 51
EANZIT IR S D RIS RN & 2l L7z, X 517 BB K 91T, EK
KDL BTHRANEL WS U B DT 7 W7 HEERTER ST D Z &R bnrnd, £ O
AR T, AT RIL 2.3-2.7 nm, BEDEAIL0.6-1.0nm TH 5, IV > 7 dE ORIk
FFSITED, dugo (TR OHANZAE S TR L7z, ZHUITEGLOWBR T U I OFts &
BOKMEMRBEERICE D 020 VR EL LTz EE 2 bD, 5.19(a)lZ 174 mN T
DRI DT > N TR UAERD XRD ¥ — v %R d, 7o b7 ofi@icigsind
= RO LD, —H., T /EAETIEN 5.190)rT L IT, EFITHNE—ZIT
Role, ZIVUTEEEDOEREDIIVEC L o TS IL, TV AN SEES L, 51T NPS
DOMFILN THER L 720 | ZENMT 52— T, SNPS DF / KiADORIEZHOTNIT &~ 7

VOTPRIELTWDATED EEZ LD, 5.20(c)|T FE-SEM & &R A XD Ah %
Y, AR D SNPS (3228 nm DERIRTH D, T aiiid 5 &1¥ 5.20 (TRd & 51Tk F
BAT 277 nm L 2oz, T EEKR TR MBI LT b FRITMERF S, A2 S 230 nm
725 300 nm DfE THERF SHL7z, X 5.21 IZH 88D FE-SEM R DIE KRG 277, Ant D i
DERIBITRO R o7z, K 522 1R T K D12, Ant O IT 174 mN Oy THLS
IR E L Tp o T2 IRIZZE L Lg o T, 7> T, Ant OifidillE SNPS & BsRAVICEUS L.
T A= MVART— LV THERIZOB L, T/ E#AREZERLTIZEBZ b5,

5-3-2-2. RERINT & 5 EzhEIEAL

Ant HUKD UV-Vis JEBSHTIA Y b vid Ant BUROn—n*#E# 2 77", SNPS/Ant
Da-—n BRI KDWY Fid Ant 55 TR B DM RAK L IT R DALEIZFRD B,
ZHUEZ L O Ant ST RHEERE UCFET 2 2 & &R T, M insing iz Lizai-
T, AT MVITEERMIZ 7 S L, IREAY RREHI D, ZAUTHILN DL E R
HEROIEEREZRL TS, (o T, Ant 1L/ KT HOT VX O B A
TERNEBERAEROBRE) )2 > TND EBZ HD, 5.23(a)lZ SNPS, ¥#:L 7= Ant
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i, SNPS/ANt0, SNPS/Antl, SNPS/Ant2, SNPS/ Ant3 DI A2 kL%, [X 5.23(b)iC
IIRETNAE D Nazse00 8 KON lagollaas DAL E RS, £, K 5.23(c)ICFICTAMEE S 2 R~ T,
Ant OB ERD 0-1, 0-2, 0-3, 0-4 ERIZIFE 415 405 nm, 420 nm, 444 nm, 469 nm @
FWFRN [94] NENENRD B D, K 5.24 13T K Hlc=F U~ RREIZIFE S D 503
nm OFFVE— 7 B S v, MR BKRE < e D LT Uiz, ZHUTEESRIRRRD i
LTS Z L &Rd, SNPS DA TIEIFILITIRBO Hiiginolz, 72, SNPS/ANt0 D A~
R VTZIRIT Ant ffidl 2 174 mN TP L7256 L [F—Th o7z, SNPS &[RRI L 7255
A ars-600 & lago/laaa FIHEIN L L Ant BLIR TR L 72358 & Bl LU C(lars-s00 = 0.31 X 10" Lyzo/laas
= 12)REL oot THUTHAMC L DML Or Yy FIBALEHEFEALEWIELEZRL
7= Ant 3 FOHRBERDIZHK L ZEDOHBEEDLENRZRL TS, SHIT, Y7 a~Fir
HO AN THBLND [95] bDOLFEKED A h—27 AL T NISARIFGEDF ) BEKRTIRD b
7o ZHUTBKMED UV BEKEA Ant & OB BT VF NV TEDNIZZ L 2R L
TW5, ZDOANZ MUVEE 5.23(c) DI LRSS & —B L T\D, fiE->T, Ant 7 FiX
TIF NPT L > TR B L, fFLIC A7z Ant 53 137 L L8 K - TRIFLICEE S
. BhERLIEEEZEZDNRD,

JEBIRIEEMA B =T L= LETARAT VBT MEIT LUy EiR i Ic g
DHERERD [31], B4 T A bOMALF O Ant 43113 O @O & B CiAD R
Lo ToEmKZIER L [96, 97]. I FA ALK T 2 [98, 99], ZAUTERWFEILR= L
RETLAN T LBRIEDOE AT A FREOM TOEENLRMAEFERICL2Em0WA F—27 X
7 MR [98,99], MFLOBRETIC I T D I DBREL T T O HEAKTEAKIZ B 5 RS
25 58 [23]. RN L LTcBUKEDBETH D, RO Or » Kt
T2 S OREZ RN D, 8-> T, TF U< IERUIC X2 IH S D D T,
SNPS/ANt 7/ A KD B 2hRITMMOIRFED Ant(= % / — /LD Ant D EF3)5:0.27(1 &
#iPH 360-480 nm)) L b L T b LB 2 bD, SKIE. X0 Rl bR EE %
AT D& b, AT T IANOSITREBRMMEOES W T 0 272D T [718], AW/
TFINNVREIEBELE LT, il oL T Lo OB AEERIC > THL
W EERERIET D TETH D,
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5-3-3. [RFEMFHMEL T A 1 6 DES
5-3-3-1. B K 2 8B OBEE L

%] 5.6 (c,A)\ZHRIAT D R FEREHMEDO R REZ /T, IRFEHED PR 12200 um TH
STz, PRFERHE D RN IR FEREME ORI IT 18] & AT 722 & B 20kl 7235380 b, i
IRFEBHEORIETIET, RFIET a v 7T R7 7 AN—ORETERTELLZLDOTHY, &
AL TR TR S I bBrE S5 100, 101],

4 5.25 (A) (@-i) 2B RN — 28, B B TR U7 R FEHED FE-SEM B4 7~ ¥, k5K
e D Edh 7 O ST L - T Lz, #Rl2, }5.25 (g-)2Rkd X 512 9.8 mm d
MR — &2 B WEGE . REFHEOMERRITERICHES L, RBERmICERT S
FINFRG)ITRT X DI, MEE & R — RTINS D, BEmEITR(G.2) TR LEHE
M FRR ORHE CTHEAEARETH 5,

DR—=VZHNZEAE D L2, BEEICIEES T, HERIRE MR- 72, X 5.25 (B)IIH
PR (2 3 B R BEHEO B Ml 18 O R & O b &R, & SITMREE I Hp] L TR

DM M o S X, R—/1£ 4.0 mm &Y 6.5 mm

L. 591radls T24um E72~7=, T72bbH, 40 mm B L 6.5 mm DR —/L & - 7
IZBWT, —HRARTBIR & R E 2R o To RBBHMEL T DN D RERMENFET D 2 L 2T,
¥ 5.25 (c-1)35 & T¥(c-2)IZ 59.1 rad/s, ¥y —/L4% 4.0 mm 3 L T8 6.5 mm THyWE L 7= f% ik
HMED FE-SEM 144 /54, MRS HEHESR M IS AEAE L CUON I 20kl - 2 kS K > TS
LTV, M5.26 107777 & 912 Z 0BG s £ 30.5 rad/s LA _E TR H 4172, [%]5.25 (C-3)
B L OC-A)ITRFBMHME O R EILR G AT, BHEOREITMR Iz, REHT H 72 & 13538
HOHNT ., IRBEHEO SFRITE L TN Z EAURENT-, X 5.27 IZESE 4.0 mm Da—7
SV F RO R — VT L7256 ORI T 5 RBHHEO R S OB ERT, Z0
P, WRHER ITWEE 59.1rad/s 12BN T 7lum TH Y . HERZE-7-BE L0 b EL A
o7, K(B2)L V., BEVHHIIEAT 2N KRE W20, BERICHIESh TEL 720,
ZOFER, FUWEMEA L THIG NN b2, b5 —EDORE S TR OB
(X0 | EERIRREIC A D, T OMHER Na—T VI FRIOR =V B S B E DR E WD
ZLnh . BFRE o T AR — L OMBICTEERREOMMER IIKGFET 2 2 L3 B E e o
77

Jaeger [123] O IXEIRFE LOBEEIZ X > THER S D BE A fENT L, BERSEER L 72
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DOIRE EHAT RA(BY)THREIND AR LT,

AT = 0.472uWu | (S°°K) (5.8)
T 2 T EARE OB, W TRt m 6 L CERELFA O5 ), u (X E AR O S
DR, KITBMRERTH D, SIZERE L2 ZE L7 BRICAE T 28I K S Hefilimfg
THY, ThERET DEBOFHEEEHNAT ICHRS BT L AR LTINS, Thbb
By CAE U 2 R O E ERITHIEERIC RO 2 R > TR Y | EMHMEIL 235 GPa, T+
A1 61%15GPa [114] ThH D, > T, REMWMHERIOWE T A2 6 LD bEmne
FREND, REMHEF I OBk O/He 77 A~ 4LFE [101] TR T 2 Z & A4k
HINTWD [101), REFRRIESCHY 7Y U TR RBFIET 572 OIAL PRI AR E L
1R SEREAE OB R0 IR EHED N BB O » VU & ik LT, SRFEBHEDO RIS 17T
WD RBERREE DR — Y VIEIEFRNC L E Th 2, R —/L & 3B O/ 5L DRE O S
BT D REMRIERE ERAREL 5 TW\WD [103 -105], 61 & LT Sb<° Ga—Sh 4413,
570°C TEA(L L. £ 78D Sby03 (IZAHEEE T2 [106], F 7=, KERHIZHWTEENTHI 500°C
LLECEgb L C kBT D [107], ABFIED FEHR TIXHFE P IR — U IRk
Me L E122 9 % & RIRFICIRBRRHER T2 HI D . £ OISR HE O J/FTHI R BUC A S h, fER
ELTRE EANEL D, 6o T, BAL N OWMBERIT LV IRFBHER ISR H
TV TRy RSEREND EEZDBND,

5.28 (a-1) & (@-2)IZ ¥ W B A2 2580 & LT 6.5 mm DRt — /L C B 3B/ 721 2 i
L7238 FT-IR 5 X U Raman A2 kL% R4 FT-IR A4 Rk WZH T, 3600-3700
em™ 35 L UV 1600-1700 em™ {ZWk A L 72 /K23 TS L B3 RS b A LSNE, 2 U v 71C
X D IRFBEHER I OB REIRIC L D30 RIZRBD /e, X 51T, [X5.28 (C-) DL 7=
RBBHED TEN S ML L D10, RBEMMEDLFHEE DO DRI E D BOEL HFRD
SR, T AT FUTEWTIE, 1350 emt 3B L 101580 cmt IC D B LG X K
WZED DD FRRBOLND, ZIHITZENEIERED N EEBRMEIED sp2 fi G & REGHES
IZENZIVRE S D [108], Z DR Ip/lg iX, KON EER DR BERIEEIZXT D 4%
EROARBAMEORRE 2R L [40]. B &30 BH- Uiz, 6o T, Wi & LI
EHOXRMBEKR L, X 70 7Ry RBPER S,

5.28 (DI E 2 2L S THRELTZ T A 22 6 D FT-IR A7 ML ZERT, A
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R MUTTA r 6 OFFERIS Y RE2R L2 [109], &30 ROIFRBIZLLTO@EY Th
%, 3290 cm™ @ N-H {di#fifEH), 3080 cm™ & N-H ZEfRE), 2930 cm™ 35 L O° 2858 cm™
O C-H (fifEIRE, 1640 cm™ o C=0 {ffFEIREN, 1540 cm™ o N-H {ififfER®Eh, 1370 cm™ ® C-N
ffEIREh, 940 cm™ @ C-CO MfFEEI TH 5, 3460 cm™ D g L4 —E— 27 (TS A 2 6
WK Z 372K D O-H [HfEIRENC IR R <42 [110], 59.1 rad/ls THELIZtDF A 2 6
BT Z0Y a vV —E—7 OERIT, WKkSNTKGFORKEZRLTNWD, FA 1
> 6 OBKICET 2R [111] 75, MR —Lv & F A v 6 OREIZH T DR 2E
JE EFITAERE I L C R L, 59.1 rad/s TIZ130°C L EICELZEE 26N D, B
IR DF A v 6 DEOLHBEICE TS IRPIEORER [112] < v, BE EFICHE-
T, TA B2 6DOfEMEEITT U VIRIZ LV (b L, @R, T7bb 222°C THIRET 5,
ZDOFER, A 160 3290 cm™ & 3080 cm™ DEEFMENL NS RIZiEA L, 1640 cm™ & 1540
cm™t DFEFPERIL N > RIEBEINT 5 [113], ABFZETIE, 2D X 9 R Z227 FLOZELIFFRD
BT, TAmr 6 OREEEIIMNIRIDO FTHURESNLTWD Z L3bnd, ZhiIN
5.28 (C-2)IZRT T A v 6 OHNBUIEGIRIZ Y O BESAERMDBRD LRV LD
HONTH D, 6o T, REMBHEOKIMGIZ L 2RBIRBOFmWEICNEE T A 72 6 OFFT
BRI LA K> THEEIND Z RGN E R oT2,

5-3-3-2. MYRRT X B RFEHEIME L T 1 > 6 DRELFHBE DR

] 5.29 ()T fEMAME L T+ 12 6 DIRAY, KW L DT 1 = 6 DFRrEE 1],
BEIOZEED K LIZ3EID FT-IR A7 MV aRT, 1 EIERE A L2 R OIRAGIC
(TFA 1 6 IR S LD RN N RASERD H LD 03, 3 [l 0 IR L 72 IR G IT3ED
5T, 3EIOBREIZE VEFEEEEZER L TR A vy 6 RESBICREIN TN,
ZHUFH =R T ) Fa—T TEROAHEEIT, BRELSTAmY 6 DAI—RT/F
2— 7 BERE ST Shao [58] H AL & K<~ LT\ 5,

¥ 5.29(b,c)(Z 4.0 mm 35 X TN6.5 mm 7R — /L THyREE T 2 25k & B TR L 7= iR B
1741 6 EEED FT-IR A7 VA7, X 5.29(d-g) Ik es FE 59.1 rad/s T H 7z
BAEROERE I OEEEERIC BT D AT NV DOI—T T 4 v T 4 T a2y, Bl
[106, 115, 116] = LU, @Iz 35T 3530 cm™ /3 RIE A LR F 2L o O-H fif
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TEIRE), —#7 2 R N-H hiEIES), 3450 cm™ /3y RIEE L2k 70 O—H (iR
B, 3290 cm™ DY RiFF A Ly 6 B EOWET 2 R N-H {fiffEfRE). 2850-2950 cm™ /3 A
FLFED C-H MfERBIIRE S 5, M FH O TIE 1640 cm™ 0 C=0 RS,
1594 cm™ ® O-H ZEA#EH), 1540 cm™ D F A 12 6 O N-H MfFRBICRE S5, Zh
LORRIZIIV 7B T A nr 6 OESTHENRIZTEY | RERHMED KHaES & i
BEL7oT A mr 6 03K EHEERLT BUKEZBHR LIZZ L2 R LTV D, SbIC

F A 16 D C-N HEREENCIHE S5 1370 cm™ OFEPERRIL S > 75 1400 cm™ [ 8) L
oLk, REELT-T A uy 6 BSREAHAIERIC X o TREMHE L FEE Sz 2 L VR
e iz,

1640 cm™ > C=0 MAFHRENIFIE S U5 BRIEWIL N o R OB IX B 5 EHRIF 103t
NN & > TIRI BN BB 5, BT L D 2 D"y FALEOZLITERD HiRh-
2o TE- T, BRIFEFITEHET 5 C=0 fie DALEITMIMI B 221 T 7wy, £72, 1640
cm™ & 3400 cm™ O E— 7 501 0.33 TH Y, BEH [117] @ 0.26 LHEELTREWV, Zh
I3 N6 7% C=0 #ier s LR S @B EICREMHE LICHFET D 2 Lamd, 61T
C-N fiffEiREN I TIIFEIC & > T 1370 cm™ [118] 2257 b L7z, - THH 7= 1400 cm™
DF LAY RIER 5.28 (D)IZRT A m o 6 BUR TR L 7Z3EHTIERE D g o7z,
AT L ANVIE TR S NT=F A 1 6 D C-NFERIEL, T A 12 6 K THRELI-S
A [56] 1Zh 9 — DL FHOK & FREAT 5D, 6> T, 1370 cm™ D3 R ONTE I FHERE
SND, INHDORRITT A 1 6D C-NFEDUIE & LI L TEL LT A2 6
DARIGDERITLT & RBWHER IO 7T 7 UL TR L TVD, £ORZE, C-N DX D
RFELFRE BN T A v 6 OREGDERIFT & IRFEMHMEDF D KGIZ L > TRk S
TGRSR F O THE L DR EBUSIC K> TBR SNz L ZE X b5,

X1 5.30 |Zo—7 /L X F AR — /L TR LT IR FEHME A = v 6 AR FT-IR A< b
Y, 1640 cm™ I X W IRV EREEEE . b B TR E— 7 SRR S5,
U] DM AR — VR ENARATF L1277 7 MRISBHR SN TWDH Z L ZRL
T35,

531 I K DA 1o 6 & RFBMHER 12 361T 2 REA A/EH OFE A 7 = X L
R IR — VI B REICE AW N EE S Y5 2 L T, RinzeiEHE b+ 5, KRFE
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WL T Ay 6 IIFARCH SN D Z L TREWICEMT 5, (LFEHBEO= X —%
TER LTS ANBA TS BT o0 RE2FE T D, O & DT REMMERTIZT /
F = —OREERWBETR T 2 & L bIZT VAN L > THA vy 6 OEHFHEZYINE7
HZETHD, bO—DIFENSL TV ANENER I NI REM TR T 77 Mi
EHETDHLETHD, A 6T EHICC-C L C-NO FEHOMBEEAL TS, C-
CAEAITBMNC & o TEME DR ST WIS S 5 [119], — 5. C-N AR, #EaK
JISEHET HBEEEORBIC LI > THEIND [66], = HIT, e DREIR 1T
Lo TF-O-CHiaaihit LB LSk P OMEIR T LHEaT 02 ermbn Tl ZhidE
EnEH DAL L ALECHE AT D 2 L AR LTV D [120], BeIicBR SN D 7 Vb v
2SN T D70 F L R TRRAx B ENE T A E G HTIc L - T
ZTOGBEINT-, ZOME, =F Lo BRI ~—bL, ZOBRICELET VAT E-
TARYZ MUCE =7 BB BT [65], S HIZ C-NEGORA=RAFIET I REOH
Th bRV [121], ABFFETIZEIC C-N A TEHOUIMREL TVWD LEABND, i
ST, EHOUIMWHZ L o THE UBIKIESL NHy, NHe and Ne D L 572 A m 6 DT UL
7 & COOH, COH, CO- and C-® & 9 72 BRFRMEHED KMEFR S tIZ L » TR S e, Th
LDOFRKIICNMBAOL I RREMELE LT 77 MNULEZFHELIZEB X bND, 1
ST, REMHEL A 7 6 ORERHASEEMAHPHREEIC Lo TR TEEE LN
2o

5-4. ¥%5

AR IANT B RAZEY 8Hg & HAp DA EEH A1 7 » R/ s oal
HICES L, 2SR m AR Lz, HAp T/ /oMt s -/ &I ) v 7%
bERRFSNZH, 8H IZH K LT, ZHIERESIGEDIEZ R L TWD, N7V v K
FlEs IR OBV ENE & MLCT BRI2)R B S4125 500 nm ORI 5k 2 R L, k)i
il L C & DBREEE B L=, Zhid HAp @ Ca¥' o A & 8Hq 4 T DALk & Dk %
LT\ %, 8HY OEERIR & HAp O Ca®' A A O RIE{L P & & HOMO-LUMO o=
X —F v v 7L DV-Xofr FHUBEIEIC L D3RR R E LB L, t-oT. A7V
v R AEE O NAERER AN AT ) r S DIV L > TREITARETH D Z L 2T 2 &
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R LT, RIS, A/ 4 X A OVIEFEEOERIZ & > T SNPS OMIFLHFIZ Ant 28 AT 5 Z &
WZHEI LTz, v E Ant OBKMERAERIC LD . TAFABIC I > TR L L7-H
HEACREED Ant BBIROENE AR N AR Lic, THITAHE-EET 2 Z2/HIcs T 5 Ant 5
FOHERIERBETHLDOTHD,

IDIZ, AH T IANT e RITEY | REHE & BTMESED T A m e 6 DO
ER. Thb b R EMERILBIR (CFRP)DAIIC ) LTz, £9°, B CalBhoft G &
DLV EEEROMHMERE S REZHIE L, 25 mm OB et R O RFBMMEL S, S
B Z OO FERR Z RFF L. FIFFICREIC S ) A—F —DOXRMEER TE D Z L&
BT Uie, RIS, RFEMHMER T & BT O 244 B 1w C OffEE - BbSUS 256
fe U, BRABEMEHE & SR O @ BRI A TR 3 2 HIEZ ML LTz, FT-IR A7 RnG
C=0 & C-N FE&ITIRIE S D HFERIL S > RAGR® B, C-N A IFml s~ h L
oo ZHUTT A B 6 DESHIIHT L o T C-C FEAICH#ET D C-N fE & R TUli S,
WIZZEDIEMER T A 1 6 & IRFEMHEDHI TCENC-NDO LI R LWFEAN T T 7 b
JSIZ Lo TR END T2 EB 2 BN, AT /7 I IIVOSIRIER & D 72 W ERBEEAD
PEDOENT rE A THY, BT ntAThsd I LOEMME, T72b 6@ W EEMEZTE

MLUT, RAFBHEESHEIO Y A 7 VT a2 e LTHETH D,
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Table 5.1.

Chapter 5

Energy level and major orbital component in the HOMO and LUMO of the

8Hq and 8Hg/Ca conjugation models, which were calculated by the DV-Xa method.

HOMO LUMO
Energy Level / eV
—0.5685 +1.5664
Major Orbital Component / %
8Hq
Model 02p 88 C2p 73
C2p 8 N 2p 24
C2s 2 o2p 2
Energy Level / eV
—0.7211 +2.2057
8Hg/Ca Major Orbital Component/ %
Conjugation
Model 0 2p (8Hq) 37 C 2p (8Haq) 72
0 2p (CalO) 30 N2p (8Hq) 20
C 2p (8Hq) 27 0 2p (8Hq) 8
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Figure 5.1 (a): Scheme of the mechanochemical reaction of the 8Hg/HAp hybrid
nanocrystals. (b): Photographs of the neat 8Hq and as-synthesized HAp, and the hybrid

nanocrystals mechanochemically-prepared by the different milling forces.
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Figure 5.2 Scheme of the incorporation of anthracene into the SNPS using the

mechanochemical reaction.
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Figure 5.3 Experimental set-up for the mechanochemical reaction for the HAp/8Hq

hybrid nanocrystals.
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Figure 5.4 Experimental set-up for the mechanochemical reaction for the SNPS/Ant

nanocomposite.
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Figure 5.5 (a) Photograph, (b) XRD patterns and (c) FE-SEM images (left) and the

particle size distributions (right) of the SNPS, SNPS/Antl, SNPS/Ant2 and
SNPS/AnNt3..
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Figure 5.6 (a) lllustration of the experimental set-up for the milling, and the (b)

photograph and (c and d) FE-SEM images of CF before the milling ((c): x1.0 k,
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Figure 5.7 (a) XRD patterns, (b) FE-SEM images and (c) TG-DTA curves (solid

lines: TG curves, dashed lines: DTA curves) of the 8Hg, HAp, and the hybrid

nanocrystals prepared by the different milling forces. The TG curve of 8Hq is scaled

down to 1/20.
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Figure 5.8 N, adsorption (closed circles) and desorption (opened circles) isotherms of

the as-synthesized HAp nanocrystals.
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Figure 5.9 XRD patterns of the (a) 8Hqg and (b) HAp nanocrystals milled by a force of

175 mN for 3 h.
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Figure 5.10 FE-SEM images of the (a, b) 8Hq and (c, d) HAp milled by a force of

175 mN for 3 h, and the right-side images (b, d) are magnified from the left-sides (a, c).
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8HQq/HAp2

Figure 5.11 FE-SEM images (x50.0 k) of the 8Hg and HAp, and the hybrid

nanocrystals prepared by the different milling forces.
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Figure 5.12  TG-DTA curves (solid lines: TG curves, dashed lines: and DTA curves)

of the 8Hqg milled by a force of 175 mN.
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Figure 5.13 (a) photoluminescence spectra of the HAp, the hybrid nanocrystals

prepared by the different milling forces, and (b) the change in the Is00/1420 value vs. the

milling force. (C): fluorescent microscope images of the hybrid nanocrystals prepared

by the different milling forces.
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Figure 5.14 Photoluminescence spectrum of the 8Hq milled by a force of 175 mN.
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Figure 5.15 (a): the possible interfacial schemes of the approaching models of 8Hq
onto the Ca surface. (b) the changes in the net charge of the O atom of 8Hg and the (c)
BOP between the O atom of 8Hq and Ca atom, which were calculated by the DV-Xa.

method. The dashed line indicates the O atom of the Ca/O cluster.
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Figure 5.16 Molecular orbital energy levels of (a) the 8Hq and 8Hg/Ca conjugation

models, and (b) the Ca/O cluster model.
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Figure 5.17 TEM image (Inset: magnified image) of a solvent-extracted SNPS
nanosphere. The images indicate that the cylindrical pores were homogeneously formed

on the particle surfaces, the pore diameter was estimated to be 2.3—2.7 nm and the pore

wall thickness was 0.6—1.0 nm.
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Figure 5.18 FT-IR spectra of the as-synthesized and solvent-extracted SNPS
nanospheres. The bands at around 1070 and 1225 cm* originated from the Si—O-Si
asymmetric and symmetric stretching. The bands at around 795 and 960 cm ™ are
assigned to the Si—OH stretching. The several bands at around 1480, 2854 and 2925
cm ' assigned to the C-H stretching and bending in the CTAB molecules clearly

disappeared by the solvent-extraction, indicating the complete removal of the surfactant.
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Figure 5.19 XRD patterns in the higher degree regions of (a) the Ant crystal with and

without the milling at a force of 174 mN, and (b) the SNPS, SNPS/Ant1, SNPS/Ant2

and SNPS/Ant3.
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Figure 5.20 FE-SEM images ((a): x25.0 k, (b): x100 k) of the SNPS alone milled at a

force of 174 mN, and the particle size distribution.
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Figure 521 FE-SEM images (x100 k) of the (a) SNPS, (b) SNPS/Antl, (c)

SNPS/Ant2 and (d) SNPS/Ant3.
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Figure 5.22 FE-SEM images of the Ant crystal (a) before and after the milling at a

force of 174 mN.
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Figure 5.23 (a) Luminescence spectra of the SNPS, the milled Ant crystal (174 mN),

SNPS/Ant0 (0 mN), SNPS/Antl (12 mN), SNPS/Ant2 (49 mN) and SNPS/Ant3 (174

mN) and (b) the l375_600 (®) and Isso/l11 (m) changes vs. the milling force (F), and (c) the

luminescence microscope images.
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Figure 5.24 Photoluminescence spectra of the SNPS/Ant0 SNPS/Antl, SNPS/Ant2

and SNPS/Ant3 at around the weak peak of 503 nm.
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Figure 5.25 (A) FE-SEM images of the composite fibers milled using the different
ball diameters ((a—c) 4.0 mm, (d—f) 6.5 mm, and (g—1) 9.8 mm) at the rates of ((a, d, g)
26.1 rad/s, (b, e, h) 30.5 rad/s, and (c, f, i) 59.1 rad/s), and (B) the changes in the long
axis length of the composite fibers and the (C-1 and C-2) FE-SEM surface images and
(C-3 and C-4) photographs of the composite fibers milled using the different ball
diameters (circles, C-1 and C-3) of 4.0 mm and (squares, C-2 and C-4) 6.5 mm at the

rate of 59.1 rad/s.
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Figure 5.26 FE-SEM surface images of the milled composite fibers using the ball size

of (a, b) 4.0 mm and (c, d) 6.5 mm at the rates of (a, c) 26.1 rad/s and (b, d) 30.5 rad/s.
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Figure 5.27 (A) FE-SEM surface images of the composite fibers milled using
a-alumina balls with the diameter of 4.0 mm at the rates of (a, ¢) 26.1 rad/s and (b, d)

59.1 rad/s, and (B) the change in the long axis length of the fibers.
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Figure 5.28 (a-1 and b) FT-IR spectra and (a-2) Raman spectra of the (a-1 and a-2) CF
and (b) N6 alone with the milling using the ball diameter of 6.5 mm at the different rates,
and (c-1 and c-2) photographs of the (c-1) CF and (c-2) N6 after the milling with the

ball diameter of 6.5 mm at the rate of 59.1 rad/s.
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Figure 5.29 (a) FT-IR spectra of the mixtures of the N6 and CF without milling and
then washed 1 time and 3 times, and (b and c) FT-IR spectra of the composite fibers
milled with the ball diameters of (b) 4.0 mm and (c) 6.5 mm at the different rates and
then washed 3 times. The curve fitting results of the FT-IR spectra at the (d, e) higher
and (f, g) lower wavenumber regions of the composite fibers after the milling with the

ball diameters of (d, f) 4.0 mm and (e, g) 6.5 mm at the rate of 59.1 rad/s.
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Figure 5.30 FT-IR spectra of the composite fibers milled using the a-alumina ball with the

diameter of 4.0 mm at the rates of 26.1 rad/s and 59.1 rad/s.
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Figure 5.31 Possible interfacial mechanism of the simultaneous dissociation of N6

and surface defects on CF by the milling, and the subsequent formation of the interfacial

bondings.
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Figure 6.1 (a) Calculation model of the diffusion and (b) calculated result of the

graphite diffusion in the iron particle during sintering process
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Figure 6.2 Schematic illustration of the hydrogen diffusion in the composite particles

during sintering process in hydrogen atmosphere
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