uNn 4

WanIInaaadnaznIsanlInguaniIInaang

dg‘ 1 = a a d! %
luuniinanfineazidoananisnassduaznisedunena Sdsznevlddionans
a 6 % a [P~ =} oA A & a
Aenzine Fugiwinet suddnisganiuuas sudanianasludianainueing CuAlo,
(CAO) Nldanmisdanzidisadululasian usznazasmsdszgndltluadianingladde
UILRNTAWATUURINA I UV BILTASUFIONNATFIDN LRI HANITNARIN lAINNAT

NARDI LULARZTIUADY F1NITOIATITALAZBAUTNUNA LAURIAL a9t

41 mﬁmswzvﬁﬂawm WINAN CAO

S
3 (b)
E)
&
3‘ L L L L L L
@
c
8 (@)
=
L L DL L DL DL DAL DL DL |
Cudlo, | NN NI
CuALO, | | 1
cuo 1 | L TR EE e rei
ALO, | i i iyl
LI L L L L L

10 20 30 40 50 60 70 80 90 100
2 Theta (deg.)
gﬂﬁ 4.1 3UuuY XRD 289 (a) WI CUAIO, (CAO) Aldanmigaersiaroninlulasand
600 W 1f11281 20 W7l uaz (b) Tuinu CAO (bulk sample) AldannmsLaRunTuNuie
\384 spark plasma  sintering WINUNBUAUWENII3 U289 CUAIO, (4@d), CuAl,O,

(e7), CuO (1113%) and ALO; (§749)
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JULUY XRD  284W9 CUAIO, (CAO) fldannsssanzdaseanlulasiang 600 w
waan 20 w17 wazBuam CAO (bulk sample) fildaInmstaIoauTuIUaIIASes spark
plasma  sintering onItaTERLAZIUTBULABUALIWANIAT3IH JCPDS 183 CUAIO, (UaY),
CuALO, ({B87), CuO (W13w) and AlLO, (329) ALaUTHE 1-075-2356, 01-071-0966, 00-002-
1041 uaz 00-001-1296 @u&1GU [70] LL&@GI%EI] 4.1 Namﬁmswzﬁmﬂgmmu XRD (31
41a) AgnzmIFanTed CAO dasaawlulasind 600 W tiluiian 20 Wi FremInI
AI(NO3)5°9H,0 U@z Cu(CH;CO0),°H,0 wuinlenfanmsl CAO  LisdauWaidied (single
phase) laglifimsamanuinadwidowlundas s iwuws CuO, CuALO, uas ALO, Lilu
du s cAO Aldanmiadiareidlasseananiiusanlugasa (thombohedral crustal
structure) 713 space group 11 R-3m %aaamﬁaaﬁ'm%lammgm CAO LaUTWE 1-075-2356
(a=b=28584 A c=16.9580 A, = =90°, =120 °) [70] NNHANIINANILAU LA
maFaezd cAo  dwadwlulasdilumssansldnasniaziaanlunisdaasnzs
H1899Na 39T IR898D ANO,)s-9H,0 Uas Cu(CHsCO0),H,0 Fiszantawlunns
g}@ﬂﬁuwé’dmumﬂﬂﬁuvlwimnwLLa:Lﬁ@@jmu (couple) fiunawlulasiav ganalwiinaia
%au%uasmsmL%’JLLa:nmlumuﬁ@ﬂﬁﬁ%mgum WauSaufisufunuidovas L. Torkian
W8z M.M. Amini (2009) [18] uaﬂﬁnnf:muﬁf{l"sﬁmumﬁmﬁwmmmamaanm,ﬁ@l,mgmuﬁ
gai:mwmsaﬁuﬂ%ﬁ (inorganic materials) #a1UTHA fuednlulasian wu wissIuma
(natural minerals) lanzoan laq (metal oxides) LL@:IN%ZLSVLaﬁ(metaI halides) [40] fnIU
3uuuy XRD 289511 CAO (bulk sample) é’agﬂﬁ 4.1b wu'hﬁgmmu XRD fitnianiy
3Uuuy XRD 28ININAN CAO (gﬂ‘ﬁ 4.1a) LLa:ﬁLWaﬁaa@ﬂﬁaaﬁuW\Iammgmmaa CAO
Reamasinis waesiszauanudnsalunsiasoudneu CAO ded% spark plasma
sintering luuaiAnWunT NG ﬁqmﬂgﬁ 1473 K w181 30 wifl a13197 4.1 wamIfIwI me
lattice parameter UYoINILAZTWINK CAO fAldanmsaamzinuindalndiausiud lattice

parameter mﬂGLV\lam@]ig’m JCPDS w84 CAO ¥%& 01-075-2356 [70]

A7 4.1 @0 lattice parameter YINILAETWITH CAO

Lattice parameters

A18819 CAO

a=b (A) c (A)
NINRN CAO 2.8536 16.9231
Fuin CAO 2.8530 16.9237

JCPDS 7%& 01-075-2356 [70] 2.8584 16.9580
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=) v =) { [~ Q Q { =Y J
MTAAITRALINATA FTIR U0ININAN CAO  LiNaLTwnstwdun1siwwse A naawle
W& CAO uazliiiznsdug 1Fatu Mudvansasaunlslunssauazyd sidnasunldannis
a d \ a & o , -1
F1A312% FTIR 2aIHWINAN CAO LLa@olugﬂﬁ 4.2 TaawundnNaLNal% 2 dunisfa 550 cm
1 4 = A A o o A 'Y A A < A
ez 760 cm  DIULAUARUNFEAARBINUNNTQANAUVBINUTE Cu-O LilalianIFwuLUUEe
(stretching vibration) LazWwse Al-O WWatiamisuwiuudauuudaids (distorted) VaINUE
o v A a da & & o , S v a o ac A A
lu AIOg octahedron @NAGU TaNaNAaIung 2 dunsiiialnatdssnunuissduiing
FLINURANITIATIZR FTIR w3813 CAO [14,16] atndbsnanuluwinuissitliiinnsasiany
MUy liananas (antisymmetric vibration) 284Nz O-Cu—O Ha28INNITIATIZRAE
INARA FTIR HuiwlaIMNIANUNHNINAN CAO N laa1nn1Igdtaziealaaan ki lasiawlud
naiaduniamfsssasduiiasanluiimawunyWeriduves acetate  (CH,COO)  uaz
nitrate (NO, ) Ia9nEN CAO

Intensity (a.u.)

Al-O

Cu-0

2 1 ¥ I m L) L 1 . I b I ¥ )
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

U7 4.2 FTIR anaiuveiniad usinindn CAO Aldanmirsanzieuadn bulasan

HRAATUYHINAN CAO gnihanTianzidBinailaTanu (Raman analysis) o fui
anudundnuaninitoainmsieszidioinaila XRD uaz FTIR Wan13iiasziuaadlugy
fla3 wudﬁﬁﬁmﬁmuﬂﬁﬂgﬁuag 2 Inua (Raman active mode) fia E, uaz Aqg Adumiis
Raman shift ¥inf 419 uaz 763 cm' au&1ew Taednunsks Raman shift 2asnsgaslnuadl
Senasetiunsnasasues Pellicer-Porres wazamiz [71] 7ilvnn1sdiaszsinan CAO u‘%zgﬂ’ﬁf
MUNARATINY INNNANNTIATIZADUTU LA IHNRAA U HINGN CAO Usznaudmawa CAO
R uazasnaazlasoniwlulasnwagui 600 W iiluaan 20 wid
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763 cm”

419 cm™

Intensity (a.u.)

Y S

| 1 1 I 1
500 600 700 800 900
Raman shift (cm'1 )

| I
300 400

3U7 4.3 Raman aLUnATNVBINTAAUFHINEN CAO AldannIsaanzienuaan byl

>

a 6 a

4.2 M3ATITAFMI1WINGT (morphology) DaININEAN CAO
lwnuiddpitiinsldiaasndasnansiaiuuudasnne (SEM) uazndasaanssaiiuudas

W% (TEM)  DmsRansansduuumadsluuluuiieniun (Selected  Area  Electron
Diffraction patterns SAED) lun1331a7sAm AUZIWINE1V0INIHAN CAO dauaasluglil 4.4
3U SEM (31 4.4a) v0anandn CAO dansnzadaudundanuiaidsaly (distorted plates)
lagaNuRUILRALTaILHIHY Tz I 200-350 nm HANTILATITRALNAES TEM (31 4.4b)
WUINFUIIWINGNVRIKINAN CAO Hiinadaiunansiianzidiundas SEM wananii
% ] 1 s a =3 A % [ a o Jd‘d 1
FINUINIUINFMIWINEITeINAn CAO  NldannmIsuanedlunuiseandanuuandis

o €y ad av A Aa | v ‘A A= a
nnndsenzidniTlulanininnuwispaun gl hiwiueuuas iU mdunaou

A ' K2 4 ' v aa o & @ o I

g [18] uazdydisnanfiuandranuitnisdaanziusunisldanaieulasasinaly
(conventional heating method) NAVWIALNIHLIZTUI ~1 UM LAZANIFINANUULUARDN 9

fuwreunsudszanne ~200 nm [72] LﬁaﬁmsmgmmumstﬁmLuuLLumﬁaﬂﬁuﬁ (Selected
Area Electron Diffraction patterns SAED) 2adWan CAO lugﬂﬁ 4.4(c) wudﬂﬁgmmmﬂuﬁ;@
8974 (spot) T0UIAAUINAWUFAITIHAN CAO LHUNANIALI (single crystal) Afanudunan
GR I@ma:(ﬂauﬁﬁaQ’Lmzuuwﬁﬂﬁmﬁ@L‘%méffsasmLﬂmzuml,azﬁmwmﬂmztﬁﬂuqa LRz
Lfiaﬁwmmmszmwaaq@mngmLuu (spot) ﬁ“lmﬁ”agmafmguﬁﬂmammwmsﬁ 4.1 lag
§98enulaseaitaninuas CAO lugnudaya JCPDS 39 1-075-2356  WAIINNNIAIWITA
LLﬁ@GiZ%ﬂUﬁﬂi’mglugﬂLL‘]J?Jﬂ’]‘EL?T?J’JLU%LL‘UULﬁaﬂ‘ﬁuﬁ (SEAD pattern) Aaseu1y (104),
(012) uaz (112) awdreu lapfunulam (zone axis) wiofiruasdBiinasaufiHIumInEn

CAO fafie [421] Swiganaiduiiuudug Mlanglugy 4.4(c) fvzwunsenadasniaiiu
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ITMUNFUNNATRLINUALTZINDALTINGNI 3 szwnudedn eldumsbuduanugndas

o ,_-j’ A ,ﬁ' dl > gﬁ Aa o pj’d = o
oI IdnaIUiuuMIRsUBLUURaNAUN datulunudToitalindiaesgluuuns
WWeluuwuLLRanwunelslUsunsy  CrystalMaker-SingleCrystal version 1.2.1 UBIWIKNAN
CAO aauaadlugl 4.4(d) wuhjzduuumadsnuuuuniianiuiizseaadasnudfldainnis
dwrnlugl 4.4(c) lapdningazuwiu (104), (012) uaz(112) Twfisuaasrzwindug ndns
Jaiiesadnaiuszuuuazszifiougs Manfaunulou (zone axis) Wiafiavasddianasounsiu
NIWAN CAO Aafid [421] iudedni

Rdpg =LA (4.1)
Wwa R = ‘JzUzi:%iﬁdﬁg@ﬂuﬁﬂm\‘lﬁ"].lfg@mﬂamL‘iJu
Dy = ILUEWIITERINIEUNY (hk))
LA = eesfivasndas TEM 7 200 kV (L= 60 cm) Sewrinny 15.5430 mm-A

(b)

Zone axis: [421]

gﬂ‘ﬁ' 4.4 (a) 3U SEM (b) 31 TEM (c) 3Uuny SAED uaz (d) 3Un13dnassziuuy SAED a8l
Tdsunsy CrystalMaker-SingleCrystal version 1.2.1 2YgIHINEN CAO
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4.3 MINATILRENUANIIUFIVDIHINAN CAO

mﬁLﬂswzﬁauﬂamsg@ﬂﬁumwawﬁﬂ CAO @Tamﬂﬂﬁ@]@hﬂ’ﬁ@@ﬂﬁul,lmézaLL@hj'Ngf.i
(UV) fslnadunILse (Near Infrared, Near IR) ﬁ’mm’%ad Ultraviolet-Visible-Near Infrared
Spectroscopy I@Uﬁwmﬁmmmig}@ﬂﬁuuaﬂmj’aomwmmﬁuﬁg\um 200-1500 nm Aele
snzamivias @hmsg}@ﬂﬁmmwadmwﬁﬂ CAO LLﬁ@di%Eﬂﬁ 45 muﬁug’m@hms
g}@ﬂﬁuuaamaamsnﬂ‘*ﬁﬁ@ﬁ?uﬁmnué’wﬂ’ufﬁ'ﬂ@hmaumsg@mﬁu (absorption edge) WAZLOL
Ta9ININRIW (energy gap) ﬁaa@ﬂﬁaaﬁumﬂﬁ@Lmius?j%'maaﬁl,ﬁnmaumnﬂaﬂgaqmao
%mmmwmwﬁ (valence band) vLﬂﬁdﬁ;@@‘i’]Eg@‘UﬂdLLnuﬁ’l (conduction band) WanN1INaND

wudwaumig}ﬂﬂﬁmamﬁﬂ CAO {@vinny 320 nm

o
'

Absorbance, log (1,/1)
(=]
pu

320 nm
0.0 -

200 400 600 800 1000 1200 1400 1600
Wavelength (nm)

gﬂﬁ 45 ma.lnm%'umi@@ﬂﬁuuawm UV-Visible-Near Infrared 284480 CAO

Lﬁaﬁnwamﬂmsg@ﬂﬁmmwawﬁﬂ CAO ¥FIWIANNFNNITN 3.9-3.11 luun® 3 1o
WILDUTBITINAIY (Energy gap, E,) THALDUTEITHNAIURULATI (direct energy gap,

d v o o v o ' 2 o {
Egar) W n = 1/2 udihanainnmuanudunuisezning (ah V) fud (b)) uaasgld 4.6

g
LATLOLTRITINRINULUL laT9 (indirect energy gap, Egingr) W8 n = 2 Uf211n1a39

o o ' 12 o { g
nMNANUENRUEIZAIG (Qh V) Aue (h V) uaasgun 4.7 auA“IIUBINIQANALET
2047009NAILANAIE 2 TRNAINUlNaan Ao wasulnaaunddganunasulnaaund
dd lasillawdsnulWaauddrganitdiunugesinamasny £ saualidnisganauuasdl

' A £ & [y a £ [ { @
AAL B UL T Fwa IR NTnTaInasnulnaan (sun13N 3.9) lasanuTuvad
U aql/d ai v o A a d'd di d' o 1
LA 9iiauALITINUNNIANAUNAINUVDILTEY (charge) NTMILARBUNINNA LK
amu:gdqmammmuawf (valence  band) Vl,iJéTa@‘hmeLGan’m:@‘hqmammumsﬁ,’]
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(conduction band) &wIunasulWaaunlaiasnite £ dnsganauussliansmenll

o d { . a o o o ' 2
BUPIEIORK) mﬂgﬂﬁ 4.6 138 extraplating 1 B9LFRATIVBINTINANNFUNUTIZRING (AW V)

o ]

AU (h V) lagaNFuATINFUNENLLAK h V A uALIa1 o =0 (FINNIQANIULEIINAL

autl) AMNLFRATIAALNY A Y AAYIAUATUIUTITNRINUULLATI (E;q) WUIIWEN CAO

]
A

e P  Aa v A o ao A Aa \
dan Eg,dir ININU ~3.9 eV TGLﬂ%ﬂ’]ﬂﬂJﬂ’J’]&JiﬂaLﬂﬂ\‘]ﬂumu’l'wauG] NUNIIILITUNINALLDD

TAITWNANIBULUATIIZAIN 3.4-4.2 eV [1,14,16,60,62,64] ém%’ugﬂﬁ' 47 il
extraplating 1591 duA9089InWANNFNRUTIZAI9 (ah V) Audn (hV) Tagsnuduasan
FNENULNY h YV AEURINAN =0 MTILERATIALNS A V IRYNALA L DT a9 INaIN"
WuD @39 (Egjngr) WUIIWAN CAO H6N Eg g, MINL ~2.9 eV Fofluenilndieaenunans
eu b3 lus39 2.1-2.99 eV [16,62,64]

10
— 8-
S
Q
IE 6_
£
8 n
R
E
3 4

39eV .
0 T T T =T T
1 2 3 4 5 6
hv (eV)

3UN 4.6 nanuFREUSIzRI (Qh V)’ fudn (hV) 20903Wan CAO

30

25+

- - N
[=] 4] (=]
1 1 1

(chv)"*x10? (nm™” ev"?)
(4]

gﬂ‘ﬁ' 4.7 gﬂﬁ 4.8 NTINANMNFURNUTIENTN (Ah V) Aiudn (V) TaIRINAN CAO
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AauL@iTeIn1IldsusIuny  Photoluminescence (PL)  83andianusuAusiy

) =< A . A . " =)
lassaanan (crystal structure) N13L38316 (doping elements) nyUutaw (impurities) %180
ANWUNWIBY (defects) VBINAN DU JUN 4.9 UFAINTANBUEY (PL emission) JBINAN
CAO Wafiminzdudislaauilninue1i 415 nm Ngmnniikes nan1InaaaswuiWan
1.63 eV) LilaNanvon

Eginar) A9UaA91LUILN

CAO IWANMIABUEIDE 2 AWWIAE 585 nm (2.12 eV) UWaz 760 nm

—_~ o~

WUAIRALTN (585 nm) FenfiguRasAuavesuaunasnuuuliase
4.8 wana il MBS EAkBINNLI I M AN ININT DI TITUTE (native defects) 184
WAN CAO [umItiadunisinefidunianas cu (Cu vacancy, Vg,) msunuiizas cu lu
FurLavad Al (Cuy antisite) waznIIWNINGIedaandianlulasizinsndn CAO (Oxygen
interstitial, O;) [62,64,65] ANUNINIBITLARTuMUTTTNT ARSI Nad oMo usaiiasand
ANMNFUAUTNLUIZTALANNUANTBITTRINIUULINAUDUAZLALNNTHNVEINAN CAO AN
Jwll@nfefigossasnmyensuss 760 nm (1.63 eV) AANURDAARBINUAMUNNNTBIA
FIINTA (native defects) 289H8n CAO %daa@ﬂﬁaoﬁmﬁuﬁ{wao Pellicer-Porres Liazatne
[62] FHNIITLIUNAITAULEIAMUNNINTES 2 dumls Ao 0.9 sz 1.8 eV 2a9IW&EN CAO
FWDIHIVLVDY Tate UAZAMS [64] AN TR ITAUTBIAMUNNNT B 2 Frunis aa
0.85 uaz 1.75 eV o9wan CAO rutdsanu wananitdanudululdinfensansuasin

FRUINRBIT A INALAINUNANIIAIWIATTAUNTUNUTTUVDILRS (optical  transition

° 1Y 2 o o A Ada
levels, OTLs) wu1 (0/—1) OTL &1%3U Cuy antisite (1.73 eV) UBIRIINIAIUTUANNNAINN
WNWIDIANNTITNTA (native defects) 2890AN CAO [65]

585 nm

Intensity (a.u.)

760 nm

500 550 600 650 700 750 800
Wavelength (nm)

UM 4.9 MmImsuad (PL emission) B8IHAN CAO Nigasnnlas



a 3 wa a @ a 2
4.4 ﬂ']s'lLﬂiqgﬁﬁﬂu@lLﬂaﬂualaﬂ(ﬂiﬂﬂaﬂ'ﬁ%ﬂﬂ% CAO

Electrical Resistivity

Seebeck Coefficient

Power Factor

100 g— — ——T—T—T 3
A\ (@)
10 A .
£ \A\ 3
o Al ]
S A
~ \A\A\A—A 3
—A—A—A-—A 4 4
0.1 +—— —— —
300 400 500 600 700 800 900 1000 1100
' ) ) ' ) ) ' ) ' ) ' ) '
700 A\ (b)'
6004 A .
o \A\ |
S 500 | A i
\:/' - A\A A p
—A—L__
400 - A—A—a—a 4\ , . -
300 +—— —— —
300 400 500 600 700 800 900 1000 1100
' ) ) ' ) ) ' ) ' ) ' ) '
40 - (c)-
S /A"A—A’A b
X 30 1 /A’A/A -
g 1 /‘/A h
S 20- A i
5 // 4
10 - N =
- / -
04— — —— 7
300 400 500 600 700 800 900 1000 1100

Temperature (K)
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{ 1 Y QQ/ Q' J a 1
31N 4.10 AaNTan19 WA we9T U1 CAO (bulk sample) uMILANTUBaIa NN (a) A7

gnwanua i (o) (b) fusansgiun (S) uaz (c) power factor (Szp_1)

i ' wn 9 A £ a =2 v o
Eﬂﬁ 410 LLﬁ@]\‘iﬂ’]auu@ﬂqdquq@qwﬂqiLWNTuTaﬁqm%qumaﬁ"ﬁuﬁ’]u CAO ﬁvl(ﬂ';l]’]ﬂ

MILATHNTUINUGIL spark plasma sintering igniziianluninanasdia Namngil 1473 K

et 30 Wil droussaulunswiin (sintering preesure) innu 40 mPa agldanaiie

UTTENNATaILAga1INaY 31 4.10(a) WRANATFNINEUNIINTN (o) Va9ITHIIH CAO lag

1 v U 1 QI J a v
mamwmumuvl,wmﬁma@aomwmsmmwmaoqnmgmm 323 5\1 1073 K I@]ULL‘WJI%&J

L ' v a J a ‘g % o o
aﬂ‘wm:mia@awaamamwmumuvLWWﬁmumiLwumumaaqmﬂguﬁaa@ﬂaaaﬂuanwm:

a A @ o Y . . 1 ' v LY
WOANTINVBIENTNIAN IWHN (semiconductor behavior) las@daand wmulnWinves

CAO lusnuaauidan I nalf ganuIUILNINIITLITWNAATRATNAIWNIU I HIU D INENLA LY

CAO [4,64]
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© | A g & e . - L
AFUUIZENDTIUA (S) V9TWN% CAO UATuUINaaaas19u8INITIA LEAIINT I
duiaqunesludianainaiiaf (p-type) Nillan (holes) davzilluminznanlumaiafanily
o [ d ' ' = { o ' o a £ 2 '
Taq dauaaslugdf 4.10(b) wdadnalsfiauladmuwimdsuysaldudszandfiua (S7) wuh
A A £ A A . . & o A Sa 2 o A A A
dnaaasmunaiindinyasgunnil aulddsuytidudszanidiue (S°) dngangunyil
¥ I L g ‘é L g o Y { 1 U
1073 K wamnasasiiduldamananmasiugiusessnsneani Wi ddraniwanuein
Y s a di A QI J v v di a J
i (p) wnzdndszandfiualaiaassmumainiusaianuduiunmalegunn g
o A a P VI Y a a & '
lagwnznaniidulaaluduinm CAO (&15n4d0 I ofiad) L AaTuaTnLANNNANTDS
ANUBIINTIA (native defects) VBINAN CAO NAAANNLANIBILLUMIAAGILAKIIN
FURUIVBI Cu (Cu vacancy, Vg,) MIwNuNad Cu luduniiauas Al (Cuy antisite) [62] T
' A o o A A o o [N Py & o
ANUNWIBIRiunuImsayiNe I TesnuaN AN AN Da9T UK CAO  %anaINALT
Qs a Qg Qq‘ ] v Q { = = Qs :
WUINAFNL T2 ENTTIUATaITHINU CAO RalnalfssnuansUsznauNFNNUEALTWINM CAO
1% TU9N% CAO [73] TwdNw nano CAO [74] uazTuaui beannn1saasan (hot pressing)
289 CuAl;,Mg O, (x = 0, 0.01, 0.02 and 0.05) [75]
o [ 1 2 -1 A 1 n}’: = a A
§ 306 power factor (S0 ) waadlugu 4.10(c) lasdnfisisuanfdsz@nninms
Wi (electrical performance) 2a¢iaqinasludianain nan1sduItud1 power factor 181
)y o ' ' ' A £ a A ' o -3
TuIua8819 CAO wuhdidnindunamunsiiugannluasiidgagavinny 355  X10
1 -2 A a ' = o ' Ao XA
HWm K~ figaennd 1073 K lausn power factor 284T1Mua1a:14 CAO Tuawiduhien
InfABIAUTUNUNAREN CAO  (polycrystalline CAO) [4] Tuau CAO filimidaiaud
DIMNNA 1433 K Uaz 1473 K [9] lagidn power factor 2895131 CAO Nie3sulasiTaasann

U
wnnil 1473 ddwnnnisiesunindatauigunni 1433 K [9]

Y]

10
¥ o4
£ \
N
=1\
= 74 \
S N
2 61 \\
: 5 \‘\A\
© 7 A

A\

£ A~
L 44 A,
e
|_

300 400 500 600 700 800 900 1000 1100
Temperature (K)

Aa

i ' 0 o Y A &
Eﬂﬁ 4.11 AMRAINUIANNTDUVIDUINW CAO (bulk sample) mwmnwmmaaqmﬁnw

U
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A3 4.2 AMFNWINANUTOUAILBLANATAY (KL LESAIRNANTHNIANUTa U LA AT

(K, V99TWINH CAO

_ AMENNINANUTDUAILBLANATON  AIENTNNITINAMUTOUAILLAATIED
gmwnni (K)

(), Wm K (Kia)y W 'K
322.2 2.118X10”° 9.11503
366.2 7.889X10° 8.1489
415.2 2.208X10™ 7.30671
463.6 4.659X10°" 6.67086
511.7 7.956X10" 6.18718
560.2 0.00119 5.81353
609.0 0.00164 5.52036
657.4 0.00211 5.28536
706.0 0.00261 5.08322
754.8 0.00309 4.89956
804.0 0.00358 4.72326
853.2 0.00413 4.55088
902.4 0.00464 4.38426
951.6 0.00517 4.2297
1000.9 0.00572 4.10016
1050.6 0.00615 4.01445

AFNINNITINANUTaWIIN (X)L DUNATINVDIAIRAINNTINANNTOUAILBLANATEY
(Ky) UWRZATRNTWNIIHIAMNUTOUAILUANTY (Kiy) 20951 CAO aBfuI BN gAIWNNT
ianufousnldauaunisn 3.2-3.4 (iwauﬁﬂmmmluuwﬁ 3) e R
(density) 896288195 CAO  Revinfiy 4.72 glem” wiadalln  92.8% woIAINY
WWILUUNIING MY (the theoretical  density) AflAnnniy 5.09 glem® [70] NaMI3LATIZHA
wudﬁﬂ'mmwmiﬁﬁmflu%fam'mﬁ@ha@ammmﬂﬁ'w%umaaqmﬁgﬁ (3u 4.11) wazden
@‘i’]ﬁg@rﬁ'qmﬁgﬁ 1073 K tfiasanengnmnmathenuieudiouaaioisninadesaninny
YNNI UTININNNIFEA NI TN AN LR UUBLENAToWIWEY TABEINNTASIWI AN
FNWMIINAN e nE U LA NATOUANENNIIVES Wiedemann-Franz law @9gaunsfi 2.9
wazihegmwm AN andusEnaanuunua luaunsh 2.8 evilinTuaanw

AMIHANNUIBUMIDLAANT NANITANWIHATRAINANTHNIANNTDOUAIUDLANATAULAZATVFNIN
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MIINANUIINTIDUAARTUEASIHANINT 4.2 NANIFIWI TN FEA NI AN LT a e
LaANTHAININNINNTHNIANUTaUA B BLANATa MU T=NN DL 99.9% WA 99.8% ﬁqmwgﬁﬁaa
Lm:“?'iqmﬁgﬁ 1073 K N80 UgA9I15%N% CAO Sanmwmsinaanudeuiuuuaaiiauin
NIMINANNTOUAILBLANATO

N dimensionless figure of merit (Z7) maa%mm CAO (bulk sample) Gn&mﬁl,ﬁ&l"ﬁmmd
qmﬂgﬁua@ﬂugﬂﬁ 412 @1 ZT ﬁmﬂﬁuﬁuaﬂ'w’ﬁ'@Lﬁ]uLﬁ'aqm%Qﬁgaﬁu LLa:ﬁﬂ'ﬂqaq@
Wiy 9X10° ﬁqm%gﬁ 1073 K lagen ZT Aldnguwnn CAO Tuiudssiiiarannninen
ZT #leanasusznauves CuAl,,Mg,0, (x = 0, 0.01, 0.02 and 0.05) lia3uudu3Toasan
[75] mﬂwamimaaaéﬁuqmauﬁamamaﬂu%tﬁn@%ﬂmaﬁmm CAO uaadliiinlaating
Talawi1§13U3enay delafossite  CuAlO, (CAO) Lﬂu’s’a@;maﬂw&ﬁnm’%ﬂmﬁ@ﬁﬁmmsn

ﬂszqmﬂ%mﬂﬁﬁqmmgﬁqa

1.0

00 e —
300 400 500 600 700 800 900 1000 1100
Temperature (K)

Eﬂ‘ﬁl 4.12 @1 dimensionless figure of merit (ZT) T84T%31% CAO (bulk sample) §nUNT

a & a
L‘WN"]JW‘]J@GQQM‘H{]N

4.5 m3uUszandly CAO Tueadianinsladsznay (composite gel electrolyte, CGE)
dusulrasuasaiadasdaaluas (dye-sensitized solar cell, DSSC)

Eﬂﬁ 4.13a WAz 4.13b URAIANBIAZEILIIUINGT (morphology) VBINIKEN CAO #
aasoudueadianinyladlszney (composite gel electrolyte, CGE) fRSULTAR
wgsofiadadan g (dye-sensitized solar cell, DSSC) 1w @38 N B A AFIWINGIVDIN
WAn CAO fidnsmzimiloniuzy SEM anwfiuaasliluwinda 4.2 msdinsidagiuine
(morphology) BIHINAN CAO (31 4.4) snuwaiuiivesiiualuafiiy Tio, photoelectrode

LLﬁﬂdiugﬂﬁl 4.13c lasTuddw Tio, vunzani Wi ldsuas (FTO) dsznaudinayniaw
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luad TiO, ivwiAaunIAYIzUIH 100-150 nm NHNNINTZALEIVBIINTY (pores) UBALEN

' o A \ A A & 4 & a o Ao
agdmailaNe TIRINTOTIVITBUNNANBNVEINKAT (surface area) lunﬁsgmuamauvlm,m
uwazMaANAUAlUNIFUAEAL CGE 71U 4.13d wa@d Pt counter electrode 1ldannns
WRAU Pt 89UWNTZAN FTO Iﬂﬂmgmﬂmm Pt ﬁé’ﬂﬂmu‘ﬂum&mﬂmaﬂauLLazﬁmm@mﬁzl
Yyzu1th 20-30 nm

&

10

b A I ,"
0'hm}|

Eﬂ‘ﬁ‘ 4.13 Eﬂ FE-SEM 284 (a,b) NINAN CAO (c) TiO, photoelectrode Laz (d) Pt counter

electrode

gﬂﬁ 4.14 me"l,@aumsmaamaﬁummﬁmﬁﬁifauvbLmﬁﬂs:qﬂm“lﬁmwﬁn CAO Hau
luiaadianlnslad (CGE) ﬁgﬂﬂi:ﬂau%uslmm’iﬁ'ﬂfﬁmyﬁmuﬂi:ﬂauﬁéﬁfyﬁa 1) TiO,
photoelectrode ﬁﬂi:ﬂauvlﬂ@i"m%u compact TiO, e TiO, 2) Pt counter electrode 3) AR
lugs (Eosin Y dye) 4) CGE fitlsznaudisdiunanaas LE:PEG:CAO (Muaztduan1sia3an
CGE usasluuni 3) gﬂﬁl 415 ugedmadussonfiadadonlhusefldonnistsznoudulu
NIl I ARATULES (active area) YA 0.4 cm’ MUz noUNLIGA IR IFas
fla TiO, photoelectrode Waz Pt counter electrode Sadanurnuinlifinesenmeiiodu
523992 I e i?&lﬁ\‘]ﬂ’lia@laLgﬂiﬂivlﬂﬁa{]vlﬂlug‘ﬁlﬁ’]ﬂﬂiL%Wva{é]d%ﬁleWW Pt
counter electrode WU iiUSunmBiEnlasladiiutosiesenineta IWiwsses uaslud

Wasamean ﬂluﬁaadﬁaﬁmsﬁﬁlﬁﬂimvlaﬁ
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Electrons

Load

Composite gel electrolyte (CGE)

S *
LUMO

® e
.%ilevel

Excitation ﬁ \

TiO, Photoelectrode
Pt Counter electrode

+ Compact TiO; _ TiO, ¢ Eosin Y dye @ CAO ~.- PEG ¢ Pt
S= Sensitizer in ground, 5% = Excited state and CB = Conduction band

{ a v { lg’ v
gﬂﬁ 4.14 vl(ﬂaztmswawﬁaﬁuaamwmﬁ?«ﬂau%LLaaﬁQﬂﬂi:nawuua:ﬁmsﬂs:qﬂm‘hm
Wan CAO Wanlulaadidnlnslad (CGE)

{ a v { J a @ ¥ v
3UN 4.15 mjaﬁummm}ﬁﬁﬂauvhLLadﬁgﬂﬂszﬂaumuiuowuaaﬂﬁiﬂﬂﬁﬂﬂiﬂizqﬂm‘%wowﬁﬂ
cAO wauluiaadianlnslad (CGE)
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U7 4.16 waasdraniwnisinlaaas (lonic conductivity) 89 CGE AINITLANHINED
CAO  luiSunanuand1ani waz LE lagvinn1iata e i inan s ilIaaauuadvadln
\ [ | | A o ° \ a &
FIIIRINANIN  HANIINARAINUIN IUTINTUARAFAINANTYN Lo aanl AL A NTRAINNNT

QI J a { 1 4 o d
LWNT%TQGﬂ?NWMNGNﬁﬂ CAO ﬁm:ﬁnﬂagiu CGE LLazﬁmamwmsmVLaaaumn‘ﬁq@

W 4.94%X10° Slcm AUSINMRINAN CAO 1 CGE 1infiu 0.05 wi% Wasanuuaanw
mylesaulidaaad (0.07 wt% CAO) nanldinmsinduvesinaniwmarinlesswiad
MIAURINEN CAO 1w CGE ifiasnnanniinssitsanasdass (free  volume) fisapdo
(interface) 3zwiN9aRNIALAE CGE Afsouaduaasuds Teofaduasisorneluwsauiue
28398%N1A CAO LﬁuLﬁmﬁuﬁumgmﬂ%‘uqﬁﬁmmﬁmﬂﬂlu CGE gnanag19tsi AlL,Os [20]
LR amgmﬂmmﬂmiummmao Si0, [76] %aNINH Kang  Wazam [25] S1E9TWHANTATI
wm’wLﬁaﬁmilﬁwm&mﬂmu’muﬂul,ummvl,ﬂlmﬁ]aﬁLﬁﬂ‘[ﬁﬂa@?(GE) WUINUSUN NI TUNS
°naaﬂizfgauﬁ@mﬁuqﬁuamﬁmau Lﬁaammﬂﬂi:@mminLLwimwﬁaadﬁwa<1 CGE &
sauflanmaianalnues Grotthuss-like exchange  mechanism AR g uzrelWiian1sia
UszENTAINNIuNIe913q [20] MNHANIINARBIWLIINIILANRINAN CAO  lu CGE
sansauAanIwnn i losenues CGE  wananiidraniwnnsiinlesanues CGE fien
aA8dL o USINMINAN CAO 1NNTN 0.05wt% CAO iasanannimisnarnwduiouses
NIWAN CAO %\1a%dNalﬁl,ﬁ@ms"ffﬂmnnm,l,wimaaﬂszfg 120] a9 lsAauagnInATIN

loaauvas CGE Vlﬂama:mi‘n@aaaﬁ@hﬁaﬂﬂdﬁdmmwmsﬁﬂaaawum LE (gﬂﬁ 4.16)

60_I'I'I'I'I'I'I'I_
]l e ]

5.5 1 -

5.0

J /.\. 4

45 n— "

4.0 -

3.5 -
I —u— CGE 1
3.0+ —e—LE -

2.5 -
im 4
2.0 1 -

lonic conductivity (x10° S/cm)

I ' I ' I ' I ' I ' I ' I ' I
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
CAO content (wt.%)

Eﬂﬁ 4.16 @ran1wns¥i leaas (lonic conductivity) V89 CGE Way LE
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aunannIITaILTasusIaniadluaniazilaifiuas (dark condition) wuindiEnasauiinis
Ll,wsfmu%”'umgmﬂ Tio,  uazuUfAsennulesaw tiiodide (1) yo98LnInsladfian
photoelectrode (1ualua) muaumsfi 2.21 luame? loaaw iodide (1) Lﬂﬁﬂugmﬂuvlaaau
triiodide (I5) tiasUBLEnasauaNT2 Pt counter electrode (aualng) dsuaasluauniss 2.18
ANNANMUFUAUTTEWING dark current density-voltage curve vadlaasuasaindadan auas
#l4 CcGE fifimafunanin cAO TudSunmafiuanenstio uay LE éﬁgﬂ‘ﬁ' 4.47 QNWINTTAIUAE
SneAtiarhldnsuiemaiiaruatiuszninedianasanluwousi IWiwasansiedsi
Tanzaanlad fulesau triodide (1) luidnInslad laorialUiSunu S dark reaction
gaaadasnumMIAanszugluan1ieilaiduss (dark current) Lﬁaﬁmsmﬁ@@é’@mﬂu x (cell
voltage) WUINALTIa W INHN ludRaT9 (forward bias voltage) 289 CGE Adwasnin LE law
7 0.05 wt% CAO 1w CGE ﬁmLLsaé'u"LWWﬂvlué'amaﬁaﬂﬁq@]LLa@alﬁLﬁu’jwﬁﬁmwmuﬁLﬁ'w
TomalumsiAaianszualugnieAliSuasfindsn mnuanInesasie i RwIN s auns
wan cA0 1w CGE fisuteliimufindfAionafenudiiuszniedidnaseuluuny
inlWihassnsnsaainlanzaanladivlossn tiodide (15) ludiinInslad (dark reaction) 7

JoudasznINaFan IuaILU TiO, photoelectrode NUBLENINT lad

NA
£ 0.0 4=
L
<<
E -0.2-
2
2 -0.4-
<1}
T —LE
i~ —— CGE-CAO 0.00 wt%
o -0.6- —— CGE-CAOQ 0.01 wt%
= | ~——— CGE-CAO 0.03 wt%
3 —— CGE-CAQ 0.05 wt%
O 538 CGE-CAO 0.07 wt%
< 0.
-
©
(=]
‘1 .0 T T T T ) ¥ I

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Cell voltage (V)

310 4.17 ANANUFNNWSILING dark current density-voltage curve UadlTRRLEIANNALT

2

adouluasild CGE uay LE
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gﬂﬁ' 418 URAINTINAMUFNNWBEILNING current  density-voltage curve  UBILTAR
wssanfiasddonliuasfild CGE  fifinsiunindn CAO  lulSunmiiuandnsfiu uas LE
meldanzenuduussfl 1.5 AM (100 mWiem?) wuinmasussaniadadonluasils
CGE #finséiw 0.05 wit% CAO lenanunmwiuiunszualWiindarsasdanionuiioas
usdafiad (short circuit current density, J.) ga*ﬁ'q@ uagliAranuesangr9aTida (open

circuit voltage, V..) ﬁﬂﬁq@

1.2
. —LE
1.0 —— CGE-CAO 0.00 wt%
i ——CGE-CAO 0.01 wt%
S ~——— CGE-CAO 0.03 Wt%
< .8- —— CGE-CAO 0.05 wt%
E™ CGE-CAO 0.07 wt%
=
‘% 0.6
=
S
w 0.4
=
£
S 0.2+ \
(&)
0.0 S S A S S R
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Cell voltage (V)

e€a o

Eﬂﬁ 4.18 nNANUFUNBEIEWING current density-voltage curve YaILTaRLRINAAL T
Tuasnld CGE waz LE

A13197 4.3 FNITOULNITLURINRIN UV TASwRID AT A aN ugs (Photovoltaic
performance) Nl4 CGE NANMTLANNINAN CAO ludSunasiuane9ns was LE

Wt% CAO Joy (MA/Cm’) Vi, (V) 7 (%) FF
LE i 0.6002 0.6491 01596  0.4098
CGE-CAOO 0.00 0.4772 0.5545  0.0954  0.3605
CGE-CAO1 0.01 0.6896 05764 01819  0.4576
CGE-CAO3 0.03 0.8257 05691 02017  0.4292
CGE-CAO5 0.05 1.0555 05036 02722  0.5216

CGE-CAO7 0.07 0.9162 0.5823 0.2551 0.4781
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a13797 4.3 uwaasaIUHanInaaadlunImanTInuzsesaasuatanindddanlua
(Photovoltaic performance) 7l% CGE uaz LE lay CGE fmadiumsnan CAO aslulu
USunafinanenanu 9annanInesaslaganuinansnusasaas s fiadadan s
gﬂﬁ@um‘lﬁﬁ@hﬁlﬂwﬁu AN Jg Waz fill factor (FF) ﬁmuéﬂﬁ'tyﬁﬁﬂﬁﬂs:ﬁw%mwmmﬂm
WRIIU (7)) yoswasusafiasasonusdanAindn a1 J A ldnimasuasuaionfiagl
afaulusefild CGE uaziinadunsndn CAO lutSanas 0.01-0.07 wt% CAO fidngandinen
Jo. Aldnimasussoniiadadanlussild cGE wuulifinsfunindn CAO (0.00 wt%
cAO) lasdn JSCﬁ@hLﬁ&lqaﬁumwmnﬁuﬁmaaﬂ%mm cAO lu CGE f’fiaﬁ@hgaﬁgmmﬁu
1.0555 mA/em” wasiidnaaadafimadudSino CAO snniiuwalu CGE (0.07 wt% CAO)
nnuamsnasasiodmadunanan CAO TudSunm 0.05 wi% 1w CGE uaalven Ui, gaﬁq@
LﬁaaaﬂﬂLﬂmﬁuauﬁaamwmmws’maoﬂ‘s:ﬁﬂm:uu‘%@aﬂsﬁ %38 iodine/triiodide (I/15) redox
couples TwdaRgauluge Eosin Y dye mmimﬂgﬂugﬂ (regenerate) ﬂé"i.l;jamuzﬁu (S)
Tnailen5aau mwé’nmsﬁugmmmmaﬁummﬁmﬁ%ﬂ”aﬂwm A Jyo gninuadsan
anwn134in leaau (ionic conductivity) VaIBLANINTLIAA WATANRAIWNANTUWS (diffusivity) V89
iodine/triiodide (I/l;) redox couples Tagrilugrengudszinamauns (diffusion coefficient)
%%a@hamwmmwigﬂmuqw%aﬁ"mu@éﬁfmmUéﬁl,nh Viu siiavadlaaan (diffusing
species) danaafitianisunizaslosan (diffusion medium) guanail WMin uazLEWNINS
w3 (diffusion path) wenNiiNaNINARsISINLITasuasaniadaTanluasfils CGE
TRANINILANRINEN CAO (0.01-0.07 wt% CAO) H¢i Jsc'ﬁgoﬂ'j']mﬂ“ﬁ LE f9usiindnan
mvinlesauves CGE Hetasnin LE (gﬂ‘ﬁ 4.16) NWITBAERIN T NIBUREIIEN
§uUsEANTNMIUNIV8Y triiodide  (I5) ﬁﬂ"}Lﬁwgoﬁfmﬁaﬁmﬂﬁwmgmﬂaﬁuw‘%ﬁ (inorganic
particles) alu CGE (5% aun1a TiO, [23-25], aynaunlu silica (SI0,) [21], Al,05 [20], AIN
[55], a-zrP [77] \Jua wana Nt Kang Wazamue [25] eaunaindSinamsanslauaad
loaauau (I waz 1y) ﬁ@hLﬁuﬁuashd"ff@L%%Lﬁaﬁﬂmﬁwmgmﬂmiumaa TiO, a4l% CGE lag
Sanudulyleinnswdn cAo ﬁmzﬁnﬂﬁ’;a%ﬂu CGE FsmtnuliiRudSinmmadialon
Urzgnialilianiwnisunives iodineftriiodide (I715) redox couples I¢asinasdiinlng
ladaelwoasuasonfiadadan e
wanani dranwnsinlesauvasdianinsladildlumasussonadddonliuas an
fuualagdranuasdasdrvasdszauinuazatludianinslad lassuisnduwarmdranin

m3hNvedlosan (total conductivity, o) MNRNNITN 4.2 [25]

2
o= |Z|Fcu =Z|Zi|:j%q (4.2)

I
W F, |z|, ¢, 44, D, g, T uaz k fia d1Asives Faraday, A1dszqlWinvaslasausiia i (onic

charge), ANNTNTwed laaausiia i (concentration) RNWANNUARDIAIVDI Loaausia i
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o o o £ . o - o .
(mobility), fulszAndnsunsvedloasausiia i (diffusion coefficient of the i ionic species),
ﬂ"]ﬂizﬁgal,ﬁﬂmau (electronic charge), qm%gﬁﬁuyifﬂ (absolute temperature) WazZANAIN
luandiusl (Boltzmann constant) AMNE1GU AIBUENATN 4.2 RxIN150 MU Tz
. 1 o . . A& 6
(estimate) FMaAINMTHINVDI laaauLIN (cations) wazlaaaway (anions) ludanlnslad lag
ac A ° . . .. < AL > '
Twawidpdidnaninnisinlaaausiu (total ionic conductivity) 289 CGE iludnduatinue
o a £ ' Aa . . B .. . B { ' {
FUUszANTATUNTVe lasausiia iodine (I Uaz triiodide (I;) NINAN Jo, Nanaaadiladinng
\@unandn CAO lu CGE annin 0.05 wt% 1iasananinguazaininfianidannensiig
A 1 1 [ =3 dld o o A t:‘i/
lounIamaunizasdszalasnguiousainindn CAO NIiMITwaINU  Tinanmasasii
7aaARaINUNUITHNTNIEN ALO, [20], TIO,  [24] uae silica (Si0,) [21]  aydldiins
Ql J a v d v a U
WWNInvad Je, vediaaanziannadadanlugenld CGE warlinnsifundnan CAO lasilen
ANAFANLTINUNTANRINGN CAO lu CGE 1vi1riu 0.05 wt% CAO (U7 4.18)
RANNIIANUFIULBIAIANNAIANGII9931Ta (open  circuit  voltage, Vo) VaILaaa
ugdonfiadddan sl nuN eI TaINUIZAUNRINUNLANAIARITEAINITzaUIN a5 AV D
AANATOU (Fermi level of electron: Ep) VDIDUNTA TiO, U7 TiO, photoelectrode
@7ualua) uas redox potential  (I71;)  VaIBLANINTIAG FnTuAIEAIWATYN looaul
NANIINUGABAT V,, bNBILANaLYINtY lasan V. 2adisaaurianiadadan ugsannnsa
o [ [ o ¢ s ] [ A 1 =3 6 a 6
MW LAINANVFUNUTVDIAILLTA ) GILFASIUFNNTN 4.3-4.4 S2UDITARUFIDNNAE

LUUIas§a p-n (p-n junction) [47,78]

V. - k_Tm["—“ij 43)
qd anky[ls]
(4.4)
Iy =a®l,

\ia k Aa faafiluandduil (Boltzmann constant) , T fa amunpiiauyol (Kelvin), g fae
Usz9Bidnasan (electronic charge), fy fa AnszusvaIdlanaTauiiiaanaausti (%) lu
Imaqaﬁﬁau (injection electronic current resulting from dye sensitization), n, fa anu
] a o ‘é L d o ]
AwuduaaIdanasanluwounisiivasznsnialkieanloa luani1az lilugs (electron
density in the conduction band of the semiconductor in the dark), ky AaaasIMTLAALATEN
o ' a & o 9 L o o 6 o - .
MINuAINwIErIBiEnaTanluuausi lWinvasssneatilanceanlodanu laaaw triodide

1) TudLlanInslad (dark reaction) N3asdasenineddanliuaiun TiO, photoelectrode Ny
3 p

auaninslad usasluaums 15 + 2e7(Ti0,) — 31" w3aaums (2.19) , [I;] AeanuiTudn
Ypdoxidized redox mediator (l3), I m’I&IL"iT&I“UmLLa\‘iﬁ@mﬂiz‘nuL‘ﬁaﬁl,l,aamﬁ@lg(incident
photonic flux), L8z @ ADBATIEIUNIAANAUVBILEIAS , (ratio of absorbed photonic flux
to 1) NFUMIT 4.3-4.4 1 V,, Sdnaaasilafimaiia dark reaction [NgITH (k) HANS

" & A 64w A9 o A v
NARBINUINAT V. °l|E]\‘]LsﬁﬂﬂLLadaqﬂ@]ﬂaﬂaN‘leLaﬂqﬂlﬁ CGE nﬂaﬂquﬂqjﬂ@aaﬂwﬂ’]uaﬂ
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N1 Voo 209108 dUNARSALT LE (3U7 4.18 uaza13147 4.3) 1184310 CGE NiMILaNHT
WAN CAO  adldudrsswalidimsiialjisennisruainuseninsdianasouluunuiin win
284 TiO, nu'laaaw triiodide (I;) (dark reaction %38 dark current) NTasdaszniIvdTan
. > > A 1 o v 1

WRILU TiO, photoelectrode MU CGE @I&NMT (2.19) TIsIHAYINIAAN V. Hdanad lasna
MINAFBIRFDAARBINUNTINANNFUNUTIZ NS dark current density-voltage curve 283
EraaurIanas st oy s (3UN 4.17)

UseAnTawnsudasnasnuadioaansdanfiadadonliuad (power conversion

o Lo o X - . P g
efficiency, 77) AnAVTuaANIIANTRVILTINIANINEN CAO 14 CGE I@ﬂﬁﬂwmﬂﬁq@ﬁ
0.05 Wt% CAO LazilaNaaadtiaNUSuIHINAN 0.07 wt% CAO 11 CGE Nan1sNaaaduaad
dl Jw 1 1 6 a 6 v d' % a d'd
luan3199 4.3 wananidanuingr asssasussafiadadenlusnls CGE saniinns
AURINAN CAO Adnunnninaasusioniadadanlussils LE dasananvinlien 7 e
n' ,2‘ d' 6 a 6 v L% =} 1 n' J 1 1
Wnduilaraausionfadadon uadld CGE Aafn J, WANTUNINNIINTANRIVEIAT V.,
wwiad f1 77 vemadusiarfiaddden lusslidnaunniigan 0.05 wt% CAO lu CGE lawdidn
WnnIN 1.71 winllald LE uaz 2.85 win Wlald CGE AlNAinieinnInan CAO (0.00 wt%
CAO)
. 6 a d' % a d'd a =3 A

Fill factor (FF) ¥adtwasuadaniasd iuasNls CGE shaniinaaunInGgn CAO AN
Aaudnaganin FF YILTARLRIDNAAEN LE Uaz CGE NIRNIANNINEAN CAO (0.00 wi%
CAO) laudn FF fidngsngan 0.05 wt% CAO lu CGE lanfidviiiy 0.5216 aanuayyldi
v o o & PR a a A o o A Ao
m@laami"l,@mamsnuwaaLsﬁaamemuaﬂaﬂaLLamgaLLa:@wq@@aﬂ‘*ﬁ CGE aiani
MILANNINAN CAO Tui/Su1ms 0.05 wt% CAO (gﬂﬁ 4.18 az 79N 3)

AINzaRUMNuEaIdINTNaTaININEN CAO 11 CGE dadn nazmazl,‘é‘mﬁfu Fnduand
U a a =) €d‘ dl a 1 1 dl =1
dasiaTannaTadannnatunItous Aduadlu CGE dad1 7 anufiianinInoaunasn
ADWAUNT 13197 4.4 memﬁwmwwamsmaaaﬁ"l,éfﬁm’mmn’mﬁum&mﬂaﬁuﬁﬁﬁ
wanwansad il CGE Tuasen 4.4 ldanusagluzasmsiasandansdiw i uss
nins AadszanTawnsudsinasiusasaasiasarfindadon lausanls CGE (7)) da
dazantnmwmsudaswasanuwuediaasusioniadaden ussnls LE (77) waz Usz@nSnw
nsudaswssnusasmasusiaiadaday luganld CGE  (77) dadszinTawnisuas

o & PN e o Aq o AW A a a A 6

wasiuzadasussanfiadfdenliuasnld cGE nldiinsduauninaliunid (1)
ANA0U Tua197 4.4 BlTimasursannadasan usINT CGE shaniuIunm 0.05 wt%
CAO inastnuasSauiiay namsnaaaswuingn 77 luwiuwlsphddridoutredulaiioy
AU metal-complex sensitizers 1% ruthenium dye (Ru) complexes Lhadu13nnnsltaeas
uszlia Eosin Y dye Nildszdniawmaudaswasnuliiin 1 % [79] udiidadfanaign
A31 Ru complexes 810 wdatnglsAau Eosin Y dye snansalsidugdonlussdnsuioas

a 6 o a = = A a A = ' '
LL&GBW‘YI@]ElﬁilallvhLLﬁGI%ﬂ'ﬁWﬁ]'ﬁMWLl]imJL‘YlEl‘]JL*JQGﬂ‘Y]‘HWG“I]E]ONGD\Iaﬂ CAO @aaRuIINUE
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vasiraausiafiadfdon luasla wnanisnasaswudndr /7 waz /76 lwanuidpiiian

WINNINWITEU G NTNINBIURE (91319 4.4) LORINEN CAO FWNTDLANAT 77 11NN

1 1 s e Y a a & d
2 191N WAEINUNY O-ZrP [56] a‘gﬂ"Lmﬁmwﬁn CAO Lﬂuagmﬂauuﬂ%ﬁwwmﬁmmsﬂ

1Guadl CGE wasuNInAN U anTmMwaadaasiadanadaean g

AN 4.4 1WSDURBURNIIOUS VI TRALRIANNAS T aN LRILUalT CGE  NUn1ILAN
agmﬂaﬁuﬁﬁﬁu@ﬂ@mﬁu
Polymer oo Ve n
Inorganic particles Dye FF )/ )/
electrolyte (mA/cmz) (V) (%) i VT
Nano-Si0, [22] PEG Ru 535 N3 dye  11.97 054 244 - ; -
Nano-SiO, [21] PMI-NMBI  Ru dye Z-907 13.20 075 660 068 - -
TiO, [23] EMIm-TFSI  Ru535N3dye 1145 068 50 065 1.19 -
TiO, [24] PVDF-HEP  Ru dye N719 15.24 069 718 069 1.02 1.26
PEGDME-
TiO, [25] RuL,(NCS), 17.0 064 719 - ; 1.41
PEO
ALO, [20] PEI-PEGDE Ru535N3dye  14.50 075 634 - ; 1.29
AIN [55] PVDF-HEP  Ru dye N719 12.92 066 527 063 - 1.11
OL-ZrP [56] MPIDP Ru dye N719 11.38 056 261 0.41 ; 2.42
Nanomica [54] PVDF-HEP  Ru535N3dye  15.63 076 796 069 098 1.30
SWCNT [23] EMIm-TFSI Ru535N3dye  10.78 070 460 062 1.09 -
Liquid
SWCNT [57] Ru dye N719 9.01 067 362 061 1.12 ;
Electrolyte
MWCNT [23] EMIm-TFSI  Ru535 N3 dye 12.02 071 479 057 1.14 ;
Liquid
MWCNT [57] Ru dye N719 10.23 068 420 060 1.30 -
Electrolyte
PMII-
MWCNT [80] RuL,(NCS), 12.94 067 574 067 - 1.08
EMITFSI
Graphite [23] EMIm-TFSI  Ru535 N3 dye 10.60 068 457 063 1.09 ;
Carbon fiber 23] EMIm-TFSI  Ru 535 N3 dye  11.11 069 497 065 1.18 -
Carbon black [58] PMII Ru dye N719 15.33 064 637 065 - -
Carbon black [23] EMIm-TFSI  Ru 535 N3 dye  11.02 067 483 065 1.15 -
CuAlO,
PEG Eosin Y 1.06 050 027 052 171 285

(Present study)
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[ a a

T U3 ATNIIRNTUNSTBILFD HITAITNLRZAIAINAIAT (stability) VaIUILERNTA W
[ & A €A v A o o P £
MILUNINEINH (77) BVaLTaslsvaiadadgay husdlaimsldnunonwuwin lagluns
naraULAan L TaauRIaNNATFI N IILEINLT CGE NINTLGuNINEN CAO luiSunow 0.05
wt% CAO uaz LE lasvimimaseunislulngaanudu (desiccator) fignzgmnyiivas
\Jwa 10 Tu wamnesasuaaslugli 4.19 laglumsnonunamsnaaasiinslsuen 7
& A 6d v v & ' i A \ a a
passasugsafadzson luaslidudr normalized 7 WNadsdamaTouAisy HanT
] . & A €A v A o A | =
NABBIWLINAT normalized 77 VadLTRsLRIaNAASFTaN UsIN T LE Jd1anadaiamieiii
ARAATZLZIAINYINNINARAL 10 T% NUAIRARID1LHAININLAANTITI MRALAZ NN TIZ LAY
6 a e v Aa o e 1 6
a9 LE 20NNt uasusdannias et a s Vlmmm@;mmnmiﬂizﬂauLﬂjaaﬂvl,uawyim
PN thermal adhesive film (Surlyn) LRI TiO, photoelectrode LLaz Pt counter
v o v Aa QI/ =) ‘3‘ Q v 1
electrode daavinlwtAan1sT wanazn1Iszvavad LE LAAU% TWNI9ATINWI AN
. & P A o A a & o A
normalized 77 vaLasuavanfiadadan g1t CGE Jaaaasisaantasuaziaianas
A | . a o o A o
g9 ~ 90% Va9AT normalized 77 (36K ARDAIZEZIIAT 10 AUNTININARAL IINNANTT
maaaagﬂ"[ﬁdw MILANNINEN CAO 11 CGE  ®1u130TI88ULINIaTAVININITIIRI NS
g IBLANINT lad bt raauaIanad 7 an ILEd IIUNIRINNTDTIULNNLFDLTAINAT

o & A ed o v A A o £
7]']\3']%"1]@\1L"ﬁﬂﬂLLﬁ\Ta'ﬁ’]@]UﬁﬂQNVL'JLLﬁ\‘]EL'ﬂNﬂ']ﬂGV]LLﬂzaJa']ﬂqﬂ']il"ﬁ\‘i']uﬂ']'ﬁuqumu

11 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1

104 —B—CGE-CAO 0.05wWt% ]
] —O—LE |

0.9- i

o
[}
1

o
(o3}
1
I

1} (Normalized)
o
\l
|

o
(6]
1
I

o
~
|
I

o
w

o 1 2 3 4 5 6 7 8 9 10
Time (day)
3141 4.19 ¢1 normalized 77 vasLTaFussaiaddanhusnld CGE ATmsLuNsnEn CAO
/301 0.05 wt% CAO uaz LE
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u‘nagﬂ

ac X o . a £ o
NWITpRdszauau&NTIluMILETEUHINEN delafossite CUAIO, (CAO) LiTgNTAY

FEmsasenzialoaanlulasiin (2.45 GHz) 1 600 W 1duaan 20 wift lasldansasamdn

AI(NO5);°9H,0 Uaz Cu(CH;CO0),-H,0 ludanaiulasluawes Cu:Al LAY 1:1 HAN1T
' =2 A o & | Aa oA & a \
NARBIWLINHINGN CAO danmasztiuuny (plate) NUzUs 0o uazlinnunmvaduny
NANUTEaN 4 200-350 nm RNLALTILES (optical properties) WUINRAILOLTBIININAINY
WUUATY (direct energy gap, E,q) YiNNU 3.9 eV WaTLOUTEIIINRIN LD 1A (indirect
energy gap, Egjndir) WYinNU 2.9 eV @1 Photoluminescence (PL) Lﬁaﬁﬂ’liﬂizifu (exited) a8
A A A PN EY A .. o . A A
LEINAMNBNINA® 415 nm Ngasnnivas wudlimsensuas (emission) 2 dunisianay
HNIARY 585 nm (2.12 eV) Waz 760 nm (1.63 eV) lauduriinauaiwIn (585 nm) Jen
InfassnuawauTaInanasnuuuliass snsuduniinousINgad (760 nm)
% o ] a % =< a d'
ROAAABINUANMNUNNIBIANTITNTAV8ILATIRIINAN CAO  wHANTUNUNYEI Cu  bib
FUWRAUIVBI Al (Cuy antisite) HANIINARBIAUENTANIINSINBLANAIN (TE properties)
v U U o Qs = g Qq’
wudan W nmMuwldi (p)  denwin Wil () uezaulszENITIua (S) VaITuw
A n' J a 1 =3 a & o é
CAO (bulk sample) Henanasaumainiusasgmund tswandawndnysumadwiagns
ahWiuszTaqinasludiinainaiiadl (p-type TE materials) &2uf1 power factor Wz
. . . . A4 a X A £ A A A A
dimensionless figure of merit (ZT) 4AUNNVBATNNIILANTUTBIGHADUURZUANNINNFATN
a U a Q€ v Y a
gaanndl 1073 K anWaminaaadagdlditnindn CAO  uigntmunineiswldeanis
lulaswwasanuszaansndszyndlfiduizqmaludianaindwiunslinungunniigs
luswidpiiinsdszandldnindn CAO vnanluaadianinyladdsznay
(composite gel electrolyte, CGE) dnsuinandudianlnylad luisasusianiadddan e
NANIINARBINLIN CGE  NUNITLANNINEN CAO  #1N1TDTILLANRNLARAIWNTUNT DI
1/3%3 (charge diffusion property) 28481dnInylad lasdSanmmIifuninin CAO Ndnga u
CGE ¥innu 0.05 wt% CAO tiasannaraniwnissinlaaau (ionic conductivity) a9 CGE &
 oa X 2 o & A ea o \ A
AAvIn TuladmasuTInuzsadTasLsoindadan Iuas 1% Jy, 77 uae FF fen
GREG WEABENI ISAMUMTANHINAN CAO 1u CGE #inavinlian v, Hdraaaditasnnain
CGE MNimaduwindn CAO  asldusrdinaldlinmafialfisonmsrnainuszning
dianasanlunauinwihwes Tio, nu'lesaw triodide (I5) (dark reaction %38 dark current)
Nioudosznineidanlauasun TiO, photoelectrode 11 CGE @1 77 Uadlwaasionindasan
husalidngegaiiiofinild CGE NTnadunInan CAO lutfunm 0.05 wt% CAO lawdn 77
& A 6a v Aq o A & a, . \ ! &
vasassionfadadanlugsnls CGE vfiah Adwnnin 1.71 11 va9d 7 vadLTaa sy

anfadadon husanlsdidnlnsladinan (LE) uaz 2.85 1vih 1896177 109t masasaiadae o
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Tugsnld CGE A lainIANKNANEN CAO (0.00 wt% CAO) AUANHIATWLAZAINNAINI
(stability) vadiTaauaianfindasan ussnuisaauaianfiadadan uasnld CGE Niing
WAURINAN CAO  (0.05 wt% CAO) IHIafigsnInuasauaIfIuaddI g anniLeas
wsverfiedaden  lusanld LE anwanisnaassagdldiniwdn cAo iluaunmaeafiunid
A a ~ o L Aa A A o A [
fhaularfianisdansuiduas llu CGE 1N aRNaNTIRULANTHINNBUALL D S TATNUBILTAR
ussanfadadanlugs
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MANWIN N g‘i.lu,?uu XRD mﬂg'lwffaada JCPDS-ICDDName and formula

Copper Aluminum Oxide, JCPDS file number 01-075-2356
Reference code: 01-075-2356
ICSD name: Copper Aluminum Oxide

Empirical formula: AICuO9
Chemical formula: CuAlO9

Crystallographic parameters
Crystal system: Rhombohedral
Space group: R-3m

Space group number: 166

a(hA) 2.8584
b(A) 2.8584
cA) 16.9580
Alpha (degree) : 90.0000
Beta (degree) : 90.0000
Gamma (degree) : 120.0000

Calculated density (g/cm”3):  5.09
Volume of cell (106 pm”3): 119.99
Z: 3.00
RIR: 3.75
Status, subfiles and quality
Status: Diffraction data collected at non ambient temperature
Subfiles: Inorganic

Corrosion

Modelled additional pattern
Quality: Calculated (C)
Comments
ICSD collection code: 032630
References

Primary reference: Calculated from ICSD using POWD-12++, (1997)
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Structure: Ishiguro, T., Ishizawa, N., Mizutani, N., Kato, M., J. Solid State Chem., 41,

132, (1982)



Peak list

No.

o o o x

© 00 N O o ~ 0 DN
BN
o

0 1

0 0

1 0

0 1
10 1 1
1 0 0
12 1 0
13 1 1
14 0 1
15 1 1
16 0 2
17 2 0
18 0 2
19 2 0
20 1 0
21 1 1
22 0 0
23 0 2

Stick Pattern

d (A)
5.65267
2.82633
2.44949
2.37625
2.13771
1.99950
1.88422
1.73141
1.61010
1.42920
1.41317
1.39901
1.38560
1.30861
1.27541
1.23444
1.22474
1.18812
1.16272
1.15404
1.13869
1.13053
1.10220

2Theta (deg)
15.664
31.631
36.658
37.830
42.242
45.318
48.261
52.834
57.164
65.227
66.061
66.817
67.550
72.121
74.308
77.219
77.945
80.832
82.981
83.746
85.138
85.900
88.674

1 (%)
12.1
32.8
435
100.0
27.5
0.1
6.8
4.6
30.6
19.9
3.2
17.1
0.9
15
9.9
1.7
6.3
2.7
0.1
0.1
3.0
0.1
0.4
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Inensity [%]
100

50

Ref. Pattern: Copper Aluminem Qedde, 01-075-2356

Position [72Theta]

Copper Aluminum Oxide, JCPDS file number 01-071-0966

Reference code:

01-071-0966

ICSD name: Copper Aluminum Oxide

Empirical formula: AloCuOy

Chemical formula: CuAloOy

Crystallographic parameters
Crystal system: Cubic
Space group: Fd3m

Space group number: 227

a(hA) 8.0780
b (A) : 8.0780
cA) 8.0780

Alpha (degree)

Beta (degree)

Gamma (degree)
Calculated density (g/cm”3):
Volume of cell (10"6 pm”3):

90.0000
90.0000
90.0000
4.57
527.12
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Z: 8.00
RIR: 3.23
Status, subfiles and quality
Status: Diffraction data collected at non ambient temperature
Subfiles: Inorganic

Corrosion

Modelled additional pattern
Quality: Calculated (C)
Comments
ICSD collection code: 009557
References

Primary reference: Calculated from ICSD using POWD-12++, (1997)

Structure: Cooley, R.F., Reed, J.S., J. Am. Ceram. Soc., 55, 395, (1972)
Peak list
No. h k | d (A) 2Theta (deg) | (%)
1 1 1 1 4.66384  19.014 1.1
2 2 2 0 2.85600 31.294 51.8
3 3 1 1 2.43561 36.874 100.0
4 2 2 2 2.33192 38.577 0.1
5 4 0 0 2.01950  44.845 16.0
6 3 3 1 1.85322 49.121 14
7 4 2 2 1.64891 55.700 13.2
8 5 1 1 1.55461  59.405 31.7
9 4 4 0 1.42800  65.289 39.9
10 5 3 1 1.36543  68.686 0.1
11 4 4 2 1.34633  69.800 0.1
12 6 2 0 1.27724 74184 3.8
13 5 3 3 1.23188  77.409 6.8
14 6 2 2 1.21780 78.475 0.7
15 4 4 4 1.16596  82.700 1.5
16 5 5 1 1.13115 85.842 0.4
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Stick Pattern

Inen sty [%]
100

Ref. Pattern: Copper Aluminupm Cedde, 01-071-0865

50

2 0 40 50 &l 10
Position [F2Theta]

Copper Oxide, JCPDS file number 00-002-1041
Reference code: 00-002-1041

Mineral name: Tenorite

PDF index name: Copper Oxide

Empirical formula: CuO

Chemical formula: CuO

Crystallographic parameters

Crystal system : Monoclinic
Space group C2/c

Space group number : 15

a(A) 4.6500

b (A) 3.4100

c(A) 5.1100

Alpha (degree) : 90.0000
Beta (degree) : 99.4800
Gamma (degree) : 90.0000

Measured density (g/cm”3): 5.80
Volume of cell (10"6 pm#3):  79.92
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Z: 4.00

RIR: -

Status, subfiles and quality

Status: Marked as deleted by ICDD

Subfiles: Inorganic

Mineral
Quality: Doubtful (O)
Comments

Deleted by: Deleted by NBS.

Color: Iron gray to black

Optical data: B=2.63, 2V=70(15)°C

Melting point: 1447 °C

References

Primary reference: Tunell., Z. Kristallogr., Kristallgeom., Kristallphys., Kristallchem., 90,

138, (1935)

Unit cell: Dana's System of Mineralogy, 7th Ed.
Peak list
No. h k d (A) 2Theta (deg) | (%)
1 8.25000 10.715 40.0
2 1 1 0 2.76000 32.412 60.0
3 0 0 2 2.52000 35.598 100.0
4 2 0 0 2.30000 39.135 90.0
5 -1 1 2 1.95000  46.535 40.0
6 -2 0 2 1.85000  49.212 70.0
7 0 2 0 1.70000 53.888 50.0
8 2 0 2 1.58000  58.357 60.0
9 -1 1 3 1.50000 61.799 70.0
10 O 2 2 141000 66.229 10.0
11 -3 1 1 1.40000 66.763 30.0
12 2 2 0 1.37000 68.425 80.0
13 3 1 1 1.30000 72.675 50.0
14 0 0 4 1.26000 75.374 60.0
15 -2 0 4 1.19000  80.678 20.0
16 1.17000  82.352 60.0



17 3 1 2 1.15000  84.107 10.0
18 1.14000  85.017 60.0
19 -2 2 3 1.12000  86.907 20.0
20 1 3 1 1.09000 89.934 60.0
21 1 3 1 1.07000  92.094 40.0
22 1.04000 95.578 40.0
23 1.02000  98.085 70.0
24 3 1 3 1.00000  100.762 60.0
25 0.99000  102.170 5.0

26 -1 1 5 0.98000  103.630 30.0
27 4 2 0 0.95000  108.357 10.0
28 -1 3 3 0.94000  110.063 20.0
29 4 0 4 0.93000  111.845 10.0
30 0.92000  113.709 20.0
31 -3 3 0 0.91000  115.662 10.0

Stick Pattern
IrErsit:.f‘[;':j:
Ref. Pattern: Tenorite, 00-p02-1041
50
10 20 10 40 50 &l i a0 a0 100 10

Position [F2T heta]
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Aluminum Oxide, JCPDS file number 00-001-1296
Reference code: 00-001-1296

Mineral name: Corundum

PDF index name: Aluminum Oxide
Empirical formula: Al,O4
Chemical formula: Al,O4

Crystallographic parameters

Crystal system : Rhombohedral
Space group R-3c

Space group number : 167
a(hA) 5.0280

b(A) 5.0280

c(A) 13.7300

Alpha (degree) : 90.0000
Beta (degree) : 90.0000
Gamma (degree) : 120.0000

Measured density (g/cm”3): 3.97
Volume of cell (1076 pm”3): 300.60

Z: 2.00

RIR: -

Status, subfiles and quality

Status: Marked as deleted by ICDD
Subfiles: InorganicMineral

Quality: Doubtful (O)

Comments

Deleted by: Deleted by NBS.

Color: Varied

General comments:  Aluminum Research Lab.
Optical data: A=1.7604, B=1.7686, Sign=-
Melting point: 2050

Unit cell: Rhombohedral cell: a=5.420, a=55.28.
References
Primary reference: Aluminum Co. of America, New Kensington, PA, USA., Private

Communication
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Optical data:
Unit cell:
Peak list
No. h k
1
2 1 1
3
4
5 2 0
6
7 2 1
8 1 2
9
10 2 1
11 1 2
12
13 3 0
14 3 1
15 0 0
16
17 2 2
18 0 4
19 1 1
20 1 3
21 2 3

Stick Pattern

d (A)
3.48000
2.55000
2.38000
2.14000
2.08000
1.74000
1.64000
1.60000
1.54000
151000
1.40000
1.37000
1.23000
1.19000
1.15000
1.12000
1.10000
1.08000
1.04000
1.02000
0.99000

2Theta (deg)
25.577
35.165
37.768
42.195
43.473
52.553
56.029
57.559
60.026
61.345
66.763
68.425
77.549
80.678
84.107
86.907
88.898
90.998
95.578
98.085
102.170

Dana's System of Mineralogy, 7th Ed.
Dana's System of Mineralogy, 7th Ed.

I (%)
41.0
50.0
31.0
6.0

84.0
41.0
3.0

100.0
6.0

19.0
41.0
50.0
31.0
19.0
9.0

13.0
19.0
19.0
25.0
3.0

19.0
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AANWIN 2 A1AINIZBINABIPANTIARULUFDIHIY (TEM) (Camera constants used for

the indexing of SAED pattern)

ATHNANANWIN °1J@hmﬁmaaﬂﬁaoa;aﬂﬁﬂﬁu,uudaomu (TEM constants, LA) f1 200 kV §1%3U

MYAMATILIUMTRILUBLULIRENAA (SAED pattern)

L (cm) | Dy14Au (mm) | ry4Au (mm) | Di44Auv (A) | LA (mm-A)
40 8.70 4.35 2.355 10.2442
60 13.2 6.60 2.355 15.5430
80 17.2 8.60 2.355 20.2530
100 21.2 10.60 2.355 24.9630
120 25.2 12.60 2.355 29.6730
150 315 15.75 2.355 37.0912
200 41.5 20.75 2.355 48.8662
250 51.8 25.90 2.355 60.9945
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T. Suriwong, T. Thongtem, and S. Thongtem, “Thermoelectric properties of delafossite
CuAIO, synthesized by direct microwave heating” 3rd Southeast Asia Conference on
Thermoelectrics 2014 (SACT 2014), Champasak Grand Hotel, Pakse, Lao PDR., 22-23
December 2014.
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Thermoelectric properties of delafossite CuAlO; synthesized
by direct microwave heating

T. Suriwong®®!, T. Thongtem®* and S. Thongtem®*

@ School of Renewable Energy Technology, Nareswan University, Phitsanulok 65000, Thailand
® Department of Chemistry, Faculty of Science, Chiang Mai University, Chieng Mai 50200, Thailand
¢ Departient of Physics and Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
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Abstract

Delafossite CuAlO; (CAO) is one of the attractive oxide materials because it is nontoxic, naturally
abundant, lightweight, and cheap. Tt is expected to play a vital role in extensive applications. Generally,
most of the techniques used for synthesizing of CAO relate to high energy consumption, high temperature
and prolonged reaction time. However, microwave radiation is coherent, polarized and couple effectively
with loosely materials, its primary action is very rapid. Atomic materials are able to directly couple with
it, causing them to rapidly heat up. Therefore, the present study is to characterize the structure,
morphology and optical properties of CAO powder, synthesized by direct microwave heating of new
starting raw materials. On the results, a single phase of CAO were produced by a direct reaction of
mixture of aluminum nitrate nanchydrate (Al(NO3)3+9H20) and copper acetate (Cu{CH3;COQ ) nH,0)
with 1:1 molar ratio of Cu:Al by a 600 W microwave radiation for 20 min. The CAO product was
composed of quite distorted plates with 200-350 nm thick. Each was a CAO single crystal. Its atomic
vibration presented Al-O and Cu-O bonding, in accordance with the solid phase. For its thermoelectric
(TE) properties, the Seebeck coefficient () was positive value, with holes as the majority of charge
carriers. By increasing of the test temperature, both the electrical resistivity and absolute value of Seebeck
coefficient were decreased, but the power factor was in the opposite manner. The dimensionless figure of

merit (ZT) of the crystalline CAO was increased with the temperature to a maximum value at 1073 K.

Keywords : CudlO,; Thermoelectric properties; Delafossite; Microwave; Seebeck coefficient
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Characterization and Optical properties of CuAlO, synthesized by direct microwave heating

Tawat Suriwong
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School of Renewable Energy Technology, Naresuan University, Phitsanulok 65000, Thailand

Comesponding author. E-mail! tawats@ nu.ac.th

unanga

CuAlo, (CA0) flumstsznavannladngu Delafossite AldFunnumladiuasnanniiasnn@usaaila@uiu funn
Tusssaend shwinwn waafhmsiiinmen Senumnitdngn cao gasjwihammnsefunumiddylumaszgndldoud
wmavae Tasialdudimsduansimnlsznau cao s fvmeifdnfuudmaiamsfunnsidnanaimsliaamaiuas
dunulumsaunnsiidouing wenmlumsdaansiitennu aialsfmundulalasonisuiaidand coherent uaz
polatized F9813150 couple  FuBzanuEnam sl v lvdannuiauduaienet dulu 5‘mqﬂim\1ﬁwmam%‘aﬁﬁamsm
auidnsuzmzrasanEne duguine usssianusmes cAo Tdannsimemsiaanuioulasasaamsteduan
aduluTAsd HANITNARBINLT HY CAD ﬁﬁmaﬂ%ﬁﬂﬁfgﬂE“l’aLmﬂzﬁﬁumnﬂmﬁﬂﬂﬁﬁ%aﬂﬂﬂmmmmuwﬁumsﬁvhﬁuﬁa
aluminum nitrate nanohydrate (AI(NO,(,+9H,0) Waz copper acetate (Cu(CH,COO),enH,0) 'ﬁ;’rﬁ}(ﬂﬁﬁ'mTﬂﬂINa 1:1 %84 CutAl
Tapvirlfaseiswmadlalason 600 w dunm 20 i wdadasd cao Waidnvae iy plae) Aimsiads dan
W 200 - 350 nm WzudRzruFamsurdn@ues cao msiwnsimsfurawaniusrlulasiain cao wuhiinsdu
¥z A1-0 uaz Cu-0 Sempandaefumaun wiwas CAO AuaTin walnsivn B UNTgANEULE (absorption
edge) Uazupugdehandany (woudashmwisnuuuuesasziuulins)  dmduauanddiunsGowamns cA0 il
goviniivaslnng 2 fin Taefinusaussiiniiany dimsdousisoanisiuuotdarnamfnuuuulioss uszamsunwiosi

ferusssumdunalassanandn cao dpuaaanudlumsiednimilad (p-type native defect) MudIAU
@ddty: cualo, sudamaus swalngalell wordashawdrnuuuuesuszuuulinss Tulasod

Abstract

Delafossite CuAlO, (CAQ) is one of the attractive oxide materials because it is nontoxic, naturally abundant, light weight,
and cheap. It is expected to play a vital role in extensive applications. Generally, most of the techniques used for synthesizing of
CAO relate to high energy consumption, high temperature and prolonged reaction time. However, microwave radiation is coherent,
polarized and couple effectively with loosel materials, its primary action is very rapid .Atomic materials are able to directly couple
with it, causing them to rapidly heat up. Therefore, present study is to characterize the structure, morphelogy and optical properties
of CAO powder, synthesized by direct microwave heating of new starting raw materials. In the results, a single phase of CAO were
produced by a direct reaction of mixture of aluminum nitrate nanohydrate (AI(NO_) #9H,0) and copper acetate (Cu(CH,COO),
-nHEO) with 1:1 molar ratioc of CulAl by a 600 W microwave radiation for 20 mm. The CAO product was composed of guite
distorted plates with 200-350 nm thick. Each was a CAO single crystal. Its atomic vibration presented Al-O and Cu-0O bonding, in
accordance with the solid phase. The optical properties were used fo determine its absorption edge and energy gap (direct and
indirect band gaps). The photoluminescence (PL) at room temperature showed two peaks centered at the first and second peaks

corresponding to the indirect band gab and p-type native defect of crystallite of CAQ, respectively.

Keywords: CuaAlQ,, Optical properties, Spectroscopy, Direct and indirect Bg, Microwave
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A single phase of delafossite CuAlO; (CAO) was successfully synthesized by a 600 W microwave radiation
for 20 min. The CAO sample was composed ol quile distorled single-crystalline plates with 200—350 nm
thick. Its atomic vibrations were detected at 760 and 550 cm™" belonging to Al-0 and Cu—oO stretching,
respectively. The direct and indirect energy gaps were respectively determined to be 3.9 and 2.9 eV, The
photoluminescence (PL) al room lemperature was al 585 nm (2.12 eV) corresponding to the indirect

energy gap and at 760 nm ( 1.63 eV) corresponding to the p-type native defect. For its thermoelectric (TE)

properties, the Seebeck coefficient (S) was positive value, with holes as the majority of charge carriers. By

Zﬁmg;dﬁ increasing of the test temperature, both the electrical resistivily and absolute value of Seebeck coeflicient
XRD were decreased, but the power factor was in the opposite manner. The dimensionless figure of merit {(ZT)
Spectroscopy of the crystalline CAO was evaluated to be the maximum of 9 x 10 ? at 1073 K.

Energy gap © 2014 Elsevier BV, All rights reserved.

Thermoelectric properties

1. Introduction

Delafossite CuAlOz (CAO) is known as a p-type transparent
conducting oxide (TCO). It has a wide range of applications, such as
optoelectronic for solar cells, flat panel displays [1] and thermo-
electric (TE) materials [2,2]. CAO is one of the most attractive oxide
materials due to its nontoxic, naturally abundant, light weight and
inexpensive material. It is expected to play an important role in
extensive applications. At present, there are several techniques
have been used for synthesizing the oxide; solid state reaction at
high temperature |2—5], hydrothermal method |6,7], sol—gel [8,9],
ion exchange [ 10| and DC sputtering | 11 ]. To synthesize crystalline
CAO, it is generally related to high energy consumption, high
temperature reaction and prolonged reaction time, The most
important and attractive development in the synthesis of various
inorganic compounds is the use of microwave heating. Microwave
radiation is coherent, polarized and effectively made couple with
loosely materials, Its primary action is very rapid [12]. Atomic

* Corresponding author. Tel./fax: 66 55 963180.
=+ Corresponding author. Department of Physics and Materials Science, Faculty of
Science, Chiang Mai University, Chiang Mai 50200, Thailand. Tel.: -66 53 941924;
fax: GG 53 943445,
E-mail addresses: tawats@nu.ac.th, twtsuriwong@gmail.com (T. Suriwong),
schthongtem@yahoo.com (S. Thongtem).

http://dx.doi.org/10.10 cap.2014.06.024
1567-173%/@ 2014 Elsevier B.V. All rights reserved.

materials are able to be directly coupled with it, causing the ma-
terials to rapidly heat up. Previously, a single phase CAO nano-
powder was successfully synthesized by solid state synthesis of
nano-boehmite AIOOH-xH>0 and Cu,0 at 1100 =C in argon atmo-
sphere [5]. Torkian et al. reported on the synthesis of CAO by con-
ventional and also by microwave heating of copper oxide {Cu0) and
aluminum nitrate (Al{NO3)3-xH;0) but its optical and electrical
properties were not reported [13]. Moreover, photoluminescence
(PL), thermal conductivity {«) and dimensionless figure of merit
(ZT) used for calculating the TE properties of CAO are rarely avail-
able. Therefore, our motivation is to investigate the structure,
morphology and optical properties of CAO crystal synthesized by
direct microwave heating of new starting raw materials, In addi-
tion, TE properties (electrical properties, thermal conductivity and
ZT) of the CAO sample were measured and evaluated ranging from
room temperature to 1073 K.

2. Experiment

A single phase of CAO powder was synthesized by direct reac-
tion of mixture of aluminum nitrate nanohydrate (Al{NOs);-9H>0,
98%, Ajex Finechem) and copper acetate hydrate (Cu{CHs.
C00)2-H;0, 98%, Ajex Finechem) with 1:1 M ratio of Cu:Al as the
starting materials. They were milled into fine powder and mixed in
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a crucible for 15 min until a green—blue slurry mixture was ob-
tained. The mixture was directly heated by 600 W microwave ra-
diation (245 GHz) for 20 min and left to cool down Lo room
temperature. The product was milled and ground into fine powder.
It was then rinsed by 1 M HNO; solution at 80 °C for 4 h for
removing the excess copper oxide (Cu0), aluminum oxide (Al O3)
and other impurities in arder to obtain a single phase of CAQ. It
should be noted that heating temperature of the system was not
able to be measured because the thermocouple was sparked and
finally melted. The heating temperature was also measured by
infrared (IR) thermometer but the value was rather low accuracy.
The product was characterized to determine its phase, morphol-
ogies, vibration mode and optical properties using an X-ray dif-
fractrometer {XRD, D8 Advance Bruker) operating at 20 kV, 15 mA
with Cu-K; radiation in the range of 10-100° a field emission
scanning electron microscope (FE-SEM, JSM-6335F JEOL) operating
at 15 kV, a transmission electron microscope (TEM, JEM-2010 JEOL}
and selected area electron diffraction { SAED]) operating at 200kV, a
Fourier transform infrared spectrometer (FTIR, TENSOR 27 Bruker)
diluted with KBr and operated in the range of 400-4000 cm ', a
Raman spectrometer triple monochrome (T64000 HORIBA Jobin
Yvon) with 50 mW and 514.5 nm wavelength Ar green laser oper-
ating in the range of 300-900 cm !, a photoluminescence (PL)
spectrometer (LS 50B PerkinElmer) using excitation wavelength
{Aex) OF 415 nm at room temperature, and a UV=Vis—NIR spectro-
photometer {Lamhda 25 PerkinElmer} of ethanol suspension con-
taining CAQ powder in the range of 200—1500 nm.

A bulk sample was produced by spark plasma sintering (SPS-
515A, DR. SINTER LAB) of the CAO powder in graphite die of 20 mm
diameter using 40 mPa sintering pressure at 1473 K for 30 min in
flowing argon atmosphere. The electrical resistivity { o) and Seebeck
coelfficient (5) were measured using ZEM 1 ULVAC instrument in
helium atmesphere, and used for evaluation the power factor
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Fig. 1. XKD patterns of (a) CAD product alter microwave healing at 600 W for 20 min,
and (o) CAQ bulk sample. comparing to the diffraction lines of the references: CuAld;
(red}, CuAlzOy (green), CuD (Blue) and AlyOy (violet). (For interpretation of the refer-
ences 0 color in this figure legend, the reader is referred to the web version of this
article.)

($*p ). The thermal diffusivity () was measured by a laser flash
thermal constant analyzer (TC-7000 ULVAC) in vacuum. Thermal
conductivity () was calculated based on the « = daC, relationship,
where d, & and C; are the density, thermal diffusivity and heat ca-
pacity, respectively. The efficiency of the material in term of the
dimensionless figure of merit (ZT = 5*T/p«) is also calculated. The
electrical and thermal properties were measured and evaluated in
the temperature ranging from room temperature to 1073 K.

3. Results and discussion

All XRD patterns (Fig. 1} of the products were characterized and
compared with the JCPDS database of CuAlO;, CuAly04, CuO and
AlO5 with the reference nos 01-075-2356, 01-071-0966, 00-002-
1041 and 00-001-1296, respectively [14]. At 600 W and 20 min
microwave heating, the product was a single phase of CAO with no
detection of impurities (Cu0, CuAl;04 and Al;Os). At the present
stage, the single phase of CuAlQO; (CAO} was synthesized and
specified as rhombohedral crystal system (@ = b = 2.8584 A,
= 16.9580 A, a = § = 90°, vy = 1207} with R-3m space group. The
reducing of energy consumption for synthesizing of CAO by mi-
crowave heating can be attributed to the high efficient absorption
of energy and the coupling efficiency of aluminum nitrate nano-
hydrate and copper acetate hydrate with microwave radiation,
comparing to the previous report | 13|, resulting them to be heated
up very rapidly and to shorten the reaction time. Many inorganic
materials are able to strongly couple with microwave radiation, for
example, natural minerals, metal oxides and metal halides [ 15]. The
bulk sample was specified as a single phase of CAQ, and a single
phase of bulk CAO sample can be successfully synthesized by spark
plasma sintering in graphite die at a temperature of 1473 K for
30 min in flowing argon atmosphere. Calculated average lattice
parameters were @ = 2.8536 A and ¢ = 169231 A for the CAOQ
powder, and a = 2.8530 A and ¢ = 16.9237 A for the CAO bulk
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Fig. 2. (a) FTIR and (b) Raman spectra of CAO product,
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sample, in good accordance with those of the JCPDS standard values
of CAO [14].

To further ascertain the presence of CAO, it was characterized by
FTIR and its spectrum is shown in Fig. 2(a). All the peaks can be
indexed to the absorption of Cu—0 stretching vibration at 550 cm ™,
and Al-0 stretching vibration of distorted AlOs octahedrons at
760 cm™!, in accordance with the previous reports [8,11]. In this
research, the 0—Cu—0 antisymmetric vibration was not detected.
The analysis confirmed that the CAO product was not contaminated
with any starting materials because the acetate (CH3COO ) and
nitrate (NO3 ) functional groups were not detected. A certain exis-
tence of the CAO crystal was also evaluated by Raman analysis. The
Raman spectrum of CAO crystal (Fig. 2(b)) presents two Raman
active modes of Eg and Ay at 419 and 763 cm ™, respectively. These
Raman shifts are in good accordance with those obtained by
Pellicer-Porres et al. [16]. In this study, the CAO product was
composed of only CAO phase, synthesized by the direct microwave
heating method.

Upon characterization the morphology of CAO sample by elec-
tron microscopy (Fig. 3(a) and (b)), the morphology characterized
by TEM was distinctly similar to that by SEM. The CAO sample was
composed of quite distorted plates with 200—350 nm thick. The
present morphology of CAO sample is quite different from that
synthesized by microwave processing (irregular particles with
unclear facets) [ 13| and conventional heating method: ~1 pm grains
[2] and loose agglomerates of ~200 nm grains [5]. The SAED pattern
(Fig. 3(c)) was recorded on the CAO crystalline plate of Fig. 3(b). It

appears as bright spots of electron diffraction pattern of single
crystal with high crystalline degree. A number of atoms occupied
and aligned in their normal lattice sites. The pattern was indexed to
correspond with the (104), (012) and (112) planes with the electron
beam along the [421] direction as zone axis, corresponding to
CuAlO; of the JCPDS standard | 14]. A simulated electron diffraction
pattern (Fig. 3(d)) appears as systematic array of spots, and is in
good accordance with the interpreted pattern. The simulated spots
for the crystalline CuAlO; system were arranged in systematic and
symmetric order.

The UV—Vis—NIR absorbance [A = —log (I/lp), Ip and I = intensity
of incident and transmitted radiation, respectively] of the CAO at
room temperature is shown in Fig. 4(a). The fundamental absorp-
tion was used to determine the absorption edge and energy gap,
corresponding to the electronic transition from the upper bound of
valence band to the lower bound of conduction band. The ab-
sorption edge was detected at 320 nm wavelength. In the high
energy region of the absorption edge, the absorption is monoto-
nously increased with the increasing of phonon energy, repre-
sented by (ahr) = B(hv — E)" where B, a, h, v, E;, and n are the
constant, absorbance, Planck constant, photon frequency, Tauc
optical band gap and pure number associated with different types
of electronic transition. For n = 1/2, 2, 3/2 and 3, the transitions are
the direct allowed, indirect allowed, direct forbidden and indirect
forbidden, respectively | 17,18]. By extrapolating the linear portion
of the curve to zero absorbance, shown as the plot of (ahr)? vs hy
(Fig. 4(b)) for direct allowed transition, and (ahu)”2 vs he (Fig 4(c))

(b)

Zone axis: [421]

Fig. 3. SEM and TEM images, and SAED and simulated patterns of CAO product.
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for indirect allowed transition. The direct and indirect energy gaps
of the CAO are -3.9 and -2.9 eV, very close to the previous reports
over the range of 34-42 eV [181119-21] and 2.1-2.99 eV
[11,20,21], respectively. PL property was involved in crystal struc-
ture of the materials, doping elements and impurities or defects.
Fig. 4(d) is a PL spectrum of the CAO sample, excited by 415 nm
wavelength at room temperature, It shows two emission peaks
centered at 585 nm (2.12 eV} and 760 nm (1.63 eV}, with the first
peak corresponding to the indirect energy gap. The copper vacancy
(Veu), copper on aluminum site {Cuy antisite) and oxygen inter-
stitial (O;) were detected in the relevant native defects of CAO
|20--22]. They were the dominant cause of electronic emission
relating to defect levels between the valence and conduction bands
of the CAOD product. Probably, the second emission peak (760 nm)
was caused by the native defects of the crystalline CAQ, corre-
sponding to two extrinsic defect levels reported by Pellicer-Porres
et al. ar 0.9 and 1.8 eV [20], and Tate et al. ar 0.85 and 1.75 eV
[21]. In addition, the second peak was in good accordance with the
calculated optical transition levels {OTLs) for p-type native defect in
the (0f—1} OTL for Cuy antisite (1.73 eV) [22].

Temperature dependence of electrical properties of the poly-
crystalline CAO sample is shown in Fig. 5. The electrical resistivity
{p) exhibited a semiconducting behavior and significantly
decreased with the increasing temperature over the whole tem-
perature range. The resistivity characteristic was similar to that of
single crystalline CAQ [ 3,21 ]. The Seebeck coefficient (5} is positive
for the CAO sample, indicating that the CAO material is a p-type
semiconductor, including holes as the majority of charged carriers.
The absclute S value of this sample was decreased with the
increasing temperature to the lowest at 1073 K. Basically, the p and
S values are decreased with the increasing in carrier concentration
of a semiconductor. The majority of charge carriers in p-type CAQ
crystal is the native defects for Vi, vacancies and Cuy antisites [22],
which can play an important role in the electrical properties. In
addition, the § values over the test temperature range of the CAO
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sample were very close to those of the related compound such as
sintered and annealed CAO [23], nano CAO sample [24] and hot-
pressed CuAly Mg0; (x = 0, 0.01, 0.02 and 0.05) [25]. The po-
wer factor (8% ') or electrical performance of the TE material was
plotted as a function of temperature. It increased with the
increasing temperature and reached a maximum value of
355 uWm 'K 4 at 1073 K. The value was very close to those of the
polyerystalline CAO [3], CAO bulk at sintering condition of 1473 K
and 98 mPa pressure [2,4], and CAD compact annealed at 1023 K
[23]. The maximum peower factor of the present sample was low-
ered, comparing to the single crystalline CAQ [ 7] and the bulk CAQ
sintered at 1433 K and 1473 K [4] with more power factor of the
CAD sample sintered at 1473 K than that of the CAD sample sintered
at 1433 K [4]. The thermal conductivity («} of the polycrystalline
CAD as a function of temperature is shown in Fig. 6{a}. The density
of the CAO crystal taken from the sintered sample hefore studying
of thermal properties was 4.72 gfem® or 92.8% of the theoretical
density {5.09 gjcm®) [14]. This sample is stable and good mechan-
ical properties at room temperature. The & value of this sample
decreased with the increasing temperature to a minimum value at
1073 K because the typical lattice contribution is predominant in
the thermal conductivity of CAD. The thermal conductivity of solids
contains two components: the lattice contribution (x)3;) and elec-
tronic contribution (&.). The &y was calculated using the Wiede-
mann—Franz relation: &, = LaT, where [, @ and T are the Lorenz
number (L =245 x 10 *V2K 2 for metals was used for the present
calculation), electrical conductivity (=1/p) and temperature,
respectively. The x;; was obtained by subtracting the . from the
measured « value. Thus kj,, is predominant in the CAO crystal over
the whole temperature range, approximately 99.9% and 99.8% of
the measured « at room temperature and 1073 K, respectively,
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Fig. 6. Temperature dependence of (a} thermal conductivity () and (b) dimensionless
figure of merit (ZT) of the polycrystalline CAQ sample,

1261

Fig. G{b} shows the temperature dependence of the dimensionless
figure of merit (ZT) of the CAD. The ZT value of the sample signif-
icantly increased with the increasing temperature and reached a
maximum value of 9 » 10 2 at 1073 K. This value was larger than
that of the hot-pressed CuAl; Mg, 0y (x = 0, 0.01, 0.02 and 0.05)
over the whole temperature range |25]. Thus, the CAO is a candi-
date material for thermoelectric application at high temperature.

4. Conclusions

In the present study, single phase of delafossite CuAlQ;, (CAO)
was successfully synthesized by 600 W microwaving of 1:1 M ratio
Cu:Al of the mixture of AI{NO4}s-9H,0 and Cu{CH5CO0Y;- H30 for
20 min. The CAO crystal was composed of quite distorted plates
with 200-350 nm thick. The optical properties were used to
determine its direct and indirect energy gaps of 3.9 eV and 2.9 eV,
respectively. The photoluminescence (PL) at room temperature
exhibited two peaks, corresponding to the indirect energy gap and
Cuyy antisite. The electrical resistivity (p), thermal conductivity ()
and Seebeck coefficient (5} of the CAO were decreased with the
increasing temperature, indicating a semiconducting hehavior and
p-type TE crystal. The power factor and figure of merit {ZT} were
increased with the temperature to a maximum value at 1073 K.
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ARTICLE INFO ABSTRACT

The use of delafossite CuAlO; (CAD) powder as an additive in composite gel electrolyte
Keywords: (CGE) of the quasi-solid state dye-sensitized solar cell (DSSC) is first reported. In order to
CuAlO, achieve an improvement of power conversion and long-term performance of the quasi-
Dye-sensitized solar cell solid state DSSC, different contents of CAQ powder containing in CGE. a mixture of
Composite gel electrolyte polyethylene glycol (PEG), iodideftri-iodide (I /I5) liquid electrolyte (LE) and 4-
Photovaltaic performance tertbutylpyridine (4-tBP), were used in the present study. The photocurrent density-
voltage characteristic (J-V curve) and photovoltaic performance parameters of the cells,
such as the short-circuit current density (fs.), open-circuit voltage (V.c), power conversion
efficiency (1) and fill factor (FF) were investigated. The CGE containing the dispersed CAO
powder exhibited high ionic conductivity due to the charge diffusion through free
channels. The power conversion elficiency of the quasi-solid state DSSC was significantly
improved by adding CAO powder to the CGE. The optimum CAQ powder content in the
CGE was 0.05 wt. In this research, the power conversion efficiency was 1.71 times of the
LE and 2.85 times of the CGE with no CAO powder adding. The quasi-solid state D55C
based on the addition of CAO powder to CGE had long-term stability better than the

normal DSSC based on the LE.
& 2015 Elsevier Ltd. All rights reserved.

1. Introduction achieved as high as 11% although they have several problems

such as: leakage of liquid electrolyte (LE) during long term

Dye-sensitized solar cell (DSSC) is one of the solar cell
types with the new candidate technologies of low-cost
photovoltaic devices and easy fabrication. At present, liquid
electrolytes are used in DSSCs. Their efficiency has been
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operation, hazardous to human health, desorption of dye,
corrosion problem of electrodes and chemical reaction with
sealing materials [1-3]. Liquid electrolytes have been
replaced by quasi-solid and solid electrolytes for solving the
stability problems and preventing the liquid electrolyte
evaporation and leakage |3,4]. Comparing with quasi-solid
electrolyte, a lower power conversion efficiency of DSSC is
obtained when the solid-state electrolyte was used due to the
low ionic conductivity and poor penetration through the
solids. The quasi-solid electrolyte or gel polymer electrolyte
(GPE) was prepared by mixing molten salts, inorganic nano-
particles and organic molecule gels or polymers with liquid
electrolytes |3]. Recently, quasi-solid state DSSCs based on a
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composite gel electrolyte (CGE) containing dispersed micro-
or nano-particles have attracted interest due to their high
ionic conductivity and stability. According to previous reports
in term of conversion efficiency, different nanoparticles have
been dispersed in CGE: TiD, [5-8), Si0y [9-11], Al,O5 |12],
AIN [13], o-ZrP [14,15] and nmanomica [16]. Furthermore,
carbon products have also been used: multi-wall carbon
nanotubes (MWUCNTs) [5,17,18], single-wall carbon nanotubes
[SWCNTs) [5,17], carbon black [5,19], carben fibers [5] and
graphite |5]. The addition of cxide nanoparticles such as
Al,O3, 5i0; and TiO» to the polymer gel electrolyte has been
shown to enhance the photovoltaic performance of DSSCs by
increasing the ionic conductivity and charge transfer proper-
ties of the I3 /I redox system [5-12]. The charge transfer
performance of CGE in DSSCs has been achieved to a similar
level as that of the liquid electrolyte.

Delafossite CuAlO, (CAO) has been considered as one of
the altractive p-type transparent conducting oxides (TCO)
for using in transparent electronic devices due (o ils low
electrical resistivity and high visual light transparency,
including the lack of p-type TCO [20-22]. It has various
practical applications, such as eptoelectronic materials for
solar cells, flat panel displays, light emitting diodes (LEDs),
gas sensors, thermal photocatalysts and thermoelectric
(TE) materials [20-26]. p-type CAO has heen reported as
hele collectors in dye sensitized solid state solar cells [27]
and photocathodic electrode materials in p-DSS5C [22,28].
There have been no previous reports on Lhe [abrication of
quasi-solid state DSSC using CGE containing dispersed CAO
powder. Moreover, the CAO powder was successfully
synthesized by direct microwave heating [29].

In the present study, various contenls of CAO powder
were introduced into CGE for using as electrolyte of quasi-
solid state DSSC. The photocurrent density-voltage charac-
teristic (/-V curve) and power conversion efficiency (1) of the
cells for different contents of CAQ powder were investigated.
To the best of our knowledge, there were no reports dealing
the use of CAD powder as an additive introduced into CGE of
the D55Cs. The effect of CAQO powder and other inorganic
particles based on the enhancement of energy conversion
efficiency of the cells was compared and discussed. Further-
more long-term stability of the cell was also determined in
the present study.

2. Experiment
2.1. Preparation of the composite gel electrolyte {CGE)

A liquid electrolyte (LE) was prepared by mixing solid
Lil {(Fluka}, 1, (Fisher) (10:1 M ratio of Lil:l;) and 0.13 M 4-
tertbutylpyridine (4-tBF, Aldrich) in 10 ml acetonitrile
[CH3CN, Aldrich). Subsequently, polyethylene glycol (PEG,
MW =12,000, Fluka} with 3:7 weight ratio of PEG:LE was
also added to the LE to form CGE. Then different contents
of CAO powder were added to the mixture. A single phase
of CAO powder was synthesized from a mixture of copper
acetate hydrate (Cu(CHaCOO}n-H20} and  aluminum
nitrate nanchydrate (Al{NOs)z - 9H20) with 1:1 M ratio of
Cu:Al as the starting materials by direct microwave healt-
ing at 600 W for 20 min, as previously propaosed [29]. The
amount of CAQ powder was varied ar 0.00, 0.01, 0.03, 0.05,

0.07 wt¥% and added to the CGE. The CGE mixture contain-
ing different contents of CAO powder was sonicated for
10 min and stirred at 60 'C for 20min until a homoge-
neous quasi-solid state electrolyte was achieved.

2.2. Fubrication of quasi-solid state DSSC

FIO transparent conducting glasses (fluorine-doped tin
oxide, Solaronix SA) were used as photoelectrodes. The FIO
glass substrates were heated by a hotplate at 450 °C for
15 min. The solution mixture of titanium diisopropoxide bis
{acetylacetonate} ([{CH3),CHO|;Ti{CsH704)5, Sigma-Aldrich)
and isopropancl (C3H;CH, Lab Scan} with 1:9 ratic by
volume was sprayed for 10 times per 5 min on top surface
of the substrates. These substrates were kept at 450 C
constant temperature for 15 min and left to cool down Lo
room lemperature. A compact Ti0, layer was made up on
each [TO glass substrate. TiO; particles (Aldrich} were mixed
wilh a solulion of lerpingol {CyoH;zOH, Sigma-Aldrich} in
ethanol. Subsequently, this mixture was coated on a compact
Ti0y layer of the FTO glass substrates hy Dactor Blade
Technique and followed by 450 °C and 30 min annealing.
Fach of Ti0, photoelectrodes with an active area of 0.4 cm?
was immersed in the solution of Eosin ¥ dye (POCH, the
cheapest dye} in ethancl {1 mM} for 24 h. Subsequently, a Pt
counter electrode was prepared by coating a Plasitel T
{transparent platinam catalytic paint, Solaronix SA} on FTO
glass, and followed by 450 °C heating for 15 min. Quasi-solid
state DSSCs were fabricated by sandwiching the CCE
belween the IFTO photeelectrode and PL counter electrode.
The two electrodes were sealed together with thermal
adhesive film (Surlyn, Dupont) with 60 pumn thick by heating,
The CGE was injected into the internal space of the cell holes
on the Pt counter electrode. The holes were completely
sealed with a sealant. A schematic diagram for the structure
and operating principle of CGE containing the dispersed CAO
powder in quasi-solid state DSSC is shown in Fig. 1. Under
the incident photon flux {sunlight), Eosin ¥ dye at the Ti(;
surface {anode} are excited from the ground state (5) to the
exciled stale (S}, leading Lo the release of electrons into
conduction band (CB) of the Ti0, nanoparticles. The dye
molecules are subsequently regenerated by 17]1a redox
system, which itselfl is regenerated at the Pt counter elec-
trade (cathode) by electrons passed through the external
load. The open-circuit voltage (efficiency) of the DSSC
corresponds to the difference berween the redox potential
of the electrolyte and the Fermi level of the Ti(), semicon-
ductor. CAO powder was randomly dispersed in CGE of the
quasi-solid state 155C.

2.3. Instrumentation

The surface morphology of CAQO powder, Ti0; and Pt
film on the FIO electrodes were characterized by field-
emission scanning electron microscope {FE-SEM, JEOL
JSM-6335F) operating at 15 kV beam energy. lonic con-
ductivity of the LE and CGE was measured using a 9 V TOA
conductivity meter madel CM-11P (TOA Electronics Ltd.}
under light illumination at room temperature. The photo-
current density-vollage characteristic (J-V curve} of the
quasi-solid state DSSC was measured by Keithley 2611 A
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Fig. 1. Operating principle of the quasi-solid state DSSC based on CGE
containing CAO powder.

source meter under a 35 W xenon light source (100 mW/
cm?) with 1.5 AM at ambient temperature. The light flux
density was calibrated with a second class pyranometer
(Hukseflux, LP02). A black mask of 0.5 cm? aperture was
placed over the active area of the cell during testing for
antireflection. In order to investigate the long-term stabi-
lity of quasi-solid state electrolyte, the cell was kept in a
desiccator at room temperature and used to measure the
photocurrent density-voltage characteristic every 24 h.

3. Results and discussion

Fig. 2a and b presents low and high magnification FE-SEM
images of the CAO particles. The CAQ particles were composed
of quite distorted plates with 200-350 nm thick, caused by
the generation of internal stress. Detail morphology was
previously explained |29]. FE-SEM images of the surfaces of
TiO; photoelectrode (anode) and Pt counter electrode (cath-
ode) are shown in Fig. 2c and d, respectively. In this research,
the TiOs film on FTO glass substrate contained 15-20 nm TiO,
nanoparticles with dispersive pores, which indicated a high
surface area for absorbing the dye sensitizer and increased the
number of fill holes of CGE. Pt coating on the FIO glass
consists of Pt nanoparticles with the size of 20-30 nm.

Fig. 3 shows ionic conductivity of CGE in the daytime of
ambient surrounding as a function of CAO contents, as
compared with that of LE. In this research, the ionic con-
ductivity initially increased with increasing CAO content,
reached the highest value of 4.94 x 107* Sfcm at 0.05 wt%
CAO, and decreased afterwards. An increase in ionic con-
ductivity with the dispersed CAO containing in the CGE is
associated with the generation of free volume at the interface
of particles and a solidifying of CGE by interaction within the
CAO powder, due to the presence of AlLOs; [12] and SiOz
nanoparticles [30]. When nanoparticles were added to the
normal electrolyte, a significant increase in the diffusion
number of anions was detected by Kang et al. |7]. The charge

is able to diffuse through free channels of the CGE. There is
also a Grotthuss-like exchange mechanism which may be
conductive to the effective charge diffusion |12]. It is likely
that CAO powder enhances the ionic conductivity of the CGE.
lonic conductivity beyond 0.05 wt CAO powder content was
decreased due to the aggregation of CAO powder by playing
the role in blocking the diffusion of charge carriers |[12]. It
should be nated that the ionic conductivity of CGE containing
CAQ powder was less than that of the LE.

Under the dark condition of DSSC, electrons diffused
through the TiO» nanoparticles and reacted with the tri-
iodide ions (I3 ) at photoelectrode (anode). Meanwhile, iodide
ions (1) transformed into Is at the counter electrode
(cathode). In addition, dark current density-voltage charac-
teristic was studied in order to investigate the recombination
of electrons and I3 or dark current at the dyed TiO;
photoelectrode/electrolyte interface. The dark current den-
sity-voltage characteristic of quasi-solid state DSSC using
liquid electrolyte (LE) and CGE containing different contents
of CAO powder is shown in Fig. 4. At the same onset of the
dark current density of quasi-solid state DSSC containing CGE
and LE, the forward bias voltage for the CGE is less than that
for the LE. The 0.05wt¥% CAO powder-CGE presented the
lowest forward bias, indicating that this content permitted
the increasing in dark current. It should be noted that the
addition of CAO powder in CGE can play the role in increasing
of charge recombination at the dyed TiO; photoelectrode/
electrolyte interface.

Fig. 5 presents the photocurrent density-voltage charac-
teristic {J-V curve) of quasi-solid state DSSC using CGE
containing different CAO contents at an irradiation of 15
AM (100 mW/cm?) as compared to that using LE. The quasi-
solid state DSSC with 0.05 wt% CAO powder-CGE exhibited
the highest short-circuit current density (Js.) and lowest
open-circuit voltage (Vo). Photovoltaic performance para-
meters of quasi-solid state DSSC using CGE containing
different contents of the dispersed CAO powder are summar-
ized in Table 1. In general, the photovoltaic performance
parameters were significantly improved. The J,. and fill factor
(FF) can play the role in increasing the power conversion
efficiency (1) The Ji of the 0.01-0.07 wt?% CAO was higher
than the J,. without the CAO. The J,. was increased by the
increase of the CAO powder content in the CGE to the highest
value of 1.0555 mA/cm?, and was reduced by the excess CAO
adding of 0.07 wt¥. For the 0.05 wit% CAO powder, Js is the
highest due to the improvement of charge diffusion proper-
ties of the redox system (I3 /I~ redox couple), including the
oxidized Eosin Y dye (the cheapest dye) could be regenerated
in the easiest manner. Basically, the J.. of DSSC is controlled
by the ionic conductivity of the electrolyte and diffusivity of
1"/l redox couple. The diffusion coefficient or diffusivity is
generally controlled by several factors: diffusing species,
diffusion medium, temperature, mass and diffusion path. In
addition, the DSSC using CGE containing CAQ powder pre-
sented the higher [, than that using the LE although the ionic
conductivity of the DSSC using CGE containing the CAO
powder was lower than that of the DSSC using the LE
(Fig. 3). In previous study, the diffusion coefficient of I; was
increased by different inorganic particles containing in the
CGE such as TiO, |5,6), silica nanoparticles [11], ALO; [12],
AIN [13], a-ZrP [15], etc. Kang et al. [15] reported that the
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Fig. 2. FE-S5EM images of (a, b) CAO powder, (¢) Ti0, photoelectrode and (d) Pt counter electrode.
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Fig. 3. lonic conductivity of CGE containing different contents of CAQ
powder and of LE.

transport number of anion species (1™ and I3 ) is significantly
increased by adding TiO, nanoparticles to the CGE. Possibly,
the CAO powder dispersed in CGE contributed to enhance the
charge transfer properties or diffusivity of I3 /I~ redox couple
inside the quasi-solid state DSSC.

In addition, ionic conductivity is controlled by mobilities
of both cations and anions in the electrolyte. The total

Dark current density (mAlcm®)

1.0 +——v—r

™ —rr T T

T T
00 01 02 03 04 05 06 07
Cell voltage (V)
Fig. 4. Dark current density-voltage characteristic curves of the qguasi-

solid state DSSC based on CGE containing different contents of CAQ
powder, and on LE.

conductivity (&) of each can be expressed as follows [7]:
S 1Zi|*FeiqD,
o= Z \ZilFip; ZZT (M

where F, IZ}, c;, pti, Dy, g, T and k are the Faraday constant, ionic
charge, concentration, mobility, diffusion coefficient of the
ith ionic species, electronic charge, absolute temperature and
Boltzmann constant, respectively. Thus this equation is able
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1.2 photonic flux, and @ is the ratio of absorbed photonic flux to
— —LE Ip. According to Eq. (2), Vi of the DSSC decreases with an
E 1.0 :ggiﬁggg‘:m increase in the current of the dark reaction (ke). Unfortu-
b= —— CGE-CAD 0.03 wt% nately, the V. of all CGE conditions in this study was lower
E o038 ——COE-CAQ 0.05 wt% than the V,. of the LE (Fig. 5). The CGE containing the CAQ

CGE-CAD 0.07 wt% P : : ctai

2 powder significantly provided the increase of recombination
2 0.6 - between the injected electrons on the TiO, film and 1; (dark
3 reaction or dark current) in quasi-solid state DSSC due to the
€ 044 decrease of the V,,. in the cells, according to the dark current
g density-voltage characteristic (Fig. 4). The » of the quasi-solid
5 0.2 4 state DSSC was increased by the increasing of the content of
\ CAO powder in the CGE to the highest at 0.05 wt% CAO, and
0.0 - = 4 . decreased afterwards (Table 1). It should be noted that 7 of

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Cell voltage (V)
Fig. 5. Photocurrent density-voltage characteristic curves of the quasi-

solid state DSSC based on CGE containing different contents of CAQ
powder, and on LE.

Table 1
Photovoltaic performance of the quasi-solid state DSSC based on CGE
containing different contents of CAO powder, and on LE.

Wik CAO o (mAJem?®) Ve (V) (%) FF

LE - 0.6002 06491 01596 04098
CGE-CAOO0  0.00 04772 05545 00954 03605
CGE-CAO1  0.01 0.6896 05764 0.1819 04576
CGE-CAO3 003 0.8257 05691  0.2017 04292
CGE-CAO5 005 1.0555 05036 02722 05216
CGE-CAO7 007 0.9162 05823 02551 04781

to estimate the conductivity of cations and anions in the
electrolyte. In this research, the total ionic conductivity is
influenced by the diffusion coefficients of I and I3 ionic
species.

The decrease of the J, beyond the 0.05wt% CAO
powder content attributed to the blocking effect on the
charge transfer by the aggregation of the CAO powder, in
agreement with the previous reports on various contents
of Al,O4 [12], TiOy [6] and SiO; [30]. The increase of Js.
with the CAO powder content corresponding to the ionic
conductivity of the CGE is the highest at 0.05 wt% CAO
(Fig. 3). Fundamentally, V,, of the DSSC corresponds to the
energy difference between the redox potential of the
electrolyte and Fermi level of electrons in TiO2 semicon-
ductor. The ionic conductivity of electrolyte slightly affects
Vi of the DSSC. The V. can be expressed by the following
equation, as well as p-n junction solar cells [31,32]

kT Jinj )
Vee=—In{ ————— 2
=7 "(qnukﬂ[m =

Iinj = qPly 3)

where k is the Boltzmann constant, T is the absolute
temperature, q is the electronic charge, Iy is the injection
electronic current resulting from dye sensitization, ng is the
electron density in the conduction band of the semiconduc-
tor in the dark, ke is the rate constant for the recombination
between injected electrons and tri-iodide ions (I3 ), as shown
in the dark reaction:l; +2e (TiO;) 31", [I3 ] is the con-
centration of oxidized redox mediator (I3 ), Io is the incident

the DSSC using CGE containing CAO powder was higher than
that # of the DSSC using LE. In this research, the addition of
CAO to CGE had the influence in increasing the Jsc more than
in decreasing the V,,. of the cells. The # of the cells was the
highest for 0.05 wt% CAO powder content. It was 1.71 times
of the LE and 2.85 times of the CGE with no CAO powder
content. In addition, the FF of the cells using CGE containing
the CAD powder was relatively higher than those of the cells
using LE and CGE with no CAO powder content. When the
CAO powder content in the CGE was 0.05 wt%, the FF value of
the cells was at the highest (0.5216). Thus in order to achieve
the highest conversion energy efficiency, the CAO powder
content in the CGE should be optimized to 0.05 wt%.

In order to discuss the influence of dispersed CAO powder
in CGE on the # of the cells in more detail, various inorganic
particles containing in the CGE in enhancing the # should be
compared. Various inorganic particles in the CGE with
the photovoltaic performance of DSSCs are summarized
in Table 2. Two ratios were defined: nfy, and nfn¢. The first
is the ratio of the power conversion efficiency of the DSSC
using the CGE containing inorganic particles (7) to the power
conversion efficiency of the DSSC using LE (#,). The second is
the ratio of the power conversion efficiency of the DSSC using
the CGE containing inorganic particles () to the power
conversion efficiency of the DSSC using the CGE without
inorganic particles (7¢). It was observed that power conver-
sion of the quasi-solid state DSSC using 0.05wt¥% CAO
powder-CGE had relatively low efficiency probably due to
the attribution of Eosin Y dye (the lowest price). Comparing
the cheapest Eosin Y dye with metal-complex sensitizers
such as ruthenium dye (Ru) complexes, the Eosin Y dye has
lower power conversion efficiency but it is much cheaper
than the Ru complexes. The Eosin Y dye reached the highest
efficiency of less than 1.0% |33]. Moreover, the »/n, and 5/
ratios of the present study were higher than those of the
previous reports and are summarized in Table 2, Additionally,
the CAO powder was able to enhance the power conversion
efficiency of the DSSC by more than twice, similar to the
DSSC using o-ZrP particles [14]. Thus it is clear that CAO
powder is one of the inorganic particles that are able to
improve the power conversion efficiency of the quasi-solid
state DSSC.

The long-term stability of the quasi-solid state DSSCs
using the CGE containing the dispersed 0.05 wt% CAO pow-
der and the LE was tested in a desiccator at room tempera-
ture. Fig. 6 compares the normalized power conversion
efficiency of the cells based on the CGE and LE for 10 days.
The normalized 5 of the cell based on the LE sharply
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Table 2
Photoveltaic performances of different DSSCs.

Incrganic particles Polymer electrolyte Dye Jie (miAfemd) Vee (V) i (%) FF nin sl
Nane-Si0; [10] PEG Ru 535 N3 dye 11.97 0.54 244 - - -
Nane-$i0; (9] PMII-NMBI Ru dye Z-907 13.20 0.75 6.60 068
Tio [5] EMInmi-TFSI Ru 535 N3 dye 1145 0.68 5.0 065 119 -
TiO [6] PYDE-HEP Ru dye N719 15.24 0.69 718 0,69 1.02 1.26
TiO5 [7] PEGDME-PEQ RuLa{NC5)s 17.0 0.64 7.19 = - 1.41
Al0s [12] PEI-PEGDE Ru 535 N3 dye 1450 0.75 6.34 - - 129
AN [13] PVDF-HEP Ru dye N719 1292 0,66 5.27 063 - 111
x-ZrP [14] MPIDe Ru dye N719 1138 0.56 261 0.41 = 242
Nanomica [16] PYDE-HEP Ru: 535 N3 dye 1563 0.76 7.96 069 0.98 1.30
SWCNT [5] EMIm-TESI Ru 535 N3 dye 1078 0,70 460 062 109
SWONT [17] Ligquid Electrolyte Ru dye N719 901 0.67 362 (61 112 -
MWONT [5] EMIm-TFsI Ru535 N3 dye 1202 0.7 479 0.57 114 -
MWCNT [17] Liquid Electrolyte Ru dye N719 1023 0.68 420 0.60 130
MWCNT [ 18] PMII-EMITFS RuL;{NCS)> 1294 0.67 5.74 067 1.08
Graphite |5 EMIm-TFSI Ru535 N3 dye 10.60 0.68 457 063 109 -
Carbon fiber |5] EMIm-TFSI Ru 535 N3 dye 1111 0.69 497 065 118 -
Carbon black |19] PMII Ru dye N719 1533 0.64 6.37 065
Carbon black [5] EMImi-TFSI Ru 535 N3 dye 11.02 0.67 483 065 115 -
CuAlO; (Present study) PEG Eosin ¥ 1.06 0.50 0.27 052 171 2.85
"M 1 —Tr——T—r—T—rr—TrTrrrT of electrolyte, including the highest /.., # and FE Moreaver,
Vo ] —=— CGE-CADD.05 wi% | the addition of C_AO o CGE exhibile_d lh_e decrease of _V,,_.., due
] ——LE | to the acceleration of the recombination between injected
~ 0.94 - electrons on the TiOs film and I3 {dark reaction or dark
§ 0.8 ] ] current) in the cells. The highest power conversion efliciency
-~ ] of the quasi-solid state DSSC was found to be at 0.05 wt¥
£ 071 - CAO powder content. It was 1.71 times of the LE and 2.585
2 o 5_‘ ] times of the CGE with no CAO powder content. The long-
; ] | term stability of the quasi-solid state DSSC based on the CGE
0.5 4 e containing the dispersed CAO powder demonstrated more
0 4_‘ ] stable performance than that of the corresponding DSSC
i | containing LE. This research showed that the CAQ powder is
L T A B good alternative particles for adding to CGE in order to
01 2 3 4 5 6 7 8 10 enhance the photoveltaic performance and long-term stahi-

Time (day)

Fig. 6. Mormalized power conversion efficiency of the quasi-selid state
DSSC based on the CGE containing dispersed 0,05 witd CAO powder,
and on LE.

decreased with a prolonged period of time hecause of
possible LE leakage and evaporation, caused hy incomplete
sealing of the DSSC. Contrarily, the normalized # of the cell
assembled using the 005wtk CAO-CCE slightly decreased
with the length of time. The normalized # maintained -~ 90%
of its initial value even for a period of 10-day investigation.
This finding indicates that the addition of CAQ powder to the
CGE could suppress the leakage and evaporation of electro-
lyte, and that the quasi-sclid state DSSC based on dispersed
CAOQ powder in the CCE exhibited practical long-term stabi-
lity hetter than the DSSC using LE.

4. Conclusions

The use of CGE containing dispersed CAO powder in the
quasi-solid state DSSC was reported. Obviously, the dispersed
CAQ powder in CGE enhanced the charge diffusion property
of the electrolyte. The optimum CAQ powder content in the
CCE was 005 wi® due to the increasing in ionic conductivity

lity of the quasi-solid state DSSC.
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