nsEnwlepauredavzwnsudtuluwiidanalaglunailanisauninsalnd

1ae

UNANINUAITIU FIUADINU

'31/1EJwﬁwuﬁ‘ﬁtﬁudawﬁwaamﬁﬁﬂmmwﬁﬂqmﬁmwmamumﬁ’mbﬁm
A9V UATANYY LAY N LUU N 2 szaudSggundudin
Ierans unanetaefauing
Un1sAinw 2559

AVANSVRIVUNNINYIRY WINe1asdauIng



nsAnulessuvadlanzunsudtulunndamnalagldmadanieauninsalnl

Tne

UWNAINUAITIU F1UNBIIU

'3‘1/1mﬁwuﬁ‘ﬁﬂudawﬁwaﬂmﬁﬁﬂmmwé’ﬂqmﬁmwmamumﬁ’wﬁm
A9V UATANYY LAY N LUU N 2 szaudSggundude
IeAEnT UnINeIdeRalIng
Un1sfinwn 2559

3UENSVRIUUTNNINYRY URNINeIaAaUINg



SPECTROSCOPIC STUDIES OF TRANSITION METAL IONS IN SILICATE GLASS

By

MISS Kamolwan SAMKONGNGAM

A Thesis Submitted in partial Fulfillment of Requirements
for Master of Science (CHEMICAL STUDIES)
Science Silpakorn University
Academic Year 2016

Copyright of Graduate School, Silpakorn University



P78 nsanwlesauvedlanewnsudtuluwidanaineldmaidaniaan

Ingalnd
oy NUAITIU ANUNDIIY
AU PRANEY WY N WU N 2 SERuUSya i Uae
9191387 UInwmdn Hnemans1a1sd a3, Sugn iy

Uaudindinende unninerdedauing losuiarsaneyd@lndudumiswainisinwm

AUNNGATINYIFANERTUN TR

___________________________________________________________________________ ANUATTININENSE
(599Man513158 As.Uwla 5159AUI9A)

fsaiiuveulay
___________________________________________________________________________ U5¢51UNTIUNNT
(819156 03, guusnad Fundlden )
___________________________________________________________________________ grsdiusnuman
(Heremmansnanse as. 5991 yasia )
___________________________________________________________________________ HVsnsainely
(Heremmansnaise as. wigds viRtey)
___________________________________________________________________________ KN3IAaAinguen

(509AN8M5197158 A3. EN5UT FuAgIlsity )



57301201 : WARANE WAU A WUU N 2 SEAUUSYQY TR
Addity : wi@aine/ nsgandussdidnd
YA AUAITI @UNe9ny: nsAnw lespuvedlaneknsudtulunniddnalagldmaia

I3

meaninsalny e1nsdnusnuinenlinug : §Yiemansiansd as. $v91 iy

widdinagninseslagld Sio, (@nTdunav), Na,CO,, K,COs, ZnO, HsBO; , ALO; %3
Al Tugnnzeondladuazsiag luanizesndladinisld Cr 1 Crglass @de7), 14 Fe,0, 1a Fe-glass
(@wde), Co ¢ Co-glass @Eunitudn), cuo ¢ Cu-glass @Enisw), Nd,0, 1§ Nd-glass @frasm) uaz
Er,0; b1 Er-glass @vum) auddu luan1ie3aadiinasld Cuo, Fe,0, way CuO+Fe,0; Tunisvinliiiind
Tuufa wudufaiide cuo Afldeglutidhiudusuddihsouiitoyniedundurindvoud i

Al

\30 Fe,0, Anlaoglutidilerzduidendyd wavuiiiiide CuO+Fe,0; anlaagluyisdineuen

a o

uiadunsdy dulsrantnisveneudennuseurasiagumAimgnIumilliid wasnudni mol AV

o«

P
' = [J

mol SI0, frgetuasyinlvidudsyavsnisveesaudanuousias mnuansinufmedunsisaaale
salnUnudnuaesumzvesnisduresiusy fiaenndostuni@ainadus @nwin1siin d-d transition way
f-f transition vasloseulanzlulumEndvesuinandeyanisganaulaweuiddludifidda Jeyaaing
snuaalasalnUszyieynadunduiaudavesiediy Cu@) wifidess cuo Tuanneiind) fo
Cu,0O mﬂ%a;&a XANES Wy Cr Ty Cr-slass, Fe " lu Fe-glass, o lu Co-glass, cu”+Cu” GlUsunauves
cu" wnndn) Tu Cuglass, Nd*~ Tu Nd-glass wag B’ 1u Er-glass Tuanne3ing uwididede cuo 1

v 1 v

a XA o~ =~ a v Aa ¢ A v A 2
YUV CU+ UINVULLBUNITENNUILIUAITAY LLaZHIDELLNINLADAY Fe,Os 1Usuned Fe ! WU

v da ¢ o (YY) '

J
Y
1Y 3 a 2+ aa X o4 A = v o % a
fu Fe™ uazUium Fe' ffinduilietindSinaeiiinig dnsuietauiifiiieds CuO+Fe,0, 1l
= 2+ + YR ada a A a o 0o w aaa a a ,
USiay Cu” +Cu” waniunslunsainfimsifunaslilfseqiiiden dwsulunsdlisinnsidiuegiideunudy
Ysunauwes Cu” Tundafin@udledinisiiin mol Fe/mol Cu  Tuedhauiiiiidese Cuo+Fe,0, luanig
av A a a = ' 2 i 3+ | a a = < r
nlifinsidnegileuzgnuimdndanlngegluguves Fe™ wathinnsianegiliienagnumanazeglugy
2 ' % Y aa v al s 2+ v %
299 Fe” 101 Andoya EXARS waswiaiiiledig Cuo (luantizeendlad) wu Cu™ deuseudie
20NTIU 4 Bypou TugULUUNTENT danuenanuserss Cu-O whiu 1.88 A Tuvasiiumnideny
Cuo (lugnnag3fad) wu Cu” douseusmeeandiau 2 ozneu TugUuuuidunss finnuediusyves Cu-O
ag/lurie 1.83-1.87 A dwiudoya EXAFS vaeuiiiesie Fe,0, (luan1izeandlad) fit liddudeya

V94 Fe,0; Way Fe,0, luvaeiiumidoms Fe,0, (luanniysaid) deya EXAFS aunsauiun fit laaiu

Uayaved Fe,0,



57301201 : Major (CHEMICAL STUDIES)
Keyword : SILICATE GLASS/ X-RAY ABSORPTION SPECTROSCOPY
MISS Kamolwan SAMKONGNGAM: Spectroscopic Studies of Transition Metal

lons in Silicate Glass Thesis advisor : Assistant Professor Radchada Buntem, Ph.D.

The silicate glass was prepared by SiO, (from rice husk ash), Na,CO,, K,COs, ZnO,
H,BO,, CaO and AL,O; or Al in oxidized and reduced atmosphere. In the oxidized atmosphere
(OA), Cr, Fe,05, Co, CuO, Nd,O5 and Er,0; were used as coloring agents to obtain Cr-glass (green),
Fe-glass (yellow), Co-glass (deep blue), Cu-glass (blue), Nd-glass (pale blue) and Er-glass (pink)
respectively. In the reduced atmosphere (RA), CuO, Fe,O; and CuO+Fe,O; were used as the
colorants. The color of the glass was ranged from dark blue to pale blue with red particles in the
glass matrix (doped with CuQ), olive green to greenish blue (doped with Fe,05) and greenish blue
to brisk-red (doped with CuO+Fe,O;) depending on the amount of CuO, Fe,O; and reducing
agent. The expansion coefficients of colored glass were higher than that of colorless glass. The
higher the molar ratio Al to silica results in the lower the expansion coefficient of the glass. From
IR spectroscopy, the finger prints of the bond vibrations in the glass samples correspond to those
found in another silicate slass. The d-d and f-f transitions of the transition metal ion in the glass
matrix were analyzed using visible absorption data. The red particles in the CuO doped glass in
reduced atmosphere (Cu(4)) are Cu,O as evidenced by Raman spectroscopy. From XANES data,
Cr3+, Fe3+, C02+, cu'+eu™ (with higher amount of Cu+), Nd>*and Er’" were found in Cr-glass, Fe-
glass, Co-glass, Cu-glass, Nd-glass and Er-glass respectively. In" the reduced atmosphere, the
amount of Cu" was increased in.CuO doped glass when the amount of reducing agent was
increased. The mixture of Fe' " and Fe’"was-also found. in Fe,O; doped glass and the amount of
Fe” was increased with increasing the amount of reducing agent. For CuO+Fe,O; doped glass,
copper ions exist in the glass matrix in the form of cu” and Cu” in the presence and absence of
Al In the presence of Al, the amount of Cu" in the mixed-metal ion doped glass was increased
with increasing the iron to copper the molar ratio. In the absence of Al, most iron exists in the
form of Fe’". While in the presence of Al, Fe”" was mainly found. From the EXAFS data of CuO
doped glass (OA), cu” is surrounded by four oxygen in a tetrahedral geometry with Cu-O distance
of 1.88 A. While CuO doped glass (RA), Cu’ is surrounded by two oxygen in a linear geometry with
Cu-O distance of 1.83-1.87 A. In Fe,0; doped glass (OA), the two best fit models are Fe,O, and
Fe;04. While the best fit model for Fe,O; doped glass (RA) was Fe;0,.
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uwigaNe (silicate glass) Wuufieanlennidndueianitiewing uagtlldam
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#19900U USRI Tanauiu gunsalliih viseTannisdininildlunienisunmg 1iesin
14 1 1w & = =] ! 1 14 aa [ [ a [
wilaidinsnedidundn daulusdla sasvnudeanudouas [1] Fannluingaunanlunis
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Afgan lulsunuihaula  Las@daniindnanunavaziansidevunidulessuvadansly

a ¥

Usinautios Tusfinunavaggninnléifiudemaslunisndnnssudlni luvasfitidunauds
figanluesdusznauganda 90 % laeuaa ignihuildliiiauselovd wilussezsounled
msthunavaléviui 2] dmsousunalnefalngsemanumsnssufiunavfivdetisnans
ududel nsvhufnnunauiifeldiuiounatsyssnaiiluwiUnauasmaesingiu
mafndvesingiuganauuasiuigiaeiu uazldosuamsduduoonin wag
flgnudeseaninagyiliifnduasing by AU IAGUIBSLATTIgNAANALALTUE Y
pwfUsznaumaniilavdnsarlasaiwinvosiagiy. - Gmaindueufuiennmaie
leppuvedlavzunsuddu 1 lasidley (Cn) Tauoad (Co) man (Fe) uaznoauas (Cu) iy
lopouvassglungu d-block Tngleseuimariaxdt d-orbital AfiBidnAseuUsTYlaifiy a8vh
TAn d-d transition. vesdidnnseululeseulavgiidenseusesendiaulumyindvoai
wazdmsulossuvassnuwnsuddulungy fblock 49w Wlemillen (Nd) uazioesidey (Er) Az
il forbital NiBiEnmsoUUTIAN azyiliAR £ transition vesBidnmseululossulans
wudeatuselungy d-block [3, 4] lunszuiunisviasuuid  losauvedlansunsuidu
ansodanaasuwanateendndy [5] Ssanunsofnwnsdeunasilagldinada
nagAnaussdandlugae Xray Absorption Near Edge Structure (XANES) [6] wagauns
Anwsregrineseninlossuvedlanzunsudduiveznendiafeslnenisaanausadidnd

Tut1s Extended X-ray Absorption Fine Structure (EXAFS) [7]



Tuniddeidvhnmewisuiaiiemelansuazeonlervedansunsuddu fe Cr,
Fe,0s, Co, CuO, Nd,0; ez Er,05 lnglddaniainunauluingiu wazlimsfiuaisuszneu
Suglunsvasuuiy vnswudalagld 2 ane fe annizeandladuayind Favzuuins
wisuwmAdu 2 ngu Ao whanidesmelossuveslansunsudduing luannzesndlad
LasufaNiEomy CuO, Fe,0; uay CuO+Fe,0, Tuan1zoandladuazinag thumaflaun
AnwauUinianenmaug Wy Anwdulszavnnsvenedudenuiey (Coefficient of
thermal Expansion, COE) WewSuiisuiunffildanauisedu, Anwvgileituvesans
Ineldinailla IR spectroscopy, Anw d-d transition wag f-f transition lagldinadia visible
spectroscopy, AN®IA1 Raman shift Y04f0819A7 Cu(@) Wguivasunsgiu Cu,0 oy
THmatia Raman spectroscopy, Anwiaveendindudedlossulumndiuni lagldvaia
MagANaussdandlugie X-ray Absorption Near Edge Structure (XANES) wagfinwimany

giuszIvnindlosauveslansunsuiduiulessutiumes - Iagldnaiaianisganiused

\Ongluae Extended X-ray Absorption Fine Structure (EXAFS)

1.2 I99UszaAvasnuITy
1. Anwinswssuuidnidesmsloosursdanzunsuddunieg Tuang
panTlad
2. AnwInssedumanideday Cuo, Fe,0; wag CuO+Fe,05luan1iy
al 6 aa 6
ponTladuayInag
3. Ainwnisganauuasesnidlagldinaila visible spectroscopy
4. Anwilaveendindulazaninuwanasivedlessulansunsudtuluniidlaely

wAlA X-ray absorption spectroscopy

1.3 aUNAFIUVDNUIIY
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1.4 YBUWAVDINUIY

1. Anwmensid@iuiiungauyas Sio, (MlAannnsiwnau) Na,COs, K.COs,

6

Zn0O, HsBOs;, Ca0, ALO; %3e Al yinsiuiuilagly 2 @an1izfe annizeendladiaysnag



Tuanngeendlas agld Cr, Fe,0,, Co, CuO, Nd,O5 kag Er,0s lunisvinliindlunna way
Tuan1g3aagly Cuo, Fe,05 hay CuO+Fe,05 TunisinliAndluunny
2. AnwranUAnienienmuesiieganiadiiiedelossureslansunsuddy

99 luanzeendlad uwaziegauidiiose CuO, Fe,0,uas CUO+Fe,0, luanie
pondladuazinidlasltinadanieg laun

2.1 AnwiAnisuene@ndsanuieu (Coefficient of thermal Expansion,
COE) WinwWSsuiiiaufuumaddinafildanmuisedu

2.2 IR spectroscopy Mfnwmilanduveuinzang

23 Visble spectroscopy  MAnwn1siUdsunuasseiundnnuves
didnnseululossulanzunsudduluum

2.4 Raman spectroscopy Mifins1A1 Raman  shift suaqmgmﬂ%umﬁagﬂu
Free1e Cud) seaietsuianiders Cuo luantigshad Wisuduan Raman shift v
@15170557U Cu,0

2.5 X-ray absorption spectroscopy Tnginlutis X-ray Absorption Near
Edge Structure (XANES) W@z Extended X-ray Absorption Fine Structure (EXAFS) lagiaas

XANES 2239n15annausidendvainiodianiiandenislossuvsdanswnsudtuluaniieg

Y

dtd'd 14

panTlad wiENIeAY CUO, Fe,05 uay CuO+Fe,05 Tuanmgpandladuarsnag wagi
foyauinszsisielusunsu Athena efnwtareendinduradlessulansunsudtu dru
%39 EXAFS %i’mmi@mﬂﬁu%’q%wﬂ%ﬁumﬁaaﬂ’mLLr’fﬁﬁL%é’w CuO, Fe,05 ag CuO+Fe,0s5
Tuannzeendladuagifad wazihieyauimsizsigaelusunsa Athena uay Artemis Lile

M5reLineTenInglenauveslaneknsudtunulonaudaumes

1.5 SunaUYDILATE

1. msnsd@nfivianzauyes Sio, (mﬂsﬁLfﬁLmaU), Na,CO5;, K,COs;, ZnO,
HsBOs, CaO ALO; 1158 Al ynmswiwmlegly 2 annighie anneeendladuazinag lu
anneandlad avltlanevsooanlynvedansunsuddy eun Cr, Fe,0s Co, CuO, Nd,Os
e Er,0, warluan1gdmdasld Cuo, Fe,0, uag CuO+Fe,0; ndsntutd A7

angdl 1150 °C Wuaan 5 Falue wdnUIuiIaIuLWREIEN wagdiegauiladm

g
Pamadl 550 °C e 2 Falus

a o

2. ihdegrsumdnileniglessuvedlanzunsuddunise Tuanzeendladg

wazshdnlaluAnwaudinisnmeninleeldmaidanieg laun



2.1 AINSVRIAUTIAIUTOU (Coefficient of thermal Expansion, COE)

thiegrauiluiiaseifeedes Dilatometer B9 Netzsch §u DIL 402 PC Liloyen
duuseaninisvenedudannudoulusetuda

2.2 IR spectroscopy wsgumpgauiiuaiu KBr daduiiin (Pellet) wan
WlUdmsziidneinies Fourier Transformed Infrared Spectrometer 8% Perkin Elmer
U Spectrum 100 lagindayaynaiduaag 400 fis 4000 cm 4 resolution 4 cm”

2.3 Visible spectroscopy Lﬁaitmwﬁauﬁ’mumi@mﬂﬁuuawmuﬁa?{ JGE
duiiideselanzunsuddulusendladluinnisgandunasiaenies  UVAIS
Spectrophotometer %o Agilent Technologies U HP-8453 Tuga9r1E1IAEY 400-900
nm

2.4 Raman spectroscopy tWalt@n®1e1 Raman shift ¥03ayn1AFwANDE

Y

aa

Tudogauia Cu(@) vesfegeumanideses Cud luanvgimd Weudue Raman shift
¥93a1511935 1 Cu,0 Tptidiedne Cu(@) lulinsgideinios RAMAN  spectrometer
f90 AVANTER $u Ava-Raman

2.5 X-ray absorption spectroscopy TaaAnwlugas X-ray Absorption
Near Edge Structure (XANES) @@ Extended X-ray Absorption Fine Structure (EXAFS)
Tng?29 XANES axianisgandussdiendvesiaegiaimdniemelossuveslansunsuddu
Tuanmzeandlad wirddese Cu0, Fe,0, ey CuO+tFe,0, Tuannizeandladuazinag
LAZENTHINITIY  dIUYIT EXAFS ar AT IR URDE LT ATISefe CUO, Fe,05 uay
CuO+Fe,0; luanneoendladuayamd lneviiodauisisunuiualidunsasdon ué
1FAnAU Kapton tape 1UAA593% X-ray Absorption gilas Synchrotron 41n33UU
dudvauas beamline 8, 5 uay 1.1 W fanuidenastulasnsou (2adn1sumen) Useine
e Tagldudnaes Ge(220) fu double crystal monochromator (DCM) iiedmden
waauuas tnedalulnuaveguiu (Transmission mode) dmsuingandussdiandlutig
XANES wosarposlaveunsudiiluiu K- edge absorption wewhesnsufnndaesng
nuiog1auia Nd-glass uay Er-olass av¥nlusu L3- edge absorption LLé’aﬁW%’a%aﬁ
Ieuiisgicnelusunsa Athena ilevduviisveunmsganduliisufiuansuinsg i udin
mapandussdBndlutag EXAFS 109 Cu ua Fe Tutiu K- edge absorption withiayad
Fudinneidelusunsy Athena anduthfeyauniinsizviredelusunsy Artemis uag
Ailrantayandnves Cuprite (Cu,0), Tenorite (CuO), Wustite (FeO), Hematite (Fe,05)

ez Magnetite (Fe;O,) 11 fit path Wigufiutaya EXAFS va3fiag1aum



3. ayunailannnismaaelayTIUTINTaIAUBLUY

1.6 Uszlevilfianadnazlasu

1. MfShsdmiivanganves S0, Nay,COs, K,COs ZnO, HsBOs CaO ALO;
W30 Al Wose Cr, Fe,05 Co, CUO, Nd,0; uaz Er,0; vassnagauinaidomelosauves
Tanunsuddusnag Tuannveandlad wazdregruiiadniemeneuesuazndnluaniie
PONTLATLAYSAIT

2. @unsam d-d transition waz £-f transition vedet i ER e lesouy
voslangunsuddunieg Tuannzeendladlayld visible spectroscopy

3. @nsanavesndindursdlesaulangunsudtulufiognawia Tagly
wAllANSAANARSIEBngluYIT X-ray Absorption Near Edge Structure (XANES)

4. a@nunsamsseyrinesyinglessuvedlarzunsuddunulessudnafedluy
wegauiy  leeldinaliansganiussdidndluyig - Extended X-ray Absorption Fine

Structure (EXAFS)

1.7 Qg1uAniLanIg
1. WANUYDIVRUNIAANAU (absorption edge) MUNERlY WEINUNAAAIINNTT

aanduvedidnaseuiiegtuty K, L e M dswfeussdundsnuligiuiiend e

Y
a &

diannsoudeluagtutand ALNAFNIULNTUTUNGIIY K, L S8 M @1u1sasennis

U

aandussdiondvesdiinasauludu K, L vie M 31 K-, L=, M- edge absorption suaau



UNa 2

a a A v
VIQU{]LLaz"JiﬁmﬂiiNVILﬂﬂqGUaQ

TuaAdedlavinnis@nwiniswssunmalasldudwnautunnavesdan way

\Wemelanyuieansusznaveenlenvedlansunsudtunieg deagiinisiwiunilaely

§ ¥ o Y aa o

2 an1izhe an1izeendladuariig wanhuiidnwseulalu@nwnuaudinianienimaug

v & & ° a av a d |
@QUUIUUWUquqLaua‘ﬂqc@{]LLagﬂqurJﬁ]UmLﬂﬁnﬂaQﬂﬂu

2.1 w1

N6 a

i fie Janiiluanseduvadenng wknuasviaemmaifigamalias uaziilowdy

v <) <@ ra =2 A v o & a1 = [
G]’Jﬂ\‘i%%ﬂa’]ﬂLUu‘U@ﬂLL%ﬂIﬂBIN%Jﬂ'ﬁ@ﬂNﬂﬂ [8] ﬂ’]i‘V]LLﬂ’JLU‘N‘UENLL‘UQWIM&JﬂWﬁ@ﬂNﬂﬂ@Qlu

[

Fuosiu fedielaiuiadudanedugiu @morphous material) Ussianvilg

9

o o ) A 1% L A Y A & =
'3391@3&!%']“ PN ’Jﬂﬂwuiﬂiﬂﬂi’mluLLL!UE]UWJEJ&JI@i\‘iai’m‘wlmL‘Uuwaﬂ

<9 9

o IS

(Non-crystalline Solid) @351 aN3MIINANURNIE Agznudnianedugiuiiarumineg

&9

'
2 =

ni19tunseunquludsiaanlddndusdswmdnnignisnasuniaianiietvsaszlily
a 6 wa &

a159Tuvsanls 1wy wanwediwesaie NilaaaudRvesedugrumiioudu aulAnugiuves

o

) a Y A g, = I3 ' aa
VARDHMUTIUNTONNT AB Glass transition temperature %38 T, 38t UUTNURNUNVOLUAD

| - v = & & a1 =
EW]ENEJEJN?’J@Li’JLLa’JLUaEJuﬂaWEJLUWUENLL‘UQ‘I/IllI@Jﬂ’]’iG]ﬂN@ﬂ

7 \f/ \l‘/ \f/ \f/ N > e = by e F;
[ [ [ : A g O
N A N N A /!\ ./* P2 | ’) ’ "
,\r/ \f/ \f/ r '\( " ‘ ’.", - ) » e
" oe P r
S T T S 1 W 4o S A
W - & . -~ = « <
\f, \?/ ( \f/ v" 9 e " ‘x
L /[\ ,l‘\ ,L\ /‘I. a i _,) P 0 ;
okl iy cal wll s D QAT )0
F y*d )
[ | [ | Si > ® Si
PN N P P

(n) (v)

sUN 2.1 TassasaSeuieusening (n) crystalline SiO, () amorphous SiO, [9]



9nUT 2.1 lassaseildiduszifeuresd@niedugiu (amorphous SI0,) vinlisseziing
sengagmeuinINNI@anluNdn ( crystalline SO, ) virbilasanunsadumssulule

WI19EHNSHNMTNY LeAtesnINTEIAATWTUuNEN

o

gauTunisuaauwia [8, 10]

fmpaulunmsvaeuuiniinadenautfveuts fuieluidl

1. Si0, v fidulassneveutn Wewiiifiusunaues Sio, qwsﬁﬂﬁuﬁaﬁu
flaseadafiudanss nudernudaunazansadl uiinnisndnldeniiesaindedddnis
‘viaa:ummﬁqmmgﬁqaLLassﬁugﬂiﬁ&mLﬁmmﬂﬁmmwﬁmqa

2. Na,0 1uangaminisviaasinaivedim 3undneg19in wand (flux) ondl
U310l Na,O geagshliiuiamasumariigamgiian Wszunnie wazlinuseansiadl

3. K0, CaO, MgO tay BaO aytrslunisususidliuiasinfituileifuag
Laziuaunuseansad

4. ALO, wiITSiUSI ALO, 6N sy lFuitufiaumunuienisannieuuas
ansndilemdo

5. B,0, WMiiTiansUsznoumn Boron BusskUsEney azBenuAsintuinus,
Ual5%aLnm (borosilicate glass) AxileuAURENIA-AN LazNUADAILSaULDIaINaZY
Toienmsueneiiisenuseuanas umdssaniduutaildlugunsaiinemans

6. PbO Ufiiineiduesddssnay (Lead glass) ifloufalanuilosaniangasl
wnwgedinnnugeu iklansginaiesenisdesyly anazlidesin

7. Fe,0, Pelssudnidomddusarnasy udavinlidonszanla fdreuluna
e

8. aslavesernialuum (fining agents) 1w luiReugaie (Na,SO,), 0134%-
Anlnseanles (As,0,) wavuwaudluilnsoanlen (Sb,05) WWudu

9. ansiviliiAnd (coloring agents) Wnainnisiinlanenioaisusznevesnlas
vaslaneuwnsuddulungy d-block 139 f-block wwu lasidlau (C), wuenida(vieanlys
(MnO,), wan(iNeanlan (Fe,04), lavean (Co), nosuaslleanlan (Cu0), Hlodley
(Ieenlai(Nd,0,) waztoaiilouliNoanlas InsdfAatuiuAnanmsiasuavosndmndu

voslovsulaneunsudtuluvuzn1sranui’



NANANT9HUIN NsiulanenseansUsenauaan lnvadlans wnsudTuazyi
Tmnealuni TnaNdnwuenisiied [11] wuseendu 3 wuu f9l

1. @ndaluiloumiinannisgandunasuaanminilomelanzunsuddu laguas

' '
1 A I

gandwdnluazigiaduiliane waryrnduiianzlaziusgiviareendnduvedans

Y

U9 Fedawaliminifdn1esiu 1wy uminideniy CuO insiasunlaiareonBntuszning
Y 2+ Ay va g va I 0 g wva
nsvaaunAndu cu” Alwan, cu” MvElalulld way Cu NlELRs [12]

a a (3 a a 1 | dy b s A 1
2. dNAINNBUNIANDARDYRA Iﬂﬁﬂﬂﬁ]ﬁﬂi%(ﬂﬂﬂ’]ﬂ@QIULUBLLﬂﬂﬂgiuﬂJﬁ LALUBDNTU

[
o 1

AT AN EUIUNNSAIUSDUILYNANNATULA LU ADARBEAYDINDIAT YN ALNITALAITUTL

138771 Gold ruby glass

| [

3. @Mdinanneynpsuiatanifvuargindnouniaszauluana wu duas Mie
NeUNIAGNng vesddilleusenlyn (SeOy) Taunfavlifd widloaglullouiagaunsain

AN DALVIDULLAS

2.2 NMSANEIAINISVEI8RTIANSDU (Coefficient of thermal expansion; COE)
WAI3EiAINTTEIeRTIAINTou U AR TENaUMBAN uinlileINIs

YYILAITIAIUSDUANNY Taetu3ATIEA18LATa9 Dilatometer 1aeLAT0992NNTSIRL

a 1 1 P

gaumniegwailenuiivumgiguaeitanmual’ Tuvasiiertugunuasinisveiedide

9 Y

[
=

g geumulume INTUAILATERLATLIUAIYBIAINHLANAIYBIANNE1INTOUTINS

Y
[

a -'-NI r-:ll d‘ a d' a U & a Q' 24 dl' 1
GuawumumﬂasmlﬂmaqmmmLﬂasuLL‘Uaﬂ‘U WgUAUAINENINTDUTUINSLIUAU LNDUIAN

A1SVLIYFTIAINNTOUVDILND AIFUNTT (1) :

AL _ AT (1)
L

lngia e ArduUTEANSNSVENEMITIAINToU
L fip Augduuioumigiadn L, e ANuevestiuuiaungiisuny

a LY a

AT A ANULANANTENINUNYHEan UM TITUAY



in13Ane1AIN199818R LTINS o UTRILNLAaz v ianTesAl sz naUNILAl
At TaenisuusAUsuaees®daninuatsusenousenlanvedlansdus [10] Asuanslu

AN5197 2.1

AN 2.1 AINISVLIEALTIAINUSTDUVDILN ILAAZ YA

a13Usznau USunaasiadl (% wt) 19982981917
sonlgaveslae | 7940 7900 7740 1720 0080 1990
SiO, 99.9 96.7 81.0 62.0 73.0 41.0
H,0 0.1 . . ; ; .
ALO, - 03 20 17.0 1.0 .
B,Os - 3.0 13.0 50 ; .
Li,O - . L - - 2.0
Na,O - - 4.0 1.0 17.0 5.0
K,O - - ( - - 12.0
Cao - b - 8.0 5 -
MgO : - - 7.0 4 -
PbO - - - - - 40.0
FtadgvaIMsTeeiBianuFeulugasgamail 0= 300 °C
ox10 " °C. 5.5 8 33 a2 92 124

~ W | v a P o a v
ANFITWN 2.1 WUAHNIBYILAND 7940 UANRAYVDINITVYNIYRNILYIAINUIDOU

Y -7 -1 = | a6 o oA A ) ' A A A
WU 5.5 x 10 °C faduAfisnningleg19du 1iesendlege 7940 fUSuaes Sio,
a9 wazifiniiuse Si-0 Fuduiusslaviauduuulasinansemuieiudauss Welimudouds
a PN a ¥ v [} Y 1 A o 1 a . U IS
Ann1sivdsuudataamgivesuialden diudiegreduiinisudsAausunu Sio, fuaisiall
au dwalidAinisvenefmideniuiougelu 1wy Meg1s 1990, A8 7900 uazIaEs

7740 d1uegne 0080 Tn15iiuas Na,0O Favinliumuasulaiiiu wazlvainisvenesi

'
o @ o

Wemnuseaugely nsiuiadaniseeeiudaanuieuindiniluldnuinuseanuiougsla

ad a (%

7 waglidifiansuaniinyiuiidielinisusuiuasugamgiinideundu (thermal shock)
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2.3 msAnwRlemalla FT-IR spectroscopy

nMTIATIERMIBMALA Fourier Transformed Infrared Spectrometry (FT-IR)
Tngthiegsluinnisganaussddusisisalutaseud 400 fa 4000 cm ifleluianaves
ansgandundsny axviilviiussiinnsdu (vibration) Geansusazaiinazdiaudlunsdu

Wuguey 2 Uselan Az N3 (stretching) wagnn3ee (bending) Fawanassgui 2.2

IN PLANE STRETCHING MOVEMENTS

N/ N/

ASYMMETRIC SYMMETRIC
IN PLANE BENDING MOVEMENTS
<—.\~> 70- <——? 7-»
SCISSORING ROCKING
OUT OF PLANE BENDING MOVEMENTS
TWISTING WAGGING

JUN 2.2 sUnuumsduiiuguvedluang

(%
v

FIN15FULULEALAZIBYRLsAs Uy HazlinuDNdiAan1e Weluanalasu

U aAa < A v

SEBunsnIandaudnseiuMAuYeTUSY Arzganaussdnanudtulusuvemdsnu 6

Y

duns (2) :
AE =hv 2)

Tngfl  AE Ao ATNEI91U

h As ANAINvBe Planck kag v Aa AIAIILD
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AIUAINANUYBIAINDYRLaIBuN T IATIgnganduardIu lElunIg
Basrgvmvgileiduluansiuld dnsdnwmdilendulaeldinaiia FT-R spectroscopy Tu
wmavn@ding (bismuth silicate glasses) MIvAwasusznavsenlsnvaslanslnniiey,

= IS = I3 [ a a s v Y
Muiey, lasdey, wsniia, wan, lavead, dnifa wagaeUies [13] dadeyalunisn

22

d‘ o 1 d‘ 1 & o U ) ¥
#1319 2.2 (5]’]LL‘Vi‘LNLﬁ%ﬂﬁuLLﬁ%‘Vi%‘Wﬂﬂ%u%@ﬂm’lE)EJ’NLLﬂ’J

nyilandu \YAEY (cm )

Si-O-Si (N1398) 485
Si-O-Si wag O-Si-O (N1548) 650
Si-O-Si (MIBARUUANLAT) 850
Si~O-Si (M358 910

Si—0=Si (NSEALUUBANNNST) 995, 1140, 1210
leituvey COs 1370
O-H (n1598) 1630
nnsdures Bi-O T BIO; 485
msduves Bi-O T BIO; 850

AT 2.2 aasiunisavaduiasnyilaiduvesuiindainddng  Jany

AU ADAARDINUNISTRVOMIUSE Si-O-Si awuvaNLwshas llauuins Tusie 850-1210
-1 & ) . < | -1 ) ° | A A
M SIUNINISIDVRINUSE Si-O-Si ~ Tutag ~ 485-650 cm  LAZTINUALAUILAVAAUN

) Y . P -1 -1
dBNARDINUNIIAUYBINY Bi-O v1 485 cm ke 850 cm

2.4 msAnwRlewmalla Visible spectroscopy

L3 Q-

nsAnweemAtia Visible spectroscopy telATIERaNURLUNTRANTULAS

Y99 Iangloesuvealansknsudtuy tswasluti9nauyd AT Dan1ufI0819wn T

Y

[

o ' v a 4 a o A d' ° Y} A a N
W’JE]EJ'NLLﬂ"Jﬂz@J@ﬂaULLﬁ\TLﬂamwaﬁﬂqumsﬁjﬂﬂauuﬁ\‘mqLW']%ﬂ‘UW@QQ’]‘U‘V]LﬂﬂﬂqiLﬂaUULL‘Uafl

FEAUNSNIUYeIBannTu wanszguliBlanaseutuuenga (valence electrons) U3

(%
o [

lopaululansunsudtu Wan1sivdsussautundsnulugssaudundanugy 31Nt
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NNSIAUSUIUVD I FINNIUNI DFLVDUNIINAIDY1LNYUNULAIINLAFINWLANAINUE?

pAUA N Uadles-wauldsn (Beer-Lambert law) Asaunis (3) :

A = ¢gcl (3)

lagdl A = AINNIRANGULAIYBIANT (absorbance)

m
1l

. 11
molar absorptivity (L mol cm )
| = S2eemafILaINIUAeEe MIBAUNINIYBITAA(CmM)

C = anudutudu lwa/ans iseluans (M)

[
Y] 1

AatiuAIMIAANAUILEY  (absorbance) vedasazuUsHuAUTIULIANaNINNT

[
&Y

AnnauLas dalusanunsaldinatiatilussysinvesasaagisieglusaegial
T$adpvee Sharma Y.K uagame [14] ladneinisweseuuialenladddng
(soda lime silicate glasses ) Manlangionsiton lnodnwlassadsweslooouvaslany

wnsugtuluavsndueawia taznisaanausadlugis UV-VIS/NIR Litegnisiaguilassedu

[y

waauvesdidnaseululosaulanzunsuddu nnsnaaesmuaUnauNIsnANGULEITIeY

S aa a 1% faa v o ‘:4' Y o a &
U-Q%LUaﬂ@QLLﬂ’JI%WW"LaN%aLﬂm aaﬂﬂaadﬂ‘umilfdaEJ‘ULLUN‘JWUW@N’]U"IJEN@Laﬂmiauiu

3+ o 4 5

o 2 q q
Fr oadl | (378 nm), H, (462.8 nm), F, + F,(499.8 nm),

5
—> 69/2(365 nm),

15/2 611/2

2 4

q q
F7/2(53O.5 nm), Hn/z (576.0.nm), 53/2 (592.5-nm), F9/2(632.O nm) Lbay I9/2(688.3 nm)

=Y

1Y

qg‘dﬁ 23

uv-vis

“Gnsz

269/2" K15y,

035

My

o
w
©

OPTICAL DENSITY (0.D.) —>

010 ul | 1
350 400 450 500 550 600 650 700 750 800
WAVELENGTH (nm) —>

JUN 2.3 alnasunisganduunasie3-ABdaveanmlenlad@dinefiielaveeesidey [13]
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25 AsANEIR2EWmALlA Raman spectroscopy

MMTAATIZRMIBINALA Raman spectroscopy U Vibrational spectroscopy
Snuuunils Fadu complementary technique fu IR spectroscopy ﬁiﬁﬁmwyiﬁx‘iﬁ%ulu
T1aNaYesaNs UaraanI03LAT1Es vibrational spectra iAAiag (V< 100 cm ) I Tng
2ouaawes (laser beam) Mioglutas UV, visible %30 near infrared (NIR) Husnegng

] va @ v a 1Y) v ! v A4 aa a I«
danaloianaseuluniussiinn1sdu LL@SQﬂﬂiBG}u‘lﬂﬁjﬁﬂ’mgﬂigﬁ]u LiJE]’E]LaﬂGﬁ@UVI@qu

¥
] I~

anuEnNIEAUNAUdaD UL AAnnIsAeNdInULamsonsyidwmas  (light  scattering)

Y

4
a o

gonulufianiafissannduwasdilind iy Swafinssideenind 3 wuu Tnsusnauaud
VYDIUAIAD

1. fmnudvifupaudvesuadiliidnlu Bandn Rayleigh scattering

2. flarudtiesniipnudvenasiiliidily Bandn Stokes scattering

3. finnudnnnianuaveuasiividrly Senia Anti-Stokes scattering
Fanuinanuduuaes Stokes lines mnnTAINENeY Anti-Stokes lines laevily
Raman spectrum 1n9z31897UA Raman shift Tuaag Stokes lines

Licenziati ~Francesca. Wag Thomas — Calligaro [15]  viA1s@nen
N¥ANUAT tesserae ﬁLLmﬁﬁagﬂumthaﬂ fiafosnIsnsuInszanuis tesserae dung 3l

arsusznaulaiviniideduashudeumlagldinaila u-Raman spectroscopy

Raman Intensity (a.u.)

484
408

T % T i T LS T ¥ T L T ¥ T " T
100 200 300 400 500 600 700 800

Raman Shift (cm I)

JUN 2.4 alUnausanuvedus cuprite (Cu,0) [14]
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| o = P o Ao | -l =% o~ =
WUILLND tesserae @LbAe WA Raman shift NanLiug 214, 408, 484, 623 cm 9NALINA
ANUTLEATIAY (sharp) dudnanuiinddnuaiening (broad) Iage1 Raman shift 719860
donARBIiu Cu,0 (cuprite) Tuguil 2.4 Wumstheduduiransiiliduasluuiy tesserae Ao

cuprite

2.6 nMsAnenewmaila X-ray absorption spectroscopy (XAS) [16]

= = =

n1sAnwIMALlA X-ray absorption spectroscopy (XAS) f® ﬂﬂmmi@mﬂau%’qﬁ
I3 4 Y 1 d‘ I~ 6 o [ G [ v A @ f v A < n‘d‘ 1%
WOnTvatormonluansi g 1 UUHNTUYDINEINUINADUS o NG I USIFLONY SedDnTN LY
° Y Y A o P v Iy .
dnsunsnaasresianuendufeINaNsausuaile (tunable monochromatic X-ays)
wazindanulvneusgluyimdumsganduvesesaauviselndifesiuAmasnugamien
vpaBdnnsauluasmnay

A v A& 4 :’/ a o/ a [

nsganaussdlandvesernautiuiinaINNIsaaefvediney TAgNNHI9U
voslineunisasgninluldlunisideuaniusndnudidnaseunilsiiluesnay 1llasan
Tpauresisdiandananasingrnulndifissiundinudamieivesdibnaseuiiogludu K,
L wio M Falundanuguluvesesnen dmiulisozneugnnizdu dannseufiogludu K, L
= = (Y [ 1 5 6 A g % 1 ~ . dll
%39 M %L‘Uaauizmuwawulﬂqsaumam NIDVUADIUSNAMNIUADLUDY (continuum) LD
a o v a 1 gj (9 G al & v a
ddnaseudiely sufsaniurdnslutungsan K L vise M 51818130138nn1saanausad
WOndvesdidnnseuludy K, L ¥39 M 11 Ks, L, M- edge absorption @@y Fen1siin K-

edge absorption meﬁﬂgﬂﬁ 25

continuum

ARAAR /

Energy

' Y
Y

U7 2.5 nalnn1sganausdidndveternouditunisgandu K (K-edge absorption)
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msinaUnasumsgandussdidnduesansiegsaunsanseyile 3 5fe

1.71570 XAS wuunzanu (Transmission-mode XAS)

q

2.M1990 XAS bUUaIas (Fluorescent-mode XAS)

3.9 XAS wuunseuadidnnseu (Electron-yield XAS)
Tuaddedvinnisnaassinanmnsy XAS faa1finnass XAS 9 BL-8, BL-5 wag

1 % 1

BL-1.1 W an1duiduuasgulasnsou Iissuuin XAS wuunganiudiagng (Transmission-
mode XAS) Famnzdwiumsinfedneiifiarududuvesesnen 10-20 % Fuly wdsn
vosuasdulasnsouansaasumlilagld Double Crystal Monochromator (DCM) WUy
fixed axis Fsansnsnidenyinveanlivasuile LazaninsoAABUARNNEINULAIT LI
1250 &4 10000 eV yhlanasninn1sgandutesiundaau K (K-edge absorption) #4113y
omauRIuA Magnesium Tufla Zine Inpdmsueynondiviinndndl asnsofnmapandused
Bndestundsan L oM 18

lun1snnaesazdaanudusedidndAdiunusneulasndediagne waziSen
USunauaesiaildn Iy Au 1, audussddng I, way 1, Jazgninlumenvesrinszualiiing

21ul@an Electrometer &9 1y way |, WWuilandurasnasnulinausazianuduiusfuniy

duns (4) :
I, (E) =lg(E)e MEX (4)

Tnefifauds W way x Aeduuszdnsnmagandussdidnduazauuivesdiegny
audiu wasnulineuvess@iand  (B) azgnivfsuailaenisvyures DM Ausasen
waaulnneu A1l (B) wag LE) azggniuiinhikasdiunAuinlagunaunisi (4) ienien

MIgandunse uEx eagldaunisn (5) ear  pEX wuanudunsiuangsu

Waau E 1519zlaaunnsy XAS 19967984
H(E) x =In(lo/ 11) (5)

wonINaunsainanasuvesaisuinsgriunieaudula aiunnsuvesans
wasgrutdnazinlulddudeyadmsunisyii Energy  calibration  lunisieudieusn

WANUNVBUVRINTRANTY wazdmTun1sileuLiieulaseadna XANES uag EXAFS
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auunasu XAS Usenauldaielaseadtavan 2 ¥lda Ae lAssdas1e X-ray
Absorption Near Edge Structure (XANES) wazlasia3ne Extended X-ray Absorption Fine
Structure (EXAFS) wanafagui 2.6

XANES EXAFS

edge

Absorption

pre-edge

8970 8980 8990 9000 9010 9020 9030 9040 9050
Energy (eV)

U7 2.6 avnasun1sganiussdidndvetoznenlulaseasne XANES uay EXAFS

1.1A59a579 X-ray Absorption Near Edge Structure (XANES)
Iassadne XANES 1Hudyamnisaandussddndfiinainnsdeaniuend sy
a gj o @ [ Ao 1 = < 5 4 =
vesdlanaseulutunasnulu ludsaaugnasnundusdussnon Jsoradutuiiiaud wse
ANULNAINUABLIEDY (continuum) TATIa5I8 XANES - 1A2131Lan1zLa12 9 VAN TWIAA O3
MANUDIDEADY @NNITOIIRT TN TRENBATUYDIEINH19 LA

2.1A398579 Extended X-ray Absorption Fine Structure (EXAFS)

[ & =

N RS UAAUNTVUINAAAIANUNAIIUINADUNANTY FUAAIINAITENTA

U

Y
aonvealilndidnasouiiuszngisuvunaulnladidnnseuiignudosesnunaineznesly
sgninnsganiudedildndergnnszifelageznouseutiviniasiiounduuunsnaeniu
Fodld YuIAreIN13nNIA9 (scattering amplitude) TANUABLLUAINLNS1TUVD Y 9E
Snavifiuay vnliAnnsunsnasauuuEsILasindsaduiuilidiudunduluana sy
EXAFS

laseasna EXAFS anunsadieulviegluguveilandy sine vasiiuus k uazdiuls

R A1u@ung (6) :

1K) =] A ()[sin(2kR, +5,(K)) (6)
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Tnefisuls k Aatavadu (wave number) vaalnlndidnnsou Feeuilaain

(Y v a & 1
NANUVDISIALDNTAINFUNT (7) -

2
kz,/h—T(E-EO) @

Y A= ¥

Lafuls R fie szeenneseninveyneNiiganauisdisesneudaufss (M3eAdy

YIINUTLIENINNBEHNDL)

3 Y

uinuladnmins y(k) tuaunisi 6 gnideulvieglusUvemasinvemanenal

o a

] ¢ & a = a a PN a o Y A A,
LLG]@SW?]ULUU?‘EUZU’]@UWLﬂ@"iﬂﬂﬂﬁﬂIWI@aLaﬂmiaumgﬂﬂﬁgL"\NﬂUagmamiaUﬂqﬂeﬁu@mJ LAY

A%
(%

A a ., =2 1 =) Q" A v aAas 1
avnauvliai | Ununeiternauegiiaineynsunay (MSesznauiganausad@iand) lusses
Sall R fawsdsannsafiansannsnszideeandutug auriiaveseznou lnsiiudaznal

= - ] o a o a o ) 1% = P ¢
YBIANNTN 6 TBUAAYTUVRININTEIAN VYUY HARe iUl sYNOUMBUIUIUIVBNTS
YA (WBUNAYA) Uaztnavean1snseids Fudsluilandy sine) TFaweundgavedlaseaiig

EXAFS gnivuanieainis (8) :

N.S.(k,R)F.(k,R: -2R
Aj(k): So2 J J( J) J( J)e

L {exp(-262,k? 8
kR? PIAKR) Xp(-207.k7) ®

Feupaziuusluannsilnumunedsl
1. S,Ae fin scale factor urmasaldidumanuuinveuenUagalassu fiiiuan
shake-up and shake-off effect YosorAeUnaNTidmNanszuAUNTid
2. Nj #ie Srunuesnewiidensau absorber
3. Sj A A1 total loss factor Y048LABNNANN
4. Fj A9 A1EINaT0IUInURINIINIELaY (effective EXAFS scattering amplitude)
5. Rj fig 528911935 M1199200N58UTNAUBLADNNATY
6. % Ao AladsvesTzEzindeuLuuUTIRINNNTTUTedlilndidnaseu (photoelectron
mean free path)
7. Gj fio AAsiives Debye-Waller (Debye-Waller factor) Juafinans mean square

deviation ¥83fuUs R,
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A1 o) vegnifidudiinanuliuiveuresnueniusy Tenainainnisduves
agpaulosanndsuanuiounsennuliilusydovveddasiadnsezaeulussuuiinansu
YWIATDININTEAIUTUN | vTeA A AzuUIRINTIuILTRIREAaNTa U1 N
(coordination number) WArYTAYDIBEADNTIYNTLUAILLAVDLADY (Z) B¥RONLAATYLn
Jranunsanszideraulnlndidnaseuldunndessneiu Inefisaminvseosnouiifia verneou

[d o a vl ! a wva a LY ! o A
galuinsudalaandt lunmsuiRastiouveedyayia ludsUatgvesaunasudian k ge9
Wasanueundgaves x(k) wduwiliduanasmundsnulineuiliiudy nsvenedyayin

EXAFS 30 y(k) desildmsnaseysanm k, k', vie k

Pinit Kidkhunthod WazAe  [17] IgAnwavesndinduiadsvosuuniialy
a15Usenay Lay,,GdSr,MnO; %58 LGSM FeUsznausesiet1s LGO5SM, LG10SM uay
LG15SM neldinaila X-ray Absorption Near Edge Structure (XANES) waznui1 LGSM i
Wé’wu‘ﬁ'ﬁqLLWW@Uﬂﬁ@@ﬂﬁuaQizw’mmimmg’m Mn,O5 llag MnO, Fatunuanila
lovoufiiaveanntunassning Mn” way Mn Gaavesndndundsveusnialuusas

g1 learnaunisi (9):

a o a
LYRNTATULRAEY = 4X

AE of sample - x[l- AE of sample } o)
AE of Mn* and Mn** AE of Mn**and Mn**

B9 AE A9 ANAILUANGAIITENI NN UL MUY UNITARNRY BHIRINNITATUIUNULAY
20NTATUIRALVBINNINITARINITIN 2.3 uanuddiegn LG05SSM diaveandinduiaie

YDIIINITENAY 3.60, 78819 LG1OSM MINU 3.63 ey $78819 LG15SM iU 3.65

AN5197 2.3 1aVeeNTATULRAsveIwIINTalanaulufe819 LGSM

9813 LGSM | AE of sample (eV) | AE of Mn™" and Mn™ (eV) | iaveenfinduiade

LGO5SM 5.689 9.489 3.60

LG10SM 5.889 9.489 3.63

LG155M 6.109 9.489 3.65
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A aa %

Wantana Klysubun  uagaz[18] Anwigndaunilusiunidunsiigmaina
X-ray absorption spectroscopy (XAS) #33839A78e19uA7 4 faeg19 fiw Khlong Thom
(KT), Phu Khao Thong (PKT), Nang Yon (NY) uaz Thung Thuk (TT) adinsisiidesdiudae
waila Energy Dispersive X-ray Spectroscopy #uiniinsiielansunsuddunaneuiia wils
Tuiufesgnesuas Famaidunumadylunislfdunuddslingui anmindeunis
afiuaziavoandinduromounsiuduuuule Faignilaudundinsesidiemaia
X-ray absorption spectroscopy (XAS) las@nuluaag X-ray Absorption Near Edge
Structure (XANES) TagthdoyaiildandinsevisngTusunsy Athena aglél XANES spectrum
2 3Unuv Ao Normalized Spectrum wag First Derivative Spectrum %QLLaméﬁLLamgUﬁ
2.7 lnaw3suiisuivaunniivedalsuinggau Ae copper foil (Cu metal), cuprite (Cu,0),
tenorite (CuO) wag malachite  (Cu,CO(OH),)  FunusgeanAvey  First Derivative
Spectrum ABFMUNUIVBITOUNIRANAY  (absorption.  edge) veinaUiUaslosau wui
shegregnilaudaiia 4 fregrs fretiesleoou 2 uuuunaniuey Ao cu’ sz cu” Tng
eUesdrunilazidusznesvedansiogrufulunaniislvunnluss fuuluunsuays
Tasaadandnuuy face-centered cubic (FCO) uagmauoidndruniadusymeniiiiuszq

UINNTIEIUFNUDLMaUYBaNTL Ul law

Cu foil

55

Malachite

N N
o o
First Derivative

Normalized Absorption (a.u.)
o

o

e
o

0 L Lda 1i L L { L
8970 8980 8990 9000 9010 9020 8980 8990 9000
Photon Energy (eV) (eV)

JUN 2.7 XANES alnnsuvessinegnegniawia TT, PKT, NY uag KT Aua1suinsgiu

AaUiUas [18]
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Aot [18] §4l6Anu EXAFS spectrum vasgniiaufilusin iiegozmeusou
Hrvesneuiosioglugnilau Tnensdraedannalassudnus Cuprite (Cu,0) uas face-
centered cubic vedlanzaauiUas uddldlusunsu Arthemis asvaunasulagdastoznay
souine uazUiuABuINT oS axleidnuazues Fourier-transformed EXAFS faguil 2.8
Feaziiuleinms fit vesogrsgnilauia KT ffiausnaseiuszognawes Cu-O uanein
ApULUaf (absorber atom) favnousouindluszAutuil 1 Assendiau sndeyatlisianuse

UUIAIAINENINUSEIEWI190EABNTDY Cu-O 19 @IUATNIIIRADITOUS LaRIAInIT1IN

24

o

2(R)| (A?)
o
°

0.20 .

0.15

0.05

0.00 A

1 1

e KT

Fit

Cu-O

Cu metal 4

2 3
R (A)

4 5 6

JUN 2.8 aUnesunas fit vesied e KT iguiudeyaluiaa Cuprite wag FCC valany

AaULes [18]

15199 2.4 MN9ResNATIAYedNnTs fit (best-fit parameter) dwsuseggniauia

frUTnsfimesueenis fit sample
1T KT PKT NY
Cu-O (N=2) S(Z) 0.33+0.09 0.55+0.06 0.43+0.08 0.45+0.07
R(A) 1.97+0.10 1.81+0.03 1.84+0.04 1.87+0.04
SS 0.57+0.27 0.36+0.17 0.40+0.14 0.45+0.16
Cu metal —
O°(A") | 0.014+0.007 | 0.019+0.008 | 0.011+0.005 | 0.015+0.005

Cu-Cu (N=12) R(A) 2.56+0.02 2.54+0.03 2.54+0.01 2.54+0.02
Cu-Cu (N=6) R(A) 3.62+0.02 3.60+0.03 3.60+0.01 3.59+0.02
Cu-Cu (N=24) R(A) 4.43+0.02 4.41+0.03 4.41+0.01 4.40+0.02
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9nA15797 2.4 WuAmfwesiiananvents fit Wueiieglugieansuls Tnenll S2

2 1 i - 1
JuArmsfives Dybye-Waller, HAnug1iwusysyning

LﬁuLLauwﬁgmaqmsﬂizﬁa, o)
9¥nauYad Cu-O vasmatwgniaunieglutig 1.81-1.97 A, sseevinaseningeznay Cu-Cu
Tusgdududl 1 (first-shell coordinations) #ifis1uiuernenseudie (coordination number)
12 ozme aglurag 2.50-2.56 A, szowvissewinzesaen Cu-Cu lusedutuil 2 (second-
shell coordinations) fifldnuaueznouseutng 6ovmen aglurag 3.59-3.62 A wagszoziing
sewrivenen Cu-Cu lusedusudl 3 (firstshell coordinations) fifisuiueznausoutis

24 9@y U 4.40-4.43 A
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ASanduuiY

nsAnwileseuvedlanzunsudduluumadinalagldmaianianlnsalnld
Inquszasdndnilensiniouuianieselessuneslansunsudiusineg luanzeandlad
Lagimg udnhumanldundnwautinieniean Anvinisgandunasvesuidlagld
wadla visible spectroscopy  warfinwiavesndindunazanimuinaeuvedlossulans
unsudtuluniadlagldimafin X-ray absorption spectroscopy titeliussainguszasd

Aana1 fIelaaiueidy Inedlngasdenneiiviuneunisaiivnuifedwalull

3.1 a1snd gunsal waziAIasliadATN

3.1.1 @15aintglun1sidae

[N

Silicon Dioxide (SiO,, Sigma Aldrich Inc:; 99.99%)

Sodium carbonate (Na,COs, Riedel-de Haén Inc:; 99.5%)
Potassium carbonate (K,COs , Sigma-Aldrich Inc.; 99.9% )
Boric acid, powder (H3BO3, Fluka Inc.; 99.5%)
Aluminum oxide (Al,0s, Sigma-Aldrich Inc.; 99.7%)
Aluminum (AL, Riedel-de Haén Inc.; 93%)

Calcium oxide (CaO, Riedel-de Haén Inc.; 96%)

Zinc oxide (ZnO, Nanomaterials technology Co.; 98%)

0 o N R LN

Copper (II) oxide (CuO, Riedel-de Haén Inc.; 93%)

—
(@)

. Iron (WLl) oxide (Fe, O3, Sigma-Aldrich Inc.; 95%)
. Cobalt (Co, Sigma-Aldrich Inc.; 99.8%)

N
N =

. Chromium (Cr, Sigma-Aldrich Inc.; 99.8%)

—
[SN]

. Manganese (IV) oxide (MnO,, Sigma-Aldrich Inc.; 99%)

H
N

. Neodymium (Ill) oxide (Nd,Os, Sigma-Aldrich Inc.; 99.9%)
. Erbium (Ill) oxide (Er,0s, Sigma-Aldrich Inc.; 99.9%)

N
U
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[

3.1.2 gunsaiitlilusuide

a a @ a

1. wnviaeugvgilas KanlaguIen ATy WUl 911
2. WeeteANasBun nalley 4 dunus wanlaeusEw Denver §u SI-238
USENAANIFaLITN

ews1nd

W

\WAIBIUAKUUANUEA (Ball mill)
Fouinans

ALANALENINUAILS DU

NS R

WElULVAN

3.1.3 n3esliodinnainldluauide

1. Dilatometer 8%a Netzsch 31 DIL'402 PC

2. Fourier Transformed Infrared Spectrometer %8 Perkin Elmer ju
Spectrum 100 lagineA1 % Transmission 1133 400 89 4000 cm’

3. UV/VIS Spectrophotometer S Agilent Technologies ﬁu HP-8453 Tuain9
ANLE1IAAY 400-800 nm

4. X-ray Absorption Spectroscopy (XAS) a3 UUAAELAY beamline 8, 5
way 1.1 W anduidouas@iulasnsou (e9an1sumigu) Ussmelny Tugas X-ray Absorption
Near Edge Structure (XANES) way Extended X-ray Absorption Fine Structure (EXAFS)
Tneldudnues Ge(220) 1y double crystal monochromator (DCM) LitefmLdenna 19 uuas
L dnlulnusanganiu (Transmission mode)

5. Raman spectrometer fa AVANTER ':;'u Ava-Raman

3.2 3saniunuivy
3.2.1 mawTeadidunay
1. Yunauands 10.00 g
2. \@unsalusdnduduadly 200 mL wdlkauFeudigamad 100 °C e
1 $alus thansazaneiildlunses udriwesudsildlueufigumadl 120 °C Wunan 1 49l
Fahwiinuoaudeiils
3. anduiesudeluimlummasulnilagldgungd 800 °«¢  Huian

1 T
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¥

4. Faunaunlaaintuneui 3 11 1 ¢ ldadludninesnatadn udraadudin
P191insau U HF 10 mL a9ld Tiausau 100 °C waa stir iabiiessiveasazateeaniu
5. Weansazatgsywisaanuuawal aanalilimduly dessicator antuiiny1niin

591 wazAuLUasiduslaeimdnues total silica

3.2.2 mswssuuiadnidenqelessuvedlansunsudvunie Tudniizeandlad
1. wionsd@uimunzanlunsyiumd  leedstitnunau 30.00 ¢ wazuusan
USuauwe9 Na,COs, K,COs, ZnO, HsBOs, Cal way ALO; #aannsvnasalaonsnaiu

BIRUsENOUYRMEN SN IZaNA oy alunITIe9 3.1

a 3 ~a o [ t:gl’ 1% ] (% o v
A1919% 3.1 99AUTENDUVBIANTANNUININAUNUULD ILNAUEIATUVI LN

23AUIENBU Usunuansiad (g)

M wnav (Sio,) 30.00
Na,CO5 21.00
K,CO, 3,00
Zn0O 3.00
H3BO; 1.20
ALO, 1.20

Cao 0.60

334 60.00

2. s AlmuUUNIUAIS19N 3.1 haziIelaneviae loesuvadlansiiavinly

v

And IneUsinailddudadeyalunsd 3.2

3. draseindalaldueaiia Y warvinnsnauduian 10 wd



A15197 3.2 vnvedlansnsudTuNvinlminwi @
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RN ansTivliAng USunuansiadl (g)
Cr-glass Cr 0.1
Fe-glass Fe,Os 1.00
Co-glass Co 0.10
Cu-glass CuO 0.90
Nd-glass Nd,O5 0.30
Er-glass Er,0s 3.00

4. dransnleainnisusaiatdacludigwsiing warundmivasulidna

gaunQil 1150 °C lagdn3Nsiiingamniivedini As 9.53 *C/unil AMNTUNUILAIBIUUUNY

<3
ban

5. 113UNURAINB G ULLK U RANL T e I8 UL TN I UNTEUIUN1TAIINE DU

(Annealing) 71 550 °C 111 2 alua Inedupaumsin3euuing uanadagun 3.1

6. dumnusUlaludiesgviandinmenmyesuiidsely




o a
QN 500 °C

Wuaa 3 9lus
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H,BO,, CaO wag ALO,

wazIalansunsuIvu

‘ W& Na,CO,, K,CO,, ZnO,

wWigaumgdl 1150 °C

Wuan 3 92l

Gas

SUM
Y

Furnace

> amsvenenaideniiudeu (COE)

> R spectroscopy

» Visible spectroscopy

»  X-ray Absorption Near Edge
Structure (XANES)

L

d a
auigauunll 550 °C

Wuran 2991u4

3.1 LARITUABUIUNISHTIULNIATIL DA 8 AN LN TUTTU
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-4

3.2.3 nswseunAaaiSedae Cuo, Fe,0; waz CuO+Fe,0, dnazaandladuas
ECRY
YrosrUsznauiildannmisns 3.1 wudese CuO, Fe,0s way CuO+Fe,0, Tu
USIausnes feseasidenlunnsei 3.3-3.5 dmuannzeondladiuld ALO, mileuduly
¥te 3.2.2 lurafianeamdld Al unu ALO; Tnetunsumsuiludetoziduunuy

P 3.2.2 FILATUNDU 3-6

A15197 3.3 USUNauasu i Nl un1simseuwAd@Nae Cuo

o Usuaasiadl (g)
fMog1auia
Si0, | NayCOs | K,COs | ZnO | HsBO, | CaO | ALOs | Al | CuO
Cu(1) 30.00 21.00 3.00 3.00 1.20 1.20 | 1.20 - 3.16
Cu(2) 30.00 21.00 3.00 3.00 1.20 1.20 - 0.64 | 3.16
Cu(3) 30.00 21.00 3.00 3.00 1.20 1.20 - 1.28 | 3.16
Cu(4d) 30.00 21.00 3.00 3.00 1.20 1.20 - 2.56 | 3.16

A19199 3.4 Usunasansiedntolunisimseunnidnias Fe,0s

o USuauansiail (g)
£1IBYLLN
S|OZ Na2CO3 K2C03 Zn0O H3BO3 Cao Al203 Al Fezo3

Fe(1) 30.00 21.00 3.00 3.00 1.20 1.20 1 1.20 - 4.62
Fe(2) 30.00 21.00 3.00 3.00 1.20 1.20 - 0.64 | 4.62
Fe(3) 30.00 21.00 3.00 3.00 1.20 1.20 - 1.28 | 4.62
Fe(d) 30.00 21.00 3.00 3.00 1.20 1.20 - 192 | 4.62
Fe(5) 30.00 21.00 3.00 3.00 1.20 1.20 - 256 | 4.62
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A15199 3.5 Usunaansiedinlolunismseuundnide CuO+Fe,0;

0L USuauansiadl (g)

Wi | SiO, | NayCOs | K,CO5 | ZnO | HsBOs | CaO | ALO, | Al | CUO | Fe,04
Cu-Fel | 30.00 | 21.00 3.00 | 3.00 | 1.20 | 1.20 | 1.20 - 0.45 | 0.90
Cu-Fe2 | 30.00 | 21.00 3.00 | 3.00 | 1.20 | 1.20 - 0.64 | 0.45 | 0.90
Cu-Fe3 | 30.00 | 21.00 3.00 | 3.00 | 1.20 | 1.20 - 1.28 | 0.45 | 0.90
Cu-Fed | 30.00 | 21.00 3.00 | 3.00 | 1.20 | 1.20 - 0.64 | 0.67 | 0.45
Cu-Fe5 | 30.00 | 21.00 3.00 | 3.00 | 1.20 | 1.20 | 1.20 - 0.22 1.4
Cu-Fe6 | 30.00 | 21.00 3.00 |'3.00 | 1.20 | 1.20 - 0.64 | 0.22 1.4

3.2.4 MSANYIENUANIINIBAINYDILAIE

devhnswieuuiiandeseleosuvetlavgunsuddusienluannzeendlad
Lavsmsimnza tuhflfndnwaudinismeninlagldmaiasiieg sl

3.2.4.1 ANNSURNERAILTIAAINSEU (Coefficient of thermal Expansion, COE)

thihegauflulinsizsisieteses Dilatometer 5fo NETZSCH §u DIL 402 PC

3.2.4.2 - Infrared Spectroscopy

wisuseguialudnuae KBr disc udailulinseideinsodunsisnaa
Tnsfines Bve Perkin Elmer 3u Spectrum 100 Tnedndayaialugasdoo fa 4000 cm 14
resolution & cm

3.2.4.3 Visible spectroscopy

thegnauadlulinsisisheinies UV-VIS Spectrophotometer 8% Agilent
Technologies §u HP-8453 lutisauemrdy 400-900 nm ileld@nwnmsiasunya

seeundsnurasdidnasaululossulansunsuddulunii

3.2.4.4 Raman spectroscopy lag@nuwianizsiiong Cu()

3.2.5 msfnwaUnasunisganaussdidng (X-ray absorption spectroscopy)
3.2.5.1 n13ANY X-ray Absorption Near Edge Structure (XANES) 98367984
wiideselansunsuidufiannzeondlad
1. vadethauilidunazidon  dldlunanainfiazfuredndon

éﬁgﬂﬁ 3.2 Ansne Kapton tape 1lU@niu sample holder waaldaslu sample chamber
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E

JUN 3.2 ulunananlainanegs

2. Inanesu XANES wpsdogawmilulyuavggiiu (Transmission
mode) Inefvuarnsina s

E, (eV) = absorption edge vy reference

Photon Energy Scan (eV) =-30, 80

Photon Energy Step (eV) = 0.2 tay 0.3

Time Step (s) = 1

Scan number = 2

1neA E, v04 reference @msuipgdnnaLaazasianandlunisisi 3.6

M131991 3.6 absorption edge @M3U reference YOIHIBY LN IUALAITUINTTIU

FOE19UN7 absorption edge ¥94 reference (Ey) GUEHRI R
Cr-glass K absorption edge ¥a¢ Cr foil (5989€V) Cr foil, Cr,0s, CrO4
Fe-glass K absorption edge 484 Fe foil (7112 eV) Fe foil, FeO, Fe,0s, Fe;04

Co foil, CoO, Co,0,,
Co-glass K absorption edge w94 Co foil (7708 eV)
Co,ALO,, CoSIO,
Cu-glass K absorption edge 484 Cu foil (8979 eV) Cu foil, Cu,0, CuO
Nd-glass L3 absorption edge ¥81 Nd,05 (6208 eV) Nd,Os
Er-glass L3 absorption edge ¥84 Er,05 (8359 eV) Er,O4

3. yhnisveasauieafude 1-2 wadsudiedraluaisuinsgiu lng
magramusazyinagldasunsgiuuandeiuistoyalunsni 3.6
4. dteyailavediiegauniiudaziioge WavansuInsgIuYeIwiiny I

Azl UTWATY Athena Aa9s18aLRentUfITe 3.2.5.3
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3252 m13Anw1 X-ray Absorption Near Edge Structure (XANES) uay

Extended X-ray Absorption Fine Structure (EXAFS) vassagaufiiiiase Cuo, Fe,0,

way CuO+Fe,0; luannyeondladuaysnad

s

1. Inanasu XANES  vassiragrauiilulnuaneaniu lngaiiunig

AGIEARINUTITD 3.2.5.1 ALATUABUN 1-4 ANUAAINITITNDS warTlAUeIaITUINTFIY

Aatayalunsned 3.7

M1399 3.7 ASEmesuasytinvesasuinsguilelunisin XANES

D819 Y

W55 s
CuO Fe,O5 CuO+Fe, 04
K absorption K'absorption K absorption K absorption
Eo edge U939 Cu edge Uy Fe edge 984 Cu foil | edge ¥83 Fe foil
foil (8979 eV) foil (7112 eV) (8979 eV) (71112 eV)
Photon Energy
-30, 80 -20, 80 -30, 80 -20, 80
Scan (eV)
Photon Energy
0.2 0.3 0.2 0.3
Step (eV)
Time Step (s) 1 1 1 1
Scan number 2 3 2 4
Cu foil, Cu,0, Fe foil, FeO, Cu foil, Cu,0, Fe foil, FeO,
A19UINTZIU
CuO Fe,0s, Fe;0, Cuo Fe,0s, Fe;0,

2. Inadnasy

1 a 6 1 (% =
ATNITNUEAD IR falums9n 3.8

EXAFS

Y2108 1N bl aH1u

Tnely
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M15799 3.8 ATTmesuarrtinvesasuInsgIUNlEluNTIn EXAFS

. fegauffidesy
WITURDT
CuO Fe,Os4 CuO+Fe, 04
K absorption edge K absorption K absorption K absorption
E, U84 Cu foil (8979 | edge ¥4 Fe foil | edge w84 Cu foil | edge ¥4 Fe foil
ev) (71112 eV) (8979 eV) (71112 eV)
Photon Energy -200, -30, 50, -200,-20, 30,
-100, -30, 80, 15 k | 200, -20, 30, 15 k
Scan (eV) 125k 15k
Photon Energy
10, 0.2, 0.05 k 10, 0.3, 0.05 k 7,0.2,0.05 k 10, 0.3, 0.05 k
Step (eV)
Time Step (s) 1,11 1, 1,1 1,1,1 3,33
Scan number al 5 8 3

3. winhdeyaiildvewnedamlulinsizsidelsunsy Athena uay

Artemis flas8azidentuiite 3.2.5.4
3.2.5.3 mynAsIEndeys XANES melusinsy Athena

1. Waldsinsu-Athena (version 0.9.25)

2- ntmdalwddeyalurag XANES  evun uagsihniswdoann
awnasulagliunu y 10u pE) waswnu x 1u Energy (B) Usuaiunasuyniduliinsaiu Tng
N13 Align scan La2vIIN1g Merge atunas

3. thalnasudt Merge ud anndenlugy Normalized spectrum waz
first Derivative spectrum TJunawnasuiiidesuuy

4. ymenginieududuidunoud 1-3 wildeudumegioui
LazasuInIgILBUlLTIa XANES

3.2.5.4 MNATIERveya EXAFS melusinsy Athena uag Artemis

1. Waldsunsy Athena wazshmsnneimileuduiden 3253
Faudtunoud 1-3 uiuAsududoyalugag EXAFS

2. ntudalusunsu Artemis  (version 0.9.25) uazidnlviddoya

Normalized spectrum #lgainmsiasizvnelusunsuy Athena

3. antilvan crystal data aesndnagldiluluma
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4. duflums  fit deyafildannismeaesivlinea  Tnofvusliieog
Ko Koo WU 3.0-11.247 A wazaae R whiu 1.0 - 6.0 A Tagfirsananarmsfiwesd
I¢ndanns fit msegludasiolud

N 91UUsEABUTOUTN (ANLUAE)

Sz (uurnmesnisanasuetiaundyn) Aseglugig 0.7-1.2

0’ (Fmsfives Debye-Waller) A25 > 0.003

AE, (ANANLANGAI958WI19 Absorption Edge 71u1a7n model fuen
Absorption Edge fiunannisvaaes) Asaglutie -10 - 10 eV

R factor (Fnduveadeyadilil fit ) A3 < 0.05

{1 parameter 4l¢nns fit aguentasiiimua azdesduiunism
Tumaduiimanzauunyihnig fit ngl

5. wdwinvims fit - auld  parameter fiwngauuds  Uudinua
parameter ﬁléf&hqq Ao S2, 07, A, ANS¥eyYiesEniNgeyae (R)

6. YINNIFIATIZAVLDUAUAIATD 1-5 welUAsuidusiag 19wty
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NAN15IYAZN159AUSIUHANISNAABY

nsAnwlessuvedansunsudtulunmadinalagldnadansauninsalndla
wansnnasseondiu 5 @w Ao 1. MswWRENIELNaU 2. MWL o lose
vodansunsuddusineg Tuannzeandlad 3. nswSeuwmafidess CuO, Fe,0, uaw
CuO+Fe,0; lTuan1izeandlatuayinig 4. nsANWENUANIINIEAINVBILAE 5. NSANY

NInANARSIEaNg (X-ray absorption spectroscopy) Aeseazidunsalull

4.1 mMswleudidunay

nnsvnaeslunIswIsatdunay Tneasiiunavsnaingionsalundnidudy
US1195 200 mL wazwnfigumgl 800 °C annsamidnansdundduavedunideanld
nEanmsiumyIun total silica Tnathdidunauiiléunvhuiisen hydrofluoric acid
(HF) 2z1An silicon tetrafluoride (SiF,) Feflanus Juniaavsvimeoanly faunis (10) oy
aunis (11) :

Si0, + 6HF — H,[SiFe + 2H,0 (10)

H,[SiFeg] — SiF4(9) -+ - 2HF (11)

F9 HF gnsaiaufisentaiu Sio, lulienunauwinty Aatiusianunsnm
U3uay total silica Tngnisviuamsniivnglundsaindiomwnauinufisendu HF wudndn
LNAUTINILNNTNTARRAIENIALUASNINTUUTIINT 200 ML wazw9l 800 °C HUSua total

silica 8¢ 100 % feWideves MYy P3Teseidl wazame [19] Imhunauinaiasmiensaly

a ol A

AINUTUNYSHING 150 mL wag 200 mL wddhuenigaumaisnggds 300 °C, 600 °C

Y

war 800 °C nTuUMIUSUa total silica PENISIRLNTA HE NULnaufiannnensabumsn

duu3ams 200 ml uazinigamgil 800 °C fiUunal total silica o8 100 %

4.2 msmssunnldnideniulossuvadlanzunsuddunieg luan1azeandlag

INNISRSEULMEMEN1seleosuvetlansunsudduria Insldamumngiie

'
a a

%
1150 °C dns1msiiingauunniivedn Ae 9.58 °C /min Wegunilliiudun 1150 °C uaiAd
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a

gamaiild 3 99l wazihlloufigamgdl 550 °C \Wunan 2 9alue Inedunaunsieseuuing

Y

a A

LARIAagUN 3.1 nudieene Crglass MwSeuladldded fsguit 4.1 (n), A1ee1e Fe-glass 1

v
aa o

WiHed AagUT 4.1 (1), F79819 Co-glass LAUNIULTN Ae3UN 4.1 (), froe1e Cu-glass HaN

Ju faguUT 4.1 (3), sheee Nd-glass HEWIATIN A93UN 4.1 () UazAIeee Er-glass HA¥

a

AegUR 4.1 (2)

U U
nd 1
. 4
A
\ ' ‘x d
\. p '

(n) (%) (M) () () O)

g‘d‘ﬁ 4.1 widluannezeandlad (n) Crelass  (v) Fe-glass  (A) Coglass  (3) Cu-glass
(3) Nd-glass. (2) Er-glass

14 A s

4.3 nswssunA2dNidenas CuO, Fe,0; uaz CuO+Fe,05 dannzeandladuasinag

(%3
&

Tuniddeillavinisessunmanidsmslansunsuddusieeg lu 2 anng fe
N ¢ Aa ¢ A v o = Y aa & v
an1reandladLasan1Ivs A Tagluan1izean@laglavinnisiaseuuimandenislany
wnsuddusngg anadunauinanliluiide 3.2.2 vesund 3 Fwanisneasaduduided
4.2 90U tazluanizifaglaiinismssuumanionielansunsuddunieg Fetunounis
a 1% a = a & | v i Y aa A Y

WwisnwNIzdsuwuuwitauluanzeandlag waarly Al wnu ALO; WUIMLAIETLIEARE
CuO uag Fe,0; Hdvasumananiuanzeandlad faluidedunseuuiidnidame Cuo,
Fe,0; Way CuO+Fe,0; luanmzoaniladuarsnig lneesnusenauresansiniliasiunay
nswseudumutusaulusde? 3.2.3 weaUNT 3 INNISWSeULAIETIeMe  CuO
Usznousme 4 feg1e dantsduniiiwsedluaniizeandlad I 1 fegia A @i
Cu(1) wazimmessuluaniiesming WulmaudsauSuiawee Al 3 3 F1e819 A Faga
Cu(2) By AL 0.64 nSY, A79819 Cu(3) hd Al 1.28 NSU way AMvg1e Culd) Wiy Al 2.56 n5Y

WU F39819 Cu(l) dnuwaizumNlalEnRudy Aigun 4.2 (n), Meg1e Cu2) dnuynizuiid

v
a

WRUAN uildutaendidegns Cu(l) Magui 4.2 (1), FeEe Cu(3) dnvaizuililaunty
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(%
[ a o a

Aoutla awmliiduiloweiiy dasU 4.2 (A) wazfede Culd) dnwazhidaduIRuY

Y

WaADUY19ENI1A9819 Cu(3) harlpuNIAAWAINTEA8glUNINTWAD AISUN 4.2 (1) 910

9 Y Y

HAYBIFIDE19 Culd) FnhluAnwseniewmailn Raman spectroscopy

(n) (V) (M) (1)

Ul 4.2 uM@ndesne Cuo Tuannizoandladuazdmg () Cul) () Cu?) (A) Cu(3)
(¥) Cu(4)

= Y AN v Y o 1 = & P
PNNITATPUUNIENLRDAIY Fe,0; Usznausiy 5 feg1e  auuadunnin

= al & A ) ' A ] | Yy a o Na & &
wasdluaneeandled T 1 fMsg Ae A8 Fe(l) wazumnwsauluaniigsaag 1Ju
wAILUSATUSHNNYaY AL T 4 @IeE1d Ao AI0819 Fe(2) thn Al 0.64 NSY, #9819 Fe(3) LAy

Al 1.28 N34, f29819 Fe(d) 1A Al 1.92 ASu thaz 620819 Fe(5) 1@y Al 2.56 NSU WUAIDEIY

(%
Yo 1

Fe(1) dnuwaizuiinlalidaawaasdy fagun 4.3 (n), fMegne Fe(2) dnuyaizuiinlnagild
o a Y P o 1 [y} =3 I~ Y a a ‘:9419-1 £ [ = LY} 1
i Raumsiua Wetsndesiusasiviazwiuiunmadeududy daguin 4.3 (), dee
Fe(3) dnwazuinduda wWethuidasnunasliasfiududileondy warilidundaainszanus
liminaueegluluwmindueuia aaguin 4.3 (), fege Fe(d) dnumugumnlaagiden s
A o | ) 2 & Y o a PP ) o '
M widletindesiuuadlvasmuduumddeoud waslidvdensenemliainaueey
TuviSnduasuiigufedtu Mg Fe(3) Asgun 4.3 (1) uay fogne Fe(5) Anvagumiiila
QAN TUIN WULRLIAY Feee Fe(2), Ap819 Fe(3) way feagne Fe(d) usdladoanu

wadlvlaziiuduniddenhnzady AU 4.3 ()
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(n) ) (M) (1) (@)

Ul 4.3 uihafidess Fe,0; luannzeendladuazimind (n) Fe(1) () Fe(2) (A) Fe(3)

(@) Fe(d) () Fe(5)

INMSE3NLAIETIZ oM CUO+Fe,05 Usznausie 6 fege deutaduufag
wisdluanzeandlad 4 2 fpg1a Ap MIpEne Cu-Fel @9 CuO 0.45 A5 Way Fe,Os
0.90 N¥u wavfeg1s CuFe5 1o CuO 0.23 N5y Haw Fe,0, 1.36 3 dwsunifimsesly
4239 [uniiiudsaUSinamas AL 4 fees fie §reeha Cu-Fe2 fia AL 0.64 N3y,
Cu-Fe3 in Al 1.28 N3, A29819 Cu-Fed 15d Al 0.64 N3u-Lag d1e819 Cu-Fe6 1Hin Al

0.64 N¥U WU YN CuFel dnwasumiladddinla dsun 4.4 (n), fwen Cu-Fe2

A A

anwauzuidduas wewmliiduillofesiu waeliddealanszaediluuindvonia fegu

(%

<

N 4.4 (v), fegn CuFe3 dnwaizunidduns (oumluiiluiloweaiu Awun 4.4 (a),

Y

ieE1e Cu-Fed anwasumldunudoany Weufliluleweaiu dagun 4.4 (1), deg

YVaa a

Cu-Fe5 dnuuguiiladififiola dagun 4.4 (3) warfage Cu-Fe6 nuuzumMilduas uay

fadenedluiowiildduiledaniu di5ua 4.4 ()

(n) () (@) ) () (®)

gﬂﬁ 4.4 uiEMEefY CLUO+Fe,0; Tuanmzeandladuazimng (n) Cu-Fe(1) (@) Cu-Fe(2)

(A) Cu-Fe(3)  (9) Cu-Fe(d) () Cu-Fe(5)



37

4.4 nSANANUANINEATNYDILALE
ndnwseunianidedeloseuvedansunsuddusineg  Tuannivesndled
wazuianidedeneUesuazndnluannzeandladuaziing  udnhdeguiaivioy
lolunwauaudfinienenn  loua  msfinwiAinisvenedudenuieuren  uay
NSANEIRILATIANIS spectroscopy LU FT-IR spectroscopy, Visible spectroscopy Wag

X-ray absorption spectroscopy (XAS) fasgagiduntuiidensluil

4.4.1 AINISVEIEANTIAUTIU
% ' a ~ o A [y v ' Y ° Y aa & v
WAILFAREYNAALIIN1TVENEFT LB LA UAIINSBUWANANTY TagIwAENIan Y
losauvedlansunsudduluaniizeondlad Manun 6 Aiee1e Ao Crglass, Fe-glass,
Co-glass, Cu-glass, Nd-glass Lay Er-glass Masaula lUAnsiginiewaiag Dilatometer 2y
TANAAINISIN 4.1 DIARANISNAABINUINN 081N ALAALAIDE197T00 28 oD UVD

languwnsudduluaniizeandlad dr1duUsensnIsveneanTenuiouveuii gamgd

1 Y 1%

NaNanIUETY Largungiisoudivetnigs Weisuduuiinliiledislossureslans

a v A

WNSUTTY FIN15AFg19uiEN e levauvaslansknIudTulian

o

UUSLANTNTVEN867

Weanudeuveanmanoudiege aunsavenliiisegndasnusonuiougelalis uay

LAANITRANUAYIUTLLNNTUTULUABUD AN UNAY (thermal shock) #3AINITVEIE6D

=

\WB9PNUS Ut T angleasuradlanunsudtuielndlfsetuninlanlay

294 Aktas B. wazaniz [20] Ineuialamladulaanauifeiirninisvenedudniuiousy

Tuts 8 x 10° =9 x10° K wazgamniinanamsuadu (T, oglugas 550-580 °C



AN 4.1 AdUUSEEN

o,

a

Y aa A

fvesmaniIenglessuvedlansunsudtunie luanizeondladg

Y

OANIIVYIYAILY

a
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IpUseu, guuaiinanansudty warauvgioeu

a

L R . o Fuusedndnig mol metal/
PIDYN Qmwgmmam’m%u, qm‘mﬂuaaum, Tm o - Y
” YYIYAILYIAITNNIDU | mol Si02
LA T, O ©) 4
K
Undoped 444.10 498.80 1032 x 10° -
Cr-glass 442.23 506.36 14.47 x 10° 0.0039
Fe-glass 443,35 500.40 14.24 x 10° 0.0251
Co-glass 450.98 515.56 11.43 x 10° 0.0034
Cu-class 423.43 483.38 14.35 x 10" 0.0227
Nd-glass 457.83 515.43 13.43 x 10° 0.0036
Er-glass 475.73 539.15 13.42 x 10° 0.0314

Y aa & v =

WiAT S CuO, Fe,05 uay CUO+Fe,0, Tuannizeendladuaziiag wievh
MyAATziiseinies Dilatometer | a¢ldAnduUszAVSIVoBFUTIAIToUTE LIS
P13797 4.2 wuiaegnauaiifien mol AVmol SI0, g azdenaliiandulszavsnisveted
Fanrwdouresniidiag gumndnanansuddu  uazenmvgliseusigeiu faaenndaaiy

U889 Arcaro S. wazAny [21] dwasiznwna 19.58L1,0-11.10Z2r0,-69.325i0, (mol%)

o a

AN ALO; USuiaw 1 uax 10 %  IdA1duUss@ndnisaengfitgdaninusouiniy

954 x 10° °C

LY Y a1

-6 -1 o w v 1 v a
hay 3.36-x 10 °C fuanu Iquﬂmﬁ\‘i UVNURNIBYNLEAINUAT

mol Cu /mol SiO, waz mol Fe /mol SiO;, as llladanalviAduussansnisvenefunganiy

o w

Fouvam gauuiina1ans ety uargamgiiseusiudeulUategaildydfny

U




M3199 4.2 AdUUsEANSAINITIEIEMIINNTEU auVgIna1ansUTTY Larun)loaumiveIw

v oA

aa

anreandladlassang

aa

o
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#dene CuO, Fe,05 way CuO+Fe,0; tu

fegui | ouvginanavsw@dy, T, ¢C) | aumgideud, T, O | duuszdvEnsveresudeeniuou (K1) motht/ motcu/ | motre/
mol SiO, mol SiO, mol SiO,
Cu(1) 423.43 483.38 14.35x 10" 0.024 0.076 -
Cu(2) 429.87 498.69 13.02 x 10° 0.024 0.079 -
Cu(3) 417.75 479.62 13.16 x 10° 0.047 0.080 -
*Cu(4) 447.59 516.94 12.43x 10° 0.094 0.081 =
Fe(1) 468.63 529.30 12.85x 10" 0.024 - 0.116
Fe(2) 444.39 509.60 12.82 x 10° 0.024 - 0.116
*Fe(5) 471.35 546.82 12.25x 10° 0.095 = 0.116
Cu-Fel 454.68 523.06 13.24 x 10° 0.024 0.0113 0.0113
Cu-Fe2 442.40 506.21 13.67 x 10° 0.024 0.0113 0.0113
*Cu-Fe3 454.48 52231 12.90 x 10° 0.047 0.0113 0.0113
Cu-Fed 444.77 511.87 13.83 x 10° 0.024 0.0168 0.0056
Cu-Feb 456.16 521.65 1338 x 10° 0.024 0.0055 0.0176
Cu-Fe6 448.05 516.48 13.45 x 10° 0.024 0.0055 0.0176

*$9E19uA3NAT mol AL/ mol SiO, g4




4.4.2 Infrared Spectroscopy
mMenishemadadunsusaanlnsalnd  shivlddoyanisdu  (vibration)
vosiusrlugULUUAaY Faunudeiaueduiiunndieiu uasmsduvesiussfiunninatuiioy
biannsadneideyanyilsituresitegaumils  mnnslmevaunasunisganau
wasdunssaveiaTiioselessuvatlansunsudtuisluannzeondlad  wazuiaad
139078 CuO, Fe,05 Way CuO+Fe,0; luannyeondladiayinag Usmgamﬂm%’mﬁﬁé’ﬂwmz

AAEATATUAIIUN 4.5
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,‘E 3603
&
c 60 - 98788
S 592
S
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1454 1293
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3400 2400 1400 400
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JUN 4.5 alnnsunisganauLaBuns I saYefigaum

90 FTR spectrum anansaasudeyaruisaunaunazmilsiduiinuld &
nandlumsnedl 4.3 FawusundsiiaenadosiumsBauuuliiaumnsveamy S-O-Si Turg
1050-1095 cm ' MsBAUUUANINAsYRIVY S-O-Si 11 788 cm | MsBauazseues O-Si-O 7
760 cm way 592 cm auddy Fedumtauazmyilsitusananaenndeatunidainely
$ATeves ElBatal F.H. wazame [13] dunsizsiuidaiadaineiidolaveunsuddulessy
V93519 buNgH d-block WUNMTIBYBY Si-O-Si 7l 485 cm ', M39883 O-Si-O 71 650 cm
MIBAUUUALINASYOMY SIFO-Si 71 850 cm waznsBauuulslanumsvemy) Si-O-Si 7

1210 cm
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M13NN 4.3 dunriaaraa LN N dueefiieg 19

nyilandu \YAAY (cm )

O-H ("380) 904 Si-(OH) 3600-3950

O-H (M38) V83 H,O Tuv3nduadum 2800-2980
BOB(mi@meaammm) 1454

Si-O-Si (MITARUUDANUIAT) 1050-1095
Si-O (n158m) 998
Si-O-Si (MITALUVANUIAT) 788
O-Si-O (N38) 760
O-Si-O (h1598) 592

4.4.3 Visible spectroscopy

4.4.3.1 feguitniianlglavzunsudduluaniizeandlad

dieddeguialuinnnsganfuunaduyiainuenindy 400-800 nm  Iagld
wellansdewiu  (transmission) tednwinisilasunlasszaundsuresdidnnsouly
lavglosou wualnniunisaendunaaesmianiienalossuvadlansunsuddusiieg Ty

al 6§ o eglj Q. P 1 aa a d' = T~
an1izeandladaal awnnunispanfiuuasiididaves Crglass wandlugun 4.6 Fawudia

A a d‘ a a U v

NIYANTULAINANNENIARY. 443 nm Uag 616 nm INAIINNSWAIUTEAUNGINUYDS
a X = 3 q | P q q q
ddnmseuananueiiv dslunsalvey O 1 0u Ay TWdanuenssiu T (F) uaz T,(F)
AUAINU FIUITEURY Raju G Naga wavmuy [22] &uA1g9lLA ZnO-ZnF,~B,0; 7lie

v a ° A o & | A aa a 3+ N
W?ﬂiﬂﬁlallﬂlll@@@u W'UﬁnLLWUQWV’]@LUmﬂillﬂ']ﬁ@ﬂﬂaULLaQGU'NEJ']-'JSULUaSUQQ Cr nudnuldasy

Y
1Y [ a s & 1 v o & 4 4, 4
seRundsnuvesdianaseunanusiuludanuensedu dell Ay —> T (FXE30 nm),

1, 'FX650-670 nm)
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JUN 4.6 avlnasunsganduuastiBilaves Crglass

aUnaunsnanauLEeIlBlaTey  Feglass wandluguin 4.7 Fanuiianis

A a d' a = [y [ a
ARNAULEIVIANENAAR 441 nm  IARANNNTLURBUTZAUNAIINUVDIBLANATIUINADIUY

e

(%

= = = 3+ 6 6 ! £ q q 4 [ a v
wu Fslunsdves Fe lu  ACS) lUdanmuegnsedufio A, ELG) Manuideves

}%

Singh Shiv Prakash wagaale [23] é’qmiwﬁumqm Zn0-Bi,05-B,0; MFemenanlesau

o A 1 = 1 a aa a 3+ A = @ [
‘W‘UG]'WLLVm\‘iWﬂﬁL‘Uﬂmillﬂ'ﬁ@ﬂﬂauuﬁﬂ‘lﬂ\iEJ'J-’J%L‘U@GUEN Fe NULAALUAYUTEAUNAIUVD
6

£y [

fidnnseuainanuriulugantusnasdu el “AS) —> "A(G), E,G) (428 nm)

1.5

Absorbance

0.5

400 450 500 550 600 650 700 750 800
Wavelength (nm)

JUT 4.7 aldneunisganauuasinitiiaves Fe-glass
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aunefumsganfunanididaves Co-glass wandluguil 4.8 Fanudianig

A = = a a LY [ a &
AANAULENVIANUENIARE 542 nm  NAANNNTHURUTEAUNAIIUVDIDANATIUINNFD UL

Y
¥

= 2 4. 4 | v 4. 4 ] 1 a
Wiy Fslunsdlves Co WWu T (P Wdamuznszduiie T (P) dwiindug s

dl s U a 09.}1 % d’l 4 4 1 ¥ ! U dg’
WaguuUassgiundeny  legdigadsduamnaniugiiu T, (F) Tudanuenseausineg  dadl
q qa 2 2 [ a v
A F) (592 nm) thag T1,(G) (642 nm) A991UIEVBY Rao T. Raghavendra asAnuy [24]
duareiuiiweanladedvatsniiilemelaveadlosey  nudurusiinaiUnasunisganau

1 a aa a 2+ A d' @ [ aa & !
eI UAUDY Co ‘VILLE‘WNL"lJaEJ‘N?%ﬂ‘U‘WﬁN’]u‘U@\‘1@Laﬂ@i@u%qﬂﬁﬂqugwu‘lﬂQﬁiﬂu%

Y

nszdu fall TP — To'PX630 nm), Ax'FIB85 nm), “T1.(6) (527 nm)

2.5

TR A, P
TP — T, (6)

1.5

TR —T,CP)

Absorbance

0.5

400 450 500 550 600 650 700 750 800

Wavelength (nm)

JUN 4.8 arlnasunsganduuasrdgilaves Coglass

aUnaunsgandunasdildiiaves Cuglass uandlugun 4.9 Fanwuiianis

A a dl' a = [y [ a
ARNAULENVIANUENIARY 770 nm  HNAINNNITLURUTEAUNAIIIUVDIDANATIUINNFN UL

Y
1

A = S 2 2 [} Y A 2 v a o
fu Gelunsdves i WBu ED)  Wdaousnsziufie ToD)  fwuideves
Rao L. Srinivasa wagAmy [25] daAs1gituia Li,O-MoO5-B,0; MiiemeansUilaslessuy wu

[ 1A [ = ! a aa a 2+ = a 1Y [
GﬂLL‘V]‘LNWﬂﬂL‘Uﬂ151ﬁJﬂ'WiaﬂﬂaULLﬁQ%QQQ'}-QGﬂLUaﬂJ@Q Cu NULAAALUAYUTEAUNFINUVD

“B1—> “Boo(748 nm)

£y [

didnaseunanuziiuluganiuenssiu fadl



44

3
28 |
&
26 | &L
. 1
2z
22 | o
§ &
] 2 -
0
S
2 18
2
16
14
1.2
1 T T T T T 1
400 500 600 700 800 900 1000
Wavelength (nm)

JUN 4.9 awnasunsganauuasdiaididaves Cu-glass

awnefumsnanduiasiitlaves Nd-glass LLamaIugﬂﬁ 4.10 Fanufinns
@mﬂﬁuumﬁmmmmﬁ'u 431 nm HeanmsUasusERUN 1 ueIdiinasounInanue
fu Fddunsdlvos Nd By T, Tudanugnsziupe °py, dufindug ansidsunyag
seiundeny  Ioefigesaduamnaniusiu (i) ldamusnasdusneg  fel Gyt
’Kysyot+ Dapt Gyyo (G72000), Go o528 ), ‘Gop(576nmM. ), "Gsn(585nm), “Hyy,x(618nm),
"Fo(6770M) 1% oyt Sy (7430M) Seanuaeves Pardo JA. uazan [26] duas1euia
0.8CaSi05-0.2Ca;(POy), - Midemeilonilonlonounazooiifolonoy  wusumisiia
awnasumIganaunasigiandaves Nd™ Akansudousedundsnuyesdidnnsouain
amuzﬁ’ulﬂﬁamuzmzéju el 4Ig/z —> 4D3/2 + ' vy + 2|11/2(355 nm), 2P1/2(4352 nm),
2K15/2 + 2G9/2 +2D3/2 + 4(311/2 (469 nm), 2K13/2 + 4(37/2+4G9/2(524 nm), 4(55/2 + ZG7/2 (584

nm), ZHM/Z (630 nm), 4F9/2(683 nm), 4[:7/2 + 453/2 (747 ﬂm), 4F5/2 + 2H9/2(8O4 nm),
°F,,,(880 nm)
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JUN 4.10 anasun1sganauiatIlgidares Nd-glass

aUnafunsgandunasiiidilaves Erglass wandluguin 4.11 Fanwuiianis

AANAULENTIANYIARY 365 nm NAINNSIUAUTEAUNSINUVBIBLANATOUIINADUY

Y

(% !
= =

= 3+ q ] £ 5 1 oA a a
i alunsdlves Er ' AUu s, WaaousnsyRupie "Gy, dauiindus inan1sdsuwla
Y] Y] S v & q | v o &5
seRunds Tngdiganaduainannueiy (1s,) ldaniugnsedueineg fall "Gy,,4(378 nm),

?Ho,(G07 nm), “Fe st Farp (452 n), Fa0(a89.nm ), “Hyy o (521 nim), S,y (566 nm) uas

[ 1%

4 o a v o aa & v
Fo/(651 nm) $9911338u89 Sharma Y.K wazasy [14] daasizinillealadddinaiose

a

= o 1A U A 1 a aa 3 dl
wositunlessu anl,mmwmmﬂmsumﬁ@mﬂauLmeaga-mmamaq EI’Jr NLENINIT

(%
LY v

a ) Y a & | q 5
WaguszAundsuredidnaseudindausiiuludaniusnseiu Ml s, —>  Gou(365

nm),5611/2(378 nm), 2H9/2(462.8 nm), 4F5/2+ 4F3/2 (4998 ﬂm), 4F7/2(53O.5 ﬂm), 2H11/2
(576.0 M), S5, (592.5 NM), "Fo,(632.0 nm) wae 1y,,(688.3 nm)
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JUN 4.11 alnasun1sganauikaddIaldiiaved Er-glass

4.43.2 @apgaudafiionas CuO, Fe,0, was CuO+Fe,0, ludn1zaand
laduagifiad

WiATidese CuO, Fe,05 uway CuO+Fe,0, luanmzeendladuaysimg 1
anwaueiiukadlianansohuianisgandusaduyingidalaeldvaidanisdosiu la uasld

Wiegdlvinmeinisganiusasingld Attenuated visible spectrometer wiiliiusingiia

ParunsanuIesizile

4.4.4 Raman spectroscopy
WotAeg19wn? -~ Cu@)  lAwmsigsimemadasiunuaz laangsusiuiueed
Cu(4) siagu 4.12 (n)

6000

623

5000

i i
meurity 410

Raman Intensity
Raman Intensity (a.u.)

g

100 200 300 400 500 600 700 800 T T T T T T T T
100 200 300 400 500 600 700 800

Raman Shifi (em™)

() Raman Shift (cm™) ()

JUN 4.12 ardnasusiunuees (n) deegewis Cud) (9) Cu,0 (cuprite) [15]




ar

' a . A o ' = @ -1 -1 -1

WU Culd) A1 Raman shift MeNlrUevagaanAnIny 213 cnm , 410 cm , 492 cm
-l o= £4 LY ! . . g

Way 623 cm FIADAAABINUAT Raman shift ¥09a1901019971U Cu,O (cuprite) [15] #9gU

4.12 () Mnawnesuses Cu@) undngudieduduiteuniadunsfinssasegly

wsngwidy Cu,0

4.5 nsAnwanasunsaanaussdiand (X-ray absorption spectroscopy)
4.5.1 X-ray Absorption Near Edge Structure (XANES) vasfangniafidafe

Tavzunsudtuluanizeandlad

MRzt uisemaian X-ray Absorption spectroscopy (XAS) iiai
ﬁaaéwqﬁLm'%amlﬁmi’mamﬂm%’uﬂwsamﬂﬁu%’qﬁLﬁﬂ%'iusdaﬂ X-ray Absorption Near Edge
Structure (XANES) wasiaa819ufnddet fhaghauda Crglass awinganduisdiindluris
XANES w93 Cr Tutu K-edge ldlnimauiifingssnu 5989 + 02 ev Ins¥alulvuavzasu
(Transmission mode) | uazthdoyafildaniianyyidnalusunsa Athena agld  XANES
spectrum fid 2 E‘LJLL‘UU Ao Normalized Spectrum wae First Derivative Spectrum G‘Tﬂgﬂ‘ﬁ'
4.13 sanunsavanuduves Normalized Spectrum LLazﬁWmeqaqmm First Derivative
Spectrum L‘ﬁamwé’wumawaumi@mﬂ%u (absorption edge) w84 Cr-glass LEUAUATS
1A351U Ae Cr foil Uag Cr0s AInIS14N 4.4 9NNIFATWINUT Creglass TNdauves
YouMIgAnaY Wty 5999.41 eV AslndiAesivansunmsgiu Cr,0; Amdsnuvesveuns
AANAUWAY 5999.70. eV-wansin Cr-glass i Chromium ion aglugy Cr' Wwidedfiuans
19351 Cr,0; Faaenpdeifiunaildanmaiia Visible Spectroscopy ﬁizqt,mumi@mﬂﬁu
LAY Cr WiaIn XANES spectrum LUy First Derivative %U'ﬁﬁﬂﬂaﬁﬂwmaﬁmmm R
Huveunsganduveslasideniifiavesntinduduafinavegiu ¢ usliesarnisilaifans
wnsgIudugveslaslenfiazthiasaiiengishemada  XANES  dldannsaszyia

a U dll a ¥
pondintudusvadlasiiiouls
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w Cr-glass

c
S
5 Cr-glass
§ [
2 / Cr,0, 2
® g
k| Cr,0, z
= a
£ %
2 ‘/—/\/ Cr fol NR’\/\’ELOIL -

5970 5990 6010 6030 6050 | 5970 5990 6010 6030 6050

(n) Photon Energy (eV) (v) Photon Energy (eV)

gﬂﬁ 4.13 XANES spectrum 984 Cr-glass Aua5ansgau Cr foil wag Cr,0;

(M) Normalized Spectrum (%) First Derivative Spectrum

FN5197 4.4 FUMUIaUNIRANEUSIEONg8s Crglass AUANTUATFIY

pbENie AunsveUMIRANGU (eV)
Cr foil (@133101397U) 5988.91
Cr,05 (@1301019571) 5999.70
Cr-glass 5999.41

o =y

g Fe-glass 9z Inganaussddndlugas XANES 03 Fe Tutu K-edge 7
Ilppuniingsu 7112 = 0.2 eV lpgdalulmmneguiy (Transmission mode) wagi
Toyanlauniiaszvimelusunsy Athena Wulfiediu agle XANES spectrum 2 JULUU g
JUN 4.14 Tegnuitly Fe-glass funiavasvaun1sganauegi 7122.64 eV Wguiuans
1INIFIU A Fe foil, FeO, Fe,05 way Fes0, fIns19N 4.5 FellpnlnaiAssiusunisuau

2 ' I3 Y 3+ =
NIRANFUYDIATIINTEIU Fe,0; (7123.32 eV) uansinmanluuiiunngluguves Fe™ @

donmapIiuNaTeunAlln - Visible  Spectroscopy — MiNT1sUABULUaITEAUNANIUTDY

a 3
Sianasoulu Fe
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A Tt

Fe;0,

S FeO
Fe foil

First Derivative

Normalized Absorption

[ N,
7100 7120 7140 7160 7180 | 7100 7120 7140 7160 7180
o) Photon Energy (eV) (W) Photon Energy (eV)

gﬂ‘ﬁ 4.14 XANES spectrum U949 Fe-glass ﬁumsmmgm Fe foil, FeO, Fe,O5 ez Fe;0q4

(1) Normalized Spectrum (%) First Derivative Spectrum

a o 1 A vaa s LY
$135191 4.5 91’1LL‘ViuQGUE]‘Uﬂ?i@ﬂﬂﬁﬂi\‘iﬁl@ﬂ"ﬁ%@ﬂ Fe-glass AUAITUINTZU

A0E1M Aunsvaunsganau (eV)
Fe foil (671311013971) 7119.53
FeO (d13191331u) 7118.62
Fe,05 (13171919571W) 7123.32
Fe;0q (#713179155711) 7120.81
Fe-class 7122.64

fegauia Co-glass v ingandnssdiandluyia XANES v Co Tud Kedge 7
Tilnmouiiiingaanu 7708 + 0.2 eV lagdalulnuevzasiiu (Transmission mode) uagti
Toyafilduriiasziselusunsu Athena uidiodfu azld XANES spectrum 2 JULUU #id
Ul 4.15 Taewuiily Co-glass fumiswesweunsganduegdl 7716.11 eV  ifisufiuans
103511 A Co foil, CoO, Cos04, Co,ALO, kag CoSiO; K199t 4.6 FedlendilnaiAeeiu
FRALIYUNIIAANTUVBIANTUINTTIU  CoALO, (7717.29 eV) wansdlasuaamiuui,
Usngluguves Co” Fsapnndastunaveanaiia Visible Spectroscopy fifnsiudsunyag

U [ a 2+
sgaunasuresBlanaseulu Co
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Fiaat Co-glass
I/ s | | N

) CoALO,

— |

7t CoO

First Derivative

ot Co foil

Normalized Absorption

7680 7700 7720 7740 7760 7780 7800 | 7680 7700 7720 7740 7760 7780 7800

o) Photon Energy (eV) () Photon Energy (eV)

gﬂﬁl 4.15 XANES spectrum U843 Co-glass ﬁumsmmgm Co foil, CoO, Co304, Co,ALO,

ey CoSiO; (N) Normalized Spectrum (%) First Derivative Spectrum

a ° 1 A o ad s Y
M3 4.6 GﬂLL‘ViuQGUE]‘Uﬂ'ﬁ@@ﬂﬁu%‘iﬁl@ﬂ%“ﬂaﬂ Co—glass ﬂ‘Ua'ﬁll'Wliﬂqu

UPLERNITP) AumsvauMsRAnaU (eV)
Co foil (@17u%35U) 7710.1
CoO (#13U71913571) 7720.32
Co30q (@1311n331) 7720.94
Co,ALO, (#171IM5U) 7717.29
CoSiO5 (@131M3F 1) 7720.58
Co-glass 7716.11

egauia Cu-glass aeingandusadidndlugas XANES w3 Cu Tud K-edge 7
Tlimeuiiindsny 8979 + 0.2 eV laefalulyuemzasiiu (Transmission mode) wazth
Foyafilduiinsziselusunsu Athena uifioatu azld XANES spectrum 2 JUlUU #is
Ul .16 Taewuiilu Cu-glass sumisvaswaunisganduegil 8981.26 eV Ifivufuans
1S Ae Cu foil, Cu0 uay CuO fams1eil 4.7 afldumisvounsganauegsening
a1511m337U Cu,0 (8979.98 eV) way CuO (8983.61 eV) uansimeuiesluuiiunnglusy
¥os Cu' war Cu’ FeanwnsamUiinuuaziavesndiniuindsvesnsyieslossuilegly
Freghauialdanaunsi (13), (18), (15) [17] Taenuin Cu-elass SUSuas Cu” wnndn cu”

LazlaveandntulnaeesneUiussyindu  1.35 uanwnenis1en 4.8 nisiin Cu+ Tuwi
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Cu-glass @0AARDIAUNUITEUBY Kaufmann Juliane way Christian Russel [5] la@nwnns
aeuumlgalalddineiidemenstilesoonlen  wualusyninensrasuuindnsiig
gaumniaviineenlenainnisaanefiivesdan Fuluawsiiiansiuasuulanay

ponTaturesneUivaslonsululiuanIniaunsn (12)

2+ 2- +
4Cu + 20 > 4Cu + 0, (12)
S P N
CuO
Cu,0

L v
2 2
3 Cu foil . Cu foil g
-é‘ u foi u foi %

o
el o
L1 I3
N £
= w
o
E
5
z

8960 8980 9000 9020 9040 | 8960 8980 9000 9020 9040
(n) Photon Energy (eV) @) Photon Energy (eV)

g‘d‘ﬁ 4.16 XANES spectrum 284 Cu-glass Nua131195§14 Cu foil, Cu,0 ag CuO

(n) Normalized Spectrum (%) First Derivative Spectrum

Ql' o 1 A vaa ¢ [
13190 4.7 GHLL‘VI‘IN“U?]Uﬂﬁi@@ﬂﬁ‘l«l’iﬂﬁl@ﬂsﬁ U3 Cu-slass AUAITUINTZ Y

AIDE19UA7 Auntisraunsganau (eV)
Cu foil (@3u1913§71) 8979.09
Cu,0 (@151191357U) 8979.98
CuO (a1711713571) 8983.61
Cu-glass 8981.26
AE of sample
% of Cu* = 1 P2 x100 (13)

AE of Cu*and Cu?

AE of sample
AE of Cu*and Cu?

% of Cu?* = [ jxlOO (14)
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AE of sample j+2x( AE of sample j (15)

lavepnIatuLade =| 1—
( AE of Cu* and Cu® AE of Cu*and Cu®

A15991 4.8 LlaveendinduladevesneUileslosoulusiiognsnii Cu-glass

Fregaui | *AE of sample | *AE of Cu”™ | %(Cu’) | %(Cu™) | aveenfinduiade
(eV) and Cu’ (eV)

Cu-glass 1.28 3.63 64.74 35.26 1.35

*AE A9 AAIULANANTENINNAINUAA U UNITAANEY

fegaua Nd-glass azingandussddndlugag XANES vos Nd Tudu L3-edge
Aldlnmounindsnu 6208 = 0.2 eV lnginluluuanzauiu (Transmission mode) wagi
Toyanlauniasevimelusunsy Athena wuliedfiu agle XANES spectrum 2 JULUU Aig

JUN 4.17 Tagnudily Nd-glass siunisuasaumsannaueei 6213.82 eV gadleilndifes

Y

v o

MUAUMUSYBUNTAANAUYBIETUINTTIN Nd,05 (6213.16 €V) a1l 4.9 Uanadn
A A Y 3+ = Y 'y a L. Ao
Wemlledluuiiusnglugdves Nd " Heaenndesiunavaanaila Visible Spectroscopy il

= Y (Y] a 3+
fﬂ'ﬁL‘UaEJ‘L!LLUaﬂi%@U‘Wﬁ\N']U“UEN@Lﬁﬂmi@iﬂu Nd

c
0
=
g
2 Nd-gl.
2 -glass v
< Nd-glass 2
° ©
9] 2
= ©
© [a]
£ Nd,0, %
2 i
Nd,0,
T T T T T T
6180 6200 6220 6240 6260 | 6180 6200 6220 6240 6260
n) Photon Energy (eV) () Photon Energy(eV)

'gﬂﬁ 4.17 XANES spectrum ¥84 Nd-glass nuasunnsgu Nd,0,

(M) Normalized Spectrum (%) First Derivative Spectrum
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15197 4.9 sunisraunsganaussdiondues Nd-glass Auansuinsgiu

PLERNIT AUMUYBUNIIAANGY (eV)
Nd,O5 (@150115511) 6213.16
Nd-glass 6213.82

(Y I

fee 1w Er-glass 9 Tnganaussdiondluyas XANES 989 Er Tutdu L3-edge
Tlpouniingsnu 8359 + 0.2 eV lagdnluluuanzauiy (Transmission mode) wazi
Toyadlauniasevimelusunsy Athena wuldediu agld XANES spectrum 2 JULUU fig

JUN 4.18 Tagnudily Er-glass AumnavasveUNsganauegi 8360.74 eV FadAlndifies

Y

v o

ﬂ‘UG\’]LLVILi\‘i“EJE]‘Uﬂ’ﬁ@ﬂﬂﬁU‘UE]x‘iﬁﬁll’Wﬁg’lu Er,0; (8359.68 eV) #9m1571991 4.10 W&l
& £ 3+ = o [ a .. Ao
wosilauluwmusinglugures Er Gsdennaeiiunaveanaila Visible Spectroscopy #1il

= Y [ a 3+
nsilasuLlasssAuNasIuYasdlannsoulu Er

c
]
=]
o
o] ]
§ Er-glass 2
- Er-glass _g
5
T’g b
5 Er,0, i
=
_J\/\ﬁ—\
T T T T T T
8340 8350 8360 8370 8380 8390 8400 gaa 8360 8380 8400
(n) Photon Energy(eV) (@) Photon Energy(eV)

gﬂ‘ﬁ 4.18 XANES spectrum ¥84 Er-glass fUa151195§14 Er,05 (n) Normalized Spectrum

() First Derivative Spectrum

a o 1 A v A s LY
#1319 4.10 GﬂLL‘VI“INSUEJ‘Uﬂ’]i@@ﬂﬁﬂiﬁﬁl@ﬂ"’d%@ﬂ Er-glass AUAITUINTZU

H9819hN2 AuaraUNIRANGU (eV)

Er,O; (81701015571) 8359.68

Er-glass 8360.74
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4.5.2 X-ray Absorption Near Edge Structure (XANES) %aaﬁ”wﬂwuﬁ'aﬁﬁaé’w

CuO, Fe,0O; waz CuO+Fe,0, ludniazaandladuassinag

4521 XANES v84 vasfiegauifideses Cuo

Fothdedadess  Cuo  wealdninadnasumsgandusedidndlurag
X-ray Absorption Near Edge Structure (XANES) ¥84 K absorption edge w83 Cu il
Trlnouisingsan 8989 + 0.2 eV Ineialulvmanzgru (Transmission mode) wénihtieya
flduiiasgisnelusunsy Athena Wuieafu azls XANES spectrum #sgudl 4.19 wu
feghaui Cu(1), Cu@), Cu3) uaz Cu@) fdumisvesounsganausedl 8981.26,
8981.17, 8980.97 war 8980.96 eV gua1siu lagtuiiguivaIsunsgIu As Cu foil,
Cu,0 way CuO Fsnseil 411 Asihegufnaiidwmiswemweunsganduegsewing
ALYV UNNTAANAUVBIANTUINTTIY Cuy0 (8979.98 eV) Uay CuO (8983.61 eV)
wanairneuesluuiusnglugves - Cu’ uae cu” - Busansamuinauasiay
aaﬂ%m’fumﬁaﬁuamaﬂLﬂaﬂaaauﬁaq"luﬁuaeimtﬁa Isanauntsdl (13), (14), (15) Wty
f19e19 Cu-glass WU Cu(1) FUSuas Cu’) cu’ naziaveendinduaisvesnetileslonau
Wifusaegs Cu-glass tifasnndaegne cu(l) Sinsuasuuifiannsdeituiuiesns
Cu-glass 39l Cu(l) fmsiAsunatiareonBmiuseminnssuiunsvaouuie iy
diusegrania Cu@), Cul3) wag Culd) TUTuias Cu’” ag”imﬁuﬁu%mﬁmﬁwﬁ’u Cu(l) @
ArannsiUasunUanaveendinduseminnssuatnisnaessiuiedtu Cu(l) waznis
G AL Tuuf agtaeliuasu o’ Bu cu” undu aenadesiuamiddoresisgn yadia
wazAmy [27] wul1 Al agdey cu” el Fwandluaunsd (16) warluseninanis
viaey Al §aanansasindu 0, 18y ALO; fauandluainIsi (17) Fwstredineonladlunis

NaRuLAL AIEunsN (12) Alananalidnamnu

3cu” + AL © 3cu + AL (16)

aAl + 30, € 2AL0s (17)
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9040

UM 4.19 XANES spectrum 98388139umiildanig Cul fuansunmnsgu

(n) Normalized Spectrum (%) First Derivative Spectrum

AN9197 4.11 shuntareun1sganaussdidndvedinegisuiafidame CuO uay

#3119
PhEgtie ALNLIYEUMIRANGU (eV)

Cu foil (#1301%1951U) 8979.09
Cu,0 (@1317%351U) 8979.98
CuO (@15u191357U) 8983.61
Cu(1) 8981.26

Cu(2) 8981.17

Cu(3) 8980.97

Cu(4) 8980.96

55



56

A15197 4.12 aueanTntuasrednaliuastoaulufagnannifiianie CuO

fog19 | AE of sample | AE of Cu”’ and N ., | taveRNTATY
y . %(Cu’) | %(Cu™) )
N7 (eV) Cu (eVv) \aae
Cu(1) 1.28 3.63 64.74 35.26 1.35
Cu(2) 1.19 3.63 67.22 32.78 1.33
Cu(3) 0.99 3.63 72.73 27.27 1.27
Cu(4) 0.98 3.63 73.00 27.00 1.27

4.5.2.2 XANES 989778819u137L38038 Fe,0;
dlethdegadeniy  Fe0; Mmsuulduninanasunispandusadidnglugas
X-ray Absorption Near Edge Structure (XANES) %84 K absorption edge w83 Fe #ld

Trpeuningdsnu 7112 = 0.2 eV lnginlulnunnzariu (Transmission mode) winideya

=

flduiiaszisnelusunsy Athena wudendu 1@ XANES spectrum 2 JUuuy fagy
4.20 WUAIBE19wN Fe(l), Fe(2), Fe(3), Fe(d) wag Fe(5) :ﬁ@‘hLLmeawaUﬂﬁ@mﬁuagjﬁ
7123.20, 7119.31, 7119.01, 7119.01 uway 7119.01 eV ANUAIRU IRgTNUABUAUANT
1IM3F1U D Fe foil, FeO, Fe,05 haz FesO, FanT197l 4.13 Fasegesinaniimuniwes
YOUNINANTUDY TENTNAMINYRIVBUNIYANTUVEINTUINTFIU FeO (7118.62 €V) Uay
Fe,0; (712332 V) uansiwmaniunfusnglusves Fe” uway Fe” Gaumanusam
‘U%MﬂmLLa3La“UEJEJﬂ“TILWfIJuLagEJGUE]\TLﬂﬁﬂVL@EJEJuﬁE]Eﬂu@f’JEJ‘Ej’NLLﬁ’J Ignaunisii - (19), (20),
(21) wazldnadmisned .14 wuan Fe(1) SiUSina Fe” winnin Fe”" Fufnannidsuutas
Fe Wy Fe™ antioelusewinanisvesuudl §aeg1s Fe(2), Fe(3), Fe(d) uay Fe(5) i
Usunad Fe' wnnan Fe'  iilesannifinarnnisidaou Fe' Bu Fe” Tuseninaniswaeuuia
waznsiiy Al 9sgaeld Fe'' waswlu Fe”' wnntiu uansiiaunisi (18) dainludnuas
Renfunuiddeesivg) yyiuwazaug [27)

3Fe” 4 AL © 3Fe” + A



Normalized Absorption

Fe foil

=

7180

7140
) Photon Energy (eV)

7160

Fe(5)

Fe(4)

Fe(3)
Fe(2)

Fe,O,

FeO

2L iedse

Fe foil

7100 7120 7140 7160 7180

(1) Photon Energy (eV)

First Derivative

UM 4.20 XANES spectrum 9848g1auiIiaene Fe,0; NUaNsuInsgu

(n) Normalized Spectrum (%) First Derivative Spectrum

a ° ' A ua & 6 o 1 Y A v
M15199 4.13 9]']LLWUQ?J@Uﬂ']i@J@ﬂﬁUiQﬁL@ﬂGZIGUE]\WYJE]EJ'NLLﬂ’JV]L"\]E]W'JEJ Fe,Os hay

A13UINIFIU
PLIENIE! Auntlsraunsganau (eV)

Fe foil (@131191311) 7112.41
FeO (@sumegu) 7118.62
Fe,O5 (#1311713§71) 7123.32
Fe;04 (#1301919571) 7123.79
Fes0q4 7120.81

Fe(1) 7123.20

Fe(2) 7119.31

Fe(3) 7119.01

Fe(4) 7119.01

Fe(5) 7119.01
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AE of sample
AE of Fe** and Fe*'

% of Fe?" = (1— )xlOO (19)

AE of sample
AE of Fe*" and Fe**

% of Fe®" = ( jxloo (20)

AE of sample j+3x( AE of sample j (1)

laveendndulade = 2x| 1—
( AE of Fe*" and Fe** AE of Fe** and Fe**

A9 4.14 USunauvanlessunazAaasaveandindulusiegnauifiens Fe,0;

_ . |aEofsample| AEof Fe ). .. | aveendindu
fogauin . % Fe % Fe .
(eV) and Fe” (eV) LAY
Fe(1) 4.58 4.70 2.55 97.45 2.97
Fe(2) 0.69 4.70 85.32 14.68 2.15
Fe(3) 0.40 4.70 91.49 8.51 2.34
Fe(d) 0.39 4.70 91.70 8.30 2.08
Fe(5) 0.39 4.70 91.70 8.30 2.08
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4523 XANES wasshoehauiiidosns CuO+Fe,0,

Sothdediauiidesmes CuO+Fe,0, Mwsoalduninawnniunsgandused
\Onglutae X-ray Absorption Near Edge Structure (XANES) Tu K absorption edge ¥84 Cu
uay Fe fililnouindaanu 8979+ 0.2 eV uay 7112 = 0.2 eV muddu lngialulvua
nggey  (Transmission  mode)  udhdeyafilsuniianeidielusunsy  ATHENA
Aoy azld XANES spectrum 2 JUMUU fagufl 4.21 uay U7 4.22 suddu uazsa
VDIUNUIVDIVOUNIAANGUFIBEMAT  Cu-Fel, Cu-Fe2, Cu-Fe3, Cu-Fed, Cu-Fe5,
Cu-Fe6, ansumsguaeUiles wazansunss uman uansinsiedl 4.15 fegiuihn

éﬁﬂdnﬁﬂaﬂLﬂaﬂaaauuazmﬁﬂlaaaumamﬁ’uaa L1 IUEANIITUF L RUIVDIVDUNNT

Y
£

annAusognauiaisuansunasgiuia 2 ga fil

1LAMUWMIYeIUaUNIAANGUYBIRIRE NI UAvasuInsguAedives
2EI¥NINWIUNUIVRIVBUNIAANEUYBE Cu0 (8979.98 V) wag CuO (8983.61 eV) uand
Iireueslossuluuiiunnglusives Cu' uay Cu'ansamUiinavesreuies
Tovauldann aumsii (2), (3), (@) wayldnanseasdsinsnsi 4.16 wuindiegns Cu-Fes 1
USina Cu” annndndedns CuFel Gehadhais 2 degne wilsumnanmgnisviasy
Aoy uwiilosdne Cu-Fes inside CuO TuuSiuaiitey wavide Fe,0, TulSunamnnile
Feufuaegna Cu-Fel Faduanvel o™ Tusfeene CuFes Waswdu cu” wnnfu dw
§10819 Cu-Fe2, Cu-Fe3, Cu-Fed, Cu-Fe5 way Cu-Fe6 fivsuna cu’ wnnin cu” dadu
NALNANMTUALUAVEONTATUTE 9N anaRNLT Waynsifu Al

2 fUntisreIaunIsannauiuTesiag suiafina 1nu e uasunsgIuman

NUILADYTENINA N UIVBIVOUNITAANG LYY FeO (7110.73 eV) uay Fe,0; (7113.12

Y

LA v 2 3 a
eV) wanyidmdnlessulunisngluglaes Fe” uas Fe awnsamu3unaveanan

losaulaann aun1si (7), (8), (9) warldNan1NAaBIRINISI9N 4.17 WUMI8819 Cu-Fel way

1 A

a 3+ v (9] a { a é’ Y] ]
Cu-Fe5 dUsunau Fe” TnalAssiu wanainnisiae Fe,0; Muusinaiiindulufiegns Cu-Fe5
v ¥ o v 3 a 2 1 Ao o @ ' ) !
Lailgvinler Fe™ Waswlu Fe™" agrailifoddny dausdieds Cu-Fe2, Cu-Fe3, Cu-Fed, Cu-
A a 2 ' 3+ = a a ) '
Fe5 wag Cu-Fe6 JUSuna Fe™ 11nnin Fe - dadunaunainmsiasuaveandndusening

ASRRBULNT LATNNTAL Al
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Normalized Absorption
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ﬁ
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N e
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First Derivative
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9040 | 8960 8980 9000 9020 9040

Photon Energy (eV)

=

(v

JUN 4.21 XANES spectrum ¥84638810uMidenig CuO+Fe,0; fiuasuinsgiuneuios

(A1) Normalized Spectrum

(%) First Derivative Spectrum

Normalized Absorption

Cu-Fe6é

Cu-Fe5
Cu-Fed

Cu-Fe6é

o) Photon Energy (eV)

___/\/
Cu-Fe3 - W
//\_;7 ——/\/W
Fe304 J\ ,/W‘
S ="M ,‘J\,\/-/'\/—/‘EAL—
FeO N/\\\A/\’_/FE&_\
Fe foil _/_/\’\/\/,_/F—eo\
7100 7120 7140 7160 7180 | 7100 7120 7140 7160 7180

Photon Energy (eV)
()

U7 4.22 XANES spectrum vasaagnauiniiione CuO+Fe,0; AUaITUIASEILLNAAN

(1) Normalized Spectrum

(%) First Derivative Spectrum

First Derivative
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A o 1 A vaa 1 LY 1 Y A v [y
#1319 4.15 ANVUITBUNIINANAUIIEDNYYBIAIDYNLUNINIBAIY CuO+Fe, 05 NU&aNT

WnsIuAUUDLaZENTIIRSEIUMEN

pbEgNIe FWVLITOUNIANGUTDY | AIWIYBUNIIRANALTBLIEN
AoUas (eV) (eV)

Cu foil (#1311%1951U) 8979.09 =
Cu,0O (A1301915571) 8979.98 =
CuO (81711%351U) 8983.61 -

Fe foil (#1331101951U) - 7112.41
FeO (@3u1n3g1u) 7 7118.62
Fe 05 (81301015571) - 7123.32
Fe;0q (@1311%355711) - 7123.79
Cu-Fel 8982.48 7122.11
Cu-Fe2 8981.20 7118.81
Cu-Fe3 8981.06 7118.84
Cu-Fed 8980.22 7118.95
Cu-Feb 8981.42 7122.12
Cu-Feb 8981.22 7118.75

AN5197 4.16 UsunaureUiuasioasunazanadsavraandmtuludliognaiiNiianie

CuO+Fe,04

§oge | AF of sample | AE of Cu”and | Cu oxidation . ’

10 (eV) Cu'(eV) state L
Cu-Fel 2.5 3.63 1.69 31.13 68.87
Cu-Fe2 1.22 3.63 1.34 66.39 33.61
Cu-Fe3 1.08 3.63 1.30 70.25 | 29.75
Cu-Fed 0.24 3.63 1.07 93.39 6.61
Cu-Fe5 1.44 3.63 1.40 60.33 39.67
Cu-Fe6 1.24 3.63 1.34 65.84 34.16
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P399 4.17 USunauwianlossusazanadsiaveandwtulusiegiawiifiidome

CuO+Fe, 04

#0819 | AE of sample | AE of Fe” and ) 5

. s oxidation state | % Fe % Fe

WA (eV) Fe  (eV)

Cu-Fel 3.49 4.70 2.64 25.75 74.26
Cu-Fe2 0.19 4.70 2.18 95.96 4.04
Cu-Fe3 0.22 4.70 2.19 95.34 4.68
Cu-Fed 0.33 4.70 222 92.98 7.02
Cu-Feb 3.50 470 2.76 25.53 74.47
Cu-Fe6 0.13 4.70 2.01 98.75 1.25

4.5.3 Extended X-ray Absorption Fine Structure (EXAFS) vasfiaagnaufiafiie
f28 CuO, Fe,0; Waz CuO+Fe,0; ludn1azeandladuazsnad
4.53.1 EXAFS 989 v8dfeguiifiions Cuo

Woth Cu(l), Cu(2), Cud) uaz Cul@) wndaaiunasumsganaussdidndlusas
Extended X-ray Absorption Fine Structure (EXAFS) 984 K absorption edge ¥8¢ Cu 7
Tlimeuiiindsnu 8989 + 02 eV lngialulnuanzasinn wdnihdeyadilduninmeisne
Tusunsy Athena mintutideyauriiasisvinefelusunsy Artemis uaznniilnandeya
wAn (crystal data) ved Cuprite (Cu,0) ka2 Tenorite (CUO) MAIATALARluGIBE1ILAY

dm3ulaseasreves Cuprite (Cu,0) uaw Tenorite (CuO) uanslugui 4.23 uazguil 4.25

copper (I) oxide

U 4.23 1asaas1aves Cuprite (Cu,0) [28]
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Cuprite [29] flassairsegluszuundngnuiar (Cubic) F99ilsnu a=b=c lngi
AINENIENY a= 4.252 A yu 0=P=y=90° §l space group Ju Pn3m msdaiseeialy
1A59851979n81798Usenaunae  sublattice WUy Body-centered  cubic 8¢ O AU
sublattice WUU Face-centered cubic 484 Cu fidouiuee lnefl sublattice ¥84 Cu 90t
Bosluluuuameusaiy sublattice ves O (Huszes 0.25 vesprmeridunusss tngly
1 unit cell AzUsznaufiey Cu 31U 4 DzRox Uaz O FIUIU 2 BxABY UiAzasnauva Cu
wQNAeUTOUMIEY O 2 Brmay (CN=2) luguuuu linear Uazwsiaz O wQnaeusaUME Cu
13U 4 svpeuluzuuuy Tetrahedral 31ndeyavedlasaianandndid TUsunsuazuan
W9 scattering path maqawauﬁaQé’amamaﬂma%ﬁa absorber Tuudarhnng fit fu
foyadildarnnimaassvesiiegrsui Tnglunszuauns fit 9ziden path 1y single
scattering  wardlAueumagags (osan path ffAuenndgatiosaziinasenn R-factor
(AvsadAfiuonfernmuansssEInlumanazHanisnaRes) tosuin ndsanninng fit
iaSvanysal axldanasi Fourier-transformed EXAFS wpsiiaensufiiiiedng Cuo fagy

4.24

——Cu(2)
====fit

[RIAS)

[1(RI(AZ)

%) R4 o) RiA)

——Cu(3)
-==-fit

[RIA)

[H(RIEA)

()

’gﬂﬁ 4.24 @WnmSu Fourier-transformed EXAFS wagtdu best-fit ¥a960819 (1) Cu(l),

() Cu(2), () Cu(3) waz (9) Cu(d) Lﬁauﬁ'u%’aadaﬁum Cu,O



w&991n fit path 83 Cu(l), Cu(2), Cu(3) war Cu@) Fanamldrmniwmesiia
ﬁqmaﬂmi fit (best fit parameter) A9 R (TeUER19TENINDENDUTOUTNAU absorber),
(AAsTive Debye-Waller), S2 (WeUNAATDINIINTEIRY), AR, (ANLLANAIVBING 1T
YouUMIRANAL), Rfactor (AWsadAnuenismnaLAneeszinslinaLazRANTINAADA)
Yosfhetufn 4 fegns agldnadmnsed 4.18 wuin Amnsdwesiildannnns fit ves
fegnafananilrfleglutasiiseniuldynwminives uasduadnaiuveaufudasietng
AuLdy best fit fAlnalAseiu wansinpelleslessumsdisnifidnvaglaseasnelndifes
MU CuL,0 FaAANusIusEes Cu-0  lushedraufiialndlAsstuaueniiusy

SERINIBENBUVDY Cu-O (1.85 A) v9slAssasng Cu,O [30]

M159 4.18 ANSResNANgAlunT fit Jeyamagnaumiilese Cuo Wisufiuteya

299 Cu,0

A8 W5INMDIVBINIS fit

el Shell Path SS o’ AE, R-factor | R(A)

Cu(l) | Cu-O | 1-path 0.674 +0.048 | 0.005 + 0.001 | 8.737 + 1.368 0.035 1.88

Cu(2) | Cu-O | 2-path 0.844 +0.104 | 0.006 +0.002 /| 8572 + 1.336 0.0155 1.87

Cu(@) | Cu-O | 1-path 0.570.+£ 0.132 | 0.004 + 0.004 | 8.898 +2.362 0.0331 1.85

NN NN Z

Cu(d) | Cu-O | 1-path 0.446 +0.100 | 0.001 £ 0.004 | 9.061 + 2.177 0.0135 1.83

nuewe Afeglugisngensuldvesmisiiinessineqiinal S2(0.7-1.2), AE, (-10 - 10 eV),

R-factor (<0.05), (> 0.003)

copper (II) oxide

JUN 4.25 159519909 Tenorite (CuO) [28]
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Tenorite [31] lassai1segluszuundnlaluaddn (monoclinic) Gaaedidnu
azbzclpeflmuendiu a = 4653 A b = 3410 A c = 5.108 A W o = 90°,
B =99.53°, v = 90° § space group 18w C2/c &slu 1 unit cell avdsznaude Cu S1ua 4
P¥RoN WAz O 91U 4 8RN UAArerAaNvedsty Cu Awgnasuseauriy O 91U
4 aypoulusunuy Tetrahedral (CN = 4) uazusinzanauveds® O wYNABNTBUMIY Cu
I 4 avpeulduiediy INTeyavedlasiasiunanding1d JUSLNTHATUANUAY path
s udwihnis fit fudeyaiildanmananosmesiegnaui udminiinig fit fogaufn
Wisuiu path vesluwa CuO azlaailnmsu Fourier-transformed EXAFS ¥94@2981404A7
e Cuo isuruidu best fit fagU 4.26 wazAmnimesfildarnns fit Tupsnad
4.19 WUIIHIEN Cu(3) way Cu(d) MmwIsiwes o°, S2uay A, @g}uaﬂﬁaaﬁaau%’ulﬁ
wansihreuaslessudninaluyinivontdeshesdlioglusuues  cuo @
aonndesTuNaNITMAAeaTliaIn XANES fiwuin Cu(3) way Cul@) fUimnames Cu’ 11
cu® wenndanmisfisnsanmaueniuse Cu-O ludaedns Cul) uag Cu(2) e
uansefuALE ISy Cu-0 (1.95 A) lulassa¥ie Cuo [30] Aouthesnn Fauandliifiui

roUwaslossuluieguiogludnuvarlasiasuilnaidesiu tasease Cu,0

N\
\
‘\ —Cu(2)
= < i
= = ]
Z 3 /
= - ! \.
\
A3
X?‘.v'\ _—~.
N S e wwr e —
0 1 2 3 4 5 6
R(A R(A
(n) @) (2) (A)
& &
p z
z %
=
z : : = A 4 . 0 1 2 3 4 5 6
5 ;
R(A)
(M) R(A) ")

’gﬂ‘ﬁ 4.26 @wWnmSu Fourier-transformed EXAFS wagtdu best-fit ¥a960819 (1) Cu(l),

(1) Cu(2), (A) Cu(3) uag (1) Cu(4) Wiguiutayaves Cuo



P3N 4.19 Avnsdweinanaalunis fit Yeyadiegiwmiiienis CuO Wisuiutoya
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299 CuO
f9819 WITdwoIveInIs fit
! Shell Path | N S(Z) o’ AE, R-factor | R(A)
Cu(1) Cu-O | 2-path | 4 | 0.643 +0.081 | 0.005+ 0.001 | 6.448 + 2.581 0.0250 1.88
Cu(2) Cu-O 2-path | 4 0.696 + 0.368 | 0.004 + 0.009 | 8.229 + 5.710 | 0.0215 1.86
*Cu(3) | Cu-O 2-path | 4 | -0.512 + 0.220 | -0.003 + 0.006 | 24.04 + 8.778 | 0.004 1.89
*Cu(@) | Cu-O 2-path | 4 0.394 + 0.581 | -0.001 = 0.026 | 8.604 + 19.29 | 0.017 1.83

* Anndiweshlegludigensuld

1.5.3.2 EXAFS 194 vasfasnauiiiony Fe,0,

loth Fe(1), Fe(2), Fe(3), Fe(d) wag Fe(5) aninanmiunisganaussdidng
Tut79 Extended X-ray Absorption Fine Structure (EXAFS) w84 K absorption edge ¥84
Fe MAlnmounifindsnu7112 + 02 eV Tnginlulvuanzgrinu  winihveyailduninszs
pelusunsy  Athena mﬂﬁ?uﬁﬁaagauﬁLm’wﬁsiaﬁwiﬂil,mu Artemis  wazanulnan
ﬁa%amﬁﬂ (crystal data) vag Wustite (FeO), Hematite (Fe,Os) way Magnetite (Fes0O,) i
mmfmzLﬁﬂiuﬁaaémlﬁamjuﬁ dmsulaseas1eves Wastite (FeQ), Hematite (Fe,Os) Way

Magnetite (Fe;04) LLam‘Lugﬂﬁ 4.27, gﬂﬁ 4.29 uaygu 431 Agddu

Y

iron(II) oxide

Fe

JUN 4.27 lpseasnaves Wstite (FeO) [28]
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Wiistite [32] fllassa¥randnofiu NaCl (rock salt) @eifu a = b = ¢ Tagfianna
816U a = 4.303 A yu o= B =y = 90° & space group \Uu Fm3m lpgazaauvas O
IATBIRIUUY cubic close packed uarezmau Fe UTTRglutatinveannyansa oxnay Fe
wYNABNTBUMIY O U 6 B¥ADY WArRYNal O IQNABUTOUMEY Fe U 6 Bunoy
WuReiy 3ndeyavedtasiaiiawinding1y TUsLNTUALUANUEIY scattering path 89
ovmouflagdousouimaniu udwinis fit fudeyafildannmameaesasitedioui ndsmn
Mg fit Megruniiieudu path aeduna FeO aglaaunnsu Fourier-transformed
EXAFS vasiiegnauiuions Fe,0; ilsufiuidu best fit fagU 4.28 wagAmninosild
9nms fit uandlumnseil 4.20 wunfeguifiiess Fe,0, Nneenglamines
o, S2uay AF, aguentiiivensuld Jsduduns fit Audeyandnveduea Fe,0, uas

Fe304 G]I’EJI‘U



68

3 )
g =
= &
=
2 3 4 5 6
R(A)
(n) (€]
N
A Fe(3)
/A ——efit
] \
l’ 1
< i o
< {0 <
3 i z
R J \ =
R ¥ \ =
1
L]
Wa
\2 g
\
‘\
Sefiete o
2 3 4 5 6 1 3
(") ®A ©) R(A)
Fe(5)
-——-fit
2
g
=
0 1 2 3 5
@) R(A)

gﬂﬁ 4.28 @wWnmsu Fourier-transformed EXAFS wagldu best-fit ¥a9s0e19 () Fe(1),

(v) Fe(2), (A) Fe(3), (9) Fe(d) uag (3) Fe(5) Wigufiutayaves FeO




M5 4.20 ANSTmeiNANanlunIs fit Yayadieg1ewiilesnig Fe,0, Wiuiutaya

299 FeO

FioE9 WITEeoIveInIs fit

he! Shell Path N S(Z) o’ AE, R-factor | R(A)
*Fe(1) Fe-O l-path | 6 |-1.423 +0.149 | 0.008 + 0.001 -27.53 + 1.80 0.0303 1.99
*Fe(2) Fe-O l-path | 6 |-1.115+0.120 | 0.011 +0.001 | -22.46 + 1.770 | 0.0330 2.05
*Fe(3) Fe-O l-path | 6 |-0.909 + 0.092 | 0.010 + 0.001 | -24.31 + 1.677 0.0210 2.06
*Fe(d) Fe-O l-path | 6 | -0.946 + 0.111 0.010 + 0.001 -18.29 + 1.90 0.0207 2.09
*Fe(5) Fe-O l-path | 6 | -0.944 + 0.094 | 0.009 + 0.001 -18.37 = 1.61 0.0154 2.09

* awsilweshieglutiaiioausuld

JUN 4.29 159a519904 Hematite (Fe,0s) [28]

Hematite [33] Mlassasaeglussuuninienszlnuea (Hexagonal) Bsazilsnu
a=bzc lnefimnuensu a = 5.038 A, c= 13.772A o =p=90,7=120° uaz
i space group Wu R3c lngevmeuves O JASeaiuLUYU hexagonal closed packed
structure daflovmenes Fe azoglutesinieenmsdnia uazgndenseusis O 1w 6
ovman ((N= 6) Indoyaveslassainamdndanann TUsunTuIzuankas path Tun wdah
n3 fit futeyafiliainnismaasswesiiogiauia ndsnshnns fit fegrsumifieudy path
vpdlama Fe,0; elaaunnsy Fourier-transformed EXAFS ¥89@70819una13068 Fe,0,
deufuidu best fit fagu 4.30 uazAwNsdiwesldainns fit Tumsedl 4.21 wui
fhegrauiiiFese Fe,0, fidmslimesoglutisiivonsuls wanvinnanlessulusdiod

umegludnuailassainilnalfesiu  Fe,05 WUiY  FadenAdaaiuNan1sNAaesnlaain
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XANES finudn Fe(1), Fe(2), Fe(3), Fe(d) uag Fe(5) il Fe™" fu Fe'" maufu wsnainilann

ASRATUIANAIINENINUSE Fe-O Tumapeg1e Fe(3), Fe(d) way Fe(5) fiabnatmeeiuaiiy

g1Musy Fe-O (1.98 A) lulpssasne Fe,0, [34] wansliviuinmanlessuludiagauiiegly

o Y g v o ] = o Y o a 2+ aa ]
aﬂwmgiﬂiﬂﬁﬁqﬂwﬁlﬂaLﬂﬂQﬂU Fe,O; U1nNI FeO FIVALLEINUNAYBIUTUUY Fe ' NHUUINNTIN

3 A oy = o w o 1 v o a . Y
FeJr Aleann  XANES WUIUDLA EXAFS 42498 19bnuIntuunig  fit NUUBUAUDI

1As9g519m@n Fe;0, faly

Fe(1)

(A)

()

a z
z =
= 3
z =
1 2 3 4 5 6
R(A)
() ()
. Fe(3)
'-' ———-fit A Fe(4)
H | -==-Fit
| @ I\
Z ' 2 {
= { = [
= | ) !
=) ! = P
= I o 1
| i 1
4 1 1
1] ) |
r' )}

[2(RI(A)

()

R(A)

’gﬂﬁ 4.30 an®sy Fourier-transformed EXAFS wagidy best-fit ¥assiagnaln) Fe(1), (v)

Fe(2), (A) Fe(3), (3) Fe(d), (3) Fe(5) iguiutayaves Fe,0;
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galunis fit Yoyadiagauiiniiene Fe,0, Wguiudaya

9949 Fe,05
FioE9 WITELRDIUDINIT fit
w | Shell | Path | N S: . AE, Rfactor | R(A)
Fe(1) Fe-O | 1-path | 6 0.604+ 0.045 | 0.005 + 0.001 | -2.641+ 1.148 0.0139 1.90
Fe(2) Fe-O | 1l-path | 6 | 0.570 £0.047 | 0.009 £ 0.001 | -1.760 = 1.176 0.0175 1.90
Fe(3) Fe-O | 1l-path | 6 | 0.477 £0.033 | 0.007 £ 0.001 | -0.902 £ 0.993 | 0.0131 1.95
Fe(4) Fe-O | 1-path | 6 | 0.528 +0.043 | 0.008 + 0.001 | 3.324 + 1.064 0.0218 1.96
Fe(5) Fe-O | 1-path | 6 | 0.514 =+ 0.034 | 0.007 + 0.001 | 3.583 + 0.849 0.0137 1.96

-'\_B:“J _{I;L'[rll.llll'ﬂl'.llj }[F'-'url.llzrctl.d: )
(Feqcranearar” 104

.\ A'illl"l ‘.
.‘I'illg,lﬂ.. Y

Space Group: Fd-3m
a=b=c 8.38730A

= 590.0196 A3

U7 7i 4.31 Tn59a%19v99 magnetite (Fe,0,) [35]
Magnetite [35] dllassaiauuugnuiAndudsaativug (inverse spinel) @aqedl
AU a=b=c AMUETIAU a = 8397 A yn o= = y= 90° uazil space group tJu Fd3m
= v o | ) 2- ) . a \
FlAT9E51999NaINNNSIMB e O Tudnway face centered cubic wagiinToIINg 2
= a 1 a o a 1 . = 3
WUU Ao tetrahedral waz octahedral laeeeinunnszdnsa Sondn A site il Fe
34 i 3+ | % Y 2- o
(Fe™ tetrahearal) 8 b0POUUTIYRY B9 Fe usiazleopulzgnasuseusmey O° 91U 4 losau
(CN=4)

2+
Fe

| 1 ] I a o al 1 3+
AIUVDINNNVDIDDNALTATA L8N B (Fe& octahedral)  H8%

. 3

site 9vdl Fe
2+ 1 = 1 v v 2- o

(Fe™ octaneara) P890 8 looRu Fausazlooauazgndeuseusis O° 9w 6 leosu

(CN=6) Toun

NToyavedlasaaiianan  TUTLNTUALWANUAY scattering path 2 A

. dl [ 3 all ! .
scattering path v8dlooauilogfonsoy Fe  yaneaa (U1 absorber) fiussqaglu A site uaw

. v 3+ 2+ & P
scattering path ¥04l08auUNDIRBNTOUVDY Fe semhedral + FE octahedral (10BOUNS 2 BiiAYh
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wiidu absorber) Aussqeglu B site wdwims fit futeyadildanmetaui axlia
N3 fit 2 WUU Av

1. wans fit Wevduliea FesOs (Fe wranedral) wandlugu 433 uae
A5 Tmesilaannng fit uanslumsnsdi 4.32

2. wans fit Weuiuluwa Fes0 (Fe el + FE  sctanedral) wanalugy 4.34
Armsfiwesiilaannis fit wandlunisnsd 4.33

wuiwans fit 12 wuuldamsiwes o, S2 uaz AF, ag”luﬂmﬁaau%’ﬂﬁ
Faanyseguiiidess Fe,0, flasadsilndifsaiulnseedne Fe,0, dsdonndosiu
Navs XANES 7idl Fe”" uaz Fe' AGHGVLH yonanilannnsiansanainuenwusy Fe-0
Tuieg1e Fe(1) fMndiAssArmnuentiiusy Fe-O (1.87 A) Tulaseadne Fes0q (Fe” epaneara)
[36] LagAANUEINUSE Fe-O Tusedns Fe(2), Fe(3), Fe(d) way Fe(5) dAlnalAtsaining
g1MUsy Fe-O (2.03A) Tulaseadne FesOs (Fe s + FE ortaneara) WanSiUINMEN
lovoulu Fe(1) aglugy Fe' annnir Fe”" uazmdnlessulu Fe(2), Fe(3), Fe(d) uay Fe(5)

[ 2 ! 34 = ¥ % ay v
aglusu Fe™ wnnd1 Fe Tsdonmdasiunafilaain XANES
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U 4.32 awnm3u Fourier-transformed EXAFS wazidu best-fit yaafiegng

(M) Fe(1), (@) Fe(2), () Fe(3), (1) Fe(@), (A) Fel5) Wiuiudouaras FesO,

3+
(Fe reranearal U1 absorber)

B 2
E 5
g =
=
0 1 2 3 4 5 6
R(A) R(A)
o (A) ) @A)
Fe(3) Fe(4)
o’
n ====fit '!‘. ———-fit
A [
[ - H
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2 P z § o\
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] H i 1
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A5 4.22 ANSENesTANgalung fit Yeyamieg1aumiliiesniey Fe,0; Wieuiudeya

3+
U89 Fes04 (Fe ™ toyranedial WU absorber)

FioE9 WITELRDIUDINIT fit
he! Shell Path N S(Z) o’ AE, R-factor R(A)
Fe(1) Fe-O | 2-path 4 | 0.860 + 0.057 | 0.005 + 0.001 | -1.303 + 1.034 0.009 1.88
Fe(2) Fe-O | 2-path 4 1 0.786 = 0.069 | 0.007 + 0.001 | -1.605 + 1.141 0.015 1.91
Fe(3) Fe-O | 1-path 4 1 0.735 +0.070 | 0.008 + 0.001 | -1.919 + 1.473 0.012 1.94
Fe(4) Fe-O | 1-path 4 | 0.843 +0.081 | 0.009 + 0.002 | 3.111 + 1.418 0.019 1.96
Fe(5) Fe-O | 1-path 4 10.799 + 0.054 | 0.008 + 0.001 | 4.150 + 0.955 0.011 1.97
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U 4.33 ann3u Fourier-transformed EXAFS uazidu best-fit yaafagng

(n) Fe(1), (v) Fe(2), () Fe(3), (3) Fe(4), (3) Fe(5) iguiutayauad Fe;0,

3+ 2+ I3
(Fe octahedral T Fe octahedral LUU absorber)
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M5NN 4.23 Answeinanantuns fit deyadiegeumiiienis Fe,0, Wisuiutaya

3+ 2+ <
VN Fe3o4 (Fe octahedral T Fe octahedral wu absorber)

9819 WITELRDIUDINIT fit
he! Shell | Path | N S? G’ AE, R-factor | R(A)
Fe(1) Fe-O | 2-path 6 | 0.598 +0.043 | 0.005 + 0.001 | -2.427+ 1.057 0.015 1.87
Fe(2) Fe-O | 2-path 6 | 0.548 + 0.042 | 0.008 + 0.001 | -2.429 + 1.161 0.019 1.90
Fe(3) Fe-O | 2-path | 6 | 0.484 +0.033 | 0.008 £ 0.001 | -1.599 + 0.996 0.014 1.94
Fe(d) Fe-O | 1l-path | 6 | 0.524 +£0.043 | 0.009 + 0.001 | 2.889 + 1.051 0.022 1.96
Fe(5) Fe-O | 2-path 6 | 0.521 + 0.034 | 0.008 + 0.001 | 3.634 + 0.882 0.015 1.96

4533 EXAFS 904 vadiaegnduiaiiome CuO+Fe,0,

Sloth Cu-Fel, Cu-Fe2, Cu-Fe3, Cu-Feéd, Cu-Fe5 wag Cu-Fe6 Mnienildunn
awnaiunspanaussddndlugie Extended X-ray Absorption Fine Structure (EXAFS) lu
K absorption edge 983 CU way Fe Tl4InAoUATNGN Y 8979+ 0.2 eV way 7112 + 0.2
eV audwu Taedelulymangasiou (Transmission. mode) wdnhdeyaiilduninszvise

TUswnsy Athena wakilasaInsegauiasananiUsuinvasraUilosiasmdntiosun 1o

¥

=~ Y 1 A A o A va & s v a
WNEUAURIDYNLLNINLADAIY CuO- ey Fe,O5 Lmajﬂﬂrﬁ@@ﬂau5ﬂal@ﬂsﬁ ﬁ]gﬂiqﬂﬁﬁl,ﬂﬂmilm

o

frnuduiuaridygiusunuin - Faruladaanaiunesiuss XANES  Astuaunasy

o

EXAFS  filgannfegiaimiilienis  CuO+Fe,0; lignuisathiniasigimelisunsy

Athemis ¢
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d3unan1saiuUIY

[

5.1 ayunansaniiuauide

=

TuanAdednIdeliandsyasPndniiafnwn1swssunmaniamelesauuas

Y 9

Tangunsudtusne  luanngesndladg wafogufanidomy  CuO, Fe,05 WAz
CuO+ Fe,0; luannzeondladuasamd Inglddidunauiduumawes®ant udheg
widRnwausRnamenmdug 1dud Aawvaainisvenefudeaudou IR spectroscopy
Visible spectroscopy Raman spectroscopy LLasﬁﬂmaLUﬂm%@ﬂﬁ(ﬂmﬂﬁu%?ﬂ,gﬂ% (X-ray
absorption spectroscopy) I@&JmmsmaqﬂmamiﬁwLﬁumuﬁé’aléjé’qﬁasﬁasialﬂﬁ

1 mswleutdiunay

aneimunzaulunisessuTawnay Tagn1sunknavinanamensalunsn

=

WutuUsanes 200 mL uazeTioamnil 800 °C azld total silica 100 %

9 Y

2. mMaessnLndndoniglessuvedarsinsuddunieg luangesndladg

PNMIRsERLTIENENMsIelosouvadansunsuddusingg lagldgaumginn

1 1%
a

1150 °C Wy Cr-glass 1@13e, Fe-glass ddnges, Co-glass JaunduLty, Cu-glass HduRuy,
Nd-glass #@#1A570 uay Er-glass fidvuy
3. MSWSUNLMIENIBNEY CuO, Fe,0;5 way CuO+Fe,0; luaniizeandleg
aa 4
way3ag

PNNIATPULMIFNIDAIY CUO, Fe,0; uag CuO+Fe,0; luanngoandladgd

= ¢ aa

way3Ad legldoaumaiinn 1150 °C Megrauminieniy CuO luan1izeendlad HdunRu

& o 1 =

v aa Y Ao a1 = ~ a a
LUH LLagsLuaﬂ'Tlgiﬂ']"U AIDYINLLNINFUNNUDDUA LLagﬂJ@HﬂqﬂﬁLLﬂﬂiu Cu(4) LuaUNITINL

v
A o

Al fpgnauniiiienie Fe,0; luan1izeandlad dduimiay wazluaniedmg JaTe)

Fiuarasuludifenimee delimsifin Al waziedrwifidedes CuO+Fe,0, lu
anmeeandlag wudegumlaiuasddedla luanngimng nudegauiiliaundy
4. nsAnwauRnamenImdug il
4.1 AINTVEILRATIAILTOU

ANFUUSLANTNVE8ALTIANNTD UM LUAI9E AN o la DU

vodlavieunsudtunine Tuannzeendladirgadiafisuiuuiiniinisidesiglossulans
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WNSUTTU drSunnidnilenis CuO, Fe,0; way CuO+Fe,0; tudannzoandladuaysnag

o

AndszvBnisueneiBsanufeuresuiasag efid1 mol A/mol SO, geiu
4.2 Infrared Spectroscopy
NWaved IR Spectrum vesfegraum uansliiiudeyamumisavadu
uazvyilituiiaenadesiuni@ains
4.3 Visible spectroscopy
madndlusegauidiiiemeleoswredanzunsuiduluanneondlad
louA Cr-glass, Fe-glass, Co-glass, Cu-glass, Nd-glass Waz Er-glass @onndesniunis
Wasuudasszdundenuvesdidnaseusindaius iy g (@), °A (F™), “T('F) (CO™),
“Big (CU™), loy (NA™), “ii5 (Br") luUgsannugnsedusingg Gedrunuuagiumisfinueanis
g]mﬂﬁu%aamﬂa”aqﬁ’uLLﬁamﬁmﬁluﬁﬁaﬁw o re co cl” NG way BXT mnudaey
4.4 Raman spectroscopy
A1 Raman shift veseumaduaslmdionta Cu@) fanmeimd ssyindu
Cu,O
4.5 miﬁmﬂ’]mi@@ﬂﬁu%ﬁlﬁﬂ% (X-ray absorption spectroscopy)
4.5.1 XANES vesshegsuiiiiedelansunsudduluanzeandlad
HAN1TIASIZA XANES spectrum te8ugiuanlu Cr-glass & o’ Fe-
glass i Fe”', Co-glass 31 Co™, Cusglass & Cu™+ cu” (uszminsnisvaeuwiafinmswde
\aveenTad), Nd-glass i Nd”~ uag Er-glass 31 Er "
4.5.2 XANES 9095108 19uf1iiaasie CUO, Fe,0; way CuO+Fe,05 lu
dnnzeandladuayinig
NANITIATIEN XANES spectrum Buduitlusregruiifiiess cuo
Tuanmzeandladivinng cu” wnni cu” warluanne3id dredraufaiviine
Wty ey Al nufethauiiidoss Fe,0, Tuanzeendlad SUswna Fe ' wnni
Fe™ Lazanneding Fe' iutu ey Al wufy feghaufiiiie CuO+Fe,0; &
cu'+Cu” waw Fe”'+re” nauoglunfiianiizeandlad Tuanmgimdiiina cu’ vty
dlefinsifin mol Fe/mol Cu Lﬁ'm%yu wavUSune Fe’ Lﬁ'mmnﬁﬁu dlefinsfiuySuna Al
4.5.3 EXAFS w0sinathauifiiiess CuO, Fe,0; uay CuO+Fe,0; Tu
anzeendladuayinig
foya EXAFS vesmegnauiiidesns cuo Tuannzeendled wevh

nsiniuteyaveduinaduy dszeyrinesening Cu-O aamdasiuling CuO uwazani1Ie
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& 1

309 FegMIATEEEYNIEIINNTeY Cu-O donndesiuluina Cu,0 dNUsURIeg 1LY
WoMe Fe,05 lTuanmyeondladiia1sseyyinasyninmed Fe-O d@onmassnuliing Fe,0s

wag Fes0, Uazan™MeInIg dA15sesr1esening Fe-O gonndaanuliing Fes0,

5.2 Y9N 1WA

[y o w

WuIMuNITedvedAnlunsiunE@Nllene CuO, Fe,05 Wag CuO+Fe,0;

¥

luanmveandladuasiing  ddnvagfivuasldamnsadninnisaandunatludiidilale

wazn13ganausididndlugag EXAFS vaadiegauiiiie CuO+Fe,0, azUsngaunmsund

I N o P a e s 3 o 1 B
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Abstract: The base composition of the glass sample
containing mixed transition metal ions is composed of
SiO, (from rice husk ash), Na,CO;, K,CO;, ZnO, H;BO,,
Ca0, ALO; or Al, CuO and Fe,0;. The colors of the glass
obtained were varied from greenish blue to brisk-red
depending on the glass position. The expansi

coefficients of the copper doped glass are in the range of
12.80 x 107~ 13.83 x 10 (°C"') which is common for the
silicate glass. The finger prints of the bond vibrations
were studied using IR spectroscopy. While the oxidation
states and the coordination information of the copper
and iron ion in the glass matrix were investigated using
X-ray absorption spectroscopy. From the data, copper
ions exist in the glass matrix in the form of Cu*' and Cu''
both in the presence and absence of aluminum. In the
presence of aluminum, the amount of Cu’ in the mixed-
metal ion doped glass was increased when the molar ratio
of iron to copper was increased. While in the absence of
aluminum, iron exists in the glass matrix in the form of
Fe*'. In the presence of aluminum, only Fe** was found.

1. Introduction

Siiicate giass i1s commonily used In various
applications like packaging, insulating materials, novel
electric devices or bioactive materials due to its high
stability against crystallization, high UV transparency,
high thermal resistance and durability [1]. In the
ancient time, silicate glass was used for making
ornaments and decorative materials as found from
various archaeological sites [2]. It is easily prepared
from silica usually extracted from sand. Rice husk ash,
agricultural waste, can be used as the alternative silica
source with the silica content around 80% by mass [3].
The contamination in rice husk ash is much less than
that in sand. The energy released from calcination
process of rice husk can also be used to produce
electricity. Creating high quality glass, reducing waste
and producing energy for the world are three main
benefits from using rice husk ash for making glass.

The color of silicate glass depends strongly on
electronic structure of the doped transition metal ion as
well as the composition and the structure of the glass
matrix, which is the local site of the transition metal
ions [4]. The d-d transition and charge transfer band
are common for the transition metal ion surrounding
by oxygen in the glass matrix. The oxidation state of
the doped metal ion and the coordination number in
the glass matrix also affect the glass color. These can
be elucidated using X-ray absorption spectroscopy.
Copper and iron are the common metals used for
coloring glass. In the case of copper, the colors

obtained can be blue or red. While in the case of iron,
the colors can be yellow or blue. The copper species in
the glass matrix are varied from Cu, Cu(l) and Cu(Il)
depending on the glass composition [5-6] and
condition for preparing glass (oxidative or reductive
process) [7-8]. While iron species are Fe’* and Fe™'.
Both copper and iron were normally found in the
composition of red ancient glass. The ratio of copper
and iron found in the ancient glass was varied.

In this research both copper and iron with different
mol ratio were added into the glass composition in
order to study the oxidation states of copper and iron
ions using X-ray absorption. Other components used
for preparing glass were SiO, (from rice husk ash),
Na,CO;, K,CO0;, ZnO, H3BO;, Ca0, ALO; or Al, CuO
and Fe,0;. Al was used as the reductant for Cu®” and
Fe’' in the glass matrices. The thermal expansion
coefficients of the glass were determined. The finger
prints of the bond vibrations were studied using IR
spectroscopy.

2. Materials and Methods

2.1 Materials

SiO, was obtained from calcination of rice Husk at
500 °C. Other chemicals are of reagent grades and
used as received. The expansion coefficient of all
glass sampies was analyzed by a dilatometer (Netzsch
DIL 402 PC). The functional group analysis was
performed by Spectrum 100 FT-IR spectrophotometer
(Perkin Elmer). The X-ray absorption spectroscopy
was performed at beamline BL8 and BL 5.2 of the
Synchrotron Light Research Institute, Thailand.

2.2 Preparation of Silicate Glass

There are 6 formulas of glass samples prepared in
this research as tabulated in Table 1. All components
were mixed well by using ball mill. They were
subsequently put into the ceramic crucibles and melted
at 1150 °C for 3 hrs. This melt was poured onto the
metal plate and left cool to room temperature to obtain
a long glass sample. The expansion coefficients of
glass samples were analyzed by a dilatometer The
colored glass was further analyzed by IR spectroscopy
(KBr disc) and X-ray absorption spectroscopy.
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Table 1: The amount of all chemicals (in mol %) for
glass preparation)

Sampie moi %o

Cu-Fel 61.7810,-24.5N2,C0;-2.7K:C05-4.6Zn0-2 4H;BO;-
1.3Ca0-1 4ALO-0.TF 8:0,-0.7CuC

Cu-Fe2  618i0,-24Na,C0O;-2.6K,C05-4.5Zn0-2 4H,BO;-
1.3Ca0-2.9A1-0 7Fe,05-0.7Cu0

Cu-Fe3  598i0,-23.3Na,C0;-2.6K,COs-4.3Zn0-2.3H;BO;-
1.3Ca0-5.6Al-Fe,05-0.7CuO

Cu-Fed  618i0,-24Na,C0;-2.6K,C05-4.5Zn0-2 4H;BO;-
1.3Ca0-2.8A1-0.34Fe;05-CuO

Cu-Fe5  61.78i0,-24.5Na;,C0;-2. TK,CO5-4.6Zn0-2 4H;B0;-
1.3Ca0-1.4A1,05-1.1Fe,05-0.35Cu0

Cu-Feo 61810,-24Na,C0;-2.6K,C05-4.5Zn0-2.4H;BO;-
1.3Ca0-2 8Al-1.1Fe,05-0.35Cu0O

2.3 XAS Experiments

XAS measurements were made by putting the
sample in a powder form on the Kapton film. Copper
foil, Cu,0 and CuO were used as copper standard
samples. While Fe foil, FeO, Fe,0; and Fe;0; were
used as iron standard samples. The photon energy of
the synchrotron X-rays was scanned by a Ge(220)
double crystal monochromator to excite the samples in
the K-edge XANES regions of copper and iron. The
photon energy was calibrated against the K-edge of
copper foil at 8,979+0.3 eV and K-edge of iron foil at
7112 eV. A transmission mode was employed and
intensities I; and I were measured with an ionization
chamber. The X-ray absorption was determined by
In(Iy/T), where I, is the transmitted photon intensity.
With the use of the graphical utilities in ATHENA [9],
all XANES spectra were normalized to atomic
background absorption in the pre-edge and post-edge
regions. For comparison, K-edge XANES spectra of
pure standards (copper foil, Cu,0, CuO, Fe foil, FeO,
Fe,0; and Fe;0,4) were collected.

3. Results and Discussion

3.1 Characteristics of the prepared glass

The silicate glass containing copper and iron was
obtained from the calcination of silica from rice husk
ash and other flux compounds. The photos of all glass
samples are presented in Table 2. The colors of the
glass samples are in blue and red. The blue color was
found in Cu-Fel and Cu-Fe5. While the red color was
found in Cu-Fe2, Cu-Fe3, Cu-Fe4 and Cu-Fe6. The
presence of Al in place of ALLO; led to the formation
of red particles in the glass matrix.
The thermal expansion or coefficient of thermal
expansion (COE) of the prepared glass were analyzed
by a dilatometer as the data in Table 3. The COE data
of glass samples prepared in this research are
consistent with another soft silicate glass [10].

Table 2: The images of all glass samples

Sampie image

Cu-Fei

Cu-Fe2

Cu-Fe3

Cu-Fe4

Cu-Fe5

Cu-Fe6

*-:*

Table 3: The thermal expansion coefficients of glass
samples

Transformation Dilatometric

4
Sample temperature softening CO(E‘.,(;)IO
("C) temperature ("C)
Cu-Fel 454 68 523.07 13.24
Cu-Fe2 4424 506.2 13.67
Cu-Fe3 4545 5223 12.90
Cu-Fed 44477 511.87 13.83
Cu-Fe5 456.16 521.65 13.38
Cu-Fe6 448.05 516.48 1345
Glass* - - 9.59
* data obtained from reference 10

The IR spectrum of Cu-Fel is shown in Figure 1. IR
spectra of other samples are similar to Figure 1. IR
data were analyzed according to the previous
literatures [11-12]. All functional groups observed are
tabulated as in Table 4.

25888y

Ve Transmisshon

[ELBLT

3400 2400 1400 400 |
‘wave number (em™)

Figurel. IR spectrum of Cu-Fel

Table 4: Identification of functional groups in glass
matrix

Functional group Wave number (cm™)

O-H (stretching) of =Si-(OH) 3600-3950

O-H (stretching) of H;O in glass matrix ~ 2800-2980

BO; (antisymmetric stretching) 1454

Si-0-Si (antisymmetric stretching) 1050-1095

=8i-O (streching) 998

Si-0-Si (symmetric stretching) 788

0-Si-O (stretching) 760

0-Si-O (bending) 592
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3.2 Copper and iron XANES spectra

The copper K-edge and the 1* derivative XANES
spectra of all glass samples and the copper standards
are shown in Figure 2 and Figure 3. While the iron K-
edge and the 1* derivative XANES spectra of all glass
samples and the iron standards are shown in Figure 4
and Figure 5. The absorption edges of all copper and
iron species are listed in Table 5. As the XANES
spectrum is sensitive to the oxidation state and local
environment around the absorbing atom, it can be used
to distinguish different types of copper and iron
species. The quality of the 1% derivative spectra of all
samples are quite low compared to those of the
standards due to the low content of copper and iron
ions in the glass matrices (less than 5 % w/w).

In the metallic form, the absorption K-edge of the
copper foil was found at 8979 eV. The absorption edge
of copper in a higher oxidation state is shifted to a
higher photon energy. For Cu™" in Cu,0, the edge was
found at 8980 eV corresponding to 1s—4p electric
dipole transition [2] and other maximum at 8991 eV.
While Cu'? in CuO, the same type of transition occurs
at 8984 eV, and the other two maxima at 8990 and
8996 eV respectively. The edges of copper ion were
found at 8982 eV (for Cu-Fel), 8981 eV (for Cu-Fe2,
Cu-Fe3, Cu-Fe5 and Cu-Fe6) and 8980 eV (for Cu-
Fed). These edge values indicate the mixed oxidation
states of Cu’ and Cu**. However the 1% derivative
XANES spectrum of every doped glass shows a
similar pattern to that of Cu,O as presented in Figure
2(b) and 3(b). The linear combination fit process was
also attempted for finding the ratio of Cu” and Cu**
[13]. However it was failed to obtain the good fitting
result due to the lack of silicate glass samples
containing pure Cu*" or Cu’. The oxide in the melt
might cause the reduction of Cu®** to Cu” in Cu-Fel
and Cu-FeS5 as presented in (1) [14].

20 + 20 © 2Cu* + 0, (1)
‘While in the case of Cu-Fe2, Cu-Fe3, Cu-Fe4 and Cu-
Fe6, the reduction by oxide as in (1) and by aluminum
as In (2) might occur.

3G+ Al & 3Cu + AP )
However aluminum can be reacted with oxygen from
the air or in the melt as in (3).

4A1+ 30, & 2A1,0; 3)
This may reduce the activity of aluminum to produce
Cu' in glass. However the increase in the amount of Al
as in Cu-Fe3 does not significantly change the position
of the absorption edge of copper.

The edges of iron in Cu-Fel and Cu-Fe5 are the
same as those in Fe,0; indicating the presence of Fe**
in the glass matrices. When aluminum was used in
place of Al,O; like in the case of Cu-Fe2, Cu-Fe3, Cu-
Fe4 and Cu-Fe6, the edges were shifted to those of
Fe?" as evidenced in Figure 4 and 5. The reduction of
Fe’* by Al could be successfully and effectively
proceeded as follows:

3Fe + Al & 3Fe + AP )

B S
i P ———
l L= TN o
L e
z —-/J / —
o
o —ce
‘-'D V)
(a)
A —Cofe)
ity \ l,’ \‘¢~Wﬁm,~—«w»~m
i /'\" —Cufed
S \_/»\ —Cufel
WN\”W
i A —c0

J \ S —Ca0
__/\/\/-\_,ﬂ__,__,__ i

WG 4970 MO M0 000 W0 MDD WS SO W
Energy (V)

)
Figure2. (a) XANES and (b) First derivative spectra of

Cu-Fel, Cu-Fe2, Cu-Fe3 and standard copper
compounds
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Figure3. (a) XANES and (b) First derivative spectra of
Cu-Fe4, Cu-Fe5 and Cu-Fe6 and standard copper
compounds
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Figure4. (a) XANES and (b) First derivative spectra of
Cu-Fel, Cu-Fe2, Cu-Fe3 and standard iron compounds
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FigureS. (a) XANES and (b) First derivative spectra of
Cu-Fed, Cu-Fe5, Cu-Fe6 and standard iron compounds

Table 5: Absorption edge of copper and iron in the

glass samples
Absorption edge
Sample of copper (eV)
Cu foil (standard) 8979, 8990 -
Cuy0 (standard) 8980, 8991 -

Absorption edge of
iron (¢V)

CuO (standard) 8984, 8990, 8996 -

Fe foil (standard) - 7112,7119, 7129
FeO (standard) - 111,719, 7124
Fe;0;(standard) - 7113 7124, 7126
Fe;0. (standard) - 7113, 7121, 7124, 7129
Cu-Fel 8982, 8991 7113,7124, 7127
Cu-Fe2 8981, 8991 7112, 7119, 7123
Cu-Fe3 8981, 8992 7112,7119,7123
Cu-Fed 8980, 8991 7112, 7119, 7124
Cu-Fe5 8981, 8991 7113, 7124, 1127
Cu-Fe6 8981, 8991 TiiL, 7119, 7124

4. Conclusions

The silicate glass samples containing copper and
iron were successfully prepared using silica from rice
husk ash mixing with a variety of flux compounds.
They have similar physical properties like another
silicate glass. The mixed Cu” and Cu®" species in the
glass exist in all glass samples as evidenced from XAS
analysis. The Fe** was found when aluminum was
added in place of Al,O;3.
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Abstract

The silicate glass samples in this research work were prepared using rice husk as the
source of silica. The base composition of silicate glass is composed of SiO; (from rice husk ash),
Na,CO3, K,CO3, ZnO, H3BOs5, Cal, and Al,05. Nd,05 and Er,O5 were used for coloring the glass.
The color of the glass obtained was blue (doped with Nd,05) and pink (doped with Er,0s). The
expansion coefficient of Nd,05-doped glass is 1.30 x 10° °C”* while that of Er,0;-doped glass is
134 x 10° °C". The thermal expansion data corresponds to another silicate glass. The finger
prints of the bond vibrations were studied using IR spectroscopy. The visible absorption data of
the doped glass were recorded using visible spectrophotometer. While the oxidation states
and the coordination information of the metal ions in the glass matrix were investigated using
X-ray absorption spectroscopy. From the XAS data, N&™ and Er”" were found in Nd,0s- and
Er,05-doped glass respectively.
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Abstract. The silicate glass was prepared using rice husk as the source of silica. The base
composition of glass sample was 46Si0; (from rice husk ash)-19Na,CO;-18H3;B0;-13Zn0-3Ca0O-
0.9A1,03-0.2Sb,03 mol %. Doping with copper oxide yielded the colored silicate glass. The
expansion coefficients of the copper doped glass was 10.76 x 10™ K™'. The finger prints of the bond
vibrations were studied using IR spectroscopy. While the oxidation state and the coordination
information of the copper ion in the glass matrix were investigated using X-ray absorption
spectroscopy. From the data, Cu' and Cu®" exist in the glass matrix.

Introduction

Silicate glass has long been known as important oxide glass for various applications like packaging,
insulating materials, novel electric devices or bioactive materials due to its high stability against
crystallization, high UV transparency, high thermal resistance and durability, [1]. It is easily
prepared from silica usually extracted from sand. Rice husk ash, agricultural waste, can be used as
the alternative silica source with the content higher than 80% by mass [2]. Rice husk is burnt
exothermically to produce ash and the energy released from the combustion process can be further
uscd to produce clectricity. Using rice husk ash for making glass not only help reducing waste but
also produce energy for the world.

The proper transition metal or metal oxide is added to the silica matrices in order to color the
glass. The color depends strongly on electronic structure of the ion as well as the composition and
the structure of the glass matrix, which is the local site of the transition metal ions [3]. The d-d
transition and charge transfer band are common for the transition metal ion surrounding by oxygen
in the glass matrix. The oxidation state of the doped metal ion and the coordination number in the
glass matrix also affect the glass color. These can be elucidated using X-ray absorption
spectroscopy. The copper species in the glass matrix are varied from Cu, Cu(l) and Cu(II)
depending on the glass composition [4-6] and condition for preparing glass (oxidative or reductive
process) [7-9].

In this research, we prepared the copper ion doped silicate glass by using rice husk ash. The
thermal expansion coefficients of the doped glass was determined. The finger prints of the bond
vibrations were studied using IR spectroscopy. While the oxidation state and the coordination
information of the copper ion in the glass matrix were investigated using X-ray absorption
spectroscopy.

Materials and Methods

The base composition of the glass sample was 46Si0O, (from rice husk ash)-19Na,COs-18H3BOs-
13Zn0-3Ca0-0.9A1,03-0.2Sb,0; mol %. 4.5 x 107 mol of CuO was added to the base
composition and subsequently put into the ceramic crucibles and melted at 1150 °C for 4 hrs. This

All rights resarved. No part of contents of this may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications, www.ttp.net. (#9659865! 17,08:41:28)
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melt was poured into the plate and annealed at 550 °C for 1 hr to remove thermal strain. The
expansion coefficient of glass was analyzed by a dilatometer (Netzsch DIL 402 PC). The colored
glass was further analyzed IR spectroscopy (KBr disc) and X-ray absorption spectroscopy.

XAS experiments

XAS measurements were made at beamline BL8 of the Synchrotron Light Research Institute,
Thailand by putting the sample on the Capton film. Copper foil, Cu,O and CuO crystals were used
as standard samples. The photon energy of the synchrotron X-rays was scanned by a Ge(220)
double crystal monochromator to excite the samples in the K-edge XANES and EXAFS regions of
copper. The photon energy was calibrated against the K-edge of copper foil at 8,979+0.3 eV. A
transmission mode was employed and intensities I, and I, were measured with an ionization
chamber. The X-ray absorption was determined by In(Io/I), where I, is the transmitted photon
intensity after the standard. With the use of the graphical utilities in ATHENA [10], all XANES
spectra were normalized to atomic background absorption in the pre-edge and post-edge regions.
For comparison, K-edge XANES spectra of pure standards (copper foil,Cu;0 and CuO crystals)
were collected.

Results and Discussion

Thermal expansion and IR spectroscopy

The blue silicate glass was obtained from the calcination of silica from rice husk ash and other flux
compounds. The thermal expansion or coefficient of thermal expansion (COE) of the prepared glass
were analyzed by a dilatometer. The COE of 10.76 x 10° K™ is consistent with that of another
silicate glass prepared by sand. The IR spectrum of the doped glass is shown in Figure 1. IR data
were analyzed according to the previous literatures [11-13]. All functional groups observed are
tabulated as in Table 1.

, 120 "
|

E 100 |
| E 80 - ;
v E 60 |
| & 404 E
| 20 14541253 |
| = |
3400 2400 1400 400 1

wave number (cm™?) i

Figure 1 IR spectrum of the copper-ion doped glass

Table 1 Identification of functional groups in glass matrix
Functional group Wave number (cm™)

O-H (stretching) of =Si-(OH) 3600-3950

O-H (stretching) of H>O in glass matrix 2800-2980
BO; (anti symmetric stretching) 1454

Si-O-Si (anti symmetric stretching) 1050-1095
=8i-O (streching) 998
Si-O-Si (symmetric stretching) 788
0-8i-0 (stretching) 760
0-8i-0 (bending) 592
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Copper XANES spectra

The copper K-edge and the 1* derivative XANES spectra of the copper doped glass and the
standard compounds are shown in Figure 2. As the XANES spectrum is sensitive to the oxidation
state and local environment around the absorbing atom, it can be used to distinguish copper species.
In the metallic form, the absorption K-edge of the copper foil was found at 8979 eV. The absorption
edge of copper in a higher oxidation state is shifted to a higher photon energy. For Cu’' in Cu,0,
the edge was found at 8980.9 eV corresponding to 1s—4p electric dipole transition [14] and another
two maxima at 8985.6 and 8990.6. While Cu™ in CuO, the same type of transition occurs at 8984.1
eV, and the other two maxima at 8991.2 and 8996.2 eV respectively. The edge of copper ion in the
doped glass was found at 8981.7 eV. This edge value indicates mixed oxidation states of Cu" and
Cu*". However the value is much closer to that of Cu” in Cu,0O. Moreover, a closer look in the 1%
derivative XANES spectra of the doped glass indicates a similar pattern to that of Cu’’ in Cu,0 as
cvidenced in Figurc 2 (b). The lincar combination fit proccss was also attcmpted for finding the
ratio of Cu” and Cu®* [15]. However it was failed to obtain the good fitting result.

|
i S g o doped giass
% L) T
< 1 / ’ / e cwo §
E 1 f A S— Y vg
% L»J /\/\&/_\_4.— Cutet g
[/
|
h h h ""“:’“ g - Energy (eV)
(a) (b)

Figure 2 (a) XANES spectra of the copper ion doped glass and the standard samples
(b) The 1* derivative XANES spectra of the copper ion doped glass and the standard
sample

Conclusion

The copper ion doped silicate glass was successfully prepared by using silica from rice husk ash
mixing with flux compounds. The §lass obtained has the similar physical properties like other
silicate glass. The mixed Cu” and Cu”’ in the glass exists in the blue glass matrix as evidenced from
XAS analysis.
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