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Abstract

Bulk CuAlO, compound has been widely studied as a p-type metal oxide
semiconductor material due to the simplicity in its synthesis and use of inexpensive
raw materials. This thesis was divided into three parts.

First, the in-depth mechanism of the effect of carrier concentration in Fe
doped CuAlO, was studied. The total atomic ratios of Cu2+/Cu1+ obtained by X-ray
absorption spectroscopy (XAS) result were consistent with data obtained through X-
ray photoelectron spectroscopy (XPS) technique. In addition, Fe doping can improve
the interstitial oxygen and surface oxygen adsorption capability of CuAlO,. The
variations of carrier concentration due to the hole density in CuAlO2 caused by
double effects, divalent metal ions (Fe™ doping and excess oxygen (O,,5). The
results indicated that the maximum amount of Cu’/Cu'" in solid solution as Fe
content of 10 at.%. The carrier concentration increased as Fe concentration
increased, which reached maximum of 8.09 x 1017 crrf3 for CuAlO, with Fe content
of 10 at.%. Time-resolved X-ray absorption spectroscopy and hydrogen-temperature-
programmed reduction were used to characterize the redox properties, respectively.
The results demonstrate that the redox temperature can be reduced by ~60 K for
the 10 at.% Fe-doped.

Second, the effects of graphene addition on thermoelectric properties of
delafossite  CuAlO, were studied. The thermoelectric properties of the
graphene/CuAlO, composites depend on the graphene content, at which the
maximum value was obtained for a small graphene addition (0.05 wt%). This
phenomenon was attributed to the increased electrical conductivity that resulted
from the increase in carrier concentration. In addition, we found that the addition of
a small amount of graphene reduces the thermal conductivity because the graphene

generates many point defects and causes carrier-phonon scattering. The improved



power factor and reduced thermal conductivity were achieved at a maximum ZT
value of 0.0045 at 575 K with the graphene/CuAlO, composite.

The last, the thermoelectric properties of CuAlO, prepared by the
combination effects of Fe and graphene, were investigated. The results of X-ray
diffractometry showed that graphene was insoluble in delafossite CuAlO, while Fe
was substituted into Al sites, expanding the d-spacing. From X-ray photoelectron
spectroscopy, graphene induced excess oxygen in the delafossite CUAlO2 structure
via C-O-Cu bonds and improved the electrical conductivity. In addition, the thermal
conductivity was reduced due to generation of point defects, phonon-phonon
Umklapp and carrier-phonon scattering. The addition of Fe and graphene in CuAlO,
shows an improvement of ZT to 0.0114 at 573 K. This is attributable to its increase in
charge carrier density, as well as a decrease in thermal conductivity. This study
highlights the benefits of combining Fe and graphene in delafossite CuAlO, as a

prospective process for attaining a high figure of merit thermoelectric materials.

Keywords : CuAlO,, Fe doped, Cu valency, Graphene, Excess oxygen, Thermoelectric
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Fonsssunus Al zaeu uaz 3.vhnsiiiteendaudiuiu (0,,) [4-6]

nMsAny MsvFuUssanailifhesansusznounaedalast CUALO, Tned57
1 fhonside Ag exmey wudilusiumiswes Cu ezneu uenanazBLfimAN Tl
Preifiurnisthanufeudnde [6] uenanimsusuupanmsilniimesasusznouina
Woalwy CUALD, TnedaT 3 sremsifivsendiaudiuiu Sesdredindinsiilniuaides
1%qquﬁﬁqaLLa3nmﬁMﬂ [5] fafu n1suSuussenmslniihvesansusenaumaios
a9t CUALO, Tae3371 2 FenisiFenssiunus Al azpeu Sududsiilesuauiouuasine
HuisiusuUsaiinineseeviweivlifiian [7] Inefinnside Fe ozmou asuumuvtves Al
ovmox Iifimavnaesiustrsunivians esrnannsnihldlasde Fsanmesunounthi
wansliuamailifiag Afininefeerlueinifutugeaaidiofa Fe oznau 10 at.%
Fadunananmaifinturestuinngy (grain size) azUSuImANIMIILLILNIE (Carrier
concentration) [8,9] a¢1dlsfinu el Fe agmox 11nnd1 10 at.% wudrAnsiilwi



anad Aty NMsUsulgeAnsin ez Aininesesviueinvssaisusenoumavaalsy
CUALO, fMENITHTD Fe B¥RaN aqUUATWALITEY Al avaay Sullgandilisunisfnuiuas
B5UTY LU ANVAYDINITIRLTUVBIANUVUIMUUVBININEG LAZAINAVDINITANAIVBIAT
nsiliiiede Fe agmou 11nnin 10 at.%
= & = = ¢ a s a

3717 (Graphene) (ugUuuunilsvaswanaiveu lnefloznaureiaIsuauziies
mlugduuunniaenssisaluuuy 2 I8 nanfe Wutunuiistesnouieiveuswnslid
Qll < g.}/ o./qd‘ 1 = 1 a < g v = =
Autue) auiRauns iy Wy dauudasenn dutdnun sfuun 1 as1sunsd
dudniiies 0.77 Taansuwintuw) Weuldssla wasidusiihanuseunazldia [10] a1n
auuineliiuazniennuseureans iudsdaalrlugiicnuunladnisuins Auunly
lun1susuuseuszaniamvesiannesludiannin 1wy Bi,Tes-graphene  [11], PbTe-
graphene [12] uay CoSbs-graphene [13] tusu &9a1nn1sauaitneuntnd delanunis
Fe9udinsUulgslszansanmamesludianninvesansusznaunainealasy CuAlo,
wsawinsenvansusenevlunsepamarvlealuvisau

Tuaudded layaduiinisusulseanisinlniwaz ariinineseeviuainves
a1susenautna nedleyl CUALO, Aan1siid Fe wazns iy tagludiuvasnisiiy Fe ag
° = a = = a X a A a v '
MﬁﬂﬂiﬁﬂwﬂﬂalﬂiulﬂjdaﬂmmLW;GUaqmimeummUimmwmzmem Fe uagyni1 10 wt.%
wazangveIn s inftesasiiowy Fe 110031 10 at.% ludiusaun vn1s@nw
anwagvaniundnlveglulassasiswesansusenaunamealeyt CUAlO, uavATinines

a a = 1 14 = [ va 5 a a 4
pevweInidsundas Tudiugavine Anwinisusuugsaudfmasludianninduas
asusznaumanedle CuALO, MENISIHNNY Fe Laznsnilu

1.2 I9QUsTaIATRIUIRY
Anwnalnludsdnvesansusznaunaredlest CUALO, Welfu Fe
2. Fnwrantimesludidnvdndvesansusenauwamealey CuAlO, Wofunsiiy
AnwnautAmesludidnyEndussansusenaunamloaley CUALO, Wialiuws Fe
waznIy

1.3 YBULUAYDINIUINY

1. w3snansUsenoumaedleyl CUALD, TRy Fe daus 0-30 at.%

2. wlsuansusznaunamlaalesi CUALD, TLALNSITIL Raus 0-0.2 wt.%

3. nssuasUszneumanealest CUALO, Ty Fe 10 at.9% wazns iy 0.05 wt.%

4. Anneidnvarlasedwdndomaianisdsuuressdiend (Xray diffraction,
XRD)

5. AAI1ZRNIINTTIIEAIVOIBYAIAAIBNAD99aNTIAUBLANATOULUU dOINY
(Transmission Electron Microscope, TEM)

6. AATIERanIUreandadu (Oxidation  state) sreimaiiaaiualasalatyesaynin
5Lé‘ﬂmauﬁgﬂﬂamﬂdaaé’aEJ%’a%Laﬂez? (X-ray photoelectron spectroscopy, XPS)



10.
11.

AATIranIUzeandiatu (Oxidation state) mewadiaaninsalnlnisaaniused
LN (X-ray absorption spectroscopy, XAS)

Ainszivngamgiivesnsiiny fi3eneendindu (Oxidation reaction) sewmaia
Tsunsugamgiilunsiinuisensanduiglalasiau (Temperature programmed
reduction: H,-TPR)

ApsizreurULULYeIwuglagly Hall effect measurement
Anrzieduusyanstiuauavaanmilninlagldia3os ZEM-3
Anniiinshanufewsneieios ULVAC-RIKO u TC-7000

1.4 Uszlavunaininaglasu

1.
2.

! Y @ = L3 a | A v a s
weunsiazuansliuisnulsyloviveanaiaainlnsalninisganaussdiond
o 9 Y a o wa 1+ 3+ Y a
iiAnesdauslulsunuandivesasysenauinavledle (A B™ O, fagBn1s
= o ' 3+ 3+
LDATIRNILUUIYDY BT (AL) azmou
iliinesdnnusluldnsludmiviivugeianmesudianniadluguuuuvesiag

W&y (composite materials)
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2
NOUAUATIIUID

YNNIV

D =h.

2.1 wé’nmiﬁugﬁwaﬁaqmaﬁualﬁnw‘%n

Fanwesludidnvidn (thermoelectrics material) e Yanfiannsaasuanndsay
anuSouldilundsnuliihld lneedaainuunnsiasenitgungivesyndsiyn lag
ﬁtﬁﬂmau%Lﬂ?iauﬁmm;mﬁﬁqmuqﬁqﬂﬂé’qwﬁﬁqmmﬁa‘hﬂ’jwuﬁai’a@ inlmAnAIw
sefnddsanunsoindanulni diaatuinldusslosdld mauduiussenitodinuaia
Fouuasnasnulniwesianiey 2 Usingnisaimany fie

2.1.1 Usngnisaldiun (Seebeck effect)

finsunuin WeiAnanuuaninavesgumaiissninsudnusessessninslanzasd
via vinldundsnunrdousgyinliaanssualnihiunieluszuu sugud 21 9
U51n9nN15iRIna1IdasenInusngnsaidiun

JUN 2.1 uanausingnisaidiun

v

INFUN 2.1 duaialanzasavila lawn win A wazsin B gnieusiolnenlioufedodyn 9n
wsnidugainfigaumgien (T.) Snyaniladugendguugiias (T,) Inevivaesyaiiaaumgii

ity (AT =T, —T,) Weaifinnnusiavetsgungilsenineganiaegndanaliiinnisaiey

q
laungsnuanusauInuInunlsangiaduduusnuniiguvgiinn el iWesainnive
dasy (free carrier) (Mwazidunaznanluiite 2.2.1) ameluduainlaneusviiniifianianis
uns (diffusion) lulufiemadeatunisanemeanumngil (temperature Gradient) AMu#iANIg x
nanfe vinaliiuseunmzaziinduugldviliiianisunslumauiibunitiean
wasuaviinvsegluaniizauna dnusenisuilafeatndiimsgendulanesaviingu
= a1 o a £ =i o ' a A N7 a K [ - b4
JailAndudszansmsmiendlnideumngivsemduussansdiualiduingy Judumely
Aneussdndluihnnaseussninsgaiousievisaosdadulunuaunis

v
Sz =A—i=sA -S, (2.1)

= = 1 1w a Sa a & 1 a
e S,, Ao waswwesduUssavsduavedlans 2 wia (addewnaiu)
Vv, Ae enwsnedndliihnnasenseninege 2 9a (1ad)



AT fp wWar19guniiseninegnaedqn (wadu)
L Ae duussAvsduavedlanzuiin A (adsainaiv)
Ao duuseansTiuavadlaneailn B (addanaiv)

2.1.2 Unngnisalinadiiwss (Peltier effect)

Usingmisaimaiiied Ae Usingmsaiiwasunnwdsliindundsnuanuiou
(UsingnisalfeunduvaaUsingmsaidiun) laeusingnisalwaiiieasiinainnisdnelnii
nszuansdlitulanzasssiinfidonsiotu 2 du sugudl 22 liunusesdoveslansis
2 fu Tgumpifiuansaiy nanife fnsemendanuaruieuniogandsnuemiu Souril
Juagiuiianianisinaveanszualii Sednsnisgeuionisaendsnuanudouasndy
dndruiunszualii Fadulumuaunis

o =% (2.2)

duUsgansveunaiieasvesszuu (Fadeueuuls)

©

wasuANUSeuNivTeReNUIIMTRYsD (30)

el
D) Db Db
® o

AszualwilrRuszUU (Wouuds)

JUN 2.2 Usingmsalinadiies

2.2 UszBnSnmuasiagmasludanvnd

UszAnsnmuestannesludidnnin fe Ysednsnmlunsdsundsnuninuiou
Jundsoulwiiviensidsundanuliiindundsauniuiou Tngdwlng Tagmeslus
Bnvinifiuszavsgeainazgnaiananiagansising msfvuasdviamuesian oz
gnivuameminineseaniiesv (figure of merit, ZT) fsauns [14, 15]

2
771=>%7 (2.3)
kT

AnduUsyansTun (annawmaiy)
Anan AN @uddawwns)
ANENINNNTUNIANUTOU (IRAMDLUAT-LARTL)

— = a w
—

. D Db Db
o ®© ©

©

QUMHNNNTAN (1AATU)



2.2.1 aanimnsuntngin
ﬂmamummimlw%maammmLﬁmm umﬂamwﬂmaﬂawLLawmiméfnﬁmmm

Y
£
a = %

WANANNAU NA1IAD ﬂizwu'eNT,ammammmwuamwuﬂﬂﬁwuamaq Tumsndunu ﬁﬂiﬂ\‘i

Y Y
9.1
al

mmmammuawuamwuﬂﬂﬂw UL 1/1L'UuLﬁuuustqummimaqwmumaiuiam
wazasAesthdanuuanansiy Inefininsluasisfauisaunisarsieiiniu 2 oin
Tneluittzendegradudaney (i) ernudilalagdr fo

1Lanstefahuiaduy (N-type)

Juansissifiinannissuivesesnoudaneuiuosnauvaanals (Sb) vl
Sidnnsau (electron) ALTULN 1 §2 BNt BldnAseudas: Feanunsainasuiiliedisdass
Tufoundniuissenliinszualnilvaldiudeatusuiily uansiagud 2.30)

2. ansfeaiuied (P-type)

Huanstesthiliinanmssusvesesneudaneutvesneuvesluseu (B) ¥lwia
fi1sda3endt 1ea (hole) Fulunvuimvesdidnmsou Biinnseuindleasziadouiiluegly
Toavilvigadneiuleaindeudilsdnilrinszualnals uanfagui 2.3()

N-Type P-Type Accept
ey ” nmm?n:w

. Donor impurity ; . creates a
". S[ .jx contributes ‘ Sl . hole

free electrons

Antimony g H : Boron »

added as . Sl ’ added as ’ S' ’

impurity impurity ¢
S

g
(n) @)

] a =% o o = o o a < = o o a a
JUN 2.3 Lanarianvodasnamaun (n) @13090UNTUALLUY kag () @15N99IUITUAN

aan dieldaunulwihdnluluansiai Sidnmseutieglusauihaznevaussoauiuli
a a a a & & ¢ s °
Annsindeunvedianaseunatsilunszualnii annnguedleny (Ohm’s law) aniwin
¥ (electrical  conductivity, ) Ai® gasId@UVRIAUNUILUNTELELNTN (current
density, J) aaaunuliln (electric field, E) Aldwnluluasnedan feaunns

J
c=— (2.9)
E
TagiAnunuIwdnse lWilausamlaannaunis
J= q(,unn + ,upp)E (2.5)
dl' = 1 a ag
deo q A9 AUNUILUUYDIDLANATOU
n Ao AUNUWUUYDIDLENATIU
i, Ao @aNINPERIYaIBLANATOU



P Ao ANUNUILULYBSlES
p, Ao anmedesvdlen

ety Ananwnsinlnfihvesanshssasinby fe

c=qu,n (2.6)
way Arannnsiilnieesansiesthiiad Ao

o =qu,p (2.7)

2.2.2 AduUsEandTiua
duUszAndTiun (Seebeck coefficient, S) aziintufnalafinssinsiuvesgangdl

Y
o

Y9990 2 90 BRIV Tagyilviliueu (phonon) a1ngafigaumigias (T,) TUds

Vv v a &

N a o ! v a = = JRINYR 7 a
ﬂqﬂ‘ﬂa‘mﬂﬁﬂfﬂqﬂ’m (TC) GliflsU']llﬂ'lJﬂ‘U@Laﬂmi@u@ﬁﬁ%'ﬂ?ﬂﬂqﬁﬂLﬂaf’]u‘ﬂ‘lﬂ‘ﬂﬂ 2 NEAN I@EJ

nqudianasauasiadeuiiningafifigamgliasludganfiaamgiaiieaunainndanuaiy
Founlesu waanntunisiingudidnaseulunszaniuuinaniionmginazdmaliaamal

::sll 5 a [ [ :5 1w a aa = a J I
n3egatigeavunaziinusanulnin (voltage) Aty Aduuszansdiuaigniienuindu
gndmvaInnuadndliiih (AV) uasdiusnwesgamgll (AT = T, — T,) Asaunis

AV

=— (2.8)
AT

S

2.2.3 AENINAITUIAIINT DU

Material having
thermal conductivity k
Area A

5UN 2.4 uanamaihanuieuvesan

N151UIA1NTRU (thermal  conductivity) A UsINgnIsaiindanuausoudtem
aeludaglag fienienisargmainuiouasaienanusunigungiigdludauiinund
gaunQiifNg (JUN 2.4) Tnedidinanaldinisiadeudn fatu AuaIu1satunsaIewnIg



FouvesTan F9gnisundtAaninn1siiAuiousIu (total thermal conductivity, k) @

MlANEUNTT
dT
Q=-k,A— (2.9)
dx
We  Q Ao NENTAINTOU UTENTANLLEUNAIIUANSBU (TNARDAITINUAST)
A Ae Wunvihdangamillvariu (ms1auns)
dT . . - a
™ Ao 9M91NTIATDQUUOTIULLIMAY x (1PaTUFBLUAS)
X

a

LATDIMNNEYRIAINTTUIANLTOU UaueniafiananTsanewmausouanuiuniloumgilas

a

iﬂé’qu%l,amﬁﬁqmmﬁﬁ’m’j’] ﬂ']iﬁwmm%fauiumaal,t,%aﬁmmemﬂmimﬁ'awmm
diannsoudasyianvazaaiuiunisiluiln (electronic thermal conductivity, k) uaz
nsadeufirodlnuey (phonon) fiinannnsduaesndn (attice thermal conductivity,
k, ) A9aunns [16]

k, =k, +k, (2.10)
1. N5UAL5UIIINNISARDUNVDIBIENATOU
ANUFURUSTENI9N1TUIAUS DU D991NNSHARDUNVRIBLENRATOURUNITUN LT
(6) Wuldauaunis

k, =L,oT (2.11)

e L, @8 Lorenz number (2.45x10™ WQ/K?) [17]

T 9 QUNITRTAN (1aT1)

o))

msihanufeuiesinnsindeuiivesdidnnseuidunisihanufouiiiianieusfunisi
i némfe naudidnasouazindeuiinngaiifigaumaiadlugagaiifigamadidieanain
wFauaufeu (ndsuaat) sy udniunsiingudidnnseulunsggniuuiinmia
paungiisardmaligunginsadadunasnussiuldh

2. mathanudeuliiosannsiadeuiivedlviuou

1nnsingudidnmseuldsundsnuaiuiou (dsnueay) dmalididnnseu
inAeuTilsuinaiitaumgiinini Fmdmnuratunsdnlsgnaremliivesposlusuuuy
nsduvesuaniia (ttice vibration) Fsvsnedslniuou msiedouiivedrusuluusazaiud
szdansvuiudwaliiinnisnszidsvesiiiueu (phonon scattering) Inefinisnszidsveiv



upuMAnaInMsvuiuvestnuey 2 Uuuy Ae m3nszidadesannisvulsiviiliiAants
foundurasoynialiiuey (normal processes) waznInszidailesannmsvusinliiiAans
founduredaynialiuey (Umklapp processes) #an1snszidsivinlmannisdounduues
oynelnueuduamaliiAaanmimunmiou  @vnanaadouivesiueu) 91n
LUUia0seneuTe (Debye model) laildfiuAnsnszidaiiinannisvuiuvestiuoud
Pednrramandeuiivedlnueu faaunis [18]

Kk, (K, T)eo  y'e?
k, =—2| 2~ || 1.—2—=d (2.12)
- 27r2v[ h jJ. 4

ey

mpsivedluanduiuy (1.38 10231 K™)

go  k, fo
v Ao Ausdes (4505 m/s §msu CUALO,) [19]
h flo  AIRaTIveINdIA (6.63 %1074 -s)
0, fe guufilweuiy (617.9 inadu dwiu CuAlO,) [19]
y Ao ho/kT
o) fo eudvediuey
T. A9 FEezanvedliusunaun1InIzias

NENMS (2.12) aziuinimsseziiaivedviusuneunsnszdwnagdnalinisiinig
1% = = =i A a o a v o
soulllosainnisiadaunvuedlwusuiainin lnon1snszidsvedlnusundnuinginedu 4
SULUU AD N13n38130118991NY0UVRLNTUY (grain boundary  scattering), N13N324A9
L9991 TaUNNTBIVDLATINGN (point defect scattering, such as vacancies, interstitials
and antisites), N15N3zL13UDA1NINUBU (phonon-phonon Umklapp scattering) hagnis
3213118391 %Y (carrier-phonon scattering) kandlagsauns [18]

T, =Y} Ao’ +Bw2Texp(— e—Dj+Co) (2.13)
1 3T
g 1 Ao AIUNUIFIBENS
A Ao mduUssavsiiventinsnszidaiiesandounnsewedaswuan
B Ao AduUszansiivendenisnszidadesanlnuoy
C Ao AvduUszavsiivendemsnsziadesainniny

ANAUNITH (2.13) ausauvslauvadu 4 wmeu Ao WBUUDINITNIELNLINNVO UV

A% a d 1% | ~
AT (T),mamaamiﬂszmLﬁaqmﬂﬁuaUﬂwsawaﬂmmaﬂ (Ao'), VUVBINITANT

- 0 a A
nIzlIniosniviuou (Ba)zTexp[—3—D ) LAELNBUYDINITNITNTLLANUDIINNIYE (Co)
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2.3 asusznauwnanadlei

a1susenaumaealyy (Delafossite structure) dnaglungulavgaonlen danmnie
wilvhlufunwuu ATBT0, e A wiude Cu, A, Pd uSe Pt uaz B unudie Al Fe, Cr
vide Ga \Judu 3] leflansuszneunamealevifllassaiiamdneg 2 Loy fie wuu R3m
wazkuy P6, /mmc LLamﬁquﬁ 2.5

P6. fmme

JUN 2.5 wandlaseasnendnvesansusenaunailodalem [3]

Tuasiiiuanansusznoumaealavilagianizarsussnaunamedlesigiuneanas (Cu-
based delafossite, CuB’'0,) lﬁ%’umﬁﬁﬂmﬁuaEJ'NLL‘Wi"VimsJLﬁaﬁﬂiﬂﬂizqﬂm‘wﬁnmab‘]éﬁu
Wy $alni s uas (transparent conducting oxides, p-TCO), fL3aUHATEINIUAT
(photocatalytic) wag@nsIaduuia (gas sensor) [20-23] WUudu mm@ﬁ'miﬂszﬂammm
woaleignunasuadldsuaiuaulaludasdidiunniesainarsdadiusaignuagsaign
feeavesasUszneunaealevigiuneun wansiansad 2.1

i o P ! N = ¢
MN1971941 2.1 Iﬂ‘iﬂai’]ﬂNaﬂLLazmﬂﬂ‘Vﬂﬂi\‘lNaﬂ%@ﬂﬂ’]ﬁﬂizﬂa‘uL(ﬂmﬂ/\laﬂl‘(mg’m

a1susenau | lasaasiewan ArmsTilAsandn (eeansow) JCPDS
g o

CuAlO, R3m 2.856 16.943 35-1401
CuAlO, P6, /mmc 2.863 11.314 40-1037
CuCro, R3m 2.976 17.102 39-0247
CuFeO, R3m 3.035 17.162 39-0246
CuGa0, R3m 2.976 17.158 41-0255
CuScO, R3m 3.216 17.089 79-0599
CuScO, P6, /mmc 3.223 11.413 40-1038
CuYO, R3m 3.521 17.127 39-0244
CuYo, P6, /mmc 3.521 11.418 37-0930
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a A

2.4 @1susenaunanealanaalilaseaiiileuasnlan

v
a a

asUszneuinamedlsineyilefegiidoneenlad (CUAO,) Tinudilvgaziilags
WENLUU R3m nanfe flevmenvesneuies (Cu)  duiiuszivezmenvesesndiau (O)
109w 2 ovmen Tuwurvunuduuw “c” vedlassaiimdn (Faainfuuwr “a” vedlaseadhg
Wan) uazeznouveteagiiioy (A) gndeuseusyesnenueioandaud I 3 oznou lnud
ﬁuﬁzixm’mawamma@uﬁlﬁamLLazaaﬂ%Lﬁ]uiaﬂéfagﬂuLmemuﬁ’uﬁgﬂLLm “a” way “c”
Y09lATIFS19NEN [24, 25] lAseasandnuuy R3m  weeansusenaunaealeimeuiles
ogfilusonluduansdisguil 2.6

&} 0
=}
? o ? o
e
e "
o ® oCu
h 0
AlOg edge-sharing ol 2 '
octahedral layer &y Al c-als
%
0-Cu-0 ! )
dumbbell layer ~
<
v °
- - a,-axis
P ® ‘a,~axa‘s
0 ® =] ® =}

sUTl 2.6 uandlassainsudnvesansuseneuinaoaleyi CUALO, WUy R3m[24, 25]

arsusenaumavealevineUilesegliilensenlydinuaudfiluaisiainieiail nade
fUsuanwmzdsunaelea lnendadenigluniinadeusunalsaluaisusenauinaiwedlen

2 a 2
FIuNBAe Ao MstinAsUiles () leseu (Cu”) waznisuamelivesezneunauives (Cu
vacancy, Ve,) [24, 26, 27] assushaduneuiveslulasasisnanuesansusenauinained
levigmumomns waniagui 2.7

r"-\
\
Cu' Cu" { Ve
7
A
- - ot AT

UM 2.7 mainmeues (I) leosu warnisviamelivetesnaunslivasnseusniuduney
Woslulassasmdnvesasusenauinamedlevigiunewns [24, 26, 27]
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1. mavinpetiles () leseu nstusnatuneuies

maUiles () lesou Tulpssadrwmdnvesarsusznauinainoalsigiunouns
(CuB>0,) Aasnnsiineties () leseu (Cu'™) assusadunediesiinsiasy
anuzeandiaduain 1+ TWdu 2+ Imaﬁmmmaamiﬁmﬂamﬂa% (1) loaau nssuTiany
radeslulassaiindnvesarsusenaunaiealengiunesuns (CuB>0,) finieiu 2
UsznN19 AD BNBNAINUIUIUVDI00NTLAUAIULAL (excess oxygen) LAZBNTNAINLAA
anureenndy 2+ vaslane (divalent metal ions) assuisiiaisaglanug oondindy
3+ (fwndswes B* Tuansusenau CuB**0,) Asaunis [28, 29]

(Cutzs Cugg )B3+Oz+5 (2.14)
(Cul.cu? B}, B> o, (2.15)
YR Ao Usuwueandaudiuiu (0,,;)
B fa @ uresndadu 3+ ve9tany (Trivalent metal ions)
B  fe anuzeandmdu 2+ vedlany (Divalent metal ions)

a a IS a 7 ! (% gj a a A ! a s
nnN1segiiideusiantuseondiadune 3+  deldu nSnandwadanisiinneuies (I)
looau nsausnatunsUeslulassaiendnaisusznauwnaedleineuilasegiilivy
ganlyrdatuAdviznanNUIuuveteandiauduio

2. mavamelUveserennsUosnsuinatunoues

nsviagluvasezneunsliles luaisusenaunaivedlevineUiveseaiiilioy
oonlusifudnnilsaunalunisifalea nd1nfe mugnsmaaiivaly (CUALD,) Sumsidiu
syminemeunsueiuavenenegiifouyiniundsdends (1 1 1) wiluanaudusiud
oxmenmeUiesaziuTinaiosnitesnonegiiflondaduaivnyeinmsiinlea

J. Luo uazaniz [26] ldAnwimsiiunsihlniiwesasuszneuinaivedleviney
Weseglidlsuoonledluguuuunesiiduuts (Thin fitm) Ssdlifiuinnisvameluvesesnon
AeUlWas (Cu/Al) wazU3unaveseandiaudiuiu (0/A) lulpssadeundnvesansuszneou
wavledlwineuiesogiidlousenlusd dwmaseuiinumivglsawazninililin wansfagud
2.8

TugravaneIfiruan a1suseneumaedlevineuilefegiiilineanlyd lasudnu
waziaudnsuluusy aﬂﬁﬂ,ﬁzmuLiJuﬁualﬂ/\lﬁﬂiJiaLLawumw Ay ’JﬁﬂWI’e)iIll@Laﬂ‘Vliﬂﬂ
mm‘umﬂ,mmmmmum Luaammmwmm FuAs1¥9Rae, doIN1ULEIlAR, A19BIIN9
WAUNGIUIUES (~3.4eV ) LLazmﬂﬂgﬂimaamjLﬂ%umqmwgugﬂ (>700°C) \Tusiu [6,
30] agalshany miﬂizﬂauLmaﬂ/\laaleaﬁﬂaﬂL‘U@%@fgjﬁLﬁamaaﬂlqjﬁﬁﬂﬁﬁﬂﬂ/\lﬁwﬁhjqqmﬂ
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131 wazmsthanudeuiigs (@nwaeiluvesarsusznaulanzeenlad) [31] Fslunnsily
Uszgndltidutanmosludidnviind mahlwiluazninianufeudulladondnidmais
Usgansnnvesansuseneumamedlavineuileseaiilisusenlendmsunisinluussandld
nuluiagnesludidnvand

Tuning the formation of p-type defects by peroxidation of CuAlO-, films

Jie Luo (321%)," Yow-Jon Lin (#iG1$), 2 Hao-Che Hung (¥£¥44),2 Chia-Jyi Liu (12 5),2
and Yao-Wei Yang (#38252)" T r - T -

JOURNAL OF APPLIED PHYSICS 114, 033712 (2013) CuAIC, (101)
CuAlO, (006) CuAlo, (013)

© | l

(b) l

Intensity

@ |
FIG. 1. XRD patterns of CuAlQ; samples from groups (a) A, (b} B, and () C. L& n i n i
20 30 40 50 60
o
20 ()
TABLEL The camier concentration, mobility, conduction type and resistivity of the delafossite films determined by Hall measurements.
Groups Conduction type Carrier concentration (cm™ ) Mobility (mf vT'sTh Resistivity (Q2 cm) [Cu/Al] [O/Al]
Cug gz AlO | o6 A p 8.88 x 10" 0.60 117304 0.93 1.96
Cug g:A10; 14 B p 1.45 % 10'* 0.82 5256 0.83 2.16
Cug 75A10; 55 C p 8.21 x 10'° 0.10 761 0.78 2.55

5UN 2.8 uaneaideues J. Luo wavanle [26]

2.5 msusudgsautimasludiannindvasansusznauinannedlerinauives

agdiillauaanlyn

MaUsulsanRme indussansuszneuinaealevinetivesegiiousenludii
Jupsevisneufisenaniuzveuds (solid-solid reaction) IngimaiianisidevideLiiueymnen
uaglladisneiued 3 Al Ao NMsTenswLtvetnadiles, N15L30ATIIUNLIYDY
ogfiilon uazmstiuoendlaudauiiu (CUALO,.s) wonani Tursiiiuanl@fimsiins it
(Graphene) 1Mun¥UsuUsaudfvesninduasalsusenausia widslulasuseanuis
nsldnaulunsufuussaudfeinindvesansuseneumavlealevineuileseaiiviey
gonlun

2.5.1 MsidenseiunisvadeznaunaUives

sinfifouhunienssiuivesoznennetiues fe iu (A9  91nMIANYINU
MafnsnRuieyivusanTRmesTudidnnindvesarsuszneuinanedlevineuiuos
ogiillonoonledidumadainmgs (Ju videRusenled fls1age), duasizienn uazii
nsdAuseu



Current Applied Physics 17 (2017) 12641270
Enhancing the electrical conductivity and thermoelectric figure of
merit of the p-type delafossite CuAlO; by Ag->0 addition
Sarayut Pantian °, Rachsak Sakdanuphab °, Aparporn Sakulkalavek *°

24

14

00045

2] ® Cualo, (b) ] —a—CuAl0, =
] ® (CuAlO),,(Ag,0),, 1 0.0040 4 —e—(CuAlQ,) . (Ag,0), . E
. A (CuAlO)),,(Ag,0),,, 0035 | AT (CUAIO), (A0, LI
E 18 ¥ (CuAlO) (Ag0),, v o —v—(CuAlO,)  (Ag,0), .
S . A 0.0030 4
£z I
s . 10025 - 4
ERRTE ]
B -
E] (] N
o 12 x - 0.0020 < -
c
]
© — 0.0015 -] .
g
% | 4
@ 0.0010 - J
=
[ ]
0.0005 - s 4
44 e -—/
T T T T T T T T T 0.0000 ’ T T T B T = T 5 T T
16 18 20 22 24 26 28 30 32 34 300 350 400 50 500 ss0 600

Temperature (K)

5UN 2.9 UanwILVe4 S. Pantian UavAuy [6]

JUN 2.9 uwamanisiinesmeuuluasuseneumainedluineUilesegiiiioneanlan wuin
avnouRuldlaluunuiidunmisesneuasUilosudiinnisuauiuegsenitea1susenauinan
WoalevinaUiosegiiluneanleduasiiu annwansmaaes Anmsiliiuazainisdiny
SoullAALIUANNUSIIURY, kazAduUsEaNsTiUAanaInINUSUIAURUMWINTY (1p9a1n
a d’{ = 1 P a :’; = a a a =3 o :311
NMSINNTUYBINITY) Fedenalia ZT a@runsaiiuduilelduduiiaanies wanandl S..
Yanagiya tazaug [4] Sildnanimaassiidenndesiu Ae wWeintuluaisuszneunainos
levineuileseglileusanlyddwmalyiAinstiinnufouiuty wansnagun 2.10

The Effect of (Ag, Ni, Zn)-Addition on the Thermoelectric Properties of Copper Aluminate

Shun-ichi Yanagiya L, Ngo Van Nong ?, Jianxino Xu > and Nini Pryds :

Materials 2010, 3, 318-328

< 14
E = CuAlO,
3 K * Cu,.Ag, AID,
:12‘ s *
>
= .
> - .
S 10 . e oS
2 . . .
5 .
o -
T 8 - .
E
[}
=
- 6 T T T T T
600 700 800 900 1000 1100

Temperature (K)

5UN 2.10 uanaw3feves S.. Yanagiya wazany [4]

2.5.2 M3TenseurivedeyneNegiiiiuy

INNSANYT WU svpufigniuTensuniiveternelagilileuiivaievain
Tuagiun1sussyndlde wu lavead (Co), whaidey (Ca), wian (Fe), wunfiloy (Mg) uae
wuenila (Mn) sy [32-36] dmsunisussendtdanuduiagmesiudianninddenldnis
= [ o ! a a dl' d' [ Lo
Fawdnaseiunisvedesnetegiiiiluy (8, 9, 36, 37] WewnnsAfgnuazdunsgiig
(Delafossite single phase, aLfigd) Al Fediauaulalunisusulsaudfmeivnindues
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ansUszneunaedlevineuileseglifisueanledlaenisiiumanuazduasizimeufizen
GARIEATGNITIN

Improvement in thermoelectric properties of CuAlO; by adding Fe,O3
7

K. Park®*, K.Y. Ko?, H.-C. Kwon", S. Nahm® - —m— CuAlO;
E 6 o — CuAlposFepos02
Journal of Alloys and Compounds 437 (2007) 1-6 - a— CuAlpoFeq 02
g 5L —#— CuAlpgFep202 .
2 PEFE
= a—
> a4l
g ot
=] “/"! - -
g 3k /‘/ s e
8 A ,.7._, .
— 2 - ———a—a
™ Ly -
L . e
H] e
] 0 L . 1 L L 1 1
550 500 600 700 8OO 900 1000 1100 1200
- . Temperature (K)
2 T 14
2 s00F  w e
= . e —u— CuAlO;
g - '! 12 o CuAlposFeposO2
‘C N "-E A— CuAlgoFeq 02 /‘/"
E 4s0f . ..; 10  —e— CuAlpgFeg20n ",..-A’
1] e L
o] - ? A .
o -~ S Bt AT e
o~ A - - e
[ T AT e CuAlo; - ot - P
& 400 Aaa o— CuAlpgsFeposO2 2 s} ,..A'/ "
g A— CuAlgoFen 102 E + /‘_‘_./:/‘.7__. -
@ —#— CuAlpgFep20; o4l e —
350 L L | I 1 1 ! g -"/. - N .
500 600 700 800 900 1000 1100 1200 & 2L " r*"’”'*_‘
- I
Temperature (K) —* *
L
1]

L i " L " 1 " 1 "
500 600 700 800 900 1000 1100 1200
Temperature (K)

SUN 2.11 uanauifeves K. Park wagane [8]

K. Park uazmz [8] lavinnsifumdntuaisusenaunavedlyvinedivasegiifiousenles
TneifinUSinauvdndaus 0, 5, 10 uay 20 Wedidudlneduiuesaou (atomic percent,
%.at) uansieguel 2.11 9nuamsvhasanudt msthlaiiiUdsundamuunadiiisd
Tnensihlihfutugeaadiuimameandnsity 10 %at esnuuansuasyiina
wn (la) Afindu widoUsinaveundnuinnt 10 %.at mathlihanaudesannaiia
Weke mé{’uﬂizﬁw‘é%wﬂﬁmammmuﬁmm%aLuﬁﬂﬁLﬁwﬁuuazamaqﬁﬂqmﬁﬂ’%mmmm
WEWINAY 10 %.at (Fonedaafunisfisduvasmive) Tuueufeatu Weuunuveandn
1NN 10 %at Adulsedvdtiuaiisnfindu lueidedldaenunniiuganifines
ldianvsndvesasusznaumaealeineuesegiiieneanledlngordeaiuduius
syinAnniliiuas AdulsyansTiuadiedl Power factor (PF=S%) Lilaana1n
LilafnwiAinisdiauieu  wudn 1 PF Sdnwaugmileududinisiiliii ndnfe &
Agegailetiinaesvanintu 10 %.at wazdidanauiloUsinameaninuinnii 10 %.at
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Effects of mechanical milling on preparation and properties
of CuAl,_ Fe, O, thermoelectric ceramics
Yi-Cheng Liou P, Li-Shin Chang ¢, Yang-Ming Lu ¥, Hong-Chou Tsai ¢, Uang-Ru Lee®

Ceramics International 38 (2012) 3619-3624

3.5 |
_“ 1] +x=0 -
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5UN 2.12 uanawideves Y.C. Liou wazay [9]

Y.C. Liou wazamg [9] lavinsnaasasuuiieniulaensifumanluaisusenevnaiilea
lovineuivasogiidounonled TnoifiuuSmaivdndoust 0, 10 uay 20 %.at (3U 2.12)
wuildnaniseasswuuieatiu Ae msthlwifuduieUsinavesndnwinfu 10 %.at
wileUsunameandnvinfu 20 %.at nmsiilndifidianas A1 PF iinduiiiousuiames
WANWIATU 10 %.at wazanawiieUSinaeunanviaiu 20 %.at Taedl Y.C. Liou wavAy
15 3nsu g (Wan 10 %.at) Lﬁaqmmmmﬂﬁwﬁmawmmm'iuLLamJ%mm
WMLV UNUIToves K. Park wazame ogelsiny WeUsuiaveandnunnnii 10
%.at (20 %.at) vlknsihlnihanauiieunainesneumadnianisunuiinssunisesae
AUeslussanaumvizanas

a

v O ¢ ¢ a a ¢ A o a & o a
ANUU aqﬁﬂigﬂ@UL@la’]W@at%mﬁ@ﬂLﬂ@i@aml’u&m@@ﬂlsﬁﬂ Lll@llﬂ']iLmllLuaﬂlelﬁ!ﬂVl

1%
=

wraulandslaisunisfinw laun anvgresdSnammvenimutugdmalinisdivi ey
A a < W a ° a a a <
HoUTuuvunaNYINAY 10 %.at nIeamnaInisitbiinnanauiisUsuinvesnan
1NN 10 %.at WsensthAuTeuvesasUsenaunamealeineliusseaiiiloteanlys
Wafinsiiumdn
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2.5.3 Maliieendiauduiu

wadlansiieendaudiuiu iumedailildumnudendesniniinsliinaiu
uazgamnlings Y. Lu wazany (5] Hsuussandmesludidnnindvasansusznouinan
vodlwvinetiasegiionsonludmemaiansiinoondiaudiuiu (3Ud 2.13) wuii ms
ouflgamndl 750 ssmwaldea  \Jugamniifidnfigalunisifineondiaudiniu @1 PF
dutumunaildluniseusnniu weldaunnnit 10 d1lus awtiamlanay (CuAlO,, CuO
wag CuAlLOy) fosanUsunmesndaudiuiufiuiniiu deansiadnsfnvesUSunm
sandauduiululasaimdnvesansussnaunavealevinediUsseaiiliousanlys

Materials Science Forum Vol 750 (2013) pp 134-137

Improvement of Thermoelectric Properties of CuAlQ;
by Excess Oxygen Doping in Annealing

Yun Lu"® Kazunari Maeda® Katauhiro Sagara®®, Liang Hao>* and Yingrong Jin**
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JUN 2.13 uanawideves Y. Lu wazany [5]

2.5.4 MsLANNT U
wadan1sUsuusaudimesnindvesianlnenisiiiunslumaslasuniiuiey
Wasnnuumadenlud feg1eauddenusuusiaudimasnsndlaenisiiunsiluwanasa
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Ut 2.15 losanniBumadailnaifeddhifinnsfnuianisy sudsandimesvindvos
asUsznaunaiedlwinedesegiidousenludlasnisifiunsiity 9ndnw (U 2.14)
wuin mMadunsiuluTuitesasthed SuussautRmesvindvesan lumendudu
mMsinnsuluUinaiinnazdmaliuszansnmuesianmesludidnvindanas

0.3

0.04

O Zn0 ZnO/Graphene Graphene/Cu;SnSe;

0.03} —%— Graphene-1wt%
—®&— Graphene-2wt%
—&— Graphene-3wt%
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Zn, Al O :1GO (2.5 wt%)

zT
i=]
8
o
8

0.02

A Zn Al O:1GO (3.5 wt%) =
01} =
e 0.01}
= .
ool e J::J__D__—D-—-‘L
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N # 1.00 vol% graphene 4 : Tem ~ 08 x=0.15 4
0.2 i e N
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A * .
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agt? i 0.2
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JUN 2.14 uanensuSugsaudimeivisndvesansusenaunelagnisiiuns ity [38-41]

I~ & =t =2 s a v o ¢ I3
N9 L ugURUUMTaveIHAnA1s U ety s, nenlii, vieunlumisuaulasyalae
Fu lneflognonvaimivoudsuluguuuunnmasussieily (Uil 2.15) ns1iluanunse
a - ) = = ' ) N Aa =
arurglaidutunuiisterneuiiervousunsindnidutus nasuninuaings Iainy
wWiausannn Wndniun (nsfuaun 1 ssswesiidimdndies 0.77 Sadnsuwintu) feu
TWsala waziludnhenufousaslnigg [10, 42) nmsidudujduiusnaduianaus) was
fluuan, wazn1sfilpesssuduiuuassdfivesdu vliullauauifonznlimiioulas

35U 2.15 LaAI0E19N1TINSEIRIVEI0ENBNATTUBULALINUNT Y



2.6 wannsHazAIasiinlun1sAsIzRlasIasnazaNUAmasludannIng
2.6.1 wallANSIaeLUNTReSELend (X-ray diffactometer, XRD)
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(m)

JUN 2.16 LAAIMAUANNTENULALASTIOUANUNG VBTN
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W.H. Bragg Wwag W.L. Bragg lalausuuinniin laseasrmanysenaulimesyuiu
(plane) vatornauiiaunsaasiouniunnnNnsenulefyuAnNnIENUWNTULNAE oW d1A5Y

Ql' ¥ = £ & 1 dl' | a < o |
%ﬁ%ﬂ@ﬂ@@ﬂlﬂﬁ]%ﬂﬂl’mL“UllQQﬂGlEJLiJEJiSEJ%ViN?JENi%U’]UlIﬂ’]LTJUR]WU'JULVHWJ“UENWNMEJTJ

ARuAdNAlAIANIUNINABARUUIERNM (FUT 2.16(0) Uag 2.16(%)) AsaunIs

2d,, sind = (2.16)
e d,, f® T¥EENIesENINTEUNY
0 Ag  YUIBITIEANNITENULAYALTIOU
n A ANPUTBIAAU WAL 1, 2, 3, ...
A A AUEIAGY
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Tnganunsasenaunisn (2.16) 9 uetkusni 9ngUR 2.16(A) aziiulddnyusenineniu
agveufuwuinduannsenuanluasavinvesuannsenu (20)  deuldgnimuiau
nanelumsorinnsiaeiiuuresssdiand lneiiszuiuiuananeiuvesaismedaaziiliin

a A A (Y v = dy ) d‘
NITWNINADARVULESUTINY 20 Neinady Fagu 2.17  uenani siguiearsusenaud
wansefuasiisvegieseninessunuiliviiutuegiulassaiwdnuasAue 1Iveiuse
Feaunsadudunsedunlassaiamdnvetansireglasmsmnaiinnisidenuuvesssdiend

Detector

Position Sersitive

Pasition Senzithe

Detectar

) Crystaline
Sample

) Crystaline
Sarrple

H-Ray Tuhe

Irtensity (a.u.)

Irtensity (a.u.)

= a0 o =
@ =0 m 28
28

JUN 2.17 LanmdnnIsyNauYeLATaUAL IUUYDITIADNTLALNANITVIAGDS

2.6.2 ndnsgansImIBianasounuudosiiu (Transmission electron microscope,
TEM)

High voltage

Electron gun

First condenser lens
Condenser aperture

Second condenser lens

Specimen holder and air-lock

Objective lenses and aperture

Electron beam

Fluorescent screen and camera

JUN 2.18 wani09AUszNoUTBINADIaNIIAUBIANATOULUUABINY
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napgansIAUBLanaToULUUABwIY (TEM) uananaguil 2.18 lneundnnisviiauay
afpduadianaseulun1sasenin ndnnisinurennias TEM fe Sidnmseugnuaning
Yudidnaseu (electron  gun) laefingudidnnseussgnisameauiulnin andungu

a & 1

L4 v d‘ 4 I a & < o
ALANATOUIBNIUAUATIUTINTIH (condenser  lens)  ivaliingudianaseunatgtludn
Bidnmnseu  ntua1BidnATeuILIAADUNEUAIBENS (specimen) Fsfagaluilazfosd
ALUNIN (1-100 wluiuns) WoBiannseunzarIuAI981992AAN15NS2IDUNIATULAL
dianaseuiivearumedisazgnuiuliiavesnmlilissaziBeavesnimunniiaalneiaud
Tnding (objective lenses) a1nuua1Bianasou (electron beam) azluusinguuainizes

4 a [ £ (% -
was gavnesindunImdunn wanedsgun 2.19(n)

= o w % = & a &

anluuandrAgyvesnshd TEM  Aeluuanisidediuuvesdiannseu (electron
diffraction) TAeAMTAATUILANIINNITTINAUYIEIBLANATOUNABLUUNEIINVIZANIY
Aregrenarateatuuan amnlaazseniigluuunisidenuudidnaseu (diffraction

v Qll = A Yo =< 14 =< Y 1 a A o

pattern) WaRsAaguUN 2.19(2) Feamalavsvenislasasiminvediiod1s s SN

ANATIUANNTLNU

Fe 0,

o )
4.85 A

: S 2.0
/i ra - Tt Y

—{EXEN
253 A

LA 4
~ 2T0A

(m) ()
JUN 2.19 amanedildainndesganssaudianaseusuudesi (n) wansnindrelulvue
Unfl uaz (1) Nldanndesganssamidianaseuwuudosiu

233 wallaaalnsalalveseynindidnnseuiignuanyaseseisdiond (X-ray
photoelectron spectroscopy, XPS)
wmailaaalnsaladveseynindidnaseudignuanydesseiediend (xps) 1iu
neadlafild@nuifaesduszneuvessnn (element  composition)  WazanILEMINLA
(chemical state) ve3s 9Tl iussdvsznevluasiiodns lnsorfemsAnuanndsaude
wilvesliilndidnnseuiivanddesesnanezmesluasietna demdnnisveamaia XPS
Sunanndsnuedineuesssdidndanmsomlfemnudiniusdsd

E =hv (2.17)

b

dle  h Ao AAefivesunasd (6.62x10° J.s)

A 1

dl v a & 1
\ AD  AIAINUDVDITIALNY (H2)
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. %, -
e— . a % Ejected photoelectron

Incoming X-ray
beam

JUN 2.20 wanseunmBianaseuiignUandasesiesdiend

Hoeznouneluluanavesansganau (absorption) wassulineuansedidndsinloznen
gntoeslud (onized) uasdiannsawianisvgaeenivainesmeunaiedudidnnseudasy
(free electron) M3ond1 nlladidnmsou (photoelectron) uanadsguil 2.20 Fsanansaidou
lpmuaunns

A+hv > A" +e (2.18)
30Ul uULUUTRINa 1 WNUlA
E(A)+hv —>E(A")+E(e) (2.19)

4{' & ‘:4' 2 Y] - A
LB A 3] @3@@umaﬂﬂauwaﬂﬂqu17/\]mau’ﬂﬂﬂﬁqal@ﬂ"?]

=

waziilpsannasulnlndidnaseu Aendssnuaay (Kinetic energy) 3o E(e‘):KE 9
a v (%] '3 a a &
ausadguaunsivailvieglusuuuuveandenuaatvednlndidnaseu e

KE =hv—(E(A")-E(A")) (2.20)
iuladn Wengavneuesauns Ae AMULANANTBINANIUIENINesnaunignlosalud
(ionized atom) warermeuiilegluanizund (Neutral atom) 138031 WasUEAmTE?

(binding energy) wasBianATaU Fanrendanuideddiioilioidnaseuvanoenluiluly
Indidnasou MmNELNIS

BE = hv—KE (2.21)
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2.6.4 wateaUninsalnUnisganaussdiend (X-ray absorption spectroscopy,
XAS)

1N3UT 2.21 aunmesnisiialnlndidnasoutilesnan sxneuneluluanaves
ansgandundnulinsuanidianddmwaribiozneugnlosslud uazdidnasewianismgn
ponlanesmendsiiu Usingnisallalndidnaseuuazusingnisaigandussdidng 1Hu
Usingnsaliiiedundeusu nande waila xps e waiafiinisialdladidnasou
(photoelectron) wazinafia XAS Ao wiadafivhnisianisiUdsuulasmnuduvessadidnd
laganfeauns

I=I,e™ (2.22)
g 1 fio auduvesssdidndiilonsaniiu
I, fs euduvesssddndnnnszny
X A ANUVUNIVRITEq
m fio duszaAvisvoanisganduue

A ) (Y a Q‘ & a a [ v a & 4 [ a
mammauﬂszamﬁﬁummi@mauLLEN‘V]L‘UaaulﬂmuwawwuaaiaaLaﬂezj (WA ulnmou) N
WasuwdaslUundewdunsim agldannsu XAS a8 2 929 [43] wanadaguil 2.21

constructive interference -
absorption maximum

1.6
1.2 Here is where the
’ interference
— is important
=
~
= 08}
£

destructive interference -
absorption minimum

1 |
9000 9200 9400 9600 9800

Photon energy (eV)
Ul 2.21 annfu XAS [43]
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1. a9wud (XANES, X-ray absorption near edge structure)
939 XANES  fie 92anusngluaiunasuvesdyaia XAS sausuinalnavaunis

= v

AANAUSIHVDI0EMDUIUNINTETIUS IUT NI UINRBUUTENM 50 eV WlovaunIs

=

annau (UTuddulugun 2.21) lasaasns XANES MiAaduiuinannsganiusadiendves

Y

e

Sannsoulutundsuseauan (core electron) walianisloaaluwwdy (ionization) 270
1A598579 XANES 1518101501073 baaneaenatiy LAy Oxidation state 9849
F198719 BUALATIVDIDLADN LAZLENLEEDIAUIENOUNIIATINTIUA1TAI0819 WUy

2. Bdnad (EXAFS, extended X-ray absorption fine structure)

129 EXAFS e dasfisieannsioainlaseadns XANES  iileveunisganaused 14
JuNsEIIEIUT T anE U TneuUsEIN 500 eV 89 1,000 eV 1A5eade EXAFS 1in 4
mﬂi‘mﬁmﬁLﬁﬂmauﬁgﬂﬂamﬂa'aEJ:mmﬂawaﬂuswdwms@mﬂ%uﬁu Usgngasudunduly
sufUarneNsoUTwhlfAnNNINIEII Az TEUNGULT IAALNSNEABATILUUIESULAYLUY
vinansfupauiy fafuainlasadng EXAFS  ildisianunsoimszilaseadnae semou
AINENINUTY g'ﬂLmumﬁsﬁ’uéfmmiuLaqasuaamsﬁaula FIUNVLALALIIUIUVD DT BY
southseznaudialale

2.6.5 w3osiaman ndun i uasduUseansgiun (ZEM-3)

3ee ZEM-3 Huiadedleildiamaninin i uazduuszansgiun Tnanisinan
é’mwmsmﬁmﬁﬂﬂﬁﬁaaqmmﬁLLazmmmﬁwumﬂw%waﬁa@ lAgAIUANNITYINIUIEY
STUUABNNILABS meéﬁ’qgﬂﬁ 2.22

I m——— |

JUN 2.22 wanaAsesinAmanimeiumulnihuasdudseansgiua vise ZEM-3

{o

MFIATIEIMAENUSEAVEEIUATIng NI Ao 19 Tanlunuifsszninsudeniuuy

=

wagAuaIvRRAiANToU AegUN 2.23 aaienTanlasunnusauainmissdamalviinuais
fgaumaiigenitnuuy nduazldnannisveanesluddidauinsmadudseansaiua
lngrelaneanavilaiu A way B S 2 9AUuasiiege anduinaumgiiusnauiin
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fuRveslaneisaasda Muualmduduls T, waz T, awa1au lusuzifediuin

wsssiulihsznindlavenisaes (V; waz V)

L dwnleTagamgli A Tx Jaudravaadndludia
ATuLiU 523119 A ua B
vian
=| Tavgwiia A
fhod1eini
UMAgDU
lavewiia B I |
-3
vhea
a 3
fuiau

Al Inganind B,Te.

JUN 2.23 uanslnezunsunannisinAdudseansdiun

Wolareee wan humadulssansaiuanuaunis
S=—"—*= (2.23)

gaumaiideyeinsin (T) awnsamlaainaunig

_TB+TA
2

T (2.24)

A15UIAIANUANINLN AN 2EADINIAIFNINATIUNIUNDUTIDLUINIAIUIUMIAIAATNUN
9 Tnen1sa1ensenansnatnasasnda il 1iul9asUS nuUaDAs1UULLAE UA B A
fuaN AIgUT 2.24 AMvuanudiiugndeiineiutaniegisuuvennsuduansmua iy

R, wazAusunuresiandiedaimvualndu R, . Mnisinanussdndanasen

ref sample

ANUAUNIUDB LAY JAn e

Smieenamnd A T IAWAavafndliih
fiudu S 521319 A uag B
‘uﬁaﬂl |
. Tavizuiln A
fagraimi
wmAdaU
o v

laviswiin B | ]
-3
vien
oy
fiudou

Muviaingaumni B,Te.

unasRntialviin

gﬂﬁ 2.24 1A lARZLNSUNANNITINANEATNAIUNIY



9InngNIshUILsIRunsiiiinszuailuaniuidiuniy R, waz R
(R

sample

aunsuiu R, ) wazannguedleviu (V =IR) azlaidu

ref sample

Vref _ Vsample

(2.25)
R ref Rsample
V
Rsample = e x Rref (226)
‘ \Y

ref

nanua U uliassadlumanndunulaia (p) waganindilnda (o) laan
qung

p=xL (2.27)
A
1
R (2.28)
p
Ge L e duinthdavesiandaegng

b

[ Y 1

A AB  AMNYNVBIIEANAIBYN



unil 3
N15ALUUIIUIY

3.1 @smedudmSuseniage
1. W3KEN CuO (Sigma-Aldrich)
2. WAKEN ALO; (Sigma-Aldrich)
3. WINAN Fe,05 (Sigma-Aldrich)
4. §an31WU (Graphene) auIAUILU (Www.graphene-supermarket.com)

3.2 gunsaldmiumieudaagng
1. \n3estanailon 4 dumis Bve Sartorius §u AZ Series
2. A3NUAENT (Alumina mortar)
3. L.L‘U‘U‘ﬂuﬁgmqﬂauLLazgﬂﬁm?{am (gﬂ‘ﬁ 3.1)
1. \n3eadnlslasanunuiien
5. MyugdmIunas (Crucible)
6. WmBVe Thermolyne 'i;‘u 47900 Furnace

3.3 AN ISATUIUEITAIAUA NS ULASIUADES
a1snanunlgluniswsenasusenau CuAl Fe,0, aunsawsaulaainuenan Cuo,
ALOs Uy Fe,05 feufAsenaniuzvaauds (solid-solid reaction) Asans

cu0+@A1203 +%)Fe203 — CuAl, Fe O, +%o2 (3.1)

WIaluanaves Cuo = 63.546 + 15.999 = 79.545 nJusaluq
WIaluanaves ALO; = 2(26.982) + 3(15.999) = 101.961 n3usiolua
UIALUANaYeT Fe,05 = 2(55.847) + 3(15.999) = 159.691 nSusiolua

Fa8ee NIl x = 0.1
UfAseanuzeIuds

CuO+(OT9)A1203 +(0T1)Fe203 — CuAl, Fe, 0, +%O2 (3.2)

1naluanaved CuAlysFey 0, = 63.506 + 24.284 + 5.585 + 31.998 = 125.413 nfusielua
NANNTN 3.2 D1A89N15 CuAlyoFey O, Ui 1 n5U AzAosldasienumes Wity
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cuo = 2% ) _ 6343 (3.3)
125.413

ALO, = QO)(10L961Y_ 5o (3.4)
2 125413

Fe,0, = X[ 1961} 4 5637 (3.5)
125.413

Fatil 01 CuAlyoFey 0, USHNae 1 nSu Aagldansmanu CuO, ALO; way Fe,Os LYnu
0.6343, 0.3659 Way 0.0637 N3N AMUARU LardnTd@1uvesarsasrulunsalangeg wanglads

AN5197 3.1

A15199 3.1 LAAIANAITILASINANYRININEN CuO, ALO; way Fe,0; AMNSUdLATIZA

CuAlFe, O,
dndulua Usinauansias (n3)

(x) CuO ALOs; Fe,O,
0.00 0.6492 0.4161 -
0.05 0.6417 0.3907 0.0322
0.10 0.6343 0.3659 0.0637
0.15 0.6271 0.3416 0.0944
0.20 0.6199 0.3179 0.1245
0.30 0.6064 0.2720 0.1826

3.4 YURIUNISINS8NADE19 CuAl, Fe O,

—_

. UE5A9RU CuO, ALO; wag Fe,05 untamudnaiulualun1siei 3.1

2. MNsHaNasHIPuYed CuAl,,Fe,O, mgasnuaansiuian 2 Falug

3. a5A9RUes CUAlFe,0, TiNunsuanufigamgl 1373 wwadu 1lunan 24

dlus Tuusserniaund wagvnliBusesesindslueinie

4. 891NN ALLARINENVRIENSUSENBU CUuAlO,, CuAlyesFenpsO, CuAlygeFey O,
CUAL gsFep 1505, CUALy sFen ,0, 1A CUAly Feg 50,

5. WNINaNUaY  CuAl, Fe,O, m%ugﬂé’amwuﬂmﬁgﬂmﬂauLLaxLﬂ%qé'ﬂiaImSmmu

= v | daw &, @& au a a a a
LAY "031@Lﬂum?@ﬂqumaﬂﬁmgLUULllﬂlliﬂll 12 UaaLUNT aLUN 2.5 UAALUANT

6. 11679819 CuAly Fe,0, 1ol 1373 waadu WWuian 24 43lua luusseinie

Und wazyilidusiagiasiasiluainie
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3.5 FuUABUNSLATINAIDEN CuAlO,-graphene

1. thanssadu Cuo uag ALO; sndsmudadiulualumssit 3.1

2. yhmskaNansRaiured CUALD, Msasnunanstlunan 2 Falug

3. WraRaRuYes CUALO, friunsuasanfigamadl 1373 1aatu 1una 24 dlus
luussenniAun® wavyiliidudiegresiasilueinia

4. a9INMSEHNAYIARINaNYesENsUSENaY CuAlO,

5. RN TLYauTuRaLA 0.05, 0.1 0.15 way 0.2 Weodudlagtmein (%.wt) adly
NINANVBY CUuAlyoFeq 0,

6. YNSNANNINENYDS CUALD, mans1Tusw U Tussasnuaasiunan 2 $9lu9

7. 4309 CUuAlO,-graphene msﬁugﬂﬁ’ml,l,wﬁmﬁgﬂmﬂauLLasm%aé’mlaImﬁmmu
den wliifuiegeiifidnvasudindised 12 fadwns wazwun 2.5 Jaduns

8. 19989 CUALO,~graphene mﬁu’gﬂﬁwLLUUﬁmﬁgﬂﬁm?ﬁmLLazm‘%'mé’m”LaImEmmu
Hen asldusognsiifiuvisung 12x0.5x0.3 fadiuns

9. 11919819 CuAlO,-graphene u’nmﬁqmmﬁ 1373 wadu Wwnan 24 dalu Tu
ussennaUngd wavyinlidusiegasiasaluainie

3.6 TUABUNISLASINAIDEN CuAl, sFe, ;0,-graphene (0.05% wt.)
1. Wisnsnsfluruauluusanas 0.05 %.wt aslurandnves CUAlO, wazyiinIs
2. MATHENRSHANVDY CuAlyoFey 0, HansIHuaInInuIluAaasnuaasiduan 2
dlaa
3. 4W9Y89  CuAlgeFey;0,-graphene mﬁugﬂé’amwuﬂmﬁgmmamLLazLﬂ%aé’mlaIm

Anunutien  azlaludedenidnwusidudieisal 12 Jadiuns waznul 2.5
L GIRIE]

-3 =]

4. Haae CuAlygFeq,0,-graphene WBugUMBLUUTNHIUAWAULAzIATR BN ElAT
a al Y @ % 1 Ao 1 a a
anunuLien aglaluseg 9 NiuLauEIn 12x0.5%0.3 Jaaiuns

5. 141679879 CUAO,graphene W wfigaumall 1373 waadu Wuian 24 F2lus Ty

U5EINAUNR wazyinlmdudiognasiaiilueinie

3.7 %UWBUﬂqiﬁigﬁ]%ﬂLLagaLﬂ'ﬁ'l&’ﬁgl’?aﬁhﬁ

1. Tiasgndnuaglasiaianangemaiansiasiuuvessidiond (X-ray diffraction,
XRD)

2. 1ATIENBIAUITNOUTDI519AI8NABI9aNTIAUBIANATOURUUERINTIA (Scanning
electron microscope, SEM)

3. 3LAT18RNI19NTZI18AIVII0UYNIAMIBNADI9aNTIAUBLANATOULUUADIHIY
(Transmission electron microscope, TEM)

4. Aipseanuzeandiadu (Oxidation state) memalirailalasalalveseynindian
mauﬁgﬂﬁaﬂﬂéaﬂéf’m%ﬁwﬂ% (X-ray photoelectron spectroscopy, XPS)



30

. Awnsgvianugeandiadu (Oxidation  state) MmemallaaiUninsalnUnsgandusd

o9 (X-ray absorption spectroscopy, XAS)

. Awngrimeungivesnsiinufisersendindu (Oxidation reaction) memalialus

wnsugaumiilun1siinufisensandusielelasiay  (Temperature  programmed
reduction: H,-TPR)

7. AASIERANUAUILULYaINvElaely Hall effect measurement
8. IszviAndulszansdiuavazean ntlnilagldeses ZEM-3
9. AATIEIAINIsINIANNTBUMELATEY ULVAC-RIKO U TC-7000

3.8 YUNDUNISTLATUUAIDEINEINTUNITATIVIALALIATIZI

P Db =

fhogefivhmatusuuagldsuniaen uansfeguil 3.1a

iegdlugy 3.1a ashllddwiunsinnuaud@nnavesTudiényin
yhmsyuiegsdmiuiluauaginsgishomaiia SEM uansiagui 3.1b
nsuadiag sl dunsdmsuinluianasimsnzvsamaiia XRD, XPS, TEM way
H,-TPR LLaméﬁgﬂﬁ 3.1c

dnsesasiegslunauiuluseululass (Boron Nitride, BN) Tudhsidrufivunzay
LLazﬁWﬂniﬁu'gUém%ﬁﬂUi’mLLaz‘imiwzﬁﬁfsamﬂﬁﬂ XAS LLamﬁagUﬁ 3.1d

(a) (b) sev

Breaking ‘l’

>

Crushing

Mixing BN

Pressing

UM 3.1 uansgduuuresmegsdmiuihlvinuagiiamgimemailaisiaiu



unii 4
NAN1SIYLAZN1SDAUS1INE

Tuanendnusd lavinsanwinisusulgsaudfmesludidnvsnvesansussnauinan

Woalei CUALO, Tnemsiinman (Fe) uazns il (Graphene) Mw3suAIeuUIUNITUZAZEN
o . . . = a a a ° v

A0UzU0LTY (solid-solid reaction) Mgamndl 1373 taadu Tuussen1Aung uazyinlmiu

Favgdaaungivietad1953ni57

4.1 @nwnalnluBednvesansusenaumanvaalen CuAlo, Walduman (Fe)

[44-45]
oCuAl, Fe O, xCuAlLO, *CuFe,0, #CuO

x =0.30 X

Intensity (a.u.)

:

A
x=000 _ _ g
ols —_— —
|§ :I =3 3 s
— g S
A e . A
L] l L l Ll l L] l L] l L l L]
25 30 35 40 45 50 55 60

2 theta (deg)

SUN 4.1 uansiiAnISIREILUNYRININAN CuAl,Fe,0, (0.0 < x < 0.3) MATENAIYIUIUNTT
UATENA0 U VDT
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NMIALNULVDISIELONT (XRD) VBIHINEN CUALFe,0, (0.0 < x < 0.3) Tmse
sheruaumsUiseraauzvesuds wudn Welliduavdinlngluaszneuvesin Fe Hoonii
02 (x <« 02 agdilpssarwdndunuuaisivesnaviodley (delafossite) Uo9
ansUsENou CUAO, (No. 35-1401) usiflefiAiawdrlnelunosneuvossin Fe faud 0.2 Ty
W (x > 0.2) arillaseasnswdndusuunauserinseaegleivesansusenau CuAlO,, Talu
Adln (monoclinic) ¥adansusznau CuO (No. 45-0937) wazatiua (spinel) ¥a3a15UsNaU
CuAL,O4 (No. 45-0937) Feuanaddinvesnisiiy Fe asuusuLvetarnalagiliiluy (Al
lulpssas1andnves CuAlO, uansnagy 4.1

NNFUT 4.1 annsafuIumAnilaseHan (attice constants) ¥esiiags Tag
pdANduRusSTeslaTsaisnanuuulengzlnia (hexagonal) ASENNTT

<3 > +— a1

2

] 4(}12 +hk+k2j 12

a C

e a way ¢ Ao AAINLASINGN
h, k wag 1 fe svilliawaes

IINNIANIUAIATILATINENIAERABANNTSN 4.1 wudllleaavdulaaluaenauyedsis)
Fe 1iNNNNTY 92y liAAflATINaNTALANTULTDIINIUINDZAINTOY Fe Jvunlngnin
VUINDLABUVBY Al LAAIAINIT 4.1

A15199 4.1 LARIA1AINLATINANYRININEN CUAL Fe,O, (0.00 < x < 0.15) MLHT8UAIEY
YuuMsURASeIan Uzl

dadrulua Aasiilasanan (Ssanseu)
(x) “a” “c”
0.00 2.8551 16.9337
0.05 2.8641 16.9386
0.10 2.8733 16.9389
0.15 2.8835 16.9556

INNMEMENABIganssAUBiannsoukuUdaInsIa (SEM) Tuluwua BEI (back
scattered electron image) WazNITIATILAGINTINAIIY (EDXS) vaulla CuAlO, uaz
CuAlygsFeg 10, (gﬂ‘ﬁ 4.2) wanaafgvesasusenaumaledlan CuAl, Fe,O, uAann
AMENY SEM  wazaunnsu EDXS el CuAlysFeps0, WU AR aNausening
a15Usenoutnatealeyi CuAl,FeO, (gth?'i 4.3a), @15Usznau CuO ('g‘dﬁ 4.3b) uag
a13Usenau CuALO, (gﬂﬁ 4.3¢) F9a1na ey SEM  uazalnady EDXS donndesiuna
nMsAnFeAEnsasuwessidiend
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JS pectrum 1

0 2 4 ] 8
Full Scale 1837 cts Cursor: 0.000

200um Electron Image 1

_Sm-,\r,lmm 1

2 4 6 8
ull Scale 1622 cts Cursor: 0.000

600um Electron Image 1
JUN 4.2 wansnnene SEM  uazawnasu EDXS  weudln (@) CuAlo, uwaw (b)
CUA gsFeq 150, TssudpyuIunsURAse@a Uz ULl

Edectron Image 1

0 2 4 &
ull Scase 2790 18 Curser 0.000

4

. &
ull Seale 2692 cts Cursor: 0.000

20pm Electron kmage 1

g‘ﬂﬁ 4.3 Lanenmane SEM wazannsu EDXS vaauin CuAly-Feqs0, F3EUIUIUNTT
UfASeaa1uzvenda: (a) CUALO,, (b) CuO waz (c) CuALO,
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(a) Cu 2py, (b) Cu 2p,,
3 3
a LA
z z
@ 7}
c c
@ @
2 2
£ E

’
T T T T T T T T T T T T T T . T
926 928 930 932 934 936 938 940 926 928 930 932 934 936 938 940
Binding energy (eV) Binding energy (eV)

(c) Cu 2p,, (d) Cu 2p,,
3 3
Lk L
> >
= =
] @
c c
2 1]
= =

x=0.10
' 8
T T T T T T T T T T T T T T T T
926 928 930 932 934 936 938 940 926 928 930 932 934 936 938 940

Binding energy (eV)

Binding energy (eV)

JUN 4.4 uansaunasu XPS 483 Cu 2ps, YBIKIHEN CUAl Fe0, (0.00 < x < 0.15) 7
WsEUAIBYUIUNSUR S @R Uz URLT

(a) Al 2p (b) Fe 2p,,
] x=0.10 3
bt s
7] 7]
c c
2 2
= =
x =0.00
T T T T T T T T T T T
68 70 72 74 76 78 80 696 700 704 708 712 716 720 724
Binding energy (eV)
(d) Fe 2p,,
3 3
o L
2 2
7] 7]
c c
] ]
= E
.
T T T T T T T T T T T T
696 700 704 708 712 716 720 724 696 700 704 708 712 716 720 724

Binding energy (eV)

u

Binding energy (eV)

5UR 4.5 uansaUnmsu XPS 904 (a) Al 2p vOIRINAN CuAlFe,0, (x = 0.00 kaz 0.10)

uaz (b-d) Fe 2ps, V9IMINAN CUAlFe 0, (0.05 < x < 0.15) fiLTuNne
YUIUNITUHAT A0 TUZ VOIS
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MMTATITRALUNATYL XPS 983 Cu 2ps), VOIHIWEN CUAl,Fe,0, (0.00 < x < 0.15)
oAy FULUUINAGEUTleAdY (Gaussian function) ilesnlsnalndideududeyadilsan
M550 91NNNTIATIZIE WU @dnndy XPS uansitaves Cu' @wdes) wer Cu” (@)
oeiUsEan 931.7-932.6 eV uay 933.5-934.5 eV puddiu lnedhsaiusewing Cu” way
cu' (cu™/cu’) fedstudioiavdanlasluaosneuuoisiy Fe anfiutu uansdegud 4.4
warm319il 4.2

PMNAUAATU XPS 199 Al 2p V9IRINEN CuAlFe,0, (x = 0.00 tay 0.10) Lansds
finvea AU ogfiuszana 76 eV uandisguil 4.5a wazainnsiesizsiadnnii XPS vos Fe
2P/, VOIMANAN CUAlFe,0, (0.05 < x < 0.15) é’w’wgmwmmﬁﬁauﬁaﬁsﬁ"u (gﬂ‘ﬁ 4.5b-d)
WUt anau XPS wansiiaves Fe” (Fwdos) uay Fe’ (Fnidw) egfivszana 709.4 uay
710.6 eV MU Snsduszning Fe  waz Fe”  (Fe”/ Fe™") uanasanisnadi 4.2

1INNNTIATIEHALUNASU XPS 89 O 1s ¥aeWenan CuAl,,Fe,O, (0.00 < x < 0.15)
é’wgmwmmﬁﬁauﬁaﬁ% WU aunmsu XPS  wansiinveseandiauluianiie (attice
oxygen, i), pandaufiunsnlulasadis (interstitial oxyeen, i) wazeaNTauUIIMAMTH
(surface adsorbed oxygen, iii) agjﬁﬂismm 530.0, 531.0 tag 532.0 eV Auasu Hufives
finvesoendauiiunsnlulassadis (i) uasiirvoseendiauudnaini (i) Wuduiledeu
fuiuiiwesiinveseandiaulunanie () muAAvdIulasluarnouueIsIy Fe Fifiutu
LLaméﬁ’quﬁ 4.6 waza15a7 4.2

(a) 01s (b) ‘_ 01s

Intensity (a.u.)
Intensity (a.u.)

T T T T T T T T T T T T
526 528 530 532 534 536 526 528 530 532 534 536
Binding energy (eV) Binding energy (eV)

(c) = 01s

Intensity (a.u.)
Intensity (a.u.)

T T T T r T T T T T r T
526 528 530 532 534 536 526 528 530 532 534 536
Binding energy (eV) Binding energy (eV)

JUN 4.6 uansaunasu XPS 483 O 1s ¥BIKIKEN CuAlFe0, (0.00 < x < 0.15) MinTey
MeUIUNSURATEE0 U VBT




M19197 4.2 UERANAINNITIATIERann sl XPS e guiuund@suileandu uazias
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[

Al

AUNASU XAS AI8NAaTINTLEUVDININEN CuAl,Fe O, (0.00 < x < 0.15) 7
W3HUAIBYUIUNTUR A d U VO IT

Composition XPS XAS
) Peak area (%)
Cu2+/Cu1+ Fe2+/ Fe3+ Interstitial | Surface adsorbed Cu2+/Cu1+
oxygen oxygen
0.00 0.164 - 28.5 29.0 0.163
0.05 0.386 2.367 33.7 34.7 0.391
0.10 0.554 1.229 37.4 39.1 0.541
0.15 0.456 0.427 38.7 42.6 0.445
(a) (b) ® ® ®xas Cu0 Cu0 LCF
XANES
x=0.15
c c
o .0
2 e
o o
(/2] wn
o i £
[4+] | ©
T \ ©
[+] (4}
2 ! o
S ! s
£ \ g X =0.05
z : 4
[}
l
| X = 0.00
| |
8970 8980 8990 9000 9010 8970 8980 8990 9000 9010
Photon energy (eV) Photon energy (eV)

gll‘ﬁ 4.7 uansalUnadu XAS v09 Cu K-Edge vaanindn CuAl,,Fe,0, (0.00 < x < 0.15) 7
wisaNMerUIuNIsURASeanusveds: (a) Jaya XAS waz (b) MIlaszilag
Twnadia LCF

PMNMTIATIZAAUNATU XAS 989 Cu K-Edge Ua9ninan CuAl,Fe,0, (0.00 < x <
0.15) WU ANANATINUNIAID819U99 Cu,0 (99.99%, SigmaAldrich) wag CuO (99.99%,
SigmaAldrich) egfiuszanns 8982 wag 8998 eV aua1diu lneil Cu0 Wuduny cu'’ wae

(Y 2+ o { v & [ =% 1
CuO L{JUG]'JLLV]‘U“U@Q Cu LLﬁWQﬂQE‘Uﬁ 4.7a A9UU MNnaunaIu XAS LLﬂﬂx‘iﬂflﬂqiﬁ@Q%@\‘i

1 2 = v Y] a o
Cu  war Cu  Turandn CuAl,,Fe,0, @anndadiunavad XPS Tun1simszimdndiuvas
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1 2 = Y ° Y a v
Cu  waz Cu Tunendn CuAl Fe,0, 3nawnasu XAS aunsavinlalaenisldnasiudadu
. . . . @ = = o ] 2 I+ a & 4
(linear combination fitting) kanafaguyl 4.7b laeNdns1diuves Cu "upy Cu findudle
AAvdulneluaosnauveIsIe Fe MLy Fednsidrunamuinlaainmailn XAS a1

Inalmesiuilaanmeilin XPS uandfanns1ed 4.2
= 1 [ ] 2+ 1+ 's
NANWINUIT FRsrduves Cu uag Cu vesasUszneunatvlealevignu
N09A3 (Cu-based delafossite) AwduagiuUTunnlossu 2+ wodlane (divalent metal
ions) AsesLULsvedlany 3+ LasUTuueenTLauEIUAY (excess oxygen) FREUNT

(Cu"™),, (Cu™), (B™),, (B*™),0, 4.2
(CuH)lfzs (Cu2+ )25 B3+02+6 4.3

W B Ao lossu 3+ vadlany
B* #o lesou 2+ vadlane
§ e panTLAUAIULAU

NAUNATU XPS WU 02AUved Fe NIgNITBNTIHIUNLIY00ABNYRY Al LAAINGANTTY
< O 2+ 3+ o = a a 2+
Wunalesou 2+ way 3+ (Fe” way Fe ) HENAUDEIANNTANUTINIYRY Cu™ AN
AUNISN 4.2 kazINNNSTLHUDLHBUVDY Fe MTIALIUIDEAaNYD9 Al d9NalAAIAITNLAS

~ a X q' = ' a a a | a a ! Py
NANLANRY (AN5199 4.1) mmmaamameﬂimmaaﬂ%wumumummsﬂaqiuimaaiw
= a a 2+ P [} gj a [} |
(8) FIE NS NNUSHIUUDY Cu™ MINANNTTA 4.3 A9t N15WURULUAIUBIDRNS1EIU
2+ 1+ a o v a av X a & v
Y99 Cu” WAy Cu - (Budusmeawaia XPS wag XAS) lunuideilinnaniiselossu 2+
29 ANLLALNSIALTUVDIUS U UDBNTLIUFIULAU

'
a

§ ' 2 1 wa
A15199 4.3 waneAl Cu /Cu - wazaudanglwilives CuAlFe,O, (0.00 < x < 0.15) %
WsENAIBIUIUNSURA o an U Y0 UD

Composition cu”/cu” Electrical properties
(x) XPS XAS | 0 (10°em) | a4 (em’ANs) | o (S/em)
0.00 0.164 0.163 2.69 5.139 0.024
0.05 0.386 0.391 16.50 4.082 0.108
0.10 0.554 0.541 80.90 4.205 0.544
0.15 0.456 0.445 41.50 4.823 0.320
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100 10

80 - . - 8
60 -6
. .\ * | g
40 4 . ¢ *la »
—> | 5

200 €«<— - 2

\_/ i

0 I M I
0.10 0.15

n (10*cm?)

0.00 0.05
Composition (x)

JUN 4.8 LAAIAIAINNUIUUNYDINIYY (n)  UAZAINARABIAIYBININE (1) VB9
CuAl,Fe,0, (0.00 < x < 0.15) TwsEufIBvUIUNTURA e @ UL V0T

mMsinauUAnalninves CuAlFe O, (0.00 < x < 0.15) MATIUAILIVIUATT
UARBeNa0 U0 uannagy 4.8 wazan3197 4.3 Tneienuduiusseninennnumuiiiy
YOI e (n), ANUAGBIYEINIME (1) wagmsiivii (o) Asaunis

c =nqu 4.4
Wo q e Uszaludh (1.602x10 " pasw)

MnuansTa WU arevutureswnelefintudosavdlasluaesneuvessig Fe
flopnivSewiniu 0.1 (x < 0.1) udiileAeudnlneluasznonvess I Fe mnnivdeviniy
01 (x > 0.1) Mmumuuiuremvgiaanas lnefinisiuAsuulasvesnnuvuiitued
wiviglanuAgidesiumdsunlamessniduues Cu” way Cu (15197 4.3) B
aonndesfuauidedadeunti fssyiiauvuiniuresnive (sa,  hole) 204
ansusznoumalealevigtunesunssiuegiuuiinaees Cu” Tulnssadns ndmie Uun
Teaasifivtumuiinaees Cu” ity venanddmudnirennuedessiveammeiing
Wasuwlasdnties dslaeluiflerammunuiuvemmegiiuiuazdmalimaundesi
yosmnranaiosmniansruiuvemiveanniy wilunsdiesneuves Fe iRuangs
Fuvisernewves Al dwalirasilassudnuasauinvonnsuiidniiuty (eznouves Fe
Tngndtevmeuves A)  Sedusativannisvuiuvemmnzluvaznisiadoud fufy
ansUszneumavlealen CuAlysFey 0, (x = 0.10) Fauansanisurlningsan wansianis
4.3
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1
:
I
CuAl4Fe, ,0, :
I
—_ I
3 :
3] 1
et 1
= ]
/)] ! |
c ! I
[4}) ! |
et | |
E | cuaAlo, [
. I
I
———— !
r
L] ' Ll ' Ll ' L l L l . v ' L ' L2
400 500 600 700 800 900 1000 1100 1200

Temperature (K)

JUN 4.9 uanslusunsuaamgilunisiinujisensanduiielalasiauves CuAlO, uay
CUAlyoFeq 10, Mm3eusevuIumsuiisenaausvasuds

MNNsAnIATeAountni wavarnnansiseluinednust wuin msiiudae
Fe USuna 10% at. asnsssumisuas Al lulassad1anes CUALD, asifiunsilniiuas
UsgdnSnmmesludidnvsn wiannisnageusemaiialusunsugamailunsiaufize
Fandusielalasiou (H-TPR)  wuln @1sussnauwmaiaaleyt CUALO, astAinufjAsen
onBiatu (Oxidation reaction) gsgnegiommgiuszann 978 1aadu (705 sarniwaLdea)
wazilofudy Fe USunad 10% at. (CuAlyoFeq,0,) fwLﬁmﬂg‘jﬁ‘%maaﬂ%wﬁ’uqqqmgﬁ
gaunNIUTEINM 923 1ARTU (650 BdrLwALTYE) LLaﬂﬂugﬂﬁ 4.9 NIANAIVBIRUNNINTT
AnUFAseneendinduresnauinamedalesi CUALO, Walfiusie Fe USanm 10% at. Liesain
nsiiinturesAtnilasindndenaldeondiauaiusadunsnlulassadalduiniy
(@onAdaafiuNa XPS) #atfu NSiAuaIs Fe USunm 10% at. adnseiiunisues Ally
Tn598519999 CUALD, 9199zdretiiun1si i waz Ussansannesludidnnin uiazan
gaunilasanveInisidauaszunn 55 wadu (55 mLgalTes)
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4.2 AnwauiAmesludiannindvasaisusenaunannaalest CuAlO, LiiaLhu
N5 (Graphene) [45]

&
S
- g g — . ) S o o
3 S = S 2 S T35 0.20%
=3 = g = S
A l l A ~ A hsl A A
3
8
>
= 0.10%
g A l l A l l.j A —
Q
et
£ 0.05%
[ l _l A l l..h A vy
unmixed
i I M A A A | WY P,
Y : Y " - T r " r " r : v
10 20 30 40 50 60 70 80

2 theta (deg)

JUN 4.10 UanINANTSIREILUNVBIHINEN CUALD, uag CUALO, LRNAIENTIAY (0.05-0.20%
wt.) Aiw3easeruIun1sUfisenan U veul

INNSETNULVDSS A NTUaHINAN CUALD, AT CUALD, WRLAIENT L (0.05-
0.20% wt.) '1'7im’%wé’ammumsﬂﬁﬁ%mamumaaLL%Q Wuin fegaivunilaseadawan
Jusuuiaiferveanavealesinsaiudeyauinsgiuvesarsusenoyu CuAlO, (No.  35-
1401) wazldnwunsidousumwesfinnsiasiuy (g‘dﬁ 4.10) %QLLamqﬁqmﬁ\Iuﬁgmau
Ldlagnideaslulaseaiiandnues CUAO,  ude199vRgFULUUYRITAANEY (composite
material) 91NM3ANUAATlATHENSIaNNST 4.1 Ui SasduraaTilasnEn (c/a)
YOININEN CAFO way CAFO-G flanlnalAesiy uanasanns1ed 4.4

A15197 4.4 LanISRIIEILAIATITATINGN (/) VosNeNEN CUALO, way CUALD, Wuse
N9 (0.05-0.20% wt.) Tsidsudnevuiunsuiisenaniusveuds

Sample | CuAlO, CuAlO,-graphene

0.05 wt%. 0.10 wt%. 0.15 wt%. 0.20 wt%.

c/a 59271 5.928 5928 5926 5.928




a1

CuAl

/

Crraphene sheet

b

(110)

(01B)

(012)

-

gﬂﬁ 4.11 ua@nan ey TEM vad (@) CuAlO, wag (b) CUAlD, LANAI8NIIHYL 0.20% wt.,
LLaz'gﬂLmeﬁLﬁmwumm () CUALO, Kag (d) CUALO, LRNMBNIIHY 0.20% wt.

Mnnwndesganssatdianasounvudosiu (TEM)  daduuouifivusening
CUALO, Wag CUALO, LANA8NIIY 0.20% wt. Iugﬂﬁ 4.11(a) way 4.11(b) MINAIRU %38
gudusuuuuvesdaguausening CuAlo, uaznsluGsaenndasfunaniaidsauuvesded
LonG u,azfmrwmmﬁauLﬁaugﬂLLUUﬂ’]iL?ﬁumqumﬂ’]iﬁﬂmmiwzmﬁwdwizmu (d-
spacing) WU #19819 CUALO, LARITEEYINITENINTEUNUTInSafUSTUIY (012), (018) A
(110) aeandesfudoyaumsgiuues CUALO, (No. 35-1401) uanssaguil 4.11c usdnsy
SULUUNISLABNULTB3F10E19 CUALD, Wiudnens1fiu 020% wt lugufl 4.11d wansdla
srppvissevinsruIuUssanm 042 nm Unnguiuiu deaenadesiulassaiieesnaiiy
ponles (graphene oxide)

nnsTnautinisluiives CUAlD, WBNABNIITIU (0.05-0.20% wt.) TiwIeusae
YUIUNFUHATO U VBIUNTS WU mumuvesvsdafiatudledudiensii
0.05% wt. uiklodudensMun1nndn 0.05% wt. ANUUIRILTBINMEIA1aAas WA
g“d‘ﬁ 4.12 (Fudd) wazannnisenunnlaeandeaunisi 4.4 wui AienuAaeIveIN s



a2

AstAsULUATlUAUAIAILANUMUNLLLTEININE Na1IRe pAIUTU LY ININE
ffudsnalinnuadesiivemivzanasdainannissuiuwesnineinnniy ssfiulging
ALLANAIIINNTEVINISHUSIY Fe FIanusasiitAIAIUmILLUTaININZLazanN1S Ty
vosmmgLiissanmsfivvuinveddasiadne wilunsdvesdusonsfivldlfianisveny
Tassaradlosninmseglusuuuuiaguauvesnaity

30 - 3
25 - [
4 -6
20 -
LI [ =
w% 154 YR~
e i §P
= 10- E
] L 2
54
01, , : - : , : - —Fo
0.00 0.05 0.10 0.15 0.20

Graphene (wt%)
JUN 4.12 UanIA1AUIUILLLYDINITE (n) WAXAIINARBIAIYBININY (1) Y83 CUAlO,

LAz CUALO, WNAIENTITU (0.05-0.20% wt.) kw3eunIeruIunIsuisenaniuy
VOIDY

< o

annn1sidilni (o) wazArdudsednsdiua (o) MUAsunUaimitgumngives
CUALO, Wnsiaang 1T (0.05-0.209% wt.) Aw3eumeuUIUNISURASEIE0UZVOUTI UaRIA
JUN 4.13 msilwihveswndiegedidninfuilogamgilAniuduaennaesiuaaaud
Y09a1509611 wagn1 b vee CUALD, HATANTWIBLANAI8NIIHY 0.05% wt. waLile
Wusiensfluginndn  0.05%  wt. wuan anasialiihddianas Fadunauiainnis
WagULUAwBIA AMUTLIRINYBINI M BANMENT WY 9IN5UN 4.13b AduUseansd

a 44' aa & A a v = a1 a £a o

waildnanasiloguugiiudu lnedlaifumensiily 0.05% wt. daduussansdiuasign

wazilafnmenI iy 0.20% wt. deduUszansTungeandarannaadiuALILILLY
VBINWE (JUN 4.12) F9auns

21,2 2/3
azgnﬁme(lJ 45
3gh 3n

P P ) a o
Weo o A duUsyandiun
n A9 ANUNUILUUVDININE
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T Ao gl (1AATW)
h e AAwIRMALR (6.626x10  ga-Iuni)
500
(a) —=— unmixed
—o—0.05%
LS —a—0.10%
0.15%
—4—0.20%
300 4
£
&
~ 200 1
o
100
o] =
Y T . T . T . T
300 400 500 600 700
Temperature (K)
1000 4
—&— unmixed (b)
oo —e—0.05%
—a—0.10%
0.15%
800 4 —4—0.20%
<
S 700
=1
S’
3 600
500
400 4

v I M ) v I v )
300 400 500 600 700
Temperature (K)
JUN 4.13 uansan (@) msilnfuag (b) duUsednsdiua ves CuAlO, uag CUAD, i
ANy (0.05-0.20% wt.) Mn3eusievuiunsuiisenaausvasuds



a4

22 -

: (a) —&— unmixed
20 4 —e—0.05%

l ——0.10%
18 4 0.15%

——0.20%

) M L] M ) M L) M I M I M L]
300 350 400 450 500 550 600
Temperature (K)

22 -

1 = unmixed (b)
20 - o 0.05%

) A 0.10%

0.15%
0.20%

v v v v ! v T ¥ T v T v T
300 350 400 450 500 550 600
Temperature (K)
Ul 4.14 uansdn (@) msthaufeusiu uae (b) Msthaudeuainuaniis ves CUALO,
wag CUALO, LANAIENTIY (0.05-0.20% wt.) MeseameyuIuNsUSATean1uy
<
VBN

n1511ANTousTIN (total thermal conductivity, k) HANanAIMILEUNYET

Y

Miudunaznsthnudousiuees CuAlo, fdanauiiodudiens iy 0.05% wt uses
ddudledudaens fusnndi 0.05% wt. uansasy 4.14a Fslagitalunistheudous
Y93anANINNATINYBINITUIAMNTOUIINNTUNINTN (electronic thermal conductivity,
K, ) kazNI5UIAINToUINULandie (lattice thermal conductivity, k) A9a1N13



a5

Ktot = Kele + Klat 46

° % ° = o % A =~ P a g
nsthaussuainnistilni () Ae nsuiausouliosainnisiedouivesdiannsou
s uadlaan

K. =L,0T ar
e L, e Lorenz number (2.45x10° WQ€/?)

wag N1UIANTBUAINLARTY (k) AD N1TUIANNTIULLDIIINNTSIAGDUNURI LD Y

a11150AULARN

I E gy 4.8

<
AINULIILEEN

® ©

BRIV AAITLIIRE
ho/KT
AMNDURIlNUoU

<
D) D Db Db Db
® o©

©

T, fiD T2z NUBUADUNIINILLA

lngmilunisnseidsvediviusuluianiaieiu 4 ULUU Aa N13NT8RRHBIINVBVTBNNTY,
N1505LLAWUBININVOUNNTDIVBILATINGN, N15ATLLIBLDINTNUBY kAENITNTELIS
WHIDINWIE A9FUNS

Tl = AW +B(o2Texp[— e—Dj +Co 4.9
1 3T
do 1 fe Aumn (Msnseidadesnvouaeunsu)
A Ao mdulszavsfivendinsnsuidaiiemndeunniemedasman
B fo eiduUszavsfivondsnisnsziaiiesannlnuou
C Ao mdulszansfivendsnsnszdaiiesinmme

PNAUNTSN 4.7 WU AINNSHIANNSaRINNSENINAN89 CUALO, way CuAlO, LAuMALY
n37%Y (0.05-0.20% wt.) AAdpsunnllais uiun1suIANTEUTINALAIINNITIA (FUT
4.14a) 11e991n Aansilninsvesiieg1s astu Anisiianuseudulugesiiegig
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17191NNSUIAMUSOUINNWENNAT (N15AFBUTIVEINUBY) ENEINITOAIUINAINITUIAY
FouNLAnElAAINANNITN 4.6 (K, =K,y — K, ) WEAIAITUT 4.14b (NTIMLUUYA)

INANTUWEULAI AU AUVDIAINITUIAINUSTDUINLAR N lAe D 1FedUN1SA 4.8 way 4.9
PUI N15NTLHIVDLNUBULLDIDINVOUNNIBIVDILATINAN (W151TWas A ) TAfiuduLile
NAURIENITIAY 0.05% wt. wHvzanadiladuAensIHULINAIT 0.05% wt. F9913na13LA70
nsiunsAuluYSINadnTesastisasadeunnisaadasananuwaiiaiunsiiululSuu
1NILANTDUNNIDIVBALATINGN NS UNTNTELIvaNLaULLBINTWUBY (W15 0wWwas
B) fddrAsutefazliivfsuilas@eenarguiainuesnisndnuiuvedtiueulad
= A a = A P = ) |
WasuwUaddlawuns iy iesanluinisiasulUasninueniuesiussveiwiasaznouly
CUALO, (ApsfilasedEnliiinisasunuas) gaveludiuvesnisnszidwednuauiiionn
a ¢ Al a X A a w a ' A a v a

Wve (W53mes C) daniuduiiladusiens iy 0.05% wt. kAazanadilaliunl8ns1flu
WINNTT 0.05%  wt. BeaenAReINUNITUAULUABIANMUNUILUNYBINIME (JUT 4.12)
fatu A5 UAINIsaREULUAIAINISEIAINSDUINNLANTIFUBY CUALD, LHBI91nNS
N52L9NUBUAIYTDUNNI BIVBILATIHANBATNING WEAIAINITIN 4.5

A5199 4.5 LAAIAINITINLNBSAINNITA AU AITLNUILAUVDINISUIAIINSDUINNLARN T

(k) 283 CUALO, uay CUALD, WuENS Y (0.05-0.20% wt.) ThaSeudie
PR RE R AT NIGN
Sample | CUuAlO, CuAlO,-graphene
0.05 wt%. | 0.10 wt%. | 0.15 wt%. | 0.20 wt%.
A (107 | 272 3.79 1.92 1.53 1.42
B (10718) 2.31 2.21 2.24 2.27 2.29
c (10 | 278 8.98 3.08 2.84 2.71

dmsuuszansnnvesiagmesludidninaiunsauanslaanafininesoeniuein
(ZT) Feanansodmnalaanaunis

ZT=—-T 4.9

tot

INNITATUIEL WU ATNLNaseNuesNUBY CUALO, uduileugiens iy 0.05% wt.
uiazanasilofnsens1iunnndt 0.05% wt. uansiaguil 4.15 Tnefimsidudonsiity
0.05% wt. aansatIBLinUsEAnBamues CUALD, lfUssanaufeuindilgamgiiuszana
573 ey Wesan nsiluanunsatisiiunisiiliiazannisiaudeures CUALO, 34
HuthadeudndmiunsifinlszansnmuesTanmesludidnnin



ar

0.005 4
—&— unmixed
—e—0.05%
0.0044 ——0.10%
0.15%
—4—0.20%
0.003 4
N
0.002
0.001 4
. %——-—’_:‘ /
v I v I v T v I v I v
300 350 400 450 500 550 600

Temperature (K)

JUN 4.15 Afinineseaniuesnyes CUALO, kay CUALO, Wialmensily (0.05-0.20% wt.) 7
R3HUAIBVUIUNTUR S dUE VDT
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4.3 AnwrauiAmesludiannindvasarsusenaunannaalesi CuAlO, LiaLRu
wian (Fe) waznsaiu (Graphene) [46]

CAFO-G

CAFO

Intensity (a.u.)

e

JCPDS:035-1401

(012)

(006)
(101)
(104)
(018)

25 30 35 40 45 50 55 60
2 theta (deg)

JUN 4.16 UaAAINANITIRYUUTDIHINEN CuAlyoFey,0, (CAFO) Uag CuAlyoFe, 0, LA
AENTITU 0.05% wt. (CAFO-G) iw3euseauiun1sufizendn uz veuds

NNNSEINULVDS A NGB IHINEN CuAlgoFey 0, (CAFO) uway CuAlysFey 0,
WuA8nsIHUL 0.05% wt. (CAFO-G) ‘1/1LmammmmumiﬂgﬂﬁmamuwmaqLLm wu &
ImqaiwmamﬂuuwW\Iammmmma'}wgalw way WmaamiLamLuuLaaummelﬂmm
YBINSELIUY (2theta) ‘VI‘UEJ‘EJMLlIEJL‘Vl‘EJU‘EJ@uﬂaMWWiiﬂuﬁﬂ@\‘iﬁ’]iﬂiuﬂ@U CUALO, (No. 35-
1401) Wlosnandvdnavesnisifiusie Fe umdlofunsifiuadluy CUAl oFey,0, wu3n laifl
MsidoususUesfiANTS AU (3U 4.16) FeaonndITUNANITVINADINOUNTTILAASES
nsuldlagnidnadlulasadimdnues CuAlygFey 0, 91INNIAIUIUAIATIIASINENAIE
aunisfi 4.1 nudi Snsrdruanaiilasindn (c/a) VeIWINAN CAFO uay CAFO-G  dian

TnaAeeany WanIeannsIan 46
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a1574971 4.6 WanISnIIEIUAAITIIATINEN (c/a) VosRIEN CUALO, (CAO), CUALO, WawfIY
N51AY 0.05% wt. (CAO-G), CuAlygFeq 10, (CAFO) ag CuAlygFey 0, HaUnIY
57U 0.05% wt. (CAFO-G) w3 uiun1sufisenan uz vouda

Sample c/a
No. 35-1401 5.929
CAO 5.927
CAO-G 5.928
CAFO 5.895
CAFO-G 5.896
CAO O1s CAO-G O1s

Intensity (a.u.)
Intensity (a.u.)

T T T T T T T T T T T T
526 528 530 532 534 536 526 528 530 532 534 536
Binding energy (eV) Binding energy (eV)

CAFO-G O1s

Intensity (a.u.)
Intensity (a.u.)

T T T T T T T T T T T T
526 528 530 532 534 536 526 528 530 532 534 536
Binding energy (eV) Binding energy (eV)

gﬂﬁ 4.17 wanaunmsy XPS 989 O 1s YaIndnan CuAlO, (CAO), CUALD, N8N
0.05% wt. (CAO-G), CuAlysFey 0, (CAFO) wag CuAlysFey 0, NaunIunsIiy
0.05% wt. (CAFO-G) Mw3easevuiunsuiizenanusvouds

PMNMTUATIERAUNASTU XPS 199 O 1s Vonanan CAO, CAO-G, CAFO wag CAFO-
G ﬁwgmwmmﬁ@suﬁﬁ% WU @Unasu XPS uansfinveseandiauluwaniie (lattice
oxygen, i), andaufiunsnlulasadis (interstitial oxyeen, i) wazeaNTRUUIIMAIMTA
(surface adsorbed oxygen, iii) agjﬁﬂismm 530.0, 531.0 uay 532.0 eV ALY fuflves
finvesoendauiiunsnlulasadn (i) warinveseendauusnafiamin (i Weuiuiuiives
fnveseondaulukaniia (i) ves CuAlO, (CAO) ﬁﬁ%ﬁu%mﬁmﬁué’wmﬂu (CAO-G) uaz
LALAIE Fe (CAFO) LLamﬂ\ﬁ‘U‘m 4.17 LLauG]’]i’N‘Vl 4.7 muu mimeummaaﬂmwwLmafﬂ,u
quaiwLﬂummmmﬂmwmmaammwumuumaqwmu (AuduRuSauaunIsT 4.3)
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nfildseauluided 4.1 uaz 4.2 Tnefinsfiuenveziiiveendauiiunsnlulassadslin
CUALO, HUNIeHUsESENIN Cu, O wag C (Cu-0-0) NaNfe CuAlO, IxgndnRaiunsIfu
NUMNIRUSE  Cu-O0-C  wazdmdumsifiuiuveseendaufiunsnlulassadiaiie iy Fe
a1u15003Uneldnuded 4.1 fadu 1ieefaadnsannnisiiuis Fe Lagy
Asfluadly CUALO, (CAFO-G) Fwhlvileandaufiunsnlulassadesnnniinisifiusie Fe
Wionsiunsfuiissegnslnagiemils

m‘swﬁ 4.7 WEAIAIINNNNTIATIEHALUNASTU XPS 289 O 1s VBIKIKNAN CuAlO, (CAO),
CUuAlO, LANMIEATIHUY 0.05% wt. (CAO-G), CuAlysFey;0, (CAFO) uay
CUAloFeo O, LRUFIBNTITUY 0.05% wt. (CAFO-G) Tim3eusieuuIunis
URATeaa Uz veT

Sample Peak area (%)
Interstitial oxygen Surface adsorbed oxygen
CAO 283 28.9
CAO-G 359 38.0
CAFO 37.3 38.7
CAFO-G 39.3 41.8

a9l 4.8 wansaudinislniinaes CuAlO, (CAO), CUAO, LRusBNT Y 0.05% wt.
(CAO-G), CuAlyoFey 0, (CAFO) way CuAlysFey 0, LANMIENIIHY 0.05% wt.
(CAFO-G) Mw3anmeauiun1sufizenaniuzveuds

Sample | n (10°cm™) | p (m*Vs) | o (S/cm)
CAO 2.080 7.512 0.025
CAO-G 26.767 1.103 0.047
CAFO 80.879 4.149 0.537
CAFO-G 90.831 3.970 0.577

nmsInautansluiives CUALO, MEuREns Y (CAO-G) WU ALY
Y99y (n) faufindy Wesannisiiutuveseendiaufiunsnlulaseadrs Fsauisa
ssuIsAMudUTUSIEuTATef 4.1 (EunsT 4.3) wazdiedudie Fe (CAFO) wud1 A
vy velinfiut Ui saenadastuinded 4.1 fufu Woendeiadvsnainnisiiy
f8 Fe wazn1siuns iuadly CuAlO, (CAFO-G) SevhA AL L e e STy
wnfige uansfanisedl 4.8 Taevhlunsiuluresmunuuiuresngasdsaalvia
agessavesnme (i) Srarauiiosmnmsvuiuromvedinntu uilunsdlvesnsiiuge
Fe aTiANANAGBIFT8MNMELNNNIINTEIvRINSRLgenIT Y Hafin1sifiudne Fe dafian
AU ILLLTEININELINAIINSElvaensiiusens iy Wosannsiusiemanaunse
Frgannsvuiuremne (Musded 4.1) winsiiusensiuliausaannisuiuves
wmzmsznsilulglivenelassade deiu Weiduis Fe uagnsiituadly CUALO, (CAFO-G)
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a

Jaiidnistlnfingeian 1e9INNTIANTUYD IAIUNUILUUYBININZIINBNTNAVDS Fe

9
[
= 1

uagﬂﬁﬂwu,ua3ﬂ?iUﬂu%u%@ﬂﬂ?WNﬂﬁ@ﬂﬁﬁ%@ﬂW?%%%ﬁﬂ@ﬂ%Wﬁ%@ﬂ Fe

7 -
] a —s—CAQO

s (S/cm)

I M I M I v I M I
300 400 500 600 700
Temperature (K)

900 4
b —=CAO
—— CAQ-G
L —a— CAFO
1 —— CAFO-G
700+
X
2
= 600 -
3
500 -
400 - v v ——#
360 460 560 660 760

Temperature (K)
31]1‘7i 4.18 uanaAn (a) Msiilniiuas (o) duUseansaium 109 CUALD, (CAO), CUALO, L
P8NTIAUL 0.05% wt. (CAO-G), CuAlyoFey;0, (CAFO) way CuAlysFey 0, LAu
FEnT L 0.05% wt. (CAFO-G) Twidsudevuiunsufisenaniugvesuds

nsthlalih (o) vemnsegnsdiiufisdudogumgifiiufuluaonadofunuauts
yesEsRafath nsthliiiees CUALO, (CAO) Afiutudlodudionsiity (CAO-G) wawiile
{Fsde Fe (CAFO) wannaifiuiia Fe uaznanilu (CAFO-G)  aglddnisiluiihiigean
uansfazUT 4.18a uduuszavstiun (o) faanadunnnsdliiagiiude Fe vioiRude
n31flu vieududlunsdivesnisifuria Fe wagns1fiu osninnisfinduvesnnumuuy
YoMy uansfaguil 4.18b
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18-. —=—CAO a
16
14 4

12 4

€, (Wm'K")
r

4 4
2.
300 350 400 450 500 550 600
Temperature (K)
18 4
. = CAO b
18- e CAOG
14 4 4 CAFO
1 v CAFO-G
= 124
X !
g 10-
S 5l
uﬂ s..
4 4
2.

L] M L ¥ L] ¥ ] v ) ¥ 1 ¥ )
300 350 400 450 500 550 600
Temperature (K)

JUM 4.19 uanadn (a) N1suIANTeuTId war (b) NMsthauseuanuandie ves CuAlo,
(CAO), CUALO, LANAIEATIY 0.05% wt. (CAO-G), CuAlygFey,0, (CAFO) uag
CuAlygFey 0, WRNMENIINY 0.05% wt. (CAFO-G) ﬁL@‘%EJméfwsumumiUﬁﬁ%m
ARIEABRIRE

ASEIAMNSBUTIU (total thermal conductivity, k,..) U939 CUALO, (CAO) HAanas

tot
laiFinnenITiu (CAO-G) uazillaiiusie Fe (CAFO) uAdzanawnniianiilowfiuns Fe uagn
597U (CAFO-G) Wandne3uyl 4.19a 31nA5AUIUMIAINITUIAINTaUA NN U LT

(electronic thermal conductivity, k. ) WU dAdesundleiisuiuaInIsiiANLTau

ele

571 ety nsiUaBunlasvesAinisinarudeusiusadunauiainnisiiaiudouann
waniie (lattice thermal conductivity, k)
PnnsndulAsimnzanvesinsiinuseuainuandia (gﬂﬁ 4.19b) WU AT
nsvidwwesTiusuiosaindeunniomedasman siwed A) fdnfiududledudie
Nl (CAO-G) uawiiloifudieg Fe (CAFO) LLGi%Lﬁu%umﬂﬁqmﬁaLamﬁgq Fe uaznsilu
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(CAFO-G) iffpsannmsifinguvesdounnieweslasudn (@ondauiiunsnlulassatie) aan
SVSURda Fe LanT iU wanefinnseft 4.9 dwmdunisnseidweslnueuiiesannlvuey
W5fiwes B) fandeuinefierlddsunlandlofusions iy (CAO Wisuiu CAO-G uas
CAFO \ilsuiy CAFO-G) usazfidfinduiiaifiudae Fe (CAO wisuiu CAFO) Faluag
nnsiiusivauresiuey Weswnmsifiuauenvesiuszaasrazezaeuly CuAlO,
Slawdede Fe (Masilasmanuiuiu) anineluduresnsnszidmediuoudosmnmive
Wswed  C) anfiududledudionsiiiu  (CAO-G) waziieldudae Fe (CAFO) usias
Lﬁm%ummﬁqmﬁmauﬂy’q Fe wazns1ilu (CAFO-G) Wipanisiiuiuresninumuiudureanve
deifugensiitu uarmsifinturesrumruintuvesme waz s uvesiuoulaRud e

Fe Aatiu NMSWHuNS Fe dagnsiiuaunsatizandIn1siinuseuves CuAlO, uansgy 4.19

A15199 4.9 LAAIAINITINLHBSAINNITA AU AITLNUILAUVDINISUIAIINSDUINNLARN T
(x,) 999 CUuAlO, (CAO), CUALO, tANMIBNTINU 0.05% wt. (CAO-G),

CuAlyoFey,0, (CAFO) wag CuAlyoFey 0, WuA18ns 7L 0.05% wt. (CAFO-G)
Mp3eussvuIunsufiseranuzveauis

Sample A (10 B (10°) C (10
CAO 2.72 2.31 2.78
CAO-G 3.79 2.21 8.98
CAFO 4.07 4.23 11.19
CAFO-G | 6.78 4.29 25.32
0.014 4
{ —=—CAO
0.012{ —e—CAO-G
1 —— CAFO
0.0104 o CAFO-G
0.008 4
_ .
N 0.006 -
0.004
0.002 4
0.000 4
et
300 350 400 450 500 550 600

Temperature (K)

gﬂﬁ 4.20 AWnNeIRENILEINUBY CuAlO, (CAO), CUALO, WENAIBNTIY 0.05% wt.
(CAO-G), CuAlysFeq 0, (CAFO) way CuAlysFey 0, NaNaIwnIITU 0.05% wt.
(CAFO-G) Mw3ausmeauiun1sUfizenan usveuds
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Arflnneseemuoin (ZT) Alaannsaiuianiuaunisf 4.9 ¥8e CUALO, (CAO)
Fududlefudenaifiu (CAO-G) uandioifiude Fe (CAFO) usaziirngefianidoiuii Fe
waznsIftu (CAFO-G) Losrnnsilwihdduiutuwagnsthaufeuiidianas wanafagd
7420 2zdiuldinnisuiuussdn ZT vesansussnaumamlealest CuAlO, Tngn1sende
BviEwaninie Fe uwaznaiflufidnigudefisutunisuiuuslasnisendednina (fu) veq
579519 uanafaguR 4.21

—&— Fe (10% at.) + Grapehe (0.05% wt.) [this work]

00121 _o— Grapehe (0.05% wt.) [this work]

1--2+- Fe (10% at.) [36]
0.010 4 --\#- Mg (2% at.) [48]
|--0- sr(1% at.) [49]

--¢=- Ca (1% at.) [49]

0.008 -

0.006 -

ZT

0.004 <

300 ' ' ' ' 700
Temperature (K)

JUN 4.21 wanen15UTulsedn ZT vesansuseznouwnainedlan CuAlO, MnTeunle
YuuMsURASeIE Uzl
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5.1 AnenabnluiBednvasansusznaumavaalan CuAlD, Wiafuman (Fe)
[44]

AT ludwildinsAnenalnidsdnvemansenuvesUSunamwes Fe filSense
fnuaved Al Tulassasnewes CUALO, (CuAl,Fe,0,) InsAnwiaaAsalulagluaosnouvad
570 Fe et 0.0 §90.3 (x = 000 4 030) anmsBuulassadrandniuuinamosle
(delafossite) 484 CUALO, Al XRD WUl WediAavdlneluaoznouvesstn Fe
Faus 0.2 Tl (x > 0.20) xillassadrmandunuunansennanaealesivesansuseney
CUALO,, Tuluadiln (monoclinic) vetansusznou CuO wagaliua (spinel) vodansusznou
CUALO, Fauansisainvosnisiiiuie Fe adlulassadranarvealevives CUAO, uazain
AstudusnIdusEnine Cu’ way cu' vesansansuszneumaivealey CuAlFe,O,
(x < 0.20) frowada XPS waz XAS FalduadilndlAesiu Inefisnsdiusening Cu”” uas
cu' 989 CUALD, Inmsasuntailofudie Fe 1azaINNANTNAABILERITINISIRNTY
903 Cu- ulassadamanedlevives CUAlD, Woiiude Fe psanmaiiingusesusuna
lovau 2+ vadlany (divalent metal ions) wagUSuaooniauaIuliu (excess oxygen) lu
uideiuansUSunames cu”t Tuseg1ees CuAlyFey 0, Agagn Fedemalvifianay
MkUuraImIngkarAN1siliingsan  win1siiy Fe  azanaamginisiinufizen
2NTATUVDY CUALO,

5.2 @nwaniAmasludiannsndvasaisusenautnanaalesi CuAlO, Liiathu

n3719Wu (Graphene) [45]

uiseludui g Fnwausimesludidnvisnduesansusenaunaiealei CUALO,
dlowfusiensiu (0.05:020% wt) a1nnstudulassadiawdnuuuinainedlev
(Delafossite) 99 CUALD, Fewalla XRD WU fedrsimunilassaiiwandunuuma
Renveunamealesiuarlinunsidousumisuesinnsiaeniuy warannsfuIuAa
lAsINanLazAINany TEM szhaﬁué’udmiﬂuﬁgﬂmauiﬂﬁgﬂL%aaﬂﬂmm%ﬁmﬁﬂmm
CuAlO, LLﬁi%anggULLUUGUaﬁaﬂwaﬂJ (composite material) NSHANAIBATIAY 0.05% wt. ¥
TildAfinineseaiuedn (ZT) vieauszansnmmesludidnningsiian iosannsily
Frotiumsihliiuazdisannisiaudeu Tnefinsilwiudsiuidessnmsifiviuves
AURULULYINIME AmSUNsanaweInIsiinuseuiiotann1snssdswesinueusy
Founnseswoslasendnuaznsnszidwednusuiunmeilaufiugy
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5.3 AnwauiAmasludiannindvesansusenaunanaalyst CuAlO, LiiaLhu

wian (Fe) waznsaiu (Graphene) [46]

uiseluduildFnwausRmesludidnyisnduesansussnaunatnealey CUALO,
dlowdusts Fe wavns iy a1nwanisidedeunthilnansdinisiiviuvesdn ZT 204
ansUsznauwmamedley CUALD, ialdude Fe waziiliofudons iy fai e1uddelud
fishmsusulpandimesludidnnindlasnsendedvinasinis Fe uaznsdu 970
Nan153Ie WUI1 MsINY Fe 10% at. wasifiudnensiiiu 0.05% wt. Hrewfinuszansnm
wasluddnvsnvanaaivealeyl CuALO, TeuINNINANSIHNAIY Fe MSaN1SHANAIENIIHY
iesegndaogrmie Wosannsihlihdafiudusaynsianudeuiidanas
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1. Introduction

In the past few decades, thermoelectric materials have attracted
a great deal of attention because thermoelectric effects enable
direct conversion between heat and electrical energy [1,2]. The
thermoelectric performance is defined by the figure of merit ZT =
(cw.z/‘km)T, where o, =, kior and T are the electrical conductivity,
Seebeck coefficient, total thermal conductivity (including electronic
thermal conductivity and lattice thermal conductivity) and abso-
lute temperature, respectively. To enhance the thermoelectric
properties, it is necessary to increase both the electrical conduc-
tivity and Seebeck coefficient and reduce the thermal conductivity.

A delafossite compound with a general formula A*'B*30; has
been of interest in the field of low-cost thermoelectric materials,
especially with Cu-based compounds, such as CuFeQ;, CuCoOs,
CuAlQ; etc. [3]. The CuAlO; compound has been widely studied as a
thermoelectric material due to its simple synthesis and the

* Corresponding author.
E-mail address: aparporn.sa@kmitl.ac.th (A. Sakulkalavek).

https: /doi.org/10.1016/j jallcom.2018.04.276
0925-8388/© 2018 Elsevier B.V. All rights reserved.

inexpensive raw materials. However, the CuAlO; has low electrical
conductivity (107" to 10~ (Q.cm)~") [4], which leads to a low ZT
value. Several techniques to improve the electrical conductivity and
ZT value of CuAlO; have been investigated, such as doping with
acceptors (Cu or B*3 sites) and increasing excess oxygen [5-8].
According to previous studies, the Cugg979Ag002ZN0,001AI02 com-
pound could increase the electrical conductivity approximately
1.90 (Q.cm) " at 573 K [8]. In addition, the Ca*? Mg*? and Fe*? ions
doped into the AI*® sites enhanced the electrical conductivity
(measured at 573 K) up to 110, 1.54 and 1.95 (.cm)~, respectively
[9—11]. The improvement of the thermoelectric properties by
excess oxygen doping in annealing was suggested by Y. Lu et al. [7].
The addition of Ag caused the electrical conductivity to increase to
240 (Q.cm) 'at 573K, thereby increasing the ZT value about
0.0044 [12].

Recently, the development of graphene in thermoelectric ma-
terials has been investigated due to the extraordinary electrical and
physical properties. Graphene is composed of carbon atoms bonded
in the form of a two-dimensional (2D) hexagonal lattice, Due to
graphene's 2D single-layer structure, it exhibits intriguing proper-
ties that increase electrical conductivity and reduce thermal
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Fig. 1. XRD patterns of CuAlO; and CuAlO, with different graphene contents of 0.05,
0.10, 0.15 and 0.20 %wt.

Table 1
The ratio between the c and a lattice parameters of a CuAlO;-graphene composite at
room [EIIIPE'T&[LII‘E_

Sample CuAlO; CuAlO;-graphene
0.05 wt 0.10 wt 015wt 0.20 wt
% 5.927 5.928 5.928 5926 5.928

conductivity [13,14]. Thermoelectric material-graphene systems,
such as BiyTes-graphene, PbTe-graphene and CoSbs-graphene, have
already been investigated [ 15—17]. The ZT of Bi;Tez-graphene (bulk)
increased from 0.24 to 0.30at room temperature |[15]. Moreover,
the ZT value at 650K of PbTe-graphene and CoSbi-graphene
increased to 0.65 and 0.40, respectively [ 16,17]. However, there has
been no report about the thermoelectric properties of a delafossite
compound-graphene system. This paper is an initial exploration of
this concept and may help in understanding the mechanism by
which graphene enhances the thermoelectric performance.

2. Experimental detail
2.1. CuAlO; powder preparation

In this work, delafossite CuAlO, powder was synthesized by a
solid-state reaction method. The starting materials were high

Graphene sheet

purity CuO (99.99%) and Al;03 (99.99%) powders. The stoichio-
metric composition of the powder mixtures was grinded for 4 h
using an alumina mortar, sintered at 1373 K for 24 h in air, and then
instantly cooled down to room temperature. Forming CuAlO;
powder from starting materials can be expressed with the
following reaction:

Cu0 + %A1203 —CuAlO; + 3—102

2.2. CuAlOy-graphene preparation

The CuAlO; powder and graphene nanopowder, from 0.05% to
0.20% by weight (www.graphene-supermarket.com), were mixed
and grinded for 2 h. The solid solution of the CuAlO,-graphene
powder was pressed into ceramics pellets of 12 mm diameter and
2.5 mm thickness under a pressure of 10 MPa. The ceramics pellets
were sintered at 1373 K for 12 h in air and instantly cooled down to
room temperature.

2.3. Sample characterization

The crystal phase structure analysis was measured by the X-ray
diffraction (XRD) technique using a Bruker D8 Advance. An FEI
Tecnai G2-20 transmission electron microscope (TEM) was used to
survey the distributions of particles and confirmed the graphene as
split phase in the composite material. Hall effects were measured
under a magnetic field at 1.5 T using a VersaLab™. Electrical con-
ductivity and Seebeck coefficient were obtained by measurements
taken from 323 K to 723 K by an ULVAC-RIKO ZEM-3. The thermal
conductivity was measured by ULVAC-RIKO model TC-7000.

3. Results and discussion

The XRD patterns of the CuAlO, powder and CuAlO,-graphene
samples are shown in Fig. 1. The samples show a single phase of
delafossite structure in the R-3m space group corresponding with
JCPDS file No. 00-035-1401. The crystal orientation was found in the
(006), (101) and (012) planes. It could not detect the crystal
structure of graphene due to its low concentration in the samples
[15,17]. The lattice parameters, the a and ¢ values, of the CuAlO; and
CuAlO;-graphene samples were calculated by UnitCellWin soft-
ware. The ratio between the c and a values of the samples is shown
in Table 1. There were no significant differences in the ratio be-
tween the ¢ and a values of CuAlO; as the graphene contents
increased, which may indicate graphene insolubility in CuAlO;
[18,19]. Therefore, the graphene was segregated in CuAlO; as a split
phase, such as a composite material.

The TEM images of the CuAlO; and CuAlQ; with 0.20 wt%

Fig. 2. (a) TEM image of CuAlO,, (b) TEM image of CuAlO,-graphene composite (0.20%), (c) Diffraction pattern of CuAlO, and (d) Diffraction pattern of CuAlO,-graphene composite

(graphene 0.20 wt).
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graphene samples are shown in Fig. 2a and b. The TEM image of
CuAlO; (Fig. 2a) shows the random distributions of homogeneous
particles with different particle sizes, while CuAlO;z with graphene
presents CuAlO; particles and the graphene sheet, as seen in Fig. 2b.
This result indicated the segregation of graphene as a split phase in
the CuAlO; material. The electron diffraction pattern of CuAlO;
(shown in Fig. 2c) shows concentric rings, in which the d-spacing of
the rings, measured by Image] software, shows that the rings
correspond to the (012), (018) and (110) planes of CuAlO; (JCPDS file
No. 00-035-1401). Meanwhile, the electron diffraction pattern of
the CuAlO;-graphene composite structure (in Fig. 2d) presents a
new concentric ring. The d-spacing of the new ring can be calcu-
lated at approximately 0.42 nm, corresponding to graphene oxide
[20,21].

Fig. 3 shows the carrier concentration (n) and carrier mobility
(u) of CuAlO, and CuAlQ, with different graphene contents. The
carrier concentration of CuAlO; with graphene 0.05 wt% increased
to 2.677x10"7cm 3, which is more than that of CuAlO; in by order
of magnitude. As graphene content increases to more than 0.10 wt
%, the carrier concentration of CuAlO;-graphene tends to decrease
to the same levels of CuAlO;. The carrier mobility can be calculated
by the relationship of ¢, n and u, ¢ = nug, where o is the electrical
conductivity and g is the charge of carrier. The bulk density of all
samples (with and without graphene addition) was similar, about
3.70 g/em®. Therefore the effects of graphene on the transport
properties i.e. electrical and thermal conductivity does not depend
on the density of the samples. In this work, the magnitude of the
carrier mobility depends on carrier-carrier scattering and impurity
scattering. For the first part, the carrier mobility is inversely
dependent on the carrier concentration as the graphene content
increases from 0 to 0.15 wt%. This result is related to the carrier-
carrier scattering in bulk CuAlO,. For the second part, the ex-
cesses graphene content (>0.20 wt%) created impurity scattering of
the carrier and thus decreased carrier mobility.

The temperature dependence of the electrical conductivity and
Seebeck coefficient of both CuAlO2 and CuAlO; with different gra-
phene contents are plotted in Fig. 4a and b, respectively. The
electrical conductivity of the samples exhibits semiconductor
behaviour that increases as the temperature increases. The CuAlO,
with a graphene content of 0.05 wt% shows the maximum electrical
conductivity of 4705/m at 700 K, while CuAlO; has an electrical
conductivity of 200 S/m at 700 K. However, the excesses graphene
content (0.20 wt%) in CuAlO; decreases the electrical conductivity
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Fig. 3. Carrier concentration and carrier mobility at room temperature of CuAlO, and
CuAlO;-graphene composite.
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Table 2
Fitting parameter of lattice thermal conductivity of CuAlO, and CuAlO, with gra-
phene content.

Sample A(x107*% %) B(x10 " 5/K) C(x10%)

(Wm'K")

‘tot

T T T T T T T
300 350 400 450 500 550 600
Temperature (K)

22

unmixed
0.05%
0.10%
0.15%
0.20%

204

> e

18 4

16 4

o (WK

300 350 400 450 500 550 600
Temperature (K)

Fig. 6. (a) Total thermal conductivity and (b) fitting lattice thermal conductivity of
CuAlO; and CuAlO; with different graphene contents. The solid lines are fits to Eqs. (1)
and (2).

due to the decrease in both carrier concentration and mobility. The
graphene content produced a satisfying effect on electrical con-
ductivity. Fig. 4b shows the Seebeck coefficient of CuAlO; and
CuAlO; with different graphene contents. All series of samples have
positive a Seebeck coefficient, which indicates p-type semi-
conductor behaviour. Normally, the Seebeck coefficient is inversely
proportional to carrier concentration and electrical conductivity.
Our results agree with that common phenomenon, as seen in Fig. 4a
and (b). The Seebeck coefficient initially decreases with the in-
crease in graphene content, and minimum values are found at a
graphene content of 0.05 wt¥, and then they increase with further
increases in graphene content,

From the values of the Seebeck coefficient and electrical con-
ductivity, the power factor (PF) was calculated by PF =d%s. Fig. 5
shows the value of PF for CuAlOz and CuAlO; with graphene in
the temperature range 325 K—725 K. The PF values initially increase
with increasing graphene content to 0.05 wt%; then, they decrease
with further increases in graphene content. The improved PF values
of the sample can be attributed to the enhancement of electrical

unmixed 272 231 278
0.05 wt 3.79 221 8.98
0.10 wt 1.92 224 3.08
0.05 wtf 1.53 227 2.84
0.10 Wt 1.42 229 27

conductivity, whereas the reduction of the Seebeck coefficient oc-
curs due to the increase in carrier concentration.

The temperature-dependent thermal conductivity of CuAlOy
and CuAlO; with different graphene contents is presented in Fig. 6
(a). It was found that the thermal conductivity decreases with
increasing temperature. That can be explained by the total thermal
conductivity (kir) or measurement thermal conductivity;
Kot = Kiar + Kele, where ki is lattice thermal conductivity and keje is
electronic thermal conductivity. As the temperature increases, the
carrier concentration and the lattice vibration (phonon) increase.
Both factors affect the thermal conductivity (Kele and kia). Gener-
ally, ke can be calculated according to the Wiedemann—Franz law,
Kee = LooT, where Ly is the Lorenz number (2.45x10-8WQ/K?) [2].
In this case, k.. was very low and can be assumed to be the
dominant of lattice thermal conductivity. The kj,; values are ob-
tained from the above equation and similar to the k. Fig. 6b shows
the temperature dependence of the fitting lattice thermal con-
ductivity of CuAlO; and CuAlO; with graphene (0.00—0.20 wt%).
The lattice thermal conductivity was fitted by using the following
Debye model [22]:

O
ks kT’ yieY
K= gem (o) [ oy )
0

where y = hw/KT, w is the phonon frequency, # is the Planck con-
stant, v is the velocity of sound (4505 m/s for CuAlO3) (23], Op is the
Debye temperature (617.9 K for CuAlO2) [23] and ¢ is the relaxa-
tion time or scattering rate of phonons. The relaxation time can be
calculated from various scattering processes of phonons:

[}
Tl = % +Aw? + szTexp(—ﬁ.) +Cw (2)
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Fig. 7. The ZT values of CuAlO;/graphene compaosite.
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Table 3
Electrical, thermal and thermoelectric properties of CuAlO, at 573 K prepared by the solid-state reaction method.
Doped/Mixed Sintered temp.x; a(Sfcm) SpviK) Kowmx) ray Ref.
- 1423 11 564 5.5 0.0036 [12]
Ag (2% at) 1423 24 472 6.9 0.0044 [12]
Fe (10% at) 1473 31 432 95 0.0035 [25]
Fe (10% at) 1333 26 405 5.0 0.0049 [25]
— 1373 14 509 8.9 0.0023 this work
Graphene (0.05 wt%) 1373 29 477 85 0.0045 this work

where | is the width of the sample and A, B and C are adjustable
parameters for fitting data. The four terms represent the phonon
scattering by grain boundary scattering, point defect scattering
(vacancies, interstitials and antisites), phonon-phonon Umklapp
scattering and carrier-phonon scattering, respectively. The adjust-
able fitting parameters for the lattice thermal conductivity are
shown in Table 2.

Upon inspecting the fitting parameters in Table 2, we observe
little change in the parameter B, which means that Umklapp scat-
tering is not influenced by the incorporation of graphene into the
CuAlO2 matrix. In addition, it is evident that the major influence of
graphene is on the point defect (parameter A) and carrier-phonon
scattering (parameter C), based on the electronic structure and
potential native defects of CuAlO, material. There are three intrinsic
defects that may enhance the carrier density of delafossite CuAlOz
compounds: (1) Cu and Al vacancies (V¢, and Vy), (2) Cu sub-
stitutions at Al sites (Cuyy), and (3) interstitial O (O;) [12]. This result
indicated that the addition of a small amount of graphene (0.05 wt
%) increased the carrier concentration because the graphene
generated many point defects. In addition, the addition of a small
amount of graphene (0.05wt%) reduced the thermal conductivity
because the graphene generated many point defect and carrier-
phonon scattering. On the other hand, graphene acted as an n-
type in CuAlO, which caused the carrier concentration to decrease
due to the graphene that was annealed at a high temperature
(>1073K) presenting n-type characteristics [24]. These two
mechanisms result in complicated changes in carrier concentration
in CuAlOy/graphene composite.

The dimensionless figure of merit (ZT) values calculated using
the ZT = (o0 /K, )T formula are presented in Fig. 7. The ZT values
of CuAlOz and CuAlO; with graphene content increased as the
temperature increased in the measuring temperature range of
323-573 K. The maximum value of ZT' was obtained for CuAlO;
with graphene content of 0.05wt%. However, the CuAlO, with
graphene content (>0.05 wtk) does not enhance the ZT due to the
decrease in electrical conductivity with graphene content. The
comparison of thermoelectric properties of CuAlO; with Ag, Fe and
graphene addition prepared by solid state reaction method is
shown in Table 3. In this work, the ZT value of CuAlO; with gra-
phene content of 0.05wt% is close to that of the optimum con-
centration of Ag and Fe doped in CuAlO; [12,25]. The results could
suggest that graphene addition is another good approach for
enhancing the electric and thermoelectric properties of CuAlO,.

4. Conclusion

The thermoelectric properties of the graphene/CuAlO; com-
posites depend on the graphene content, at which the maximum
value was obtained for a small graphene addition (0.05 wt%). This
phenomenon was attributed to the increased electrical conductiv-
ity that resulted from the increase in carrier concentration. In
addition, we found that the addition of a small amount of graphene
reduces the thermal conductivity because the graphene generates
many point defects and causes carrier-phonon scattering. The

improved power factor and reduced thermal conductivity were
achieved at a maximum ZT value of 0.0045 at 575K with the gra-
phene/CuAlO; composite.
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ARTICLE INFO ABSTRACT

Keywords: Bulk CuAlO, compound has been widely studied as a p-type metal oxide semiconductor material due to the
CuAlO, implicity in its synthesis and use of i raw materials. The Fe doping in CuAlO, has been demonstrated
Fe doped to enhance the electrical conductivity. An in-depth analysis of the effect of Fe doping in CuAlO; on the carrier
Cu valency concentration improvement was revealed. Delafossite CuAl, _,Fe,0, powders with x = 0.00, 0.05, 0.10, 0.15,
Excess oxygen

0.20 and 0.30 were synthesized by a solid-state reaction method. The X-ray photoelectron spectroscopy (XPS)
and X-ray absorption spectroscopy (XAS) studies were used to measure the atomic-ion concentrations and the
oxidation state of each element. The variations of carrier concentration corresponded with a ratio of Cu®* /Cu' *
in CuAlO,. We found that the increase of Cu®* /Cu'* was caused by double effects through divalent metal ions
(Fe**) doping and excess oxygen (O, _5) in CuAlO,. The maximum carrier concentration of 8.09 x 10" em ™3
‘was obtained for the CuAlO, sample at Fe content of 10 at.%.

1. Introduction

Delafossite compounds with a general formula ALtpifo, espe-
cially those with Cu-based compounds, such as CuFeO,, CuCrO, and
CuAlO,, etc. [1,2] are of interest in the field of low-cost metal oxide
materials. The delafossite structures belonging to R-3m and P36/mmc
space groups [2,3]. In delafossite structures in R-3m space group, the
A'" jons (Cu position) are linearly coordinated to two oxygen ions
(02’ ). The O-A-O dumbbells are perpendicular to the a-axis (parallel to
the c-axis), whereas the B>* ions are coordinated by six 0% ions in an
octahedron (BOg). Therefore, the B** ions diameter affects the “a” and
“c” lattice constants and the A'* ions diameter affects the “c” lattice
constant [4,5]. The delafossite structure in the R-3m space group is
shown in Fig. 1.

The CuAlO, compound has been widely studied as a p-type metal
oxide semiconductor material due to the ease in synthesis, use of in-
expensive raw materials and the high energy gap (> 3.0eV) of the
material which cover the visible light range [6,7]. Generally, the hole
density in the CuAlO, is caused by Cu vacancy (V¢,), excess oxygen
(O2.+5) or Cu valency (Cu** /Cu'*) [8-10]. The electrical conductivity

* Corresponding author at: Faculty of Science, King Mongkut's Institute of Technology Ladkrabang, Chal,

E-mail address: aparporn.sa@kmitl.ac.th (A. Sakulkalavek).

https://doi.org/10.1016/j.55i.2018.11.007

of CuAlO, is in the range of 10" to 10 *sem ™' and is dependent on the
synthesis methods. Several methods have been investigated to improve
the electrical conductivity of CuAlO,, some methods include, doping
with acceptors (Cu or B** sites) and increasing excess oxygen in the
material [11-15]. By doping B** sites in delafossite compound with
divalent 3d cations, the electrical conductivity can be enormously en-
hanced [16].

According to previous studies, the Fe doped into the Al sites could
enhance the electrical conductivity [17-20]. The optimum ratio of Fe
content of 10 at.% has been reported in order to obtain the maximum
electrical conductivity for the synthesized material. The increase of
electrical conductivity was due to the increase of grain size, bulk den-
sity, and carrier concentration [17,18]. However, if the Fe content is
increased to > 10 at.%, the electrical conductivity was decreased. Park
et al. suggested that the electrical conductivity decreased with Fe ad-
dition up to 20 at.% because of the increase of excess Fe,O5 phase in the
sample [17]. Liou et al. proposed another possible reason that the ex-
cess Fe®* substituted into Cu'* caused the decrease of carrier con-
centration and electrical conductivity [18]. From the above discussion,
the mechanism of the increase and decrease of carrier concentration in

10520, Thailand.

krung Rd. Ladkrab
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Fig. 1. Delafossite structure in the R-3m space group.
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Fig. 2. (a) Bulk sample of CuAl, - ,Fe.0, (b) specimen for SEM, (c) sample
powder for XRD and XPS, and (d) preparation sample for XAS measurements.

Fe doped CuAlO, were proposed, but there is little evidence to support
the doping mechanism which has not been very well established. In this
work, X-ray photoelectron spectroscopy (XPS) and X-ray absorption
spectroscopy (XAS) were used to characterize the Fe doped into CuAlO,
compound for understanding in-depth mechanism of the effect of Fe
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Fig. 3. XRD patterns of the CuAl, _ (Fe,0; (x = 0.0, 0.05, 0.10, 0.15, 0.20 and
0.30) powders.

content on carrier concentration and electrical conductivity.

2. Experimental detail
2.1. CuAl, _,Fe, 0, sample preparation

In this work, delafossite CuAl,_Fe,0, powder was synthesized
through a solid-state reaction method. The starting materials were high
purity CuQO (99.99%), Al,O3 (99.99%) and FepO5 (99.99%) powders.
The powder mixtures in stoichiometric compositions were grinded
using an alumina mortar for 4h, followed by sintering at 1373K for
24 h in air, and instant cooling down to room temperature. After sin-
tering, the CuAl; _ Fe,0, powders with x = 0.00, 0.05, 0.10, 0.15, 0.20
and 0.30 were grinded for 2 h. The solid solution of the CuAl; _Fe,0»
powders was pressed into ceramics pellets of 12mm diameter and
2.5 mm thickness under a pressure of 10 MPa. The ceramics pellets were
sintered at 1373 K again for 12 h in air and instantly cooled down to
room temperature.

2.2, Sample characterization

The as-grown CuAlO; with different Fe contents were characterized
for their crystal phase structure, atomic-ion concentrations, and elec-
trical conductivity. The crystal phase structure analysis was conducted
by X-ray diffraction (XRD) technique using a Bruker D8 Advance in-
strument. Scanning electron microscopy micrographs (SEM, Zeiss EVO
MA10) were taken in the backscattered electron imaging (BEI) mode for
determining a single and mixed phases. The atomic-ion concentrations
and oxidation states of the elements were identified by X-ray photo-
electron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS)
techniques at beamline 5.2 and beamline 2.2, respectively, at
Synchrotron Light Research Institute (SLRI), Thailand. Finally, Hall
effects were measured to determine electrical properties under a
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Spectrum 1

Fig. 4. SEM images and EDXS spectra of the CuAl, _,Fe,0, (a) CuAlQ; and (b) CuAlg gsFeg 150, sample.

magnetic field of 1.5 T using a VersaLab™ instrument.
2.3. Sample preparation for characterization

Fig. 2 shows sample preparation for electrical properties measure-
ments and atomic spectroscopic analysis. In Fig. 2a, the bulk samples
were used for analysis of electrical properties such as electrical con-
ductivity, carrier concentration and carrier mobility. The bulk sample
was smashed into a half specimen for SEM observation as shown in
Fig. 2b, while another sample was crushed into powder as seen in
Fig. 2c and then used to analyze by XRD and XPS instruments. For XAS
measurement, the sample powder was mixed with boron nitride (BN)
powder in weight ratio of 3:17 and then pressed into ceramics pellets of
5mm diameter as shown in Fig. 2d.

XAS techniques used the powder from crushing bulk samples mixed
with boron nitride (BN) powder are in ratio 3:17 mg due to the edge-
jump will be about 1, and pressed into ceramics pellets of 5mm dia-
meter are shown in Fig. 2d.

3. Results and discussion

Fig. 3 shows the XRD patterns of the CuAlO; and CuAl; - Fe,02
powders with x = 0.00, 0.05, 0.10, 0.15, 0.20 and 0.30. The samples
with Fe content x < 0.20, showed a single phase corresponding with
delafossite structure in the R-3m space group (JCPDS file No. 35-1401).
The crystal orientations were (006), (101), (012) and (104) planes for
the CuAlO; and CuAl, _;Fe,O, powders with x < 0.20. The peak po-
sitions of delafossite phase are shifted to lower angle as the Fe content
increased. It causes the Fe substituted into Al position in delafossite
CuAlO; expand lattice constant due to the larger size Fe atom compared
with Al atom [2,17,20]. The (006) plane is relevant with c-axis of the

delafossite structure in R-3m space group [21,22]. However, when the
Fe content was x = 0.20, the samples showed the presence of mixture of
phases of delafossite, CuO, CuAl,04 and CuFe;0,4. The CuO, CuAl,04
and CuFe,04 were segregated in CuAlO, as split phases at high Fe
content, which indicates doping limit of Fe content in CuAlO,.

Fig. 4 shows SEM images in BEI mode and EDXS spectra of the
CuAlO, and CuAl,gsFep 50, samples. From BEI images of CuAlO,
(Fig. 4a) and CuAlg gsFeg 1505 (Fig. 4b) samples, it was found the pure
phases in both samples. In addition, EDXS spectra confirm the existence
of Fe in CuAlg gsFey 1502 sample. However, when increase the Fe-con-
tent to x = 0.30 (CuAly 7pFe( 3002), we found the presence of an addi-
tional phase forming around the delafossite phases shown in Fig. 5.
From EDXS spectra, the impurity phases in CuAly7oFep 3002 sample
corresponding with CuO (Fig. 5b) and spinel (Fig. 5¢) phases, respec-
tively. The result from interpreting the BEI images agreed with the XRD
pattern in Fig. 3.

Fig. 6 shows the and “c” lattice constants obtained from the
delafossite CuAl, _,Fe, 0, samples (dot) and the Vegard's law (fitting
line). A relationship between lattice constants and composition (x) of
the solid-solution can be calculated by using Vegard's law [23,24] given
by

“qn

(@, €)cual_gFey0; = (1 = X)(a, C)cuaio, + x+(@, C)cureoy

The JCPDS file No. 35-1401 and JCPDS file No. 39-0246 were used
as a standard for lattice constants of CuAlO, and CuFeO» compounds,
respectively. From lattice constants of the delafossite CuAl; _ Fe 0,
samples can be obtained by XRD pattern using hexagonal formula [25]
given by

2

2 2
1 4(h +kk+k)+
2

d* 3 a
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Fig. 5. SEM images and EDXS spectra of the CuAly zoFeq 300, sample: marking area indicted different phases of (a) delafossite phases (b) CuO phases and (C) spinel

phases.

where h, k I are the Miller indices, a and ¢ are the lattice constants of
CuAl; _Fe, 0, samples and d is the distance between two consecutive
planes. The magnitude of “a” increased almost linearly with the in-
crease of Fe content in the material, and the linear interpolation has a
good agreement with Vegard's law. The variations of “a” values could
be attributed to the substitution of Fe into Al sites of the samples [4,5].
The results confirmed the Fe atoms substituted into the Al sites in de-
lafossite CuAlO, due to larger size of Fe atom compared with that of Al
atom. However, the relationship between “c” lattice constant and
composition (x) of the delafossite CuAl, _,Fe,0, samples did not cor-
respond with the Vegard's law. The Cu atoms in the samples caused the
lattice constant “c” values error, which is explained in the next section.

All XPS spectra were measured with a PHI 5000 Versa Probe III
instrument. The relative sensitivity factor (RSF) of Cu 2ps,, Al 2p, Fe
2pa,» and O 18 core levels were corresponding with 2.626, 0.256, 1.964
and 0.733, respectively. Fig. 7 shows the XPS spectra of Cu 2p3,, core
levels of the CuAlO; and the Fe doped CuAlO; samples. The Cu 2ps,2

20

core levels can be deconvoluted into two Gaussian peaks, which cor-
responding to cut* (yellow) and Cu®* (blue) at about 931.7-932.6 and
933.5-934.5 eV, respectively [9,26,27]. For CuAlO, sample, the total
atomic ratios of Cu®* /Cu' " about 0.163. The maximum total atomic
ratios of Cu®* /Cu'* was obtained for CuAlO, with Fe content of 10 at.
% is shown in Table 1.

As seen in Fig. 8a, the binding energy of all delafossite
CuAl, _Fe, O, powders is located at about 74 eV corresponding to Al 2p
(AI**) peak [9,28]. Fig. 8b, ¢ and d shows the Fe 2ps,» core levels of
delafossite CuAl; _,Fe,02 samples with x = 0.05, 0.10 and 0.15, re-
spectively. The core levels of Fe 2p;,, were deconvoluted by Gaussian
distribution into two peaks that are located at about 709.4 and
710.6 eV, and are corresponding to the oxidation states of Fe**
(yellow) and Fe®* (blue), respectively [29,20]. The ratios of Fe?* /Fe®*
in Fe doped into CuAlO, are shown in Table 1.

Fig. 9a—d presents deconvoluted O 1s XPS core level spectra of pure
delafossite CuAl, _Fe,O, samples. Three peaks represented “i” (red),
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Fig. 6. “a” and “c” lattice constants of pure delafossite CuAl, _Fe,0, samples.

“ii” (yellow) and “iii” (blue), are located at about 530.0, 531.0 and
532.0eV, respectively. These peaks could be identified as lattice
oxygen, interstitial oxygen and surface adsorbed oxygen [31-33]. Lat-
tice oxygen is the oxygen atoms bonding with Cu, Al or Fe atoms in
crystal structure. Table 1 shows the analytical data of the relative peak
area of the deconvoluted spectra. As the Fe concentration increased, the
relative area of peak “ii” to peak “i” also increased from 28.5% to
38.7%, indicating an increase in the interstitial oxygen content of the
material. The interstitial oxygen is similar to the excess oxygen inserted
into triangular Cu planes of delafossite CuAlO; [34,35]. The larger size
of Fe atoms compared with Al atoms, is good for the insertion of oxygen
atoms in triangular Cu planes as a result the Cu-Cu distance also

Solid State Tonics 328 (2018) 17-24

Table 1
Fitting data on XPS spectrum of pure delafossite CuAl, _,Fe,0, samples.

Composition (x) cu?t g2+ Peak area (relative to lattice oxygen) (%)
oAt
Interstitial oxygen  Surface adsorbed oxygen
0.00 0164 - 285 29.0
0.05 0.386  2.367 337 34.7
0.10 0.554 1.229 37.4 39.1
0.15 0456 0.427 387 426

increased (“a” lattice constant increased). Moreover, the relative area of
peak “iii” to peak “i” is increased with the increase of Fe concentration,
which shows that Fe can improve the surface oxygen adsorption cap-
ability of CuAlO,.

The Cu K-Edge XAS measurements were obtained in transmission
mode using time-resolved X-ray absorption spectroscopy (TR-XAS).
Fig. 10a shows the Cu XAS data in X-ray absorption near edge structure
(XANES) spectra range of standard samples Cu,0 (Cu*') and CuO
(Cu®"), and CuAl, _,Fe, 0, with x = 0.00, 0.05, 0.10, and 0.15. The
delafossite CuAl; _,Fe,0, samples present two peaks corresponding
with Cu,O (Cu‘ *) standard and CuQ (Cu2+) standard at photon energy
about 8982 and 8998 eV, respectively. The result was in good agree-
ment with results of Joshi et al. who reported the appearance of Cu'*
and Cu®* jons in Cu-based delafossites compound by using the XAS
technique [36]. The total atomic amounts of Cu'* ions and Cu®* ions
in CuAl, _ Fe,0O» samples, analyzed by Linear Combination Fitting
(LCF) on XANES spectra range are shown in Fig. 10b. The total atomic
ratios of Cu®*/Cu'* obtained by XAS technique (Table 2) was found
close to that obtained by XPS technique. Both results confirmed the

(a) Cu 2p,,

Intensity (a.u.)

e

(b) Cu 2p,,

Intensity (a.u.)

T T T T T T T T
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926 928 930 932 934 936 938 940
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(c) Cu 2p,,
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(d) Cu 2p,,
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+ i - T T T - T
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Fig. 7. Cu 2p,,, core levels of pure delafossite CuAl, _ Fe, 0, samples.
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Fig. 8. (a) Al 2p core levels of x = 0.00 and 0.10 of pure delafossite CuAl, _,Fe, 0, samples and (b—d) Fe 2ps,, core levels of pure delafossite CuAl, _,Fe,0, samples.

constitution of Cu ions (Cu*' and Cu®") and the ratios of Cu®>* /Cu'*
in CuAlg ooFeq 1002 samples.

According to previous studies, the atomic ratios of Cu®*/Cu’* on
the Cu-based delafossite change according to the amount of divalent
metal ions doped into the crystal structure and excess oxygen inserted
into triangular Cu planes [37,38]. Therefore, divalent metal ions and
interstitial oxygen cause a change in the total atomic ratios of Cu®* /
Cu'* for the delafossite CuAl; _4Fe O, which follows the relationship
[37,38]:

(Cuy ' T Cu, 2" )(By 2B, 2 )0, for divalent metal

(Cuy 55" T Cups” BT 0, 5 for excess oxygenwhere B** is the tri-
valent metal ions and B** is the divalent metal ion. From Fig. 6, the
obtained “c” values of the samples were found lower than “c” values
obtained through Vegard's law, which is probably caused by of the
presence of Cu®”" ions in samples which have smaller size Cu®* (ionic
radii = 87 pm) compared with Cu'" (ionic radii = 91 pm) and also
Cu—0 bond are parallel to the c-axis. The amounts of Cu®* ions ob-
tained by XPS and XAS techniques is corresponding with the variations
of “c” lattice constant calculated by XRD data. On the other hand, Fe®*
(ionic radii = 75 pm) due to low concentration of Fe in samples and the
FeOg (BOs) without parallel to c-axis and a-axis has a very little influ-
ence on the lattice constants (“c” and “a”). Therefore, Cu atom has the
most effects on the “c” lattice constant of the pure delafossite
CuAly _,Fe,0, samples. The Hall coefficient of pure delafossite
CuAl, _Fe,0, samples with x = 0.00, 0.05, 0.10, and 0.15, are shown
in Table 2. Apparently, the pure delafossite CuAl, _,Fe,O, samples are
p-type semiconductor.

Fig. 11 shows the carrier concentration (n) and carrier mobility (u)
of delafossite CuAl, _Fe,O, samples. The carrier concentration in-
creases with Fe concentration increase from x = 0.00 to x = 0.10. The

22

maximum carrier concentration (n) of 8.09 x 10"7em~? was obtained
for CuAl, _,Fe, 05 samples with Fe content of 10 at.%. However, when
Fe content increased to > 10 at.%, the carrier concentration in samples
tended to decrease. The variations of carrier concentration correspond
with the total ratio of Cu?* /Cu'". The carrier mobility can be calcu-
lated by the relationship of ¢, n and y, ¢ = nuq, where o is the electrical
conductivity and q is the charge of carrier. In this work, the carrier
mobility was quite constant due to the grain size increase with Fe ad-
dition to CuAlO; [17,18], which reduces carrier-carrier scattering from
carrier concentration increased. Electrical conductivity data obtained at
room temperature for all the CuAl,_Fe,O, samples is shown in
Table 3. The electrical conductivity increases at low concentration of Fe
due to the increase in carrier concentration and grain size. On the other
hand, the electrical conductivity decreases at high concentration of Fe
which is due to formation of CuO, CuAl,04 and CuFe,O, phase in
samples [15,34].

4. Conclusion

In this work, the in-depth mechanism of the effect of carrier con-
centration in Fe doped CuAlOz on was studied. The total atomic ratios
of Cu®*/Cu'" obtained by XAS result were consistent with data ob-
tained through XPS technique. In addition, Fe doping can improve the
interstitial oxygen and surface oxygen adsorption capability of CuAlO-.
The variations of carrier concentration due to the hole density in
CuAlO; caused by double effects, divalent metal ions (Fe* ") doping and
excess oxygen (Oz 4 5). The results indicated that the maximum amount
of Cu®*/Cu'* in solid solution as Fe content of 10 at.%. The carrier
concentration increased as Fe concentration increased, which reached
maximum of 8.09 x 10"”em ™ for CuAlQ, with Fe content of 10 at.%.
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Table 2
total atomic ratios of Cu®* /Cu'* by LCF on XANES spectra and Hall coefficient
for pure delafossite CuAl, _ Fe,0, samples.

Fe-content in CuAl, _ Fe,0, (x) 0.00 0.05 0.10 015
[ 0.163 0.391 0.541 0.445
Hall coefficient (em?/C) 232.05 37.83 7.72 15.06
100 10
804 -8
.;E 60 L6 =
[ \ . o
= 3
S 404 . d sls v
= —_— 2
& 2
204 €<— " -2
OJ
Oy T T -0
0.00 0.05 0.10 0.15
Composition (x)
Fig. 11. Carrier concentration and carrier mobility of pure delafossite

CuAl, _,Fe,0, samples.

Table 3
Electrical conductivity of the CuAl, _ Fe,0, samples,

Fe-content in CuAl, _Fe,0; (x)
Electrical conductivity (S/em)

000 005 010 015 020 030
0.024 0108 0544 0320 0.020 0.012
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ARTICLE INFO ABSTRACT

‘This study investigated the synthesis of delafossite CuAlO, with Fe and graphene through a solid-state reaction

Keywords:
CuAlo; method. The results of X-ray diffractometry showed that graphene was insoluble in delafi CuAlO; while Fe
Fe d‘;PEd was substituted into Al sites, expanding the d-spacing. From X-ray photoelectron spectroscopy, graphene in-
Graphene

duced excess oxygen in the delafossite CuAlO, structure via C-O-Cu bonds and improved the electrical con-
ductivity. In addition, the thermal conductivity was reduced due to generation of point defects, phonon-phonon
Umklapp and carrier-phonon scattering. The addition of Fe and graphene in CuAlO; shows an improvement of
ZT to 0.0114 at 573 K. This is attributable to its increase in charge carrier density, as well as a decrease in
thermal conductivity. This study highlights the benefits of Fe and h in d CuAlO; asa
prospective process for attaining a high figure of merit thermoelectric materials.

Thermoelectric properties

1. Introduction

Oxide-based thermoelectric materials have attracted much attention
due to their application in high temperature waste heat recovery and
power generation. Thermoelectric devices allow direct energy conver-
sion from heat to electrical energy, contain no moving parts and are
pollution-free upon usage [1,2]. The effectiveness of the thermoelectric
performance can be defined by the figure of meritzT = a?0T ks, where
a is the Seebeck coefficient, ¢ is the electrical conductivity, T is the
absolute temperature and k, is the total thermal conductivity (in-
cluding electronic thermal conductivity and lattice thermal con-
ductivity). Thus, in order to improve thermoelectric performance,
Seebeck coefficient and electrical conductivity has to be increased,
whereas thermal conductivity has to be decreased.

Due to their thermoelectric potential and affordability, there has
been growing interest in delafossite compounds with a general formula
of A'*B**0,— predominantly copper-based compounds, namely
CuFeO,, CuCrO,, and CuAlO; [3]. For instance, CuAlO, has been ex-
tensively researched as a p-type thermoelectric oxide because of its non-
toxicity, ease of synthesis, high temperature oxidative properties, as
well as the low-cost of its raw-materials. In spite of these benefits,

CuAlO, compounds exhibit low electrical conductivity (~10' to
10" *sem ") and low ZT values [4], which is a unique feature of p-type
semiconductor materials with high energy gap (> 3.2 eV for CuAlOy)
are due to the low-carrier mobility [5,6]. Consequently, various tech-
niques with the aim at enhancing the electrical conductivity and ZT'
value of CuAlO, have been employed. These include doping the ma-
terial with acceptors (on either Cu or B*™ sites) and loading with extra
oxygen [7-11]. Also, previous research suggests that the electrical
conductivity of CuAlO, can also be enhanced by several techniques
including techniques of doping of Cu or B** sites in a delafossite
compound containing a divalent 3d cations [12]. Doping Fe onto Al
(B**) sites of CuAlO,, is indeed, an appealing way to increase electrical
conductivity and also improve ZT value due to its simple synthesis and
availability of low-cost materials [13-17]. To achieve an optimal
electrical conductivity and a desirable power factor (a’c), an ideal ratio
of 10 to a percentage % Fe composition must be used. But, as the Fe
ratio was increased to over 10 at. %, mixtures of CuQ, CuAl;04 and
CuFe,0,4 compounds phases were observed. This also resulted in a de-
crease in power factor and its electrical conductivity [13,17].
Graphene has also been used to improve the ZT value of thermo-
electric materials in composite-materials, such as PbTe-graphene,
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CoSbs-graphene, and Bi;Tes-graphene [18-20]. Based on our previous
research, the addition of graphene to CuAlO, could enhance the elec-
trical conductivity and ZT value [21]. The maximum value of electrical
conductivity and ZT of CuAlO, compound were achieved where the
content of graphene is at 0.05 wt%. In this work, the thermoelectric
properties of CuAlO,, prepared by the combination effects of Fe and
graphene, were investigated. This paper is a preliminary investigation
into this area, of which could further serve to inform us a deeper un-
derstanding into the complex processes of how Fe and graphene aff5ct
thermal and electrical conductivity.

2. Experiment details
2.1. Sample preparation

In this work, synthesis of delafossite CuAlygFep 0, powder was
carried out by a solid-state reaction procedure. High purity CuO, Al,O3
and Fe,0; powders (Sigma-Aldrich) were used as source materials. A
stoichiometric mixture of the compounds were ground with an alumina
mortar for 4 h, sintered for 24 h in the air at 1373 K and immediately
cooled down to room temperature. Once sintering is complete, the
CuAl, gFe, 10, powders were ground for 2 h. The delafossite powders of
CuAlg gFep 102 The delafossite powder mixture of CuAlgoFeq 02 and
0.05wt% graphene nanopowder (www.graphene-supermarket.com)
were also combined and ground for 2 h. The graphene nanopowder has
an average flake thickness of 12nm (less than 30-50 monolayers).
Next, ceramic pellets the size of 12mm in diameter and 2.5 mm
thickness were created from a solid solution of CuAlygFeq 02, and
CuAlg gFeg jO,-graphene at a uniaxial pressure at 10 MPa. Later, these
pellets were immediately cooled down to room temperature after being
sintered for 12h at 1373K. The CuAl,gFey 0, and CuAlggFeq0,-
graphene samples are hereby designated as CAFO and CAFO-G, re-
spectively.

2.2. Sample characterization

A Bruker D8 Advance X-ray diffractometer was used to measure and
analyse the crystal phase structure. Scanning electron microscopy mi-
crographs (SEM, Zeiss EVO MA10) was used to investigate the effect of
Fe and graphene addition on the grain size of CuAlO2. The concentra-
tions of atomic ions and the degree of oxidation state of the elements
were determined with an X-ray photoelectron spectroscopy (XPS) using
an ULVAC-PHI instrument, model PHI 5000 Versa Probe III instrument
at beamline 5.3, Synchrotron Light Research Institute (SLRI), Thailand.
VersaLab™ was utilised as a measurement tool for Hall effects at a
magnetic field of 1.5T. A ULVAC-RIKO ZEM-3 device was utilised for
measuring Seebeck coefficient as well as electrical conductivity from
323K to 723 K. The thermal conductivity was measured by an ULVAC-
RIKO, model TC-7000 instrument. The characterization results of
CuAlO; (CAO) and CuAlO,-graphene (CAO-G) samples from Ref. [21],
SEM images and XPS data of the samples were used for comparison.

3. Results and discussion

The XRD patterns of the CAFO and CAFO-G samples are demon-
strated in Fig. 1. All samples exhibited a single phase corresponding to
the JCPDS file No. 35-1401 (CuAlQ.) of the delafossite structure in the
R-3m space group. The crystal orientation of the samples were the
(006), (101), (012), (104), (009), (107) and (018) planes. However, the
peak positions are shifted to lower angle compared with the JCPDS file,
which indicates that the larger Fe atoms replaced the Al atoms at their
binding sites in the delafossite CuAlO; [17]. The peak positions were
not shifted with the addition of graphene (CAFO-G compared with
CAFO) graphene crystal structure was not detected in the CAFO-G
sample. This result is similar with the addition of graphene to CuAlO,
[21]. In addition, a and c lattice parameters of CAFO and CAFO-G
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Fig. 1. XRD patterns of the CAO database, CAFO and CAFO-G samples.

Table 1

Ratios of ¢ and a lattice parameters of the powder of CAFO and CAFO-G.
Sample JCPDS: 35-1401 CAO [21] CAO-G [21] CAFO CAFO-G
o, 5.929 5.927 5.928 5.895 5.896

Ta

samples were determined by UnitCellWin software and compared with
those of CAO and CAO-G references [21]. No notable variances in the ¢
and a ratios of CAFO resulted when compared with the CAFO-G samples
(Table 1); this could be because graphene is insoluble in CuAlp oFeq 0.
Therefore, graphene was segregated in delafossite CuAl, oFe, 40, as a
split phase, e.g. in a composite substance.

Fig. 2 shows SEM images of the delafossite CuAlO, (CAO) samples
with the addition of graphene (CAO-G), Fe (CAFQ) and combination
(CAF0Q-G). The addition of Fe into CuAlO; affScts grain size variation.
The average grain size of CAFO (Fig. 2(c)) and CAFO-G (Fig. 2(d))
samples increased compared with that of CAO (Fig. 2(a)). It was due to
the influence of the Fe substituted into Al site in the CuAlO, structure
[13,14]. However, the addition of graphene into CuAlO, (CAO-G)
slightly aff5cts to the grain size as seen in Fig. 2(b).

Fig. 3 presents the O 1s XPS deconvoluted spectra of CAFO and
CAFO-G samples, and additional XPS data of CAO and CAO-G. Three
peaks in the O 1s spectra at 530.0, 531.k0 and 532.0 eV can be ob-
served, corresponding to the lattice oxygen (i), interstitial oxygen (ii)
and surface adsorbed oxygen (iif), respectively [22,23]. Lattice oxygen
is a kind of oxygen atoms situated within the crystal structure that
bonded with Cu or Al atoms of the CAO and CAO-G samples and with
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Fig. 2. SEM images of the (a) CAO, (b) CAO-G, (c) CAFO and (d) CAFO-G samples.

Cu, Al or Fe of the CAFO and CAFO-G samples. Interstitial oxygen is a
kind of excess oxygen atoms inserted between triangular Cu planes of
delafossite CuAlO, [24,25]. The relative areas of peak “ii” to peak “i”

and peak “iii” to peak

ajy

from peak (ii) to peak (i) showed an increase from 28.3% to 35.9% after
the addition of graphene, signifying a rise in the amount of interstitial
oxygen in the delafossite CuAlO,. Previous studies reported that the

are shown in Table 2. The relative peak area small amount of graphene transforms ordinary delafossite CuAlO, into
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Fig. 3. O 1s XPS spectrum of the CA
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Table 2
Fitted data of the O 1s XPS spectrum of CAO, CAFO, CAO-G and CAFO-G
samples.

Samples Peak area (relative to lattice oxygen) (%)
Interstitial oxygen Adsorbed oxygen on the surface
CAO 283 289
CAO-G 35.9 38.0
CAOF 373 38.7
CAOF-G 39.3 418

electrically conductive delafossite CuAlO, by the formation of graphene
oxide in the sintering process (confirmed by transmission electron mi-
croscopy (TEM) technique) [21]. Which the metal atoms are attached to
the surface of the graphene layers via C-O-Metal bonds [26,27].
Therefore, the increase of interstitial oxygen in delafossite structure
may be caused by graphene oxide via C-O-Cu bonds. However, the
interstitial oxygen as a result of the addition of Fe (37.3%) was more
than that from the addition of graphene (35.9%) as Fe doping into
delafossite CuAlO, caused the Cu—Cu distance increased (triangular Cu
planes increased). Furthermore, relative peak areas from (iii) to (i) both
demonstrated an increase after the addition of Fe or graphene, implying
that both Fe and graphene were able to enhance the ability of CuAlO; to
absorb surface oxygen. The CAFO-G sample has maximum contents of
interstitial oxygen and adsorbed oxygen on the surface of 39.3% and
41.8%, respectively. The oxidation state of Fe ions in delafossite CuAlOo
can be considered directly from the Fe 2p XPS spectra on previous re-
search, which shows the existence of Fe*" (divalent metal) and Fe®*
(trivalent metal) [17]. According to previous studies, the amount of
excess oxygen inserted between the triangular Cu planes and the
amount of divalent metal ions doped into the crystal structure are
mainly responsible for the improved electrical conductivity of the Cu-
based delafossite [28,29].

Table 3 shows the room temperature electrical conductivity (o) of
CAFO and CAFO-G samples compared with CAO and CAO-G from Ref.
[21]. The addition of Fe and graphene significantly improved the
electrical conductivity, The addition of Fe and graphene in CuAlO,
exhibited maximal electrical conductivity of 0.577 S/cm due to the
increase in carrier concentration (n). In this work, the cause of the in-
crease in carrier concentration could be explained by two effects. For
the first, the addition of graphene caused the carrier concentration to
increase as graphene generates excess oxygen in the delafossite CuAlO,
structure as shown in the XPS data. For the second effect, the carrier
concentration increased due to Fe enhancement of carrier concentration
of CuAlO; as an effect of divalent metal ion doping and excess oxygen
[17]. The carrier mobility (¢) was evaluated from the relationship of o,
n and i, 0 = nug, where g is the charge of carrier. The carrier maobility
decreases with graphene addition due to the carrier-carrier scattering in
CAO-G and CAFO-G samples as a result of graphene composite [21].
Alternatively, Fe doped into CuAlO, shows higher carrier mobility as a
result of the larger grain size and expanded lattice due to Fe substituted
into the Al sites. Therefore, the carrier-carrier scattering from the in-
crease of carrier concentration decreased [13,17]. For the reason above,
the electrical conductivity of CuAlO, greatly increased with the addi-
tion of Fe and graphene (CAFO-G sample).

Table 3
Electrical conductivity (o), carrier concentration (n) and carrier mobility (1) of
the CAO, CAO-G, CAFO and CAFO-G samples.

Samples o (S/cm) n (10" em=?) it (em?/Vs) Ref.
CAO 0.025 2.080 7.512 [21]
CAO-G 0.047 26.767 1.103 211
CAFO 0.537 80.879 4.149 this work
CAFO-G 0.577 90.831 3.970 this work
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Fig. 4. (a) Electrical conductivity and (b) Seebeck coefficient of the CAFO and
CAFO-G samples compared to the CAO and CAFO-G samples [21].

Fig. 4(a) shows the electrical conductivity (o) of CAO, CAO-G, CAFO
and CAFO-G samples as a function of temperature. All samples pre-
sented characteristics of a semiconductor whose electrical conductivity
increased with the increase in temperature. Whilst its normal electrical
conduetivity is 2.0 S/cm at 700K, the addition of Fe and graphene
produced a maximal electrical conductivity of 6.4 S/cm at 700K [21].
The temperature dependence of the Seebeck coefficient of CAO, CAO-G,
CAFO and CAFO-G samples are presented in Fig. 4(b). For the addition
of Fe and graphene, the Seebeck coefficient dramatically decreased,
which was inversely proportional to carrier concentration and electrical
conductivity. Therefore, the increase in carrier concentration from the
addition of Fe and graphene in CuAlO, was a major cause of Seebeck
coefficient reduction.

The temperature-dependent of total thermal conductivity of CAFO
and CAFO-G samples compared with the CAO and CAO-G samples are
presented in Fig. 5(a). As the temperature rose to a range of 300-600 K,
the thermal conductivity decreased. The total thermal conductivity
(kuwr) defined by kir = kete+ ki, Where k. is the electronic thermal
conduetivity and k, is the lattice thermal conductivity. k. is estimated
from the Wiedemann-Franz relation, k. = LocT, where L, is the
Lorenz number (2.45x10~*WQ/K?) [11]. Substituting o into the above
equation, the k,;. values of the samples are very low compared with the
Kiar. Therefore, the probable cause of the k,, value that decreased with
the addition of Fe and graphene was likely due to the lattice thermal
conductivity. Fig. 5(b) highlight the temperature dependence of the
fitted ki, of CAO, CAO-G, CAFO and CAFO-G samples. The ki, was
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Fig. 5. (a) Total thermal conductivity and (b) fitting lattice thermal con-

ductivity of the CAO, CAO-G, CAFO and CAFO-G samples. The solid lines are
fitted curves to Eq. (1).

fitted according to the following Debye model [30]:
_ ks k"—TT en yler
b= znzv( 5 ) T Y eH)

= % + Aw® + BT exp(—f—l;] + Ca

(2)

where y = hw/kT. w, h and k are the phonon frequency, Planck and
Boltzmann constants respectively. &, and v are Debye temperature
(617.9 K for CuAlO,) and velocity of sound (4505 m/s for CuAlO,)
[31]. Various scattering rate of phonons (7c) can be used to calculate
the relaxation time as follows Eq. (2). The term % represents phonon-
boundary scattering; the term Aw* represents point defect scattering
(substitution defects, vacancies, interstitial defects); the term
Baw?®T exp(—f—ﬁ) represents phonon-phonon scattering; and Ce re-
presents carrier-phonon scattering [30].The fitting parameters (A, B
and C) for ky,, were shown in Table 4.

Considering that a minor shifts in parameter B was observed with
the addition of graphene, this signifies that the phonon-phonon
Umbklapp scattering was not affScted by the integration of graphene
into the delafossite structure matrix as demonstrated in a previous re-
search [21]. Alternatively, Fe doped into CuAlO, obviously changed
parameter B due to the mass fluctuations (differences in the atomic
mass of Al and Fe) and strain fluctuations (difference in size of Al and

Journal of Physics and Chemistry of Solids 134 (2019) 29-34

Table 4
Fitted parameters of ki, of the CAFO and CAFO-G samples compared to the CAO
and CAO-G samples.

Sample A0~ B (107'%) X o1 ] Ref.
CAD 272 231 278 [21]
CAO-G 379 221 8.98 [21]
CAFO 4.07 423 11.19 this work
CAFO-G 6.78 4.29 25.32 this work

Fe atoms) [32,32]. In the point defect scattering term (parameter A),
the four defects that may improve the carrier concentration of dela-
fossite CuAlO, compounds are (1) Cu and Al vacancies (Vc, and Va),
(2) Cu substitutions at Al sites (Cuy), and (3) interstitial oxygen (0;)
and (4) divalent metal ions substitutions at AI** sites [17,34]. The
fitted results suggest that additional graphene within the delafossite
structure (CuAlO, and CuAlygFep 0;) caused a rise in carrier con-
centration due to the numerous point defects caused by graphene,
which correspond to the XPS data (interstitial oxygen). Similarly, the
addition of Fe in CuAlO; can help generate point defects by two effects:
interstitial oxygen and divalent metal ions doping [17]. Finally, both Fe
and graphene contribute to the increase in parameter C (carrier-phonon
scattering). Therefore, the addition of Fe (10% at.) produced a decrease
in thermal conductivity as a consequence of the many point defects
created by Fe and graphene, phonon-phonon Umklapp as well as the
carrier phonon scattering as shown in the CAFO-G sample.

The dimensionless figure of merit (ZT) values determined according
to the equation ZT = (oa’/k,,)T are listed in Fig. 6. The ZT values in-
creased as the temperature increased from 323 to 573 K. Evidently, the
ZT values increased with addition of graphene or Fe as maximum ZT
values were observed. Therefore, the right amount of Fe and graphene
has a significant impact on the thermoelectric properties of delafossite
CuAlO,. A comparison of thermoelectric properties at approximately
573K of delafossite CuAlO; with Ag, Zn, Ca Fe and graphene that were
prepared by the solid-state reaction route is shown in Table 5. In this
study, the CuAlO, with Fe (10% at.) and graphene (0.05% wt.) ex-
hibited a higher ZT compared to the improved ZT value of CuAlO, by
using another technique; this might be the significant cause of the
dramatic increase of electrical conductivity and reduction of thermal
conduetivity.

4. Conclusion

In conclusion, the thermoelectric figure of merit of delafossite
CuAlO, was improved with the addition of Fe and graphene due to the
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Fig. 6. ZT values of the CAO, CAO-G, CAFO and CAFO-G samples.
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where y = hw/kT. w, h and k are the phonon frequency, Planck and
Boltzmann constants respectively. &, and v are Debye temperature
(617.9 K for CuAlO,) and velocity of sound (4505 m/s for CuAlO,)
[31]. Various scattering rate of phonons (7c) can be used to calculate
the relaxation time as follows Eq. (2). The term % represents phonon-
boundary scattering; the term Aw* represents point defect scattering
(substitution defects, vacancies, interstitial defects); the term
Baw?®T exp(—f—ﬁ) represents phonon-phonon scattering; and Ce re-
presents carrier-phonon scattering [30].The fitting parameters (A, B
and C) for ky,, were shown in Table 4.

Considering that a minor shifts in parameter B was observed with
the addition of graphene, this signifies that the phonon-phonon
Umbklapp scattering was not affScted by the integration of graphene
into the delafossite structure matrix as demonstrated in a previous re-
search [21]. Alternatively, Fe doped into CuAlO, obviously changed
parameter B due to the mass fluctuations (differences in the atomic
mass of Al and Fe) and strain fluctuations (difference in size of Al and

Journal of Physics and Chemistry of Solids 134 (2019) 29-34

Table 4
Fitted parameters of ki, of the CAFO and CAFO-G samples compared to the CAO
and CAO-G samples.

Sample A0~ B (107'%) X o1 ] Ref.
CAD 272 231 278 [21]
CAO-G 379 221 8.98 [21]
CAFO 4.07 423 11.19 this work
CAFO-G 6.78 4.29 25.32 this work

Fe atoms) [32,32]. In the point defect scattering term (parameter A),
the four defects that may improve the carrier concentration of dela-
fossite CuAlO, compounds are (1) Cu and Al vacancies (Vc, and Va),
(2) Cu substitutions at Al sites (Cuy), and (3) interstitial oxygen (0;)
and (4) divalent metal ions substitutions at AI** sites [17,34]. The
fitted results suggest that additional graphene within the delafossite
structure (CuAlO, and CuAlygFep 0;) caused a rise in carrier con-
centration due to the numerous point defects caused by graphene,
which correspond to the XPS data (interstitial oxygen). Similarly, the
addition of Fe in CuAlO; can help generate point defects by two effects:
interstitial oxygen and divalent metal ions doping [17]. Finally, both Fe
and graphene contribute to the increase in parameter C (carrier-phonon
scattering). Therefore, the addition of Fe (10% at.) produced a decrease
in thermal conductivity as a consequence of the many point defects
created by Fe and graphene, phonon-phonon Umklapp as well as the
carrier phonon scattering as shown in the CAFO-G sample.

The dimensionless figure of merit (ZT) values determined according
to the equation ZT = (oa’/k,,)T are listed in Fig. 6. The ZT values in-
creased as the temperature increased from 323 to 573 K. Evidently, the
ZT values increased with addition of graphene or Fe as maximum ZT
values were observed. Therefore, the right amount of Fe and graphene
has a significant impact on the thermoelectric properties of delafossite
CuAlO,. A comparison of thermoelectric properties at approximately
573K of delafossite CuAlO; with Ag, Zn, Ca Fe and graphene that were
prepared by the solid-state reaction route is shown in Table 5. In this
study, the CuAlO, with Fe (10% at.) and graphene (0.05% wt.) ex-
hibited a higher ZT compared to the improved ZT value of CuAlO, by
using another technique; this might be the significant cause of the
dramatic increase of electrical conductivity and reduction of thermal
conduetivity.

4. Conclusion

In conclusion, the thermoelectric figure of merit of delafossite
CuAlO, was improved with the addition of Fe and graphene due to the

0.014 4
—s— CAO [21]
00124 (—— CAO-G [21]
—— CAFO
0.01049 | _,— CAFO-G
0.008
=
N 0.006
0.004 4
0.002 4
0.000 -

300 350 400 450 500 550 600
Temperature (K)

Fig. 6. ZT values of the CAO, CAO-G, CAFO and CAFO-G samples.
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Table 5

Thermoelectric parameters of CuAlO, at 573 K prepared by the solid-state reaction method.
Doped/Mixed Sintered temp. (K} T (Sfem) @ (VK™Y K (W/mK) T Ref.
- 1423 11 564 5.5 0.0036 [34]
Ag (2% at) 1423 24 472 6.9 0.0044 [341
- 1373 13 590 & = [10]
Ag (2% at) + Zn (2% at.) 1373 1.9 550 - = [10]
- 1473 0.8 495 - ] 9
Ca (10% at) 1473 1.2 535 - - @1
Fe (5% at) 1473 1.8 450 - - [13]
Fe (10% at) 1473 28 405 - - [13]
Fe (20% at) 1473 0.2 515 - - [13]
Fe (10% at) 1333 2.6 405 5.0 0.0049 [15]
Fe (10% at) 1423 27 425 7.0 0.0040 [15]
Fe (10% at) 1473 3.1 432 85 0.0039 [15]
= 1373 1.4 509 8.9 0.0023 [21]
Graphene (0.05% wt.) 1373 29 477 85 0.0045 [211
Graphene (0.10% wt.) 1373 1.6 491 10.4 0.0022 [21]
Fe (10% at) + Graphene (0.05% wt.) 1373 4.7 406 39 0.0114 this work

increase in electrical conductivity and reduction in thermal con-
ductivity. The generation of lattice oxygen, interstitial oxygen, and
surface adsorbed oxygen potentially plays a significant role in im-
proving the carrier concentration, while the generation of point defects,
phonon-phonon Umklapp and carrier-phonon scattering help to reduce
the thermal conductivity. Graphene and Fe in delafossite CuAlO, pro-
duced a maximum ZT, 0.0114 at 573K, which was approximately 4
times greater than that of the delafossite CuAlO, sample.
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Abstract

CuAlO, has received a wealth of interdependent research associated with hydrogen-based catalysis in the chemical industry.
Herein, Fe-doped CuAlQ, is demonstrated to reduce the redox temperature for delafossite CuAlQO,. Time-resolved X-ray
absorption spectroscopy and hydrogen temperature-programmed reduction were used to characterize the redox properties,
respectively. Delafossite CuAlO,, with and without Fe doping at 10 at% (CuAl,oFe, ,0,), was synthesized via a one-step
solid-state reaction method. The results demonstrate that the redox temperature can be reduced by ~60 K for the 10 at%
Fe-doped catalyst. The findings of this contribution offer a new approach to circumvent the high temperatures associated
with the redox processes, and furthermore, offer a design basis for the development of new catalyst systems with enhanced

regeneration abilities.

1 Introduction

The chemical formula of the delafossite compound is gener-
ally given as A'*B*0, (typically A'* cations include Ag or
Cu, while B** typically comprises trivalent elements such
as Fe, Cr, Al, Ga, Y, and La) [1, 2]. Crystal structures of
the delafossite compounds include rhombohedral (R-3m) or
hexagonal (P6;/mmc) structures, The delafossite compounds
based on Cu, such as CuFeO,, CuAlQ, and CuGa0O,, are of
significant interest in the area of low cost metal oxide mate-
rials [2, 3]. The CuAlO, compound has been widely used as
a p-type transparent conducting oxide, gas sensor, and ther-
moelectric material [4-6], owing to inexpensive raw mate-
rials for production and in having a high-energy bandgap
(> 3.3 eV) that covers the range of visible light [7]. Further-
more, the CuAlO, compound has been studied in hydrogen-
based catalyst applications in the chemical industry because
of the simple synthesis strategy adopted (sintering under an
air atmosphere) and the ability to reuse this material [6, 8].
The chemical industry utilizes CuAlO, in applications such
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Faculty of Science, King Mongkut’s Institute of Technology
Ladkrabang, Bangkok 10520, Thailand

College of Advanced Manufacturing Innovation,
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as steam reforming of methanol to produce hydrogen from
water [9-11]. However, the redox process of the CuAlO,
compound occurs at high temperatures [11], i.e., above 973
K [11, 12], which hinders its use in catalytic processes.

Doping of CuAlO, is a common technique used to
improve the properties of the compound [13-16]. Fe doping
is particularly interesting and has attracted a wealth of inter-
dependent research as a result of a facile synthesis route that
requires the use of inexpensive raw materials (Fe,0,). Previ-
ous studies show that by doping Fe atoms into the Al sites,
the electrical and thermal properties of CuAlQ, are changed
[16]. However, the improved catalytic properties of the Fe-
doped CuAlO, compound have not been reported. Herein,
the Fe-doped CuAlQO, catalyst is demonstrated to reduce the
redox temperature for delafossite CuAlQ,. time-resolved
X-ray absorption spectroscopy (TR-XAS) and hydrogen
temperature-programmed reduction (H,-TPR) were used to
characterize the redox properties, respectively. This paper
is an initial investigation of the effects of Fe addition on the
redox property of delafossite CuAlO,.

2 Experiment details

2.1 Sample preparation

From previous studies, the doping limit of Fe in delafos-
site CuAlO, (CuAl, _ Fe 0,) is ~10 at% (x=0.1) [17]. In
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this work, the delafossite CuAlO, catalyst, with and with-
out Fe doping at 10 at% (CuAlyoFe,,0,), was synthesized
via a one-step solid-state reaction method. CuO (99.99%,
Sigma-Aldrich), ALO, (99.99%, Sigma-Aldrich), and Fe,0,
(99.99%, Alfa-Aesar) powders were used as starting materi-
als, according to the following stoichiometric equation:
Cuo + (IZ;X)AIQCB + %Fezo] — CuAl,_,Fe,0, + ioz
D
Mixtures of CuO, Al,O;, and Fe,0; powders
(CuAl, _,Fe 0, where x=0.0 and 0.1) were ground using
an alumina mortar for 4 h. A summary of the sample prepa-
ration condition is shown in a previous paper [6]. The bulk
CuAl, _ Fe 0, sample is shown in Fig. la. After sintering,
the bulk CuAlO, and CuAl,gFe, O, samples were crushed
into powders, as observed in Fig. Ib. The powders were
divided into two parts: (i) used for crystal structure deter-
mination by X-ray diffraction (XRD, Bruker D8 Advance)
and to establish the reduction reaction by H,-TPR; (ii) the
powders were mixed with boron nitride (BN) for reduction
reaction analysis by XAS as shown in Fig. lc.

2.2 Oxidation activity

The oxidation activity of the Cu-based delafossite com-
pounds was determined by the increase of Cu®* ions in
the samples. The atomic-ion concentrations and oxidation
states of Cu®* and Cu'* were identified by TR-XAS at the
beamline 2.2 of the Synchrotron Light Research Institute,
Thailand. For TR-XAS measurements, the CuAlO, and
CuAl, oFe, 0, powders (Fig. 1b) were mixed with BN pow-
der in a weight ratio of 3.17 mg (edge-jump will be ~ 1) and
then pressed into ceramic pellets having diameters of 5 mm,
as shown in Fig. lc. TR-XAS measurements were performed
in a controlled atmosphere comprising nitrogen (80%) and
oxygen (20%), across the temperature range from 623 to
973 K (3 K/min heating rate), and thereafter, at each 15 min
at 973 K for an additional 1 h. The TR-XAS measurement
temperature-time profile is shown in Fig. 2.

Fig.1 a Bulk sample of
CuAlO2, b powder sample of
CuAlO2, and ¢ preparation
sample for time-resolved X-ray
adsorption spectroscopy (TR-
XAS) measurements
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Fig.2 TR-XAS measurements as a function of the time-temperature
profile

2.3 Reducibility

The reducibility of the Cu-based delafossite compounds
was studied by H,-TPR. For the H)-TPR measurements,
the CuAlQ, and CuAl, ,Fe; 0, prepared powder catalysts
(Fig. 1b) were studied across a temperature range from 423
to 1173 K (12 K/min heating rate) under a 10% H,/Ar flow
(30 ml/min). The hydrogen consumption was recorded using
an on-line thermal conductivity detector (VICI).

3 Results and discussion

Figure 3 shows the XRD patterns of the CuAlO, and
CuAlggFey O, powders, The XRD patterns of the CuAlO,
samples correspond well to the JCPDS file No. 35-1401
(R-3m space group). The peak reflections relate to the
(006), (101), (012), (104), (009), (107), and (018) planes of
the CuAlO, powders. The peak positions of the delafossite
CuAl,yFe, ,0, compound were shifted to lower angles as a
result of an increased lattice constant derived from the larger
Fe atoms being substituted into the Al sites of delafossite
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Fig.3 X-ray diffraction patterns of the CuAlO, and CuAl,gFe; 0,
powders

Fig.4 XAS spectra of the Cu (a)
K-edge in a CuAlO, and b

CuAlQ, (“a” and “c” lattice constants are shown in Fig. 3)
[2].

The XAS measurements of the Cu K-edge were per-
formed in transmission mode. Figure 4 shows the XAS
data of the Cu K-edge in the X-ray absorption near edge
structure (XANES) spectral range of the standard samples
Cu,0 (99.99%, Sigma-Aldrich) and CuO (99.99%, Sigma-
Aldrich), and as-grown CuAl, _ Fe O, (x=0.0 and 0.1) as
a function of temperature, according to the time-tempera-
ture profile in Fig. 2. The delafossite CuAlQ, (Fig. 4a) and
CuAl, 4Fe, 0, (Fig. 4b) samples presented two peaks over
the entire temperature range, which correspond to Cu,0
(Cu'") and CuQ (Cu*), at photon energies of ~8,982 and
~8.,998 eV, respectively. The results are consistent with pre-
vious research that reported the existence of Cu'* and Cu**
ions in Cu-based delafossite compounds by XAS [18, 19].
The total atomic content of the Cu'* and Cu®* ions in the
CuAlO, and CuAl 4Fe, 0, samples, analyzed by the linear
combination fitting (LCF) method, using Athena software
across the XANES spectral range, is shown in Fig. 5.

Figure 6 shows the Cu*/Cu'* atomic ratio of the CuAlO,
(red) and CuAl,oFe, 0, (blue) samples as a function of
temperature. The CuAlO, sample yielded a Cu®*/Cu'* ratio
of 0.16, which increased at a temperature of 963 K. For
the CuAl,¢Fe, ;0, sample, the Cu**/Cu'" ratio was 0.54,
however, the observed increase of this ratio occurred at a
lower temperature of 903 K. The increase of the Cu>*/Cu'*
ratio was likely as a result of the increase of excess oxygen

(b)

CuAly gFe 0, samples CuAlo
2
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Normalized absorption
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Fig.5 Linear combination

(a) ®®eXAS —Cu0 ——Cu0 —LCF (b).COXAS ——Cu0 ——Cu0 —LCF

fitting of the X-ray absorption
near edge structure spectral
range for the a CuAlO, and b
CuAly gFey 0, samples

973 K, 30 min

cu®Icu’ =0.179
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Fig.6 Cu**/Cu'* atomic ratic of the CuAlO, (red) and
CuAly gFe, 0, (blue) samples as a function of temperature (300 to
973 K) (Calor figure online)

(0,,5) in the crystal structure, according to the following
relationship [20]:

(Cuyt,, ) B 0y 2)
where B** is a trivalent metal ion (such as Fe’* and AI*Y),
The increase of excess oxygen is similar to the oxygen
produced by the oxidation of delafossite CuAlO, and
CuAl, oFe, ,0,. Typically, for Cu-based delafossite com-
pounds, the excess oxygen will be inserted into triangular

@ Springer

9000 9010 8970 8980 8990 9000 9010
Photon energy (eV)

Photon energy (eV)

Cu planes [20, 21]. The insertion of oxygen atoms into trian-
gular Cu planes is dependent on the Cu-Cu distance, which
varies with the “a” lattice constant value. From the XRD
results, the lattice constant increased as a function of Fe
doping into the delafossite CuAlO, compound, and corre-
sponds to the observed decrease in oxidation temperature.
However, the increase of the “a” lattice constant (increase
of the Cu-Cu distance) is one cause of the increased excess
oxygen to the oxidation process of delafossite CuAlQ,. The
crystal structure and excess oxygen correlate with the sinter-
ing temperature and ambient (air or oxygen gas). We suggest
that the higher sintering temperature in air ambient, the more
excess oxygen (8) into the compound will be.

Figure 7 shows the H,-TPR profiles of the CuAlO, and
CuAl,gFe, ,0, powders. Both samples show a single peak
at high temperatures, corresponding to the reduction reac-
tion by the delafossite structures [11]. The H,-TPR profiles
confirmed the pure delafossite structures of the CuAlQ, and
CuAl, gFe, 0, powders. From the H,-TPR profiles, the peak
position was shifted to lower temperatures as a function of
Fe doping into CuAlQ,. The peak positions of the delafossite
CuAlO, and CuAl, ¢Fe, 0, powders are ~978 and ~ 923
K, respectively. Kato et al.. reported that the reducibility of
Cu-based delafossite materials (CuMO, where M is either a
metal atom, a transition metal or a rare-earth element) could
be controlled by the atom position of “M” in the structure
[22, 23]. According to previous studies, the diameter of the
“M” atom influences the “a” and “c” lattice constants [24,
25]. The peak position having a decreased temperature, as
observed by the H,-TPR profiles, may be caused by the
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Fig.7 H, temperature-programmed reduction curves of the CuAlO,
(red) and CuAl gFe; ;0, (blue) powders (Color figure online)

increase of the lattice constants (as observed in the XRD
results). Therefore, the redox temperature for delafossite
CuAlO, can be reduced by Fe doping because of the increase
of the lattice constants.

4 Conclusion

Delafossite CuAlQ,, with and without Fe doping at 10 at%
(CuAl,4Fe, ,0,), was synthesized via a one-step solid-state
reaction method. The XRD peak positions of the delafos-
site CuAl, gFe,, ,O, compound were shifted to lower angles
as a result of Fe substituting into the Al sites of delafos-
site CuAlQ,, causing the lattice constant to increase. The
Cu**/Cu'* ratios in the CuAlO, and CuAl,.Fe, 0, samples
were analyzed by the LCF method using the Athena soft-
ware across the XANES spectral range. The CuAlO, sam-
ple exhibited a total Cu**/Cu'* atomic ratio of 0.16, which
changed once the system reached a temperature of 963 K.
For the CuAl,4Fe,, ,0, sample, the total Cu®/Cu'* atomic
ratio was (.54, which changed at an observed lower tem-
perature of 903 K. From the H,-TPR profiles, the peak posi-
tions of the delafossite CuAlO, and CuAl, oFe, O, powders
are ~978 and ~ 923 K, respectively. The redox temperature
for delafossite can be reduced by Fe doping because of the
induced increased lattice constants.
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